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The Intergovernmental Panel on Climate Change (IPCC) was set up jointly by the World Meteorological Organization
and the United Nations Environment Programme to provide an authoritative international statement of scientific
understanding of climate change. The IPCC’s periodic assessments of the causes, impacts and possible response strate-
gies to climate change are the most comprehensive and up-to-date reports available on the subject, and form the
standard reference for all concerned with climate change in academia, government and industry worldwide. Through
three working groups, many hundreds of international experts assess climate change in this Fourth Assessment Report.
The Report consists of three main volumes under the umbrella title Climate Change 2007, all available from
Cambridge University Press:

Climate Change 2007 – The Physical Science Basis
Contribution of Working Group I to the Fourth Assessment Report of the IPCC
(ISBN 978 0521 88009-1 Hardback; 978 0521 70596-7 Paperback)

Climate Change 2007 – Impacts, Adaptation and Vulnerability
Contribution of Working Group II to the Fourth Assessment Report of the IPCC
(978 0521 88010-7 Hardback; 978 0521 70597-4 Paperback)

Climate Change 2007 – Mitigation of Climate Change
Contribution of Working Group III to the Fourth Assessment Report of the IPCC
(978 0521 88011-4 Hardback; 978 0521 70598-1 Paperback)

Climate Change 2007 – Impacts, Adaptation and Vulnerability provides the most comprehensive and up-to-date
scientific assessment of the impacts of climate change, the vulnerability of natural and human environments, and the
potential for response through adaptation. The report:

• evaluates evidence that recent observed changes in climate have already affected a variety of physical and
biological systems and concludes that these effects can be attributed to global warming;

• makes a detailed assessment of the impacts of future climate change and sea-level rise on ecosystems, water
resources, agriculture and food security, human health, coastal and low-lying regions and industry and settle-
ments;

• provides a complete new assessment of the impacts of climate change on major regions of the world (Africa,
Asia, Australia/New Zealand, Europe, Latin America, North America, polar regions and small islands);

• considers responses through adaptation;

• explores the synergies and trade-offs between adaptation and mitigation;

• evaluates the key vulnerabilities to climate change, and assesses aggregate damage levels and the role of
multiple stresses.

This latest assessment by the IPCC will form the standard scientific reference for all those concerned with the
consequences of climate change, including students and researchers in ecology, biology, hydrology, environmental
science, economics, social science, natural resource management, public health, food security and natural hazards, and
policymakers and managers in governments, industry and other organisations responsible for resources likely to be
affected by climate change.



From reviews of the Third Assessment Report – Climate Change 2001:

‘This volume makes another significant step forward in the understanding of the likely impacts of climate change on a
global scale.’ 
International Journal of Climatology

‘The detail is truly amazing . . . invaluable works of reference . . . no reference or science library should be without a
set [of the IPCC volumes]. . . unreservedly recommended to all readers.’ 
Journal of Meteorology

‘This well-edited set of three volumes will surely be the standard reference for nearly all arguments related with global
warming and climate change in the next years. It should not be missing in the libraries of atmospheric and climate
research institutes and those administrative and political institutions which have to deal with global change and
sustainable development.’ 
Meteorologische Zeitschrift

‘The IPCC has conducted what is arguably the largest, most comprehensive and transparent study ever undertaken by
mankind . . . The result is a work of substance and authority, which only the foolish would deride.’ 
Wind Engineering

‘ . . . the weight of evidence presented, the authority that IPCC commands and the breadth of view can hardly fail to
impress and earn respect. Each of the volumes is essentially a remarkable work of reference, containing a plethora of
information and copious bibliographies. There can be few natural scientists who will not want to have at least one of
these volumes to hand on their bookshelves, at least until further research renders the details outdated by the time of
the next survey.’ 
The Holocene

‘The subject is explored in great depth and should prove valuable to policy makers, researchers, analysts, and
students.’ 
American Meteorological Society

From reviews of the Second Assessment Report – Climate Change 1995: 

‘ … essential reading for anyone interested in global environmental change, either past, present or future. … These
volumes have a deservedly high reputation’ 
Geological Magazine

‘… a tremendous achievement of coordinating the contributons of well over a thousand individuals to produce an
authoritative, state-of-the-art review which will be of great value to decision-makers and the scientific community at
large … an indispensable reference.’ 
International Journal of Climatology

‘... a wealth of clear, well-organized information that is all in one place ... there is much to applaud.’ 
Environment International
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Foreword

The Intergovernmental Panel on Climate Change (IPCC) was
established by the World Meteorological Organization and the
United Nations Environment Programme in 1988 with the
mandate to provide the world community with the most up-to-
date and comprehensive scientific, technical and socio-economic
information about climate change. The IPCC multivolume
assessments have since then played a major role in motivating
governments to adopt and implement policies in responding to
climate change, including the United Nations Framework
Convention on Climate Change and the Kyoto Protocol. The
“Climate Change 2007” IPCC Fourth Assessment Report could
not be timelier for the world’s policy makers to help them
respond to the challenge of climate change.

“Climate Change 2007: Impacts, Adaptation and Vulnerability”,
is the second volume of the IPCC Fourth Assessment Report.
After confirming in the first volume on “The Physical Science
Basis” that climate change is occurring now, mostly as a result of
human activities, this volume illustrates the impacts of global
warming already under way and the potential for adaptation to
reduce the vulnerability to, and risks of climate change.

Drawing on over 29,000 data series, the current report provides a
much broader set of evidence of observed impacts coming from
the large number of field studies developed over recent years.
The analysis of current and projected impacts is then carried out
sector by sector in dedicated chapters. The report pays great
attention to regional impacts and adaptation strategies, identi-
fying the most vulnerable areas. A final section provides an
overview of the inter-relationship between adaptation and
mitigation in the context of sustainable development.

The “Impacts, Adaptation and Vulnerability” report was made
possible by the commitment and voluntary labour of a large
number of leading scientists. We would like to express our
gratitude to all Coordinating Lead Authors, Lead Authors,
Contributing Authors, Review Editors and Reviewers. We would
also like to thank the staff of the Working Group II Technical
Support Unit and the IPCC Secretariat for their dedication in
organising the production of another successful IPCC report.
Furthermore, we would like to express our thanks to Dr Rajendra
K. Pachauri, Chairman of the IPCC, for his patient and constant
guidance to the process, and to Drs Osvaldo Canziani and Martin
Parry, Co-Chairs of Working Group II, for their skillful leader-
ship.

We also wish to acknowledge and thank those governments and
institutions that contributed to the IPCC Trust Fund and
supported the participation of their resident scientists in the IPCC
process. We would like to mention in particular the Government
of the United Kingdom, which funded the Technical Support
Unit; the European Commission and the Belgian Government,
which hosted the plenary session for the approval of the report;
and the Governments of Australia, Austria, Mexico and South
Africa, which hosted the drafting  sessions to prepare the report.

M. Jarraud
Secretary General
World Meteorological Organisation

A. Steiner
Executive Director
United Nations Environment Director
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Preface

This volumes comprises the Working Group II contribution to
the IPCC Fourth Assessment (AR4) and contains a Summary
for Policymakers, a Technical Summary, the chapters of the
Assessment and various annexes. The scope, content and
procedures followed are described in the Introduction which
follows.
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A.   The Intergovernmental Panel on    
Climate Change

The Intergovernmental Panel on Climate Change (IPCC) was
established by the World Meteorological Organization and the
United Nations Environment Programme in 1988, in response
to the widespread recognition that human-influenced emissions
of greenhouse gases have the potential to alter the climate
system. Its role is to provide an assessment of the understanding
of all aspects of climate change.  

At its first session, the IPCC was organised into three Working
Groups. The current remits of the three Working Groups are for
Working Group I to examine the scientific aspects of the climate
system and climate change; Working Group II to address
vulnerabilities to, impacts of and adaptations to climate change;
and Working Group III to explore the options for mitigation of
climate change. The three previous assessment reports were
produced in 1990, 1996 and 2001.

B. The Working Group II Fourth Assessment

The decision to produce a Fourth Assessment Report was taken
by the 19th Session of the IPCC at Geneva in April 2002. The
report was to be more focussed and shorter than before. The
Working Group II contribution was to be finalised in mid-
2007.

The IPCC Fourth Assessment is intended to be a balanced
assessment of current knowledge. Its emphasis is on new
knowledge acquired since the IPCC Third Assessment (2001). This
required a survey of all published literature, including non-English
language and ‘grey’ literature such as government and NGO reports.

Two meetings were held in 2003 to scope the Fourth Assessment,
from which emerged the outline for the Working Group II
Assessment submitted to IPCC Plenary 21 in November 2003 for
approval and subsequent acceptance.  

The Report has twenty chapters which together provide a
comprehensive assessment of the climate change literature. These
are shown in Table I.1. The opening chapter is on observed
changes, and addresses the question of whether observed changes
in the natural and managed environment are associated with
anthropogenic climate change. Chapter 2 deals with the methods
available for impacts analysis, and with the scenarios of future
climate change which underpin these analyses. These are followed
by the core chapters, which assess the literature on present day
and future climate change impacts on systems, sectors and
regions, vulnerabilities to these impacts, and strategies for
adaptation. Chapters 17 and 18 consider possible responses
through adaptation and the synergies with mitigation. The two
final chapters look at key vulnerabilities, and the inter-
relationships between climate change and sustainability. 

Chapters 9 to 16 of the Working Group II Fourth Assessment
consider regional climate change impacts. The definitions of these
regions are shown in Table I.2.

Section A. ASSESSMENT OF OBSERVED CHANGES
1. Assessment of observed changes and responses in natural and managed systems

Section B. ASSESSMENT OF FUTURE IMPACTS AND ADAPTATION: SYSTEMS AND SECTORS
2. New assessment methods and the characterisation of future conditions
3. Freshwater resources and their management
4. Ecosystems, their properties, goods and services
5. Food, fibre and forest products
6. Coastal systems and low-lying areas
7. Industry, settlement and society
8. Human health

Section C. ASSESSMENT OF FUTURE IMPACTS AND ADAPTATION: REGIONS
9. Africa

10. Asia
11. Australia and New Zealand
12. Europe
13. Latin America
14. North America
15. Polar regions (Arctic and Antarctic)
16. Small islands

Section D. ASSESSMENT OF RESPONSES TO IMPACTS
17. Assessment of adaptation practices, options, constraints and capacity
18. Inter-relationships between adaptation and mitigation
19. Assessing key vulnerabilities and the risk from climate change
20. Perspectives on climate change and sustainability

Table I.1.  The chapters of the Working Group II contribution to the IPCC Fourth Assessment.
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Table I.2. Countries by region (see Chapters 9 to 16) for the Working Group II Fourth Assessment.

Africa
Algeria Angola Benin Botswana
Burkina Faso Burundi Cameroon Central African Republic
Chad Congo, Republic of Congo, Democratic Rep. of Côte d’Ivoire
Djibouti Egypt Equatorial Guinea Eritrea
Ethiopia Gabon Ghana Guinea
Guinea-Bissau Kenya Lesotho Liberia
Libya Madagascar Malawi Mali
Mauritania Morocco Mozambique Namibia
Niger Nigeria Reunion Rwanda
Senegal Sierra Leone Somalia South Africa
Sudan Swaziland Tanzania The Gambia
Togo Tunisia Uganda Zambia
Zimbabwe

Asia
Afghanistan Bahrain Bangladesh Bhutan
Brunei Darussalam Cambodia China East Timor
India Indonesia Iran, Islamic Republic of Iraq
Israel Japan Jordan Kazakhstan
Korea, Dem. People’s Rep. Korea, Republic of Kuwait Kyrgyz Republic 
Laos Lebanon Malaysia Mongolia
Myanmar Nepal Oman Pakistan
Papua New Guinea Philippines Qatar Russia – East of the Urals
Saudi Arabia Singapore Sri Lanka Syria
Tajikistan Thailand Turkey Turkmenistan
United Arab Emirates Uzbekistan Vietnam Yemen 

Australia and New Zealand 
Australia New Zealand

Europe 
Albania Andorra Armenia Austria
Azerbaijan Belarus Belgium Bosnia and Herzegovina 
Bulgaria Croatia Czech Republic Denmark
Estonia Finland France Georgia
Germany Greece Hungary Ireland
Italy Latvia Liechtenstein Lithuania
Luxembourg Macedonia Moldova, Republic of Monaco
Montenegro Norway Poland Portugal
Romania Russia – West of the Urals San Marino Serbia
Slovak Republic Slovenia Spain Sweden
Switzerland The Netherlands Ukraine United Kingdom
Vatican City, State of 

Polar Regions
Antarctic North of 60°N (including Greenland and Iceland)

Latin America
Argentina Belize Bolivia Brazil
Chile Colombia Costa Rica Ecuador
El Salvador French Guiana Guatemala Guyana
Honduras Mexico Nicaragua Panama
Paraguay Peru Suriname Uruguay
Venezuela 

North America 
Canada United States of America 

Small islands: non-autonomous small islands are also included in the assessment but are not listed here
Antigua and Barbuda Barbados Cape Verde Comoros
Cook Islands Cuba Cyprus Dominica
Dominican Republic Fed. States of Micronesia Fiji Grenada
Haiti Jamaica Kiribati Maldives
Malta Marshall Islands Mauritius Nauru
Palau Saint Kitts and Nevis Saint Lucia Saint Vincent & Grenadines
Samoa São Tomé & Príncipe Seychelles Solomon Islands
The Bahamas Tonga Trinidad and Tobago Tuvalu
Vanuatu
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C.  Cross-chapter case studies

Early in the writing of the Working Group II contribution to the
Fourth Assessment, there emerged themes of environmental
importance and widespread interest which are dealt with from
different perspectives by several chapters. These themes have
been gathered together into ‘cross-chapter case studies’, which
appear in their entirety at the end of the volume and are included
in the CD-ROM which accompanies this volume. A ‘roadmap’
in Table I.3 shows where the cross-chapter case study material
appears in the individual chapters. 

The four cross-chapter case studies are:
1. The impact of the European 2003 heatwave
2. Impacts of climate change on coral reefs
3. Megadeltas: their vulnerabilities to climate change
4. Indigenous knowledge for adaptation to climate change

D. Regional and subject database 
of references

This Assessment is based on the review of a very large amount of
literature for all parts of the world and for many subjects.  For
those interested in accessing this literature for a given region or
subject, a regional and subject database of references is provided
on the CD-ROM which accompanies this volume. The database
contains in full all the references in this volume and can be viewed
by region and subject.  

E.  Procedures followed in this Assessment 
by the authors, reviewers and 
participating governments

In total, the Working Group II Fourth Assessment involved 48
Coordinating Lead Authors (CLAs), 125 Lead Authors (LAs),
and 45 Review Editors (REs), drawn from 70 countries. In
addition, there were 183 Contributing Authors and 910 Expert
Reviewers.

Each chapter in the Working Group II Fourth Assessment had a
writing team of two to four CLAs and six to nine LAs. Led by
the CLAs, it was the responsibility of this writing team to
produce the drafts and finished version of the chapter. Where
necessary, they could recruit Contributing Authors to assist in
their task. Three drafts of each chapter were written prior to the
production of the final version. Drafts were reviewed in two
separate lines of review, by experts and by governments. It was
the role of the REs (two to three per chapter) to ensure that the
review comments were properly addressed by the authors. 

The authors and REs were selected by the Working Group II
Bureau from the lists of experts nominated by governments.
Due regard was paid to the need to balance the writing team
with proper representation from developing and developed
countries, and Economies in Transition. In the review by
experts, chapters were sent out to experts, including all those
nominated by governments but not yet included in the
assessment, together with scientists and researchers identified
by the Working Group II Co-Chairs and Vice-Chairs from their
knowledge of the literature and the global research community.

F.  Communication of uncertainty in the 
Working Group II Fourth Assessment

A set of terms to describe uncertainties in current knowledge is
common to all parts of the IPCC Fourth Assessment, based on
the Guidance Notes for Lead Authors of the IPCC Fourth
Assessment Report on Addressing Uncertainties1, produced by
the IPCC in July 2005.

Description of confidence
On the basis of a comprehensive reading of the literature and
their expert judgement, authors have assigned a confidence level
to the major statements in the Report on the basis of their
assessment of current knowledge, as follows:

Terminology Degree of confidence in being correct
Very high confidence At least 9 out of 10 chance of being correct
High confidence About 8 out of 10 chance
Medium confidence About 5 out of 10 chance
Low confidence About 2 out of 10 chance
Very low confidence Less than a 1 out of 10 chance

Description of likelihood
Likelihood refers to a probabilistic assessment of some well-
defined outcome having occurred or occurring in the future, and
may be based on quantitative analysis or an elicitation of expert
views. In the Report, when authors evaluate the likelihood of
certain outcomes, the associated meanings are: 

Terminology Likelihood of the occurrence/ outcome 
Virtually certain >99% probability of occurrence
Very likely 90 to 99% probability
Likely 66 to 90% probability
About as likely as not 33 to 66% probability
Unlikely 10 to 33% probability
Very unlikely 1 to 10% probability
Exceptionally unlikely <1% probability

1 http://www.ipcc.ch/activity/uncertaintyguidancenote.pdf
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Table I.3. Cross-chapter Case Studies: location in text. 

The impact of the European 2003 heatwave

Topic: Chapter: Location in chapter:

Scene-setting and overview

The European heatwave of 2003 Chapter 12 12.6.1

Impacts on sectors

Ecological impacts of the European heatwave 2003 Chapter 4 Box 4.1

European heatwave impact on the agricultural sector Chapter 5 Box 5.1

Industry, settlement and society: impacts of the 2003 heatwave in Europe Chapter 7 Box 7.1

The European heatwave 2003: health impacts and adaptation Chapter 8 Box 8.1

Impacts of climate change on coral reefs

Present-day changes in coral reefs

Observed changes in coral reefs Chapter 1 Section 1.3.4.1

Environmental thresholds and observed coral bleaching Chapter 6 Box 6.1

Future impacts on coral reefs

Are coral reefs endangered by climate change? Chapter 4 Box 4.4

Impacts on coral reefs Chapter 6 Section 6.4.1.5

Climate change and the Great Barrier Reef Chapter 11 Box 11.3

Impact of coral mortality on reef fisheries Chapter 5 Box 5.4

Multiple stresses on coral reefs

Non-climate-change threats to coral reefs of small islands Chapter 16 Box 16.2

Megadeltas: their vulnerabilities to climate change

Introduction

Deltas and megadeltas: hotspots for vulnerability Chapter 6 Box 6.3

Megadeltas in Asia

Megadeltas in Asia Chapter 10 Section 10.6.1, Table 10.10

Climate change and the fisheries of the lower Mekong – an example of multiple stresses on a
megadelta fisheries system due to human activity

Chapter 5 Box 5.3

Megadeltas in the Arctic

Arctic megadeltas Chapter 15 Section 15.6.2

Case study of Hurricane Katrina

Hurricane Katrina and coastal ecosystem services in the Mississippi delta Chapter 6 Box 6.4

Vulnerabilities to extreme weather events in megadeltas in a context of multiple stresses: the
case of Hurricane Katrina

Chapter 7 Box 7.4

Indigenous knowledge for adaptation to climate change

Overview

Role of local and indigenous knowledge in adaptation and sustainability research  Chapter 20 Box 20.1

Case studies

Adaptation capacity of the South American highlands´ pre-Colombian communities Chapter 13 Box 13.2

African indigenous knowledge systems Chapter 9 Section 9.6.2

Traditional knowledge for adaptation among Arctic peoples Chapter 15 Section 15.6.1

Adaptation to health impacts of climate change among indigenous populations Chapter 8 Box 8.6



Introduction

6

G. Definitions of key terms

Climate change in IPCC usage refers to any change in climate
over time, whether due to natural variability or as a result of
human activity. This usage differs from that in the Framework
Convention on Climate Change, where climate change refers to
a change of climate that is attributed directly or indirectly to
human activity that alters the composition of the global
atmosphere and that is in addition to natural climate variability
observed over comparable time periods. 

Adaptation is the adjustment in natural or human systems in
response to actual or expected climatic stimuli or their effects,
which moderates harm or exploits beneficial opportunities.  

Vulnerability is the degree to which a system is susceptible to,
and unable to cope with, adverse effects of climate change,
including climate variability and extremes. Vulnerability is a
function of the character, magnitude, and rate of climate
change and variation to which a system is exposed, the
sensitivity and adaptive capacity of that system.
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A. Introduction

This Summary sets out the key policy-relevant findings of the
FourthAssessment ofWorking Group II of the Intergovernmental
Panel on Climate Change (IPCC).

The Assessment is of current scientific understanding of the
impacts of climate change on natural, managed and human
systems, the capacity of these systems to adapt and their
vulnerability.1 It builds upon past IPCC assessments and
incorporates new knowledge gained since the ThirdAssessment.

Statements in this Summary are based on chapters in the
Assessment and principal sources are given at the end of each
paragraph.2

B. Current knowledge about observed
impacts of climate change on the
natural and human environment

A full consideration of observed climate change is provided in
the Working Group I Fourth Assessment. This part of the
Working Group II Summary concerns the relationship between
observed climate change and recent observed changes in the
natural and human environment.

The statements presented here are based largely on data sets that
cover the period since 1970. The number of studies of observed
trends in the physical and biological environment and their
relationship to regional climate changes has increased greatly
since the ThirdAssessment in 2001. The quality of the data sets
has also improved. There is, however, a notable lack of
geographical balance in the data and literature on observed
changes, with marked scarcity in developing countries.

Recent studies have allowed a broader and more confident
assessment of the relationship between observed warming and
impacts than was made in the Third Assessment. That
Assessment concluded that “there is high confidence3 that recent
regional changes in temperature have had discernible impacts
on many physical and biological systems”.

From the current Assessment we conclude the following.

With regard to changes in snow, ice and frozen ground
(including permafrost),4 there is high confidence that natural
systems are affected. Examples are:
• enlargement and increased numbers of glacial lakes [1.3];
• increasing ground instability in permafrost regions, and rock
avalanches in mountain regions [1.3];

• changes in some Arctic and Antarctic ecosystems, including
those in sea-ice biomes, and also predators high in the food
chain [1.3, 4.4, 15.4].

Based on growing evidence, there is high confidence that the
following effects on hydrological systems are occurring:
• increased runoff and earlier spring peak discharge in many
glacier- and snow-fed rivers [1.3];

• warming of lakes and rivers in many regions, with effects on
thermal structure and water quality [1.3].

There is very high confidence, based on more evidence from a
wider range of species, that recent warming is strongly affecting
terrestrial biological systems, including such changes as:
• earlier timing of spring events, such as leaf-unfolding, bird
migration and egg-laying [1.3];

• poleward and upward shifts in ranges in plant and animal
species [1.3, 8.2, 14.2].

Based on satellite observations since the early 1980s, there is high
confidence that there has been a trend in many regions towards
earlier ‘greening’5 of vegetation in the spring linked to longer
thermal growing seasons due to recent warming [1.3, 14.2].

There is high confidence, based on substantial new evidence,
that observed changes in marine and freshwater biological
systems are associated with rising water temperatures, as well as
related changes in ice cover, salinity, oxygen levels and
circulation [1.3]. These include:
• shifts in ranges and changes in algal, plankton and fish
abundance in high-latitude oceans [1.3];

• increases in algal and zooplankton abundance in high-latitude
and high-altitude lakes [1.3];

• range changes and earlier migrations of fish in rivers [1.3].
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1 For definitions, see Endbox 1.
2 Sources to statements are given in square brackets. For example, [3.3] refers to Chapter 3, Section 3. In the sourcing, F = Figure, T = Table, B = Box and ES =
Executive Summary.

3 See Endbox 2.
4 See Working Group I Fourth Assessment.
5 Measured by the Normalised Difference Vegetation Index, which is a relative measure of the amount of green vegetation in an area based on satellite images.

Observational evidence from all continents and most oceans
shows that many natural systems are being affected by
regional climate changes, particularly temperature increases.



The uptake of anthropogenic carbon since 1750 has led to the
ocean becoming more acidic, with an average decrease in pH of
0.1 units [IPCCWorking Group I FourthAssessment]. However,
the effects of observed ocean acidification on the marine
biosphere are as yet undocumented [1.3].

Much more evidence has accumulated over the past five years to
indicate that changes in many physical and biological systems
are linked to anthropogenic warming. There are four sets of
evidence which, taken together, support this conclusion:

1. TheWorking Group I FourthAssessment concluded that most
of the observed increase in the globally averaged temperature
since the mid-20th century is very likely due to the observed
increase in anthropogenic greenhouse gas concentrations.

2. Of the more than 29,000 observational data series,7 from 75
studies, that show significant change in many physical and
biological systems, more than 89% are consistent with the
direction of change expected as a response to warming
(Figure SPM.1) [1.4].

3. A global synthesis of studies in this Assessment strongly
demonstrates that the spatial agreement between regions of
significant warming across the globe and the locations of
significant observed changes in many systems consistent
with warming is very unlikely to be due solely to natural
variability of temperatures or natural variability of the
systems (Figure SPM.1) [1.4].

4. Finally, there have been several modelling studies that have
linked responses in some physical and biological systems to
anthropogenic warming by comparing observed responses in
these systems with modelled responses in which the natural
forcings (solar activity and volcanoes) and anthropogenic
forcings (greenhouse gases and aerosols) are explicitly
separated. Models with combined natural and anthropogenic
forcings simulate observed responses significantly better than
models with natural forcing only [1.4].

Limitations and gaps prevent more complete attribution of the
causes of observed system responses to anthropogenic warming.
First, the available analyses are limited in the number of systems
and locations considered. Second, natural temperature variability
is larger at the regional than at the global scale, thus affecting

identification of changes due to external forcing. Finally, at the
regional scale other factors (such as land-use change, pollution,
and invasive species) are influential [1.4].

Nevertheless, the consistency between observed and modelled
changes in several studies and the spatial agreement between
significant regional warming and consistent impacts at the global
scale is sufficient to conclude with high confidence that
anthropogenic warming over the last three decades has had a
discernible influence on many physical and biological systems
[1.4].

Effects of temperature increases have been documented in the
following (medium confidence):
• effects on agricultural and forestry management at Northern
Hemisphere higher latitudes, such as earlier spring planting of
crops, and alterations in disturbance regimes of forests due
to fires and pests [1.3];

• some aspects of human health, such as heat-related mortality
in Europe, infectious disease vectors in some areas, and
allergenic pollen in Northern Hemisphere high and mid-
latitudes [1.3, 8.2, 8.ES];

• some human activities in the Arctic (e.g., hunting and travel
over snow and ice) and in lower-elevation alpine areas (such
as mountain sports) [1.3].

Recent climate changes and climate variations are beginning to
have effects on many other natural and human systems.
However, based on the published literature, the impacts have not
yet become established trends. Examples include:

• Settlements in mountain regions are at enhanced risk of
glacier lake outburst floods caused by melting glaciers.
Governmental institutions in some places have begun to
respond by building dams and drainage works [1.3].

• In the Sahelian region ofAfrica, warmer and drier conditions
have led to a reduced length of growing season with
detrimental effects on crops. In southern Africa, longer dry
seasons and more uncertain rainfall are prompting adaptation
measures [1.3].

• Sea-level rise and human development are together
contributing to losses of coastal wetlands and mangroves and
increasing damage from coastal flooding in many areas [1.3].
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A global assessment of data since 1970 has shown it is likely6

that anthropogenic warming has had a discernible influence
on many physical and biological systems.

6 See Endbox 2.
7 A subset of about 29,000 data series was selected from about 80,000 data series from 577 studies. These met the following criteria: (1) ending in 1990 or later; (2) spanning
a period of at least 20 years; and (3) showing a significant change in either direction, as assessed in individual studies.

Other effects of regional climate changes on natural and
human environments are emerging, although many are
difficult to discern due to adaptation and non-climatic drivers.
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Figure SPM.1. Locations of significant changes in data series of physical systems (snow, ice and frozen ground; hydrology; and coastal processes) and
biological systems (terrestrial, marine, and freshwater biological systems), are shown together with surface air temperature changes over the period 1970-2004.
A subset of about 29,000 data series was selected from about 80,000 data series from 577 studies. These met the following criteria: (1) ending in 1990 or later;
(2) spanning a period of at least 20 years; and (3) showing a significant change in either direction, as assessed in individual studies. These data series are from
about 75 studies (of which about 70 are new since the Third Assessment) and contain about 29,000 data series, of which about 28,000 are from European
studies. White areas do not contain sufficient observational climate data to estimate a temperature trend. The 2 x 2 boxes show the total number of data series
with significant changes (top row) and the percentage of those consistent with warming (bottom row) for (i) continental regions: North America (NAM), Latin
America (LA), Europe (EUR), Africa (AFR), Asia (AS), Australia and New Zealand (ANZ), and Polar Regions (PR) and (ii) global-scale: Terrestrial (TER), Marine
and Freshwater (MFW), and Global (GLO). The numbers of studies from the seven regional boxes (NAM, …, PR) do not add up to the global (GLO) totals
because numbers from regions except Polar do not include the numbers related to Marine and Freshwater (MFW) systems. Locations of large-area marine
changes are not shown on the map. [Working Group II Fourth Assessment F1.8, F1.9; Working Group I Fourth Assessment F3.9b].
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C. Current knowledge about future impacts

The following is a selection of the key findings regarding
projected impacts, as well as some findings on vulnerability and
adaptation, in each system, sector and region for the range of
(unmitigated) climate changes projected by the IPCC over this
century8 judged to be relevant for people and the environment.9
The impacts frequently reflect projected changes in precipitation
and other climate variables in addition to temperature, sea level
and concentrations of atmospheric carbon dioxide. Themagnitude
and timing of impacts will vary with the amount and timing of
climate change and, in some cases, the capacity to adapt. These
issues are discussed further in later sections of the Summary.

Freshwater resources and their management

By mid-century, annual average river runoff and water availability
are projected to increase by 10-40% at high latitudes and in some
wet tropical areas, and decrease by 10-30% over some dry regions
at mid-latitudes and in the dry tropics, some of which are presently
water-stressed areas. In some places and in particular seasons,
changes differ from these annual figures. ** D10 [3.4]

Drought-affected areas will likely increase in extent. Heavy
precipitation events, which are very likely to increase in frequency,
will augment flood risk. **N [WorkingGroup I FourthAssessment
Table SPM-2,Working Group II FourthAssessment 3.4]

In the course of the century,water supplies stored in glaciers and snow
cover are projected to decline, reducing water availability in regions
supplied bymeltwater frommajormountain ranges,wheremore than
one-sixth of the world population currently lives. ** N [3.4]

Adaptation procedures and risk management practices for the
water sector are being developed in some countries and regions
that have recognised projected hydrological changes with related
uncertainties. *** N [3.6]

Ecosystems

The resilience of many ecosystems is likely to be exceeded this
century by an unprecedented combination of climate change,
associated disturbances (e.g., flooding, drought, wildfire, insects,
ocean acidification), and other global change drivers (e.g., land-
use change, pollution, over-exploitation of resources). ** N [4.1
to 4.6]

Over the course of this century, net carbon uptake by terrestrial
ecosystems is likely to peak before mid-century and then weaken
or even reverse,11 thus amplifying climate change. ** N [4.ES,
F4.2]

Approximately 20-30% of plant and animal species assessed so
far are likely to be at increased risk of extinction if increases in
global average temperature exceed 1.5-2.5°C. * N [4.4, T4.1]

For increases in global average temperature exceeding 1.5-2.5°C
and in concomitant atmospheric carbon dioxide concentrations,
there are projected to be major changes in ecosystem structure
and function, species’ ecological interactions, and species’
geographical ranges, with predominantly negative consequences
for biodiversity, and ecosystem goods and services e.g., water
and food supply. ** N [4.4]

The progressive acidification of oceans due to increasing
atmospheric carbon dioxide is expected to have negative impacts
on marine shell-forming organisms (e.g., corals) and their
dependent species. * N [B4.4, 6.4]

Food, fibre and forest products

Crop productivity is projected to increase slightly at mid- to high
latitudes for local mean temperature increases of up to 1-3°C
depending on the crop, and then decrease beyond that in some
regions. * D [5.4]

At lower latitudes, especially seasonally dry and tropical
regions, crop productivity is projected to decrease for even small
local temperature increases (1-2°C), which would increase the
risk of hunger. * D [5.4]

Globally, the potential for food production is projected to
increase with increases in local average temperature over a range
of 1-3°C, but above this it is projected to decrease. * D [5.4, 5.6]

8 Temperature changes are expressed as the difference from the period 1980-1999. To express the change relative to the period 1850-1899, add 0.5°C.
9 Criteria of choice: magnitude and timing of impact, confidence in the assessment, representative coverage of the system, sector and region.
10 In Section C, the following conventions are used:

Relationship to the Third Assessment:
D Further development of a conclusion in the Third Assessment
N New conclusion, not in the Third Assessment
Level of confidence in the whole statement:
*** Very high confidence
** High confidence
* Medium confidence

11 Assuming continued greenhouse gas emissions at or above current rates and other global changes including land-use changes.

More specific information is now available across a wide
range of systems and sectors concerning the nature of future
impacts, including for some fields not covered in previous
assessments.



Increases in the frequency of droughts and floods are projected to
affect local crop production negatively, especially in subsistence
sectors at low latitudes. ** D [5.4, 5.ES]

Adaptations such as altered cultivars and planting times allow
low- and mid- to high-latitude cereal yields to be maintained at
or above baseline yields for modest warming. * N [5.5]

Globally, commercial timber productivity rises modestly with
climate change in the short- to medium-term, with large regional
variability around the global trend. * D [5.4]

Regional changes in the distribution and production of particular
fish species are expected due to continued warming, with adverse
effects projected for aquaculture and fisheries. ** D [5.4]

Coastal systems and low-lying areas

Coasts are projected to be exposed to increasing risks, including
coastal erosion, due to climate change and sea-level rise. The
effect will be exacerbated by increasing human-induced pressures
on coastal areas. *** D [6.3, 6.4]

Corals are vulnerable to thermal stress and have low adaptive
capacity. Increases in sea surface temperature of about 1-3°C are
projected to result in more frequent coral bleaching events and
widespread mortality, unless there is thermal adaptation or
acclimatisation by corals. *** D [B6.1, 6.4]

Coastal wetlands including salt marshes and mangroves are
projected to be negatively affected by sea-level rise especially
where they are constrained on their landward side, or starved of
sediment. *** D [6.4]

Manymillions more people are projected to be flooded every year
due to sea-level rise by the 2080s. Those densely-populated and
low-lying areas where adaptive capacity is relatively low, and
which already face other challenges such as tropical storms or
local coastal subsidence, are especially at risk. The numbers
affected will be largest in the mega-deltas ofAsia andAfrica while
small islands are especially vulnerable. *** D [6.4]

Adaptation for coasts will be more challenging in developing
countries than in developed countries, due to constraints on
adaptive capacity. ** D [6.4, 6.5, T6.11]

Industry, settlement and society

Costs and benefits of climate change for industry, settlement and
society will vary widely by location and scale. In the aggregate,
however, net effects will tend to be more negative the larger the
change in climate. ** N [7.4, 7.6]

The most vulnerable industries, settlements and societies are
generally those in coastal and river flood plains, those whose
economies are closely linked with climate-sensitive resources,
and those in areas prone to extreme weather events, especially
where rapid urbanisation is occurring. ** D [7.1, 7.3 to 7.5]

Poor communities can be especially vulnerable, in particular
those concentrated in high-risk areas. They tend to have more
limited adaptive capacities, and are more dependent on
climate-sensitive resources such as local water and food
supplies. ** N [7.2, 7.4, 5.4]

Where extreme weather events become more intense and/or
more frequent, the economic and social costs of those events
will increase, and these increases will be substantial in the areas
most directly affected. Climate change impacts spread from
directly impacted areas and sectors to other areas and sectors
through extensive and complex linkages. ** N [7.4, 7.5]

Health

Projected climate change-related exposures are likely to affect
the health status of millions of people, particularly those with
low adaptive capacity, through:
• increases in malnutrition and consequent disorders, with
implications for child growth and development;
• increased deaths, disease and injury due to heatwaves,
floods, storms, fires and droughts;
• the increased burden of diarrhoeal disease;
• the increased frequency of cardio-respiratory diseases due
to higher concentrations of ground-level ozone related to
climate change; and,
• the altered spatial distribution of some infectious disease
vectors. ** D [8.4, 8.ES, 8.2]

Climate change is expected to have some mixed effects, such
as a decrease or increase in the range and transmission
potential of malaria in Africa. ** D [8.4]

Studies in temperate areas12 have shown that climate change
is projected to bring some benefits, such as fewer deaths from
cold exposure. Overall it is expected that these benefits will be
outweighed by the negative health effects of rising
temperatures worldwide, especially in developing countries.
** D [8.4]

The balance of positive and negative health impacts will vary
from one location to another, and will alter over time as
temperatures continue to rise. Critically important will be
factors that directly shape the health of populations such as
education, health care, public health initiatives and
infrastructure and economic development. *** N [8.3]

Summary for Policymakers
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Africa

By 2020, between 75 million and 250 million people are
projected to be exposed to increased water stress due to climate
change. If coupled with increased demand, this will adversely
affect livelihoods and exacerbate water-related problems. ** D
[9.4, 3.4, 8.2, 8.4]

Agricultural production, including access to food, in many
African countries and regions is projected to be severely
compromised by climate variability and change. The area
suitable for agriculture, the length of growing seasons and yield
potential, particularly along the margins of semi-arid and arid
areas, are expected to decrease. This would further adversely
affect food security and exacerbate malnutrition in the continent.
In some countries, yields from rain-fed agriculture could be
reduced by up to 50% by 2020. ** N [9.2, 9.4, 9.6]

Local food supplies are projected to be negatively affected by
decreasing fisheries resources in large lakes due to rising water
temperatures, which may be exacerbated by continued over-
fishing. ** N [9.4, 5.4, 8.4]

Towards the end of the 21st century, projected sea-level rise will
affect low-lying coastal areas with large populations. The cost of
adaptation could amount to at least 5-10% of Gross Domestic
Product (GDP). Mangroves and coral reefs are projected to be
further degraded, with additional consequences for fisheries and
tourism. ** D [9.4]

New studies confirm that Africa is one of the most vulnerable
continents to climate variability and change because of multiple
stresses and low adaptive capacity. Some adaptation to current
climate variability is taking place; however, this may be
insufficient for future changes in climate. ** N [9.5]

Asia

Glacier melt in the Himalayas is projected to increase flooding,
and rock avalanches from destabilised slopes, and to affect water
resources within the next two to three decades. This will be
followed by decreased river flows as the glaciers recede. * N
[10.2, 10.4]

Freshwater availability in Central, South, East and South-EastAsia,
particularly in large river basins, is projected to decrease due to
climate changewhich, alongwith population growth and increasing
demand arising from higher standards of living, could adversely
affect more than a billion people by the 2050s. ** N [10.4]

Coastal areas, especially heavily-populated megadelta regions
in South, East and South-East Asia, will be at greatest risk due
to increased flooding from the sea and, in some megadeltas,
flooding from the rivers. ** D [10.4]

Climate change is projected to impinge on the sustainable
development of most developing countries of Asia, as it
compounds the pressures on natural resources and the
environment associated with rapid urbanisation, industrialisation,
and economic development. ** D [10.5]

It is projected that crop yields could increase up to 20% in East
and South-East Asia while they could decrease up to 30% in
Central and SouthAsia by the mid-21st century. Taken together,
and considering the influence of rapid population growth and
urbanisation, the risk of hunger is projected to remain very high
in several developing countries. * N [10.4]

Endemic morbidity and mortality due to diarrhoeal disease
primarily associated with floods and droughts are expected to
rise in East, South and South-EastAsia due to projected changes
in the hydrological cycle associated with global warming.
Increases in coastal water temperature would exacerbate the
abundance and/or toxicity of cholera in South Asia. **N [10.4]

Australia and New Zealand

As a result of reduced precipitation and increased evaporation,
water security problems are projected to intensify by 2030 in
southern and eastern Australia and, in New Zealand, in
Northland and some eastern regions. ** D [11.4]

Significant loss of biodiversity is projected to occur by 2020 in
some ecologically rich sites including the Great Barrier Reef and
Queensland Wet Tropics. Other sites at risk include Kakadu
wetlands, south-west Australia, sub-Antarctic islands and the
alpine areas of both countries. *** D [11.4]

Ongoing coastal development and population growth in areas
such as Cairns and South-east Queensland (Australia) and
Northland to Bay of Plenty (New Zealand), are projected to
exacerbate risks from sea-level rise and increases in the severity
and frequency of storms and coastal flooding by 2050. *** D
[11.4, 11.6]
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More specific information is now available across the
regions of the world concerning the nature of future
impacts, including for some places not covered in previous
assessments.



Production from agriculture and forestry by 2030 is projected to
decline over much of southern and eastern Australia, and over
parts of eastern New Zealand, due to increased drought and fire.
However, in New Zealand, initial benefits are projected in western
and southern areas and close to major rivers due to a longer
growing season, less frost and increased rainfall. ** N [11.4]

The region has substantial adaptive capacity due to well-
developed economies and scientific and technical capabilities,
but there are considerable constraints to implementation and
major challenges from changes in extreme events. Natural
systems have limited adaptive capacity. ** N [11.2, 11.5]

Europe

For the first time, wide-ranging impacts of changes in current
climate have been documented: retreating glaciers, longer
growing seasons, shift of species ranges, and health impacts due
to a heatwave of unprecedented magnitude. The observed
changes described above are consistent with those projected for
future climate change. *** N [12.2, 12.4, 12.6]

Nearly all European regions are anticipated to be negatively
affected by some future impacts of climate change, and these
will pose challenges to many economic sectors. Climate change
is expected to magnify regional differences in Europe’s natural
resources and assets. Negative impacts will include increased
risk of inland flash floods, and more frequent coastal flooding
and increased erosion (due to storminess and sea-level rise). The
great majority of organisms and ecosystems will have difficulty
adapting to climate change. Mountainous areas will face glacier
retreat, reduced snow cover and winter tourism, and extensive
species losses (in some areas up to 60% under high emission
scenarios by 2080). *** D [12.4]

In Southern Europe, climate change is projected to worsen
conditions (high temperatures and drought) in a region already
vulnerable to climate variability, and to reduce water availability,
hydropower potential, summer tourism and, in general, crop
productivity. It is also projected to increase health risks due to heat-
waves, and the frequency of wildfires. ** D [12.2, 12.4, 12.7]

In Central and Eastern Europe, summer precipitation is projected to
decrease, causing higherwater stress. Health risks due to heatwaves
are projected to increase. Forest productivity is expected to decline
and the frequency of peatland fires to increase. ** D [12.4]

In Northern Europe, climate change is initially projected to bring
mixed effects, including some benefits such as reduced demand
for heating, increased crop yields and increased forest growth.
However, as climate change continues, its negative impacts
(including more frequent winter floods, endangered ecosystems
and increasing ground instability) are likely to outweigh its
benefits. ** D [12.4]

Adaptation to climate change is likely to benefit from experience
gained in reaction to extreme climate events, specifically by
implementing proactive climate change risk management
adaptation plans. *** N [12.5]

Latin America

Bymid-century, increases in temperature and associated decreases
in soil water are projected to lead to gradual replacement of
tropical forest by savanna in eastern Amazonia. Semi-arid
vegetation will tend to be replaced by arid-land vegetation. There
is a risk of significant biodiversity loss through species extinction
in many areas of tropical Latin America. ** D [13.4]

In drier areas, climate change is expected to lead to salinisation
and desertification of agricultural land. Productivity of some
important crops is projected to decrease and livestock
productivity to decline, with adverse consequences for food
security. In temperate zones soybean yields are projected to
increase. ** N [13.4, 13.7]

Sea-level rise is projected to cause increased risk of flooding in
low-lying areas. Increases in sea surface temperature due to climate
change are projected to have adverse effects on Mesoamerican
coral reefs, and cause shifts in the location of south-east Pacific
fish stocks. ** N [13.4, 13.7]

Changes in precipitation patterns and the disappearance of glaciers
are projected to significantly affect water availability for human
consumption, agriculture and energy generation. ** D [13.4]

Some countries have made efforts to adapt, particularly through
conservation of key ecosystems, early warning systems, risk
management in agriculture, strategies for flood drought and coastal
management, and disease surveillance systems. However, the
effectiveness of these efforts is outweighed by: lack of basic
information, observation andmonitoring systems; lack of capacity
building and appropriate political, institutional and technological
frameworks; low income; and settlements in vulnerable areas,
among others. ** D [13.2]

North America

Warming in western mountains is projected to cause decreased
snowpack, more winter flooding, and reduced summer flows,
exacerbating competition for over-allocated water resources. ***
D [14.4, B14.2]

Disturbances from pests, diseases and fire are projected to have
increasing impacts on forests, with an extended period of high fire
risk and large increases in area burned. *** N [14.4, B14.1]

Moderate climate change in the early decades of the century is
projected to increase aggregate yields of rain-fed agriculture by 5-
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20%, but with important variability among regions. Major
challenges are projected for crops that are near the warm end of
their suitable range or which depend on highly utilised water
resources. ** D [14.4]

Cities that currently experience heatwaves are expected to be
further challenged by an increased number, intensity and duration
of heatwaves during the course of the century, with potential for
adverse health impacts. Elderly populations are most at risk. ***
D [14.4].

Coastal communities and habitats will be increasingly stressed by
climate change impacts interacting with development and
pollution. Population growth and the rising value of infrastructure
in coastal areas increase vulnerability to climate variability and
future climate change, with losses projected to increase if the
intensity of tropical storms increases. Current adaptation is uneven
and readiness for increased exposure is low. *** N [14.2, 14.4]

Polar Regions

In the Polar Regions, the main projected biophysical effects are
reductions in thickness and extent of glaciers and ice sheets, and
changes in natural ecosystems with detrimental effects on many
organisms including migratory birds, mammals and higher
predators. In the Arctic, additional impacts include reductions in
the extent of sea ice and permafrost, increased coastal erosion,
and an increase in the depth of permafrost seasonal thawing. ** D
[15.3, 15.4, 15.2]

For human communities in theArctic, impacts, particularly those
resulting from changing snow and ice conditions, are projected to
be mixed. Detrimental impacts would include those on
infrastructure and traditional indigenous ways of life. ** D [15.4]

Beneficial impacts would include reduced heating costs and more
navigable northern sea routes. * D [15.4]

In both polar regions, specific ecosystems and habitats are
projected to be vulnerable, as climatic barriers to species invasions
are lowered. ** D [15.6, 15.4]

Arctic human communities are already adapting to climate
change, but both external and internal stressors challenge their
adaptive capacities. Despite the resilience shown historically by
Arctic indigenous communities, some traditional ways of life are
being threatened and substantial investments are needed to adapt
or re-locate physical structures and communities. ** D [15.ES,
15.4, 15.5, 15.7]

Small islands

Small islands, whether located in the tropics or higher latitudes,
have characteristics which make them especially vulnerable to the

effects of climate change, sea-level rise and extreme events. ***
D [16.1, 16.5]

Deterioration in coastal conditions, for example through erosion
of beaches and coral bleaching, is expected to affect local
resources, e.g., fisheries, and reduce the value of these destinations
for tourism. ** D [16.4]

Sea-level rise is expected to exacerbate inundation, storm surge,
erosion and other coastal hazards, thus threatening vital
infrastructure, settlements and facilities that support the livelihood
of island communities. *** D [16.4]

Climate change is projected by mid-century to reduce water
resources in many small islands, e.g., in the Caribbean and
Pacific, to the point where they become insufficient to meet
demand during low-rainfall periods. *** D [16.4]

With higher temperatures, increased invasion by non-native
species is expected to occur, particularly on mid- and high-
latitude islands. ** N [16.4]

Since the IPCC Third Assessment, many additional studies,
particularly in regions that previously had been little researched,
have enabled a more systematic understanding of how the timing
and magnitude of impacts may be affected by changes in climate
and sea level associated with differing amounts and rates of change
in global average temperature.

Examples of this new information are presented in Figure SPM.2.
Entries have been selected which are judged to be relevant for
people and the environment and for which there is high confidence
in the assessment.All examples of impact are drawn from chapters
of theAssessment, where more detailed information is available.

Depending on circumstances, some of these impacts could be
associated with ‘key vulnerabilities’, based on a number of criteria
in the literature (magnitude, timing, persistence/reversibility, the
potential for adaptation, distributional aspects, likelihood and
‘importance’ of the impacts). Assessment of potential key
vulnerabilities is intended to provide information on rates and
levels of climate change to help decision-makers make appropriate
responses to the risks of climate change [19.ES, 19.1].

The ‘reasons for concern’ identified in the Third Assessment
remain a viable framework for considering key vulnerabilities.
Recent research has updated some of the findings from the Third
Assessment [19.3].
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Magnitudes of impact can now be estimated more
systematically for a range of possible increases in global
average temperature.
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Key impacts as a function of increasing global average temperature change
(Impacts will vary by extent of adaptation, rate of temperature change, and socio-economic pathway)
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Global mean annual temperature change relative to 1980-1999 (°C)

5 °C
Global mean annual temperature change relative to 1980-1999 (°C)
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About 30% of
global coastal 
wetlands lost‡

Increased water availability in moist tropics and high latitudes

Decreasing water availability and increasing drought in mid-latitudes and semi-arid low latitudes

Hundreds of millions of people exposed to increased water stress

Up to 30% of species at 
increasing risk of extinction

Increased coral bleaching            Most corals bleached                  Widespread coral mortality

Increasing species range shifts and wildfire risk

Terrestrial biosphere tends toward a net carbon source as:
~15%                                                          ~40% of ecosystems affected 

Tendencies for cereal productivity
to decrease in low latitudes

Productivity of all cereals
decreases in low latitudes

Cereal productivity to
decrease in some regions

Complex, localised negative impacts on small holders, subsistence farmers and fishers

Tendencies for some cereal productivity 
to increase at mid- to high latitudes

 Significant† extinctions
around the globe

Changed distribution of some disease vectors

Increasing burden from malnutrition, diarrhoeal, cardio-respiratory, and infectious diseases

Increased morbidity and mortality from heat waves, floods, and droughts

Substantial burden on health services

Ecosystem changes due to weakening of the meridional 
overturning circulation

Millions more people could experience 
coastal flooding each year

Increased damage from floods and storms

†Significant is defined here as more than 40%.‡ Based on average rate of sea level rise of 4.2 mm/year from 2000 to 2080.

3.4.1, 3.4.3

3.ES, 3.4.1, 3.4.3

3.5.1, T3.3, 20.6.2,
TS.B5

4.ES, 4.4.11

4.ES, T4.1, F4.2,
F4.4

19.3.5

4.2.2, 4.4.1, 4.4.4, 
4.4.5, 4.4.6, 4.4.10, 
B4.5

5.ES, 5.4.7

5.ES, 5.4.2, F5.2

5.ES, 5.4.2, F5.2

6.ES, 6.3.2, 6.4.1, 
6.4.2

6.4.1

T6.6, F6.8, TS.B5

8.ES, 8.4.1, 8.7, 
T8.2, T8.4

8.ES, 8.2.2, 8.2.3, 
8.4.1, 8.4.2, 8.7, 
T8.3, F8.3
8.ES, 8.2.8, 8.7, 
B8.4 

T4.1, F4.4, B4.4,
6.4.1, 6.6.5, B6.1

8.6.1

WATER

ECOSYSTEMS

FOOD

COASTS

HEALTH

Figure SPM.2. Illustrative examples of global impacts projected for climate changes (and sea level and atmospheric carbon dioxide where relevant)
associated with different amounts of increase in global average surface temperature in the 21st century [T20.8]. The black lines link impacts, dotted
arrows indicate impacts continuing with increasing temperature. Entries are placed so that the left-hand side of the text indicates the approximate
onset of a given impact. Quantitative entries for water stress and flooding represent the additional impacts of climate change relative to the conditions
projected across the range of Special Report on Emissions Scenarios (SRES) scenarios A1FI, A2, B1 and B2 (see Endbox 3). Adaptation to climate
change is not included in these estimations. All entries are from published studies recorded in the chapters of the Assessment. Sources are given in
the right-hand column of the Table. Confidence levels for all statements are high.



Since the IPCC ThirdAssessment, confidence has increased that
some weather events and extremes will become more frequent,
more widespread and/or more intense during the 21st century;
and more is known about the potential effects of such changes.
A selection of these is presented in Table SPM.1.

The direction of trend and likelihood of phenomena are for IPCC
SRES projections of climate change.

Very large sea-level rises that would result from widespread
deglaciation of Greenland and West Antarctic ice sheets imply
major changes in coastlines and ecosystems, and inundation of
low-lying areas, with greatest effects in river deltas. Relocating
populations, economic activity, and infrastructure would be
costly and challenging. There is medium confidence that at least
partial deglaciation of the Greenland ice sheet, and possibly the
West Antarctic ice sheet, would occur over a period of time
ranging from centuries to millennia for a global average
temperature increase of 1-4°C (relative to 1990-2000), causing
a contribution to sea-level rise of 4-6 m or more. The complete
melting of the Greenland ice sheet and the West Antarctic ice
sheet would lead to a contribution to sea-level rise of up to 7 m
and about 5 m, respectively [Working Group I Fourth
Assessment 6.4, 10.7; Working Group II Fourth Assessment
19.3].

Based on climate model results, it is very unlikely that the
Meridional Overturning Circulation (MOC) in the North
Atlantic will undergo a large abrupt transition during the 21st
century. Slowing of the MOC during this century is very likely,
but temperatures over the Atlantic and Europe are projected to
increase nevertheless, due to global warming. Impacts of large-
scale and persistent changes in the MOC are likely to include
changes to marine ecosystem productivity, fisheries, ocean
carbon dioxide uptake, oceanic oxygen concentrations and
terrestrial vegetation [Working Group I FourthAssessment 10.3,
10.7; Working Group II Fourth Assessment 12.6, 19.3].

ThisAssessment makes it clear that the impacts of future climate
change will be mixed across regions. For increases in global mean
temperature of less than 1-3°C above 1990 levels, some impacts
are projected to produce benefits in some places and some sectors,
and produce costs in other places and other sectors. It is, however,
projected that some low-latitude and polar regions will experience
net costs even for small increases in temperature. It is very likely
that all regions will experience either declines in net benefits or
increases in net costs for increases in temperature greater than
about 2-3°C [9.ES, 9.5, 10.6, T10.9, 15.3, 15.ES]. These
observations confirm evidence reported in the Third Assessment
that, while developing countries are expected to experience larger
percentage losses, global mean losses could be 1-5%GDP for 4°C
of warming [F20.3].

Many estimates of aggregate net economic costs of damages from
climate change across the globe (i.e., the social cost of carbon
(SCC), expressed in terms of future net benefits and costs that are
discounted to the present) are now available. Peer-reviewed
estimates of the SCC for 2005 have an average value of US$43
per tonne of carbon (i.e., US$12 per tonne of carbon dioxide), but
the range around this mean is large. For example, in a survey of
100 estimates, the values ran from US$-10 per tonne of carbon
(US$-3 per tonne of carbon dioxide) up to US$350 per tonne of
carbon (US$95 per tonne of carbon dioxide) [20.6].

The large ranges of SCC are due in the large part to differences
in assumptions regarding climate sensitivity, response lags, the
treatment of risk and equity, economic and non-economic
impacts, the inclusion of potentially catastrophic losses, and
discount rates. It is very likely that globally aggregated figures
underestimate the damage costs because they cannot include
many non-quantifiable impacts. Taken as a whole, the range of
published evidence indicates that the net damage costs of climate
change are likely to be significant and to increase over time
[T20.3, 20.6, F20.4].

It is virtually certain that aggregate estimates of costs mask
significant differences in impacts across sectors, regions,
countries and populations. In some locations and among some
groups of people with high exposure, high sensitivity and/or low
adaptive capacity, net costs will be significantly larger than the
global aggregate [20.6, 20.ES, 7.4].
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Impacts of climate change will vary regionally but, aggregated
and discounted to the present, they are very likely to impose
net annual costs which will increase over time as global
temperatures increase.

Impacts due to altered frequencies and intensities of extreme
weather, climate and sea-level events are very likely to
change.

Some large-scale climate events have the potential to cause
very large impacts, especially after the 21st century.
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Phenomenona and
direction of trend

Likelihood of future
trends based on
projections for 21st
century using
SRES scenarios

Examples of major projected impacts by sector

Agriculture, forestry
and ecosystems
[4.4, 5.4]

Water resources
[3.4]

Human health [8.2,
8.4]

Industry, settlement and
society [7.4]

Over most land
areas, warmer and
fewer cold days
and nights,
warmer and more
frequent hot days
and nights

Virtually certainb Increased yields in
colder
environments;
decreased yields in
warmer environ-
ments; increased
insect outbreaks

Effects on water
resources relying
on snow melt;
effects on some
water supplies

Reduced human
mortality from
decreased cold
exposure

Reduced energy demand for
heating; increased demand for
cooling; declining air quality in
cities; reduced disruption to
transport due to snow, ice;
effects on winter tourism

Warm spells/heat
waves. Frequency
increases over
most land areas

Very likely Reduced yields in
warmer regions
due to heat stress;
increased danger
of wildfire

Increased water
demand; water
quality problems,
e.g., algal blooms

Increased risk of
heat-related
mortality, espec-
ially for the elderly,
chronically sick,
very young and
socially-isolated

Reduction in quality of life for
people in warm areas without
appropriate housing; impacts
on the elderly, very young and
poor

Heavy
precipitation
events. Frequency
increases over
most areas

Very likely Damage to crops;
soil erosion,
inability to
cultivate land due
to waterlogging of
soils

Adverse effects on
quality of surface
and groundwater;
contamination of
water supply;
water scarcity may
be relieved

Increased risk of
deaths, injuries
and infectious,
respiratory and
skin diseases

Disruption of settlements,
commerce, transport and
societies due to flooding;
pressures on urban and rural
infrastructures; loss of
property

Area affected by
drought increases

Likely Land degradation;
lower yields/crop
damage and
failure; increased
livestock deaths;
increased risk of
wildfire

More widespread
water stress

Increased risk of
food and water
shortage; increased
risk of malnutrition;
increased risk of
water- and food-
borne diseases

Water shortages for
settlements, industry and
societies; reduced
hydropower generation
potentials; potential for
population migration

Intense tropical
cyclone activity
increases

Likely Damage to crops;
windthrow
(uprooting) of
trees; damage to
coral reefs

Power outages
causing disruption
of public water
supply

Increased risk of
deaths, injuries,
water- and food-
borne diseases;
post-traumatic
stress disorders

Disruption by flood and high
winds; withdrawal of risk
coverage in vulnerable areas
by private insurers, potential
for population migrations, loss
of property

Increased
incidence of
extreme high sea
level (excludes
tsunamis)c

Likelyd Salinisation of
irrigation water,
estuaries and
freshwater
systems

Decreased
freshwater
availability due to
saltwater intrusion

Increased risk of
deaths and injuries
by drowning in
floods; migration-
related health
effects

Costs of coastal protection
versus costs of land-use
relocation; potential for
movement of populations and
infrastructure; also see
tropical cyclones above

a See Working Group I Fourth Assessment Table 3.7 for further details regarding definitions.
b Warming of the most extreme days and nights each year.
c Extreme high sea level depends on average sea level and on regional weather systems. It is defined as the highest 1% of hourly values of observed sea level at a station
for a given reference period.

d In all scenarios, the projected global average sea level at 2100 is higher than in the reference period [Working Group I Fourth Assessment 10.6]. The effect of changes
in regional weather systems on sea level extremes has not been assessed.

Table SPM.1. Examples of possible impacts of climate change due to changes in extreme weather and climate events, based on projections to the
mid- to late 21st century. These do not take into account any changes or developments in adaptive capacity. Examples of all entries are to be found
in chapters in the full Assessment (see source at top of columns). The first two columns of the table (shaded yellow) are taken directly from the
Working Group I Fourth Assessment (Table SPM-2). The likelihood estimates in Column 2 relate to the phenomena listed in Column 1.



D. Current knowledge about responding
to climate change

There is growing evidence since the IPCC Third Assessment of
human activity to adapt to observed and anticipated climate
change. For example, climate change is considered in the design
of infrastructure projects such as coastal defence in the Maldives
and The Netherlands, and the Confederation Bridge in Canada.
Other examples include prevention of glacial lake outburst
flooding in Nepal, and policies and strategies such as water
management in Australia and government responses to heat-
waves in, for example, some European countries [7.6, 8.2, 8.6,
17.ES, 17.2, 16.5, 11.5].

Past emissions are estimated to involve some unavoidable
warming (about a further 0.6°C by the end of the century relative
to 1980-1999) even if atmospheric greenhouse gas concen-
trations remain at 2000 levels (see Working Group I Fourth
Assessment). There are some impacts for which adaptation is
the only available and appropriate response. An indication of
these impacts can be seen in Figure SPM.2.

Impacts are expected to increase with increases in global average
temperature, as indicated in Figure SPM.2.Although many early
impacts of climate change can be effectively addressed through
adaptation, the options for successful adaptation diminish and
the associated costs increase with increasing climate change. At
present we do not have a clear picture of the limits to adaptation,
or the cost, partly because effective adaptation measures are
highly dependent on specific, geographical and climate risk
factors as well as institutional, political and financial constraints
[7.6, 17.2, 17.4].

The array of potential adaptive responses available to human
societies is very large, ranging from purely technological (e.g.,
sea defences), through behavioural (e.g., altered food and
recreational choices), to managerial (e.g., altered farm practices)
and to policy (e.g., planning regulations). While most
technologies and strategies are known and developed in some
countries, the assessed literature does not indicate how effective
various options13 are at fully reducing risks, particularly at higher
levels of warming and related impacts, and for vulnerable
groups. In addition, there are formidable environmental,
economic, informational, social, attitudinal and behavioural
barriers to the implementation of adaptation. For developing
countries, availability of resources and building adaptive
capacity are particularly important [see Sections 5 and 6 in
Chapters 3-16; also 17.2, 17.4].

Adaptation alone is not expected to cope with all the projected
effects of climate change, and especially not over the long term
as most impacts increase in magnitude [Figure SPM.2].

Non-climate stresses can increase vulnerability to climate
change by reducing resilience and can also reduce adaptive
capacity because of resource deployment to competing needs.
For example, current stresses on some coral reefs include marine
pollution and chemical runoff from agriculture as well as
increases in water temperature and ocean acidification.
Vulnerable regions face multiple stresses that affect their
exposure and sensitivity as well as their capacity to adapt. These
stresses arise from, for example, current climate hazards, poverty
and unequal access to resources, food insecurity, trends in
economic globalisation, conflict, and incidence of diseases such
as HIV/AIDS [7.4, 8.3, 17.3, 20.3]. Adaptation measures are
seldom undertaken in response to climate change alone but can
be integrated within, for example, water resource management,
coastal defence and risk-reduction strategies [17.2, 17.5].

An important advance since the IPCC Third Assessment has
been the completion of impacts studies for a range of different
development pathways taking into account not only projected
climate change but also projected social and economic changes.
Most have been based on characterisations of population and
income level drawn from the IPCC Special Report on Emission
Scenarios (SRES) (see Endbox 3) [2.4].
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Some adaptation is occurring now, to observed and projected
future climate change, but on a limited basis.

Adaptation will be necessary to address impacts resulting
from the warming which is already unavoidable due to past
emissions.

A wide array of adaptation options is available, but more
extensive adaptation than is currently occurring is required
to reduce vulnerability to future climate change. There are
barriers, limits and costs, but these are not fully understood.

Vulnerability to climate change can be exacerbated by the
presence of other stresses.

Future vulnerability depends not only on climate change but
also on development pathway.

13 A table of options is given in the Technical Summary



These studies show that the projected impacts of climate change
can vary greatly due to the development pathway assumed. For
example, there may be large differences in regional population,
income and technological development under alternative
scenarios, which are often a strong determinant of the level of
vulnerability to climate change [2.4].

To illustrate, in a number of recent studies of global impacts of
climate change on food supply, risk of coastal flooding and water
scarcity, the projected number of people affected is considerably
greater under the A2-type scenario of development
(characterised by relatively low per capita income and large
population growth) than under other SRES futures [T20.6]. This
difference is largely explained, not by differences in changes of
climate, but by differences in vulnerability [T6.6].

Sustainable development can reduce vulnerability to climate
change by enhancing adaptive capacity and increasing
resilience. At present, however, few plans for promoting
sustainability have explicitly included either adapting to climate
change impacts, or promoting adaptive capacity [20.3].

On the other hand, it is very likely that climate change can slow
the pace of progress towards sustainable development, either
directly through increased exposure to adverse impact or
indirectly through erosion of the capacity to adapt. This point is
clearly demonstrated in the sections of the sectoral and regional
chapters of this report that discuss the implications for sustainable
development [See Section 7 in Chapters 3-8, 20.3, 20.7].

The Millennium Development Goals (MDGs) are one measure
of progress towards sustainable development. Over the next
half-century, climate change could impede achievement of the
MDGs [20.7].

A small number of impact assessments have now been
completed for scenarios in which future atmospheric

concentrations of greenhouse gases are stabilised. Although
these studies do not take full account of uncertainties in
projected climate under stabilisation, they nevertheless provide
indications of damages avoided or vulnerabilities and risks
reduced for different amounts of emissions reduction [2.4,
T20.6].

Even the most stringent mitigation efforts cannot avoid further
impacts of climate change in the next few decades, which makes
adaptation essential, particularly in addressing near-term
impacts. Unmitigated climate change would, in the long term,
be likely to exceed the capacity of natural, managed and human
systems to adapt [20.7].

This suggests the value of a portfolio or mix of strategies that
includes mitigation, adaptation, technological development (to
enhance both adaptation and mitigation) and research (on
climate science, impacts, adaptation and mitigation). Such
portfolios could combine policies with incentive-based
approaches, and actions at all levels from the individual citizen
through to national governments and international organisations
[18.1, 18.5].

One way of increasing adaptive capacity is by introducing the
consideration of climate change impacts in development
planning [18.7], for example, by:
• including adaptation measures in land-use planning and
infrastructure design [17.2];

• including measures to reduce vulnerability in existing disaster
risk reduction strategies [17.2, 20.8].

E. Systematic observing and research

needs
Although the science to provide policymakers with information
about climate change impacts and adaptation potential has
improved since the Third Assessment, it still leaves many
important questions to be answered. The chapters of the Working
Group II FourthAssessment include a number of judgements about
priorities for further observation and research, and this advice
should be considered seriously (a list of these recommendations is
given in the Technical Summary Section TS-6).
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14 The Brundtland Commission definition of sustainable development is used in this Assessment: “development that meets the needs of the present without compromising
the ability of future generations to meet their own needs”. The same definition was used by the IPCC Working Group II Third Assessment and Third Assessment
Synthesis Report.

Sustainable development14 can reduce vulnerability to climate
change, and climate change could impede nations’ abilities
to achieve sustainable development pathways.

Many impacts can be avoided, reduced or delayed by
mitigation.

A portfolio of adaptation and mitigation measures can
diminish the risks associated with climate change.
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Endbox 1. Definitions of key terms

Climate change in IPCC usage refers to any change in climate over time, whether due to natural variability or as a result of
human activity. This usage differs from that in the Framework Convention on Climate Change, where climate change refers
to a change of climate that is attributed directly or indirectly to human activity that alters the composition of the global
atmosphere and that is in addition to natural climate variability observed over comparable time periods.

Adaptive capacity is the ability of a system to adjust to climate change (including climate variability and extremes) to
moderate potential damages, to take advantage of opportunities, or to cope with the consequences.

Vulnerability is the degree to which a system is susceptible to, and unable to cope with, adverse effects of climate change,
including climate variability and extremes. Vulnerability is a function of the character, magnitude, and rate of climate change
and variation to which a system is exposed, its sensitivity, and its adaptive capacity.

Endbox 2. Communication of Uncertainty in the Working Group II Fourth Assessment

A set of terms to describe uncertainties in current knowledge is common to all parts of the IPCC Fourth Assessment.

Description of confidence
Authors have assigned a confidence level to the major statements in the Summary for Policymakers on the basis of their
assessment of current knowledge, as follows:

Terminology Degree of confidence in being correct
Very high confidence At least 9 out of 10 chance of being correct
High confidence About 8 out of 10 chance
Medium confidence About 5 out of 10 chance
Low confidence About 2 out of 10 chance
Very low confidence Less than a 1 out of 10 chance

Description of likelihood
Likelihood refers to a probabilistic assessment of some well-defined outcome having occurred or occurring in the future, and
may be based on quantitative analysis or an elicitation of expert views. In the Summary for Policymakers, when authors
evaluate the likelihood of certain outcomes, the associated meanings are:

Terminology Likelihood of the occurrence/ outcome
Virtually certain >99% probability of occurrence
Very likely 90 to 99% probability
Likely 66 to 90% probability
About as likely as not 33 to 66% probability
Unlikely 10 to 33% probability
Very unlikely 1 to 10% probability
Exceptionally unlikely <1% probability
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Endbox 3. The Emissions Scenarios of the IPCC Special Report
on Emissions Scenarios (SRES)

A1. The A1 storyline and scenario family describes a future world of very rapid economic growth, global population that peaks
in mid-century and declines thereafter, and the rapid introduction of new and more efficient technologies. Major underlying
themes are convergence among regions, capacity building and increased cultural and social interactions, with a substantial
reduction in regional differences in per capita income. The A1 scenario family develops into three groups that describe
alternative directions of technological change in the energy system. The three A1 groups are distinguished by their
technological emphasis: fossil intensive (A1FI), non fossil energy sources (A1T), or a balance across all sources (A1B) (where
balanced is defined as not relying too heavily on one particular energy source, on the assumption that similar improvement
rates apply to all energy supply and end use technologies).

A2. The A2 storyline and scenario family describes a very heterogeneous world. The underlying theme is self reliance and
preservation of local identities. Fertility patterns across regions converge very slowly, which results in continuously increasing
population. Economic development is primarily regionally oriented and per capita economic growth and technological change
more fragmented and slower than other storylines.

B1. The B1 storyline and scenario family describes a convergent world with the same global population, that peaks in mid-
century and declines thereafter, as in the A1 storyline, but with rapid change in economic structures toward a service and
information economy, with reductions in material intensity and the introduction of clean and resource efficient technologies.
The emphasis is on global solutions to economic, social and environmental sustainability, including improved equity, but
without additional climate initiatives.

B2. The B2 storyline and scenario family describes a world in which the emphasis is on local solutions to economic, social
and environmental sustainability. It is a world with continuously increasing global population, at a rate lower than A2,
intermediate levels of economic development, and less rapid and more diverse technological change than in the B1 and A1
storylines. While the scenario is also oriented towards environmental protection and social equity, it focuses on local and
regional levels.

An illustrative scenario was chosen for each of the six scenario groups A1B, A1FI, A1T, A2, B1 and B2. All should be
considered equally sound.

The SRES scenarios do not include additional climate initiatives, which means that no scenarios are included that explicitly
assume implementation of the United Nations Framework Convention on Climate Change or the emissions targets of the
Kyoto Protocol.



Technical Summary

Coordinating Lead Authors:
Martin Parry (UK), Osvaldo Canziani (Argentina), Jean Palutikof (UK)

Lead Authors:
Neil Adger (UK), Pramod Aggarwal (India), Shardul Agrawala (OECD/France), Joseph Alcamo (Germany), Abdelkader Allali (Morocco),

Oleg Anisimov (Russia), Nigel Arnell (UK), Michel Boko (Benin), Timothy Carter (Finland), Gino Casassa (Chile),

Ulisses Confalonieri (Brazil), Rex Victor Cruz (Philippines), Edmundo de Alba Alcaraz (Mexico), William Easterling (USA),

Christopher Field (USA), Andreas Fischlin (Switzerland), Blair Fitzharris (New Zealand), Carlos Gay García (Mexico),

Hideo Harasawa (Japan), Kevin Hennessy (Australia), Saleemul Huq (UK), Roger Jones (Australia), Lucka Kajfež Bogataj (Slovenia),

David Karoly (USA), Richard Klein (The Netherlands), Zbigniew Kundzewicz (Poland), Murari Lal (India), Rodel Lasco (Philippines),

Geoff Love (Australia), Xianfu Lu (China), Graciela Magrín (Argentina), Luis José Mata (Venezuela),

Bettina Menne (WHO Regional Office for Europe/Germany), Guy Midgley (South Africa), Nobuo Mimura (Japan),

Monirul Qader Mirza (Bangladesh/Canada), José Moreno (Spain), Linda Mortsch (Canada), Isabelle Niang-Diop (Senegal),

Robert Nicholls (UK), Béla Nováky (Hungary), Leonard Nurse (Barbados), Anthony Nyong (Nigeria), Michael Oppenheimer (USA),

Anand Patwardhan (India), Patricia Romero Lankao (Mexico), Cynthia Rosenzweig (USA), Stephen Schneider (USA),

Serguei Semenov (Russia), Joel Smith (USA), John Stone (Canada), Jean-Pascal van Ypersele (Belgium), David Vaughan (UK),

Coleen Vogel (South Africa), Thomas Wilbanks (USA), Poh Poh Wong (Singapore), Shaohong Wu (China), Gary Yohe (USA)

Contributing Authors:
Debbie Hemming (UK), Pete Falloon (UK)

Review Editors:
Wolfgang Cramer (Germany), Daniel Murdiyarso (Indonesia)

This Technical Summary should be cited as:
Parry, M.L., O.F. Canziani, J.P. Palutikof and Co-authors 2007: Technical Summary. Climate Change 2007: Impacts, Adaptation and

Vulnerability. Contribution of Working Group II to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change, M.L.

Parry, O.F. Canziani, J.P. Palutikof, P.J. van der Linden and C.E. Hanson, Eds., Cambridge University Press, Cambridge, UK, 23-78.

A report accepted by Working Group II of the Intergovernmental Panel
on Climate Change but not approved in detail

‘Acceptance’ of IPCC Reports at a Session of the Working Group or Panel signifies that the material has not been
subject to line-by-line discussion and agreement, but nevertheless presents a comprehensive, objective and
balanced view of the subject matter.



24

Technical Summary

Summary of main findings..........................................25

TS.1 Scope, approach and method of theWorking
Group II assessment .......................................... 26

TS.2 Current knowledge about observed impacts
on natural and managed systems ................... 26

Box TS.1 Sourcing in the Technical Summary...............27

Box TS.2 Communication of uncertainty in the
Working Group II Fourth Assessment ............27

Box TS.3 Definition of key terms ...................................27

Box TS.4 Linking the causes of climate change to
observed effects on physical and biological
systems ..........................................................29

TS.3 Methods and scenarios.......................................31

TS.3.1 Developments in methods available to
researchers on climate change impacts,
adaptation and vulnerability ...........................31

TS.3.2 Characterising the future in the Working
Group II IPCC Fourth Assessment .................32

TS.4 Current knowledge about future impacts.....35

TS.4.1 Sectoral impacts, adaptation and
vulnerability ....................................................35

Box TS.5 The main projected impacts for systems and
sectors............................................................44

TS.4.2 Regional impacts, adaptation and
vulnerability ....................................................48

Box TS.6 The main projected impacts for regions.........59

TS.4.3 Magnitudes of impact for varying amounts
of climate change...........................................64

TS.4.4 The impact of altered extremes......................64

TS.4.5 Especially affected systems, sectors and
regions............................................................64

TS.4.6 Events with large impacts...............................64

TS.4.7 Costing the impacts of climate change ..........64

TS.5 Current knowledge about responding to
climate change..................................................... 65

TS.5.1 Adaptation ......................................................65

TS.5.2 Interrelationships between adaptation and
mitigation .......................................................70

Box TS.7 Adaptive capacity to multiple stressors in
India ...............................................................71

TS.5.3 Key vulnerabilities ..........................................73

TS.5.4 Perspectives on climate change and
sustainability...................................................75

TS.6 Advances in knowledge and future
research needs ..................................................... 76

TS.6.1 Advances in knowledge..................................76

TS.6.2 Future research needs ....................................77

Table of Contents



Technical Summary

25

Summary of main findings
• Observational evidence from all continents and most oceans shows that many natural systems are
being affected by regional climate changes, particularly temperature increases.

• A global assessment of data since 1970 has shown it is likely that anthropogenic warming has had
a discernible influence on many physical and biological systems.

• Other effects of regional climate changes on natural and human environments are emerging,
although many are difficult to discern due to adaptation and non-climatic drivers.

• More specific information is now available across a wide range of systems and sectors concerning
the nature of future impacts, including for some fields not covered in previous assessments.

• More specific information is now available across the regions of the world concerning the nature of
future impacts, including for some places not covered in previous assessments.

• Magnitudes of impact can now be estimated more systematically for a range of possible increases
in global average temperature.

• Impacts due to altered frequencies and intensities of extreme weather, climate and sea-level events
are very likely to change.

• Some large-scale climate events have the potential to cause very large impacts, especially after the
21st century.

• Impacts of climate change will vary regionally but, aggregated and discounted to the present, they
are very likely to impose net annual costs which will increase over time as global temperatures
increase.

• Some adaptation is occurring now, to observed and projected future climate change, but on a
limited basis.

• Adaptation will be necessary to address impacts resulting from the warming which is already
unavoidable due to past emissions.

• A wide array of adaptation options is available, but more extensive adaptation than is currently
occurring is required to reduce vulnerability to future climate change. There are barriers, limits and
costs, but these are not fully understood.

• Vulnerability to climate change can be exacerbated by the presence of other stresses.

• Future vulnerability depends not only on climate change but also on development pathway.

• Sustainable development can reduce vulnerability to climate change, and climate change could
impede nations’ abilities to achieve sustainable development pathways.

• Many impacts can be avoided, reduced or delayed by mitigation.

• A portfolio of adaptation and mitigation measures can diminish the risks associated with climate
change.



TS.1 Scope, approach and method of the
Working Group II assessment

The decision to produce a FourthAssessment Report (AR4) was
taken by the 19th Session of the Intergovernmental Panel on
Climate Change (IPCC) in April 2002.

The Working Group II Report has twenty chapters. The core
chapters (3 – 16) address the future impacts of climate change on
sectors and regions, the potential for adaptation and the
implications for sustainability. Chapter 1 looks at observed
changes and Chapter 2 assesses new methodologies and the
characterisation of future conditions. Chapters 17 – 20 assess
responses to impacts through adaptation (17), the inter-
relationships between adaptation and mitigation (18), key
vulnerabilities and risks (19) and, finally, perspectives on climate
change and sustainability (20).

The Working Group II Fourth Assessment, in common with all
IPCC reports, has been produced through an open and peer-
reviewed process. It builds upon past assessments and IPCC
Special Reports, and incorporates the results of the past 5 years of
climate change impacts, adaptation and vulnerability research.
Each chapter presents a balanced assessment of the literature which
has appeared since the ThirdAssessment Report1 (TAR), including
non-English language and, where appropriate, ‘grey’ literature.2

ThisAssessment aims to describe current knowledge of climate-
change impacts, adaptation and vulnerability. Specifically it
addresses five questions:
• What is the current knowledge about impacts of climate
change which are observable now? (addressed in Section
TS.2 of the Technical Summary)

• What new scenarios and research methods have led to
improvements in knowledge since the Third Assessment?
(addressed in Section TS.3)

• What is the current knowledge about future effects of
climate change on different sectors and regions?
(addressed in Section TS.4)

• What is the current knowledge about adaptation, the
interaction between adaptation and mitigation, key
vulnerabilities, and the role of sustainable development in
the context of climate change? (addressed in Section TS.5)

• What gaps exist in current knowledge and how best can
these be filled? (addressed in Section TS.6).

Each of the twenty chapters of the Working Group II Fourth
Assessment had a minimum of two Coordinating Lead Authors,
six LeadAuthors and two Review Editors. The writing team and

review editors were appointed by the IPCC Bureau on the
recommendation of the Working Group II Co-Chairs and Vice-
Chairs. They were selected from the pool of nominated experts, in
consultation with the international community of scientists active
in the field, and taking into consideration expertise and
experience. In total, the Working Group II Fourth Assessment
involved 48 Coordinating LeadAuthors, 125 LeadAuthors and 45
Review Editors, drawn from 70 countries. In addition there were
183 ContributingAuthors and 910 Expert Reviewers.

This Technical Summary is intended to capture the most important
scientific aspects of the full Working Group II Assessment.
Reducing the information from 800 pages to 50 requires much
condensing; consequently every statement in the Summary
appears with its source in the Assessment, enabling the reader to
pursue more detail. Sourcing information is provided in square
brackets in the text (see Box TS.1). Uncertainty information is
provided in parentheses (see Box TS.2 for definitions of
uncertainty). Key terms are defined in Box TS.3.

TS.2 Current knowledge about observed
impacts on natural and managed
systems

Observational evidence from all continents and most
oceans shows that many natural systems are being
affected by regional climate changes, particularly
temperature increases (very high confidence). A global
assessment of data since 1970 has shown it is likely
that anthropogenic warming has had a discernible
influence on many physical and biological systems.
The IPCCWorking Group II Third Assessment found evidence
that recent regional climate changes, particularly temperature
increases, have already affected physical and biological systems
[1.1.1].3 The Fourth Assessment has analysed studies since the
Third Assessment showing changes in physical, biological and
human systems, mainly from 1970 to 2005, in relation to climate
drivers, and has found stronger quantitative evidence [1.3, 1.4].
The major focus is on global and regional surface temperature
increases [1.2].

Evaluation of evidence on observed changes related to climate
change is made difficult because the observed responses of
systems and sectors are influenced by many other factors. Non-
climatic drivers can influence systems and sectors directly
and/or indirectly through their effects on climate variables such
as reflected solar radiation and evaporation [1.2.1]. Socio-
economic processes, including land-use change (e.g., agriculture

1McCarthy, J.J., O.F. Canziani, N.A. Leary, D.J. Dokken and K.S. White, Eds., 2001: Climate Change 2001: Impacts, Adaptation, and
Vulnerability. Contribution of Working Group II to the Third Assessment Report of the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge, UK, 1032 pp.

2 ‘Grey’ literature is defined as literature which is not available through traditional commercial publication channels, such as working papers,
government reports and theses, which therefore may be difficult to access.

3 See Box TS.1
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Box TS.1. Sourcing in the Technical Summary
For example, source [3.3.2] refers to Chapter 3, Section 3, Sub-section 2. In the sourcing, F = Figure, T = Table, B = Box,
ES = Executive Summary.

References to the Working Group I Fourth Assessment are shown as, for example, [WGI AR4 SPM] which refers to the
Working Group I Fourth Assessment Summary for Policymakers, [WGI AR4 10.3.2] which refers to Chapter 10 Section 10.3.2,
and [WGI AR4 Chapter 10] when the whole chapter is referred to. Where a source refers to both the WGI and WGII Fourth
Assessments, these are separated by a semi-colon, for example [WGI AR4 10.2.1; 2.1.4]. References to Working Group III
are treated in the same way.

Box TS.2. Communication of uncertainty in the Working Group II Fourth Assessment

A set of terms to describe uncertainties in current knowledge is common to all parts of the IPCC Fourth Assessment, based
on the Guidance Notes for Lead Authors of the IPCC Fourth Assessment Report on Addressing Uncertainties4, produced by
the IPCC in July 2005.

Description of confidence
On the basis of a comprehensive reading of the literature and their expert judgement, authors have assigned a confidence
level to the major statements in the Technical Summary on the basis of their assessment of current knowledge, as follows:

Terminology Degree of confidence in being correct
Very high confidence At least 9 out of 10 chance of being correct
High confidence About 8 out of 10 chance
Medium confidence About 5 out of 10 chance
Low confidence About 2 out of 10 chance
Very low confidence Less than a 1 out of 10 chance

Description of likelihood
Likelihood refers to a probabilistic assessment of some well-defined outcome having occurred or occurring in the future, and
may be based on quantitative analysis or an elicitation of expert views. In the Technical Summary, when authors evaluate
the likelihood of certain outcomes, the associated meanings are:

Terminology Likelihood of the occurrence/outcome
Virtually certain >99% probability of occurrence
Very likely 90 to 99% probability
Likely 66 to 90% probability
About as likely as not 33 to 66% probability
Unlikely 10 to 33% probability
Very unlikely 1 to 10% probability
Exceptionally unlikely <1% probability

Box TS.3. Definitions of key terms

Climate change in IPCC usage refers to any change in climate over time, whether due to natural variability or as a result of
human activity. This usage differs from that in the Framework Convention on Climate Change, where climate change refers
to a change of climate that is attributed directly or indirectly to human activity that alters the composition of the global
atmosphere and that is in addition to natural climate variability observed over comparable time periods.

Adaptation is the adjustment in natural or human systems in response to actual or expected climatic stimuli or their effects,
which moderates harm or exploits beneficial opportunities.

Vulnerability is the degree to which a system is susceptible to, and unable to cope with, adverse effects of climate change,
including climate variability and extremes. Vulnerability is a function of the character, magnitude and rate of climate change
and the variation to which a system is exposed, its sensitivity and its adaptive capacity.

4 See http://www.ipcc.ch/activity/uncertaintyguidancenote.pdf.



Technical Summary

28

to urban area), land-cover modification (e.g., ecosystem
degradation), technological change, pollution, and invasive
species constitute some of the important non-climate drivers
[1.2.1].

Much more evidence has accumulated over the past 5 years to
indicate that the effects described above are linked to the
anthropogenic component of warming.5 There are three sets of
evidence which, taken together, support this conclusion (see Box
TS.4).

1. There have been several studies that have linked responses
in some physical and biological systems to the
anthropogenic component of warming by comparing
observed trends with modelled trends in which the natural
and anthropogenic forcings are explicitly separated [1.4].

2. Observed changes in many physical and biological systems
are consistent with a warming world. The majority (>89%
of the >29,000 data sets whose locations are displayed in
Figure TS.1) of changes in these systems have been in the
direction expected as a response to warming [1.4].

3. A global synthesis of studies in this Assessment strongly
demonstrates that the spatial agreement between regions of
significant regional warming across the globe and the
locations of significant observed changes in many systems
consistent with warming is very unlikely6 to be due solely to
natural variability of temperatures or natural variability of
the systems [1.4].

For physical systems, (i) climate change is affecting
natural and human systems in regions of snow, ice
and frozen ground, and (ii) there is now evidence of
effects on hydrology and water resources, coastal
zones and oceans.
Themain evidence from regions of snow, ice and frozen ground is
found in ground instability in permafrost regions, and rock
avalanches; decrease in travel days of vehicles over frozen roads
in the Arctic; increase and enlargement of glacial lakes, and
destabilisation of moraines damming these lakes, with increased
risk of outburst floods; changes in Arctic andAntarctic Peninsula
ecosystems, including sea-ice biomes and predators high on the
food chain; and limitations on mountain sports in lower-elevation
alpine areas (high confidence)7 [1.3.1]. These changes parallel the
abundant evidence that Arctic sea ice, freshwater ice, ice shelves,
the Greenland ice sheet, alpine and Antarctic Peninsula glaciers
and ice caps, snow cover and permafrost are undergoing enhanced
melting in response to global warming (very high confidence)
[WGIAR4 Chapter 4].

Recent evidence in hydrology and water resources shows that
spring peak discharge is occurring earlier in rivers affected by snow

melt, and there is evidence for enhanced glacial melt in the tropical
Andes and in the Alps. Lakes and rivers around the world are
warming, with effects on thermal structure and water quality (high
confidence) [1.3.2].

Sea-level rise and human development are together contributing
to losses of coastal wetlands and mangroves and increasing
damage from coastal flooding inmany areas (medium confidence)
[1.3.3.2].

There is more evidence, from a wider range of species
and communities in terrestrial ecosystems than
reported in the Third Assessment, that recent
warming is already strongly affecting natural
biological systems. There is substantial new evidence
relating changes in marine and freshwater systems to
warming. The evidence suggests that both terrestrial
and marine biological systems are now being strongly
influenced by observed recent warming.
The overwhelming majority of studies of regional climate effects
on terrestrial species reveal consistent responses to warming
trends, including poleward and elevational range shifts of flora
and fauna. Responses of terrestrial species to warming across
the Northern Hemisphere are well documented by changes in
the timing of growth stages (i.e., phenological changes),
especially the earlier onset of spring events, migration, and
lengthening of the growing season. Based on satellite
observations since the early 1980s, there have been trends in
many regions towards earlier ‘greening’ of vegetation in the
spring8 and increased net primary production linked to longer
growing seasons. Changes in abundance of certain species,
including limited evidence of a few local disappearances, and
changes in community composition over the last few decades
have been attributed to climate change (very high confidence)
[1.3.5].

Many observed changes in phenology and distribution of
marine and freshwater species have been associated with rising
water temperatures, as well as other climate-driven changes in
ice cover, salinity, oxygen levels and circulation. There have
been poleward shifts in ranges and changes in algal, plankton
and fish abundance in high-latitude oceans. For example,
plankton has moved polewards by 10° latitude (about 1,000 km)
over a period of four decades in the North Atlantic. There have
also been documented increases in algal and zooplankton
abundance in high-latitude and high-altitude lakes, and earlier
fish migration and range changes in rivers [1.3]. While there is
increasing evidence for climate change impacts on coral reefs,
differentiating the impacts of climate-related stresses from other
stresses (e.g., over-fishing and pollution) is difficult. The uptake
of anthropogenic carbon since 1750 has led to the ocean
becoming more acidic, with an average decrease in pH of
0.1 units [WGI AR4 SPM]. However, the effects of observed

5 Warming over the past 50 years at the continental scale has been attributed to anthropogenic effects [WGI AR4 SPM].
6 See Box TS-2.
7 See Box TS-2.
8 Measured by the Normalised Difference Vegetation Index (NVDI), which is a relative measure of vegetation greenness in satellite images.
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Box TS.4. Linking the causes of climate change to observed effects on
physical and biological systems

Temperatures from
climate models with
natural (N) forcing

Temperatures from
climate models with
anthropogenic (A)

forcing

Observed effects
in natural systems

Stronger

agreement

Weaker agreement

Strongest agreementTemperatures from
climate models with

N + A forcing

Observed
temperatures

9 Plotted are the frequencies of the correlation coefficients (associations) between the timing of changes in traits (e.g., earlier egg-laying) of 145 species
and modelled (HadCM3) spring temperatures for the grid-boxes in which each species was examined. (Continues next page after Figure TS.1).

10 IPCC, 2007: Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change, S. Solomon, D. Qin, M. Manning, Z. Chen, M. Marquis, K.B.Averyt, M. Tignor and H.L. Miller, Eds.,
Cambridge University Press, Cambridge, 996 pp.

WGI

The figure to the left demonstrates the linkages
between observed temperatures, observed effects on
natural systems, and temperatures from climate model
simulations with natural, anthropogenic, and
combined natural and anthropogenic forcings. Two
ways in which these linkages are utilised in detection
and attribution studies of observed effects are
described below.

1. Using climate models

The study of causal connection by separation of natural and anthropogenic
forcing factors (Set of Evidence 1 on the preceding page) compares observed
temporal changes in animals and plants with changes over the same time
periods in observed temperatures as well as modelled temperatures using (i) only
natural climate forcing; (ii) only anthropogenic climate forcing; and (iii) both
forcings combined.

The panel to the right shows the results from a study employing this
methodology9. The locations for the modelled temperatures were individual grid
boxes corresponding to given animal and plant study sites and time periods.

The agreement (in overlap and shape) between the observed (blue bars) and
modelled plots is weakest with natural forcings, stronger with anthropogenic
forcings, and strongest with combined forcings. Thus, observed changes in
animals and plants are likely responding to both natural and anthropogenic
climate forcings, providing a direct cause-and-effect linkage [F1.7, 1.4.2.2].

2. Using spatial analysis
The study of causal connection by spatial analysis (Set of Evidence 3 on the
preceding page) follows these stages: (i) it identifies 5º × 5º latitude/longitude
cells across the globe which exhibit significant warming, warming, cooling,
and significant cooling; (ii) it identifies 5º × 5º cells of significant observed
changes in natural systems that are consistent with warming and that are not
consistent with warming; and (iii) it statistically determines the degree of spatial
agreement between the two sets of cells. In this assessment, the conclusion
is that the spatial agreement is significant at the 1% level and is very unlikely
to be solely due to natural variability of climate or of the natural systems.

Taken together with evidence of significant anthropogenic warming over
the past 50 years averaged over each continent except Antarctica [WGI
AR410 SPM], this shows a discernible human influence on changes in
many natural systems [1.4.2.3].
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Figure TS.1. Locations of significant changes in data series of physical systems (snow, ice and frozen ground; hydrology; and coastal processes)
and biological systems (terrestrial, marine and freshwater biological systems), are shown together with surface air temperature changes over the
period 1970-2004. A subset of about 29,000 data series was selected from about 80,000 data series from 577 studies. These met the following
criteria: (i) ending in 1990 or later; (ii) spanning a period of at least 20 years; and (iii) showing a significant change in either direction, as assessed in
individual studies. These data series are from about 75 studies (of which about 70 are new since the Third Assessment) and contain about 29,000
data series, of which about 28,000 are from European studies. White areas do not contain sufficient observational climate data to estimate a
temperature trend. The 2 × 2 boxes show the total number of data series with significant changes (top row) and the percentage of those consistent
with warming (bottom row) for (i) continental regions: North America (NAM), Latin America (LA), Europe (EUR), Africa (AFR), Asia (AS), Australia and
New Zealand (ANZ), and Polar Regions (PR); and (ii) global scale: Terrestrial (TER), Marine and Freshwater (MFW), and Global (GLO). The numbers
of studies from the seven regional boxes (NAM, …, PR) do not add up to the global (GLO) totals because numbers from regions except Polar do
not include the numbers related to Marine and Freshwater (MFR) systems. Locations of large-area marine changes are not shown on the map.
[F1.8, F1.9; Working Group I AR4 F3.9b]



ocean acidification on the marine biosphere are as yet
undocumented [1.3]. Warming of lakes and rivers is affecting
abundance and productivity, community composition,
phenology and the distribution and migration of freshwater
species (high confidence) [1.3.4].

Effects of regional increases in temperature on some
managed and human systems are emerging, although
these are more difficult to discern than those in
natural systems, due to adaptation and non-climatic
drivers.
Effects have been detected in agricultural and forestry systems
[1.3.6]. Changes in several aspects of the human health system
have been related to recent warming [1.3.7].Adaptation to recent
warming is beginning to be systematically documented (medium
confidence) [1.3.9].

In comparison with other factors, recent warming has been of
limited consequence in the agriculture and forestry sectors. A
significant advance in phenology, however, has been observed
for agriculture and forestry in large parts of the Northern
Hemisphere, with limited responses in crop management such
as earlier spring planting in northern higher latitudes. The
lengthening of the growing season has contributed to an
observed increase in forest productivity in many regions, while
warmer and drier conditions are partly responsible for reduced
forest productivity and increased forest fires in North America
and the Mediterranean Basin. Both agriculture and forestry have
shown vulnerability to recent trends in heatwaves, droughts and
floods (medium confidence) [1.3.6].

While there have been few studies of observed health effects
related to recent warming, an increase in high temperature
extremes has been associated with excess mortality in Europe,
which has prompted adaptation measures. There is emerging
evidence of changes in the distribution of some human disease
vectors in parts of Europe and Africa. Earlier onset and
increases in the seasonal production of allergenic pollen have
occurred in mid- and high latitudes in the Northern Hemisphere
(medium confidence) [1.3.7].

Changes in socio-economic activities and modes of human
response to climate change, including warming, are just
beginning to be systematically documented. In regions of snow,
ice and frozen ground, responses by indigenous groups relate to
changes in the migration patterns, health, and range of animals
and plants on which they depend for their livelihood and
cultural identity [1.3.9]. Responses vary by community and are
dictated by particular histories, perceptions of change and

range, and the viability of options available to groups (medium
confidence) [1.3.9].

While there is now significant evidence of observed changes in
physical and biological systems in every continent, including
Antarctica, as well as from most oceans, the majority of studies
come from mid- and high latitudes in the Northern Hemisphere.
Documentation of observed changes in tropical regions and the
Southern Hemisphere is sparse [1.5].

TS.3 Methods and scenarios

TS.3.1 Developments in methods available to
researchers on climate change impacts,
adaptation and vulnerability

Since the Third Assessment (TAR), the need for improved
decision analysis has motivated an expansion in the number of
climate-change impacts, adaptation and vulnerability (CCIAV)
approaches and methods in use. While scientific research aims
to reduce uncertainty, decision-making aims to manage
uncertainty by making the best possible use of the available
knowledge [2.2.7, 2.3.4]. This usually involves close
collaboration between researchers and stakeholders [2.3.2].

Therefore, although the standard climate scenario-driven
approach is used in a large proportion of assessments described
in this Report, the use of other approaches is increasing [2.2.1].
They include assessments of current and future adaptations to
climate variability and change [2.2.3], adaptive capacity, social
vulnerability [2.2.4], multiple stresses and adaptation in the
context of sustainable development [2.2.5, 2.2.6].

Risk management can be applied in all of these contexts. It is
designed for decision-making under uncertainty; several detailed
frameworks have been developed for CCIAV assessments and its
use is expanding rapidly. The advantages of risk management
include the use of formalised methods to manage uncertainty,
stakeholder involvement, use of methods for evaluating policy
options without being policy-prescriptive, integration of different
disciplinary approaches, and mainstreaming of climate-change
concerns into the broader decision-making context [2.2.6].

Stakeholders bring vital input into CCIAV assessments about a
range of risks and their management. In particular, how a group
or system can cope with current climate risks provides a solid
basis for assessments of future risks. An increasing number of
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Footnote 9, continued from below Box TS.4.At each location, all of which are in the Northern Hemisphere, the changing trait is compared with
modelled temperatures driven by: (a) Natural forcings (pink bars), (b) anthropogenic (i.e., human) forcings (orange bars), and (c) combined natural and
anthropogenic forcings (yellow bars). In addition, on each panel the frequencies of the correlation coefficients between the actual temperatures recorded
during each study and changes in the traits of 83 species, the only ones of the 145 with reported local-temperature trends, are shown (dark blue bars).
On average the number of years species were examined is about 28 with average starting and ending years of 1960 to 1998. Note that the agreement: a)
between the natural and actual plots is weaker (K=60.16, p>0.05) than b) between the anthropogenic and actual (K=35.15, p>0.05), which in turn is
weaker than c) the agreement between combined and actual (K=3.65, p<0.01). Taken together, these plots show that a measurable portion of the
warming regional temperatures to which species are reacting can be attributed to humans, therefore showing joint attribution (see Chapter 1).



assessments involve, or are conducted by, stakeholders. This
establishes credibility and helps to confer ‘ownership’ of the
results, which is a prerequisite for effective risk management
[2.3.2].

TS.3.2 Characterising the future in the Working
Group II IPCC Fourth Assessment

CCIAV assessments usually require information on how
conditions such as climate, social and economic development,
and other environmental factors are expected to change in the
future. This commonly entails the development of scenarios,
storylines or other characterisations of the future, often
disaggregated to the regional or local scale [2.4.1, 2.4.6].

Scenarios are plausible descriptions, without ascribed likelihoods,
of possible future states of the world. Storylines are qualitative,
internally consistent narratives of how the future may evolve,
which often underpin quantitative projections of future change
that, together with the storyline, constitute a scenario [B2.1]. The
IPCC Special Report on Emissions Scenarios (SRES), published
in 2000, provided scenarios of future greenhouse gas emissions
accompanied by storylines of social, economic and technological
development that can be used in CCIAV studies (Figure TS.2).
Although there can be methodological problems in applying these
scenarios (for example, in downscaling projections of population
and gross domestic product (GDP) from the four SRES large
world regions to national or sub-national scales), they nevertheless
provide a coherent global quantification of socio-economic
development, greenhouse gas emissions and climate, and
represent some of the most comprehensive scenarios presently
available to CCIAV researchers. A substantial number of the
impact studies assessed in this volume that employed future
characterisations made use of the SRES scenarios. For some other

studies, especially empirical analyses of adaptation and
vulnerability, the scenarios were of limited relevance and were
not adopted [2.4.6].

In the future, better integration of climate-related scenarios with
those widely adopted by other international bodies
(mainstreaming) is desirable, and enhanced information exchange
between research and policy communities will greatly improve
scenario usage and acceptance. Improved scenarios are required
for poorly specified indicators such as future technology and
adaptive capacity, and interactions between key drivers of change
need to be better specified [2.5].

Characterising future climate

Sensitivity studies
A substantial number of model-based CCIAV studies assessed in
this Report employ sensitivity analysis to investigate the behaviour
of a system by assuming arbitrary, often regularly spaced,
adjustments in important driving variables. Using a range of
perturbations allows construction of impact response surfaces,
which are increasingly being used in combination with
probabilistic representations of future climate to assess risks of
impacts [2.4.3, 2.3.1, 2.4.8].

Analogues
Historical extreme weather events, such as floods, heatwaves and
droughts, are increasingly being analysed with respect to their
impacts and adaptive responses. Such studies can be useful for
planning adaptation responses, especially if these events become
more frequent and/or severe in the future. Spatial analogues
(regions having a present-day climate similar to that expected in a
study region in the future) have been adopted as a heuristic device
for analysing economic impacts, adaptation needs and risks to
biodiversity [2.4.4].

Climate model data
The majority of quantitative CCIAV studies assessed in theAR4
use climate models to generate the underlying scenarios of
climate change. Some scenarios are based on pre-SRES
emissions scenarios, such as IS92a, or even on equilibrium
climate model experiments. However, the greatest proportion is
derived from SRES emissions scenarios, principally the A2
scenario (assuming high emissions), for which the majority of
early SRES-based climate model experiments were conducted.
A few scenario-driven studies explore singular events with
widespread consequences, such as an abrupt cessation of the
North Atlantic Meridional Overturning Circulation (MOC)
[2.4.6.1, 2.4.7].

The CCIAV studies assessed in the Working Group II Fourth
Assessment (WGII AR4) are generally based on climate model
simulations assessed byWorkingGroup I (WGI) in the TAR. Since
the TAR, new simulations have been performed with coupled
Atmosphere-Ocean General Circulation Models (AOGCMs)
assuming SRES emissions. These are assessed in the WGI AR4,
but most were not available for the CCIAV studies assessed for
the WGII AR4. Figure TS.3 compares the range of regional
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Figure TS.2. Summary characteristics of the four SRES storylines [F2.5]



temperature and precipitation projections from recent A2-forced
AOGCM simulations (assessed by WGI AR4: red bars) with
earlier A2-forced simulations assessed in WGI TAR and used for
scenario construction in many CCIAV studies assessed for the
WGII AR4 (blue bars). The figure supports the WGI AR4

conclusion that the basic pattern of projected warming is little
changed from previous assessments (note the positions of the blue
and red bars), but confidence in regional projections is now higher
for most regions for temperature and in some regions for
precipitation (i.e., where red bars are shorter than blue bars) [B2.3].
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Figure TS.3. Range of winter and summer temperature and precipitation changes up to the end of the 21st century across recent (fifteen models – red
bars) and pre-TAR (seven models – blue bars) AOGCM projections under the SRES A2 emissions scenarios for thirty-two world regions, expressed as
rate of change per century. Mauve and green bars show modelled 30-year natural variability. Numbers on precipitation plots show the number of recent
A2 runs giving negative/positive precipitation change. DJF: December, January, February; JJA: June, July, August. [F2.6, which includes map of regions]
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Non-climate scenarios

While the CCIAV studies reported in the TAR typically applied
one or more climate scenarios, very few applied
contemporaneous scenarios of socio-economic, land-use or other
environmental changes. Those that did used a range of sources
to develop them. In contrast, AR4 studies which include SRES
assumptions may now have several estimates, taking into
account different storylines. The role of non-climate drivers such
as technological change and regional land-use policy is shown
in some studies to be more important in determining outcomes
than climate change [2.4.6].

Scenarios of CO2 concentration are required in some studies, as
elevated concentrations can affect the acidity of the oceans and
the growth and water use of many terrestrial plants. The observed
CO2 concentration in 2005 was about 380 ppm and was projected
in the TAR using the Bern-CCmodel to rise to the following levels
by the year 2100 for the SRES marker scenarios – B1: 540 ppm
(range 486-681 ppm); A1T: 575 (506-735); B2: 611 (544-769);
A1B: 703 (617-918);A2: 836 (735-1,080);A1FI: 958 (824-1,248)
ppm. Values similar to these reference levels are commonly
adopted in SRES-based impact studies [2.4.6.2]. Moreover, a
multi-stressor approach can reveal important regional
dependencies between drivers and their impacts (e.g., the

Figure TS.4. Global temperature changes for selected time periods, relative to 1980-1999, projected for SRES and stabilisation scenarios. To express the
temperature change relative to 1850-1899, add 0.5°C. More detail is provided in Chapter 2 [Box 2.8]. Estimates are for the 2020s, 2050s and 2080s, (the
time periods used by the IPCC Data Distribution Centre and therefore in many impact studies) and for the 2090s. SRES-based projections are shown
using two different approaches. Middle panel: projections from the WGI AR4 SPM based on multiple sources. Best estimates are based on AOGCMs
(coloured dots). Uncertainty ranges, available only for the 2090s, are based on models, observational constraints and expert judgement. Lower panel:
best estimates and uncertainty ranges based on a simple climate model (SCM), also fromWGI AR4 (Chapter 10). Upper panel: best estimates and
uncertainty ranges for four CO2-stabilisation scenarios using an SCM. Results are from the TAR because comparable projections for the 21st century are
not available in the AR4. However, estimates of equilibrium warming are reported in the WGI AR4 for CO2-equivalent stabilisation11. Note that equilibrium
temperatures would not be reached until decades or centuries after greenhouse gas stabilisation. Uncertainty ranges: middle panel, likely range (> 66%
probability); lower panel, range between 19 estimates calculated assuming low carbon-cycle feedbacks (mean - 1 standard deviation) and those
assuming high carbon-cycle feedbacks (mean + 1 standard deviation); upper panel, range across seven model tunings for medium carbon-cycle settings.

11 Best estimate and likely range of equilibrium warming for seven levels of CO2-equivalent stabilisation from the WG1AR4 are: 350 ppm,
1.0°C [0.6–1.4]; 450 ppm, 2.1°C [1.4–3.1]; 550 ppm, 2.9°C [1.9–4.4]; 650 ppm, 3.6°C [2.4–5.5]; 750 ppm, 4.3°C [2.8–6.4]; 1,000 ppm,
5.5°C [3.7–8.3] and 1,200 ppm, 6.3°C [4.2–9.4].



combined effects of extreme weather and air-pollution events on
human health). This expansion of scenario scope and application
has brought into focus the wide range of potential future impacts
and their associated uncertainties [2.2.5, 2.5].

Mitigation/stabilisation scenarios

The SRES storylines assume that no specific climate policies will
be implemented to reduce greenhouse gas emissions (i.e.
mitigation). Projections of global mean warming during the 21st
century for the six SRES scenarios using two different approaches
reported by theWGIAR4 (Chapter 10) are depicted in the middle
and lower panels of Figure TS-4. Even without assuming explicit
climate policies, differences between projections of warming for
alternative emissions scenarios by the end of the century can
exceed 2°C [B2.8].

CCIAV studies assuming mitigated futures are beginning to assess
the benefits (through impacts ameliorated or avoided) of climate
policy decisions. Stabilisation scenarios are a type of mitigation
scenario describing futures in which emissions reductions are
undertaken so that greenhouse gas concentrations, radiative forcing
or global average temperature changes do not exceed a prescribed
limit. There have been very few studies of the impacts of climate
change assuming stabilisation. One reason for this is that relatively
few AOGCM stabilisation runs have been completed so far,
although the situation is rapidly changing [2.4.6].

Greenhouse gas mitigation is expected to reduce global mean
warming relative to baseline emissions, which in turn could
avoid some adverse impacts of climate change. To indicate the
projected effect of mitigation on temperature during the 21st
century, and in the absence of more recent, comparable estimates
in the WGI AR4, results from the Third Assessment Report
using a simple climate model are reproduced in the upper panel
of Figure TS-4. These portray the temperature response for four
CO2-stabilisation scenarios by three dates in the early (2025),
mid (2055), and late (2085) 21st century12 [B2.8].

Large-scale singularities

Very few studies have been conducted on the impacts of large-scale
singularities, which are extreme, sometimes irreversible, changes in
the Earth system such as an abrupt cessation of the North Atlantic
Meridional Overturning Circulation, or rapid global sea-level rise
due toAntarctic and/or Greenland ice sheet melting [2.4.7]. Due to
incomplete understanding of the underlying mechanisms of these
events, or their likelihood, only exploratory studies have been
carried out. For example, in terms of exploring the worst-case
scenario of abrupt sea-level rise, impact assessments have been
conducted for the coastal zone for a 5m rise, and for a 2.2m rise by
2100 [2.4.7]. This is the first time these scenarios have been included
in anyWGII assessment, and the expectation is thatmanymore such
studies will become available for assessment in the future.

Probabilistic characterisations

Probabilistic characterisations of future climate and non-climate
conditions are increasingly becoming available. A number of
studies focused on the climate system have generated
probabilistic estimates of climate change, conditional on selected
or probabilistic emissions scenarios, the latter being a subject of
considerable debate [2.4.8]. Probabilistic futures have been
applied in a few CCIAV studies to estimate the risk of exceeding
predefined thresholds of impact and the associated timing of
such exceedances [2.3.1].

TS.4 Current knowledge about
future impacts

This section summarises the main projected impacts in each
system and sector (Section TS.4.1) and region (Section TS.4.2)
over this century,13 judged in terms of relevance for people and
the environment. It assumes that climate change is not mitigated,
and that adaptive capacity has not been enhanced by climate
policy. All global temperature changes are expressed relative to
1990 unless otherwise stated.14 The impacts stem from changes
in climate and sea-level changes associated with global
temperature change, and frequently reflect projected changes in
precipitation and other climate variables in addition to
temperature.

TS.4.1 Sectoral impacts, adaptation and vulnerability

Asummary of impacts projected for each sector is given in Box
TS.5.

Freshwater resources and their management

The impacts of climate change on freshwater systems and
their management are mainly due to the observed and
projected increases in temperature, evaporation, sea level
and precipitation variability (very high confidence).
More than one-sixth of the world’s population live in glacier- or
snowmelt-fed river basins and will be affected by a decrease in
water volume stored in glaciers and snowpack, an increase in
the ratio of winter to annual flows, and possibly a reduction in
low flows caused by decreased glacier extent or melt-season
snow water storage [3.4.1, 3.4.3]. Sea-level rise will extend
areas of salinisation of groundwater and estuaries, resulting in
a decrease in freshwater availability for humans and ecosystems
in coastal areas [3.2, 3.4.2]. Increased precipitation intensity
and variability is projected to increase the risk of floods and
droughts in many areas [3.3.1]. Up to 20% of the world’s
population live in river basins that are likely to be affected by
increased flood hazard by the 2080s in the course of global
warming [3.4.3].

Technical Summary

35

12 WRE stabilisation profiles were used in the TAR, and a description is given in the TAR Synthesis Report.
13 Unless otherwise stated.
14 To express the temperature change relative to pre-industrial (about 1750) levels, add 0.6°C.



The number of people living in severely stressed river basins
is projected to increase significantly from 1.4-1.6 billion in
1995 to 4.3-6.9 billion in 2050, for the SRES A2 scenario
(medium confidence).
The population at risk of increasing water stress for the full range
of SRES scenarios is projected to be: 0.4-1.7 billion, 1.0-
2.0 billion and 1.1-3.2 billion, in the 2020s, 2050s and 2080s,
respectively [3.5.1]. In the 2050s (A2 scenario), 262-983 million
people are likely to move into the water-stressed category
[3.5.1]. Water stress is projected to decrease by the 2050s on 20-
29% of the global land area (considering two climate models
and the SRES scenarios A2 and B2) and to increase on 62-76%
of the global land area [3.5.1].

Semi-arid and arid areas are particularly exposed to the
impacts of climate change on freshwater (high confidence).
Many of these areas (e.g., Mediterranean Basin, western USA,
southern Africa, north-eastern Brazil, southern and eastern
Australia) will suffer a decrease in water resources due to climate
change (see Figure TS.5) [3.4, 3.7]. Efforts to offset declining
surface water availability due to increasing precipitation variability
will be hampered by the fact that groundwater recharge is likely to
decrease considerably in some already water-stressed regions
[3.4.2], where vulnerability is often exacerbated by the rapid
increase of population and water demand [3.5.1].

Higher water temperatures, increased precipitation intensity
and longer periods of low flows are likely to exacerbate many
forms of water pollution, with impacts on ecosystems,
human health, and water system reliability and operating
costs (high confidence).

These pollutants include sediments, nutrients, dissolved organic
carbon, pathogens, pesticides, salt and thermal pollution [3.2,
3.4.4, 3.4.5].

Climate change affects the function and operation of existing
water infrastructure as well as water management practices
(very high confidence).
Adverse effects of climate on freshwater systems aggravate the
impacts of other stresses, such as population growth, changing
economic activity, land-use change and urbanisation [3.3.2, 3.5].
Globally, water demandwill grow in the coming decades, primarily
due to population growth and increased affluence. Regionally, large
changes in irrigation water demand as a result of climate change
are likely [3.5.1]. Current water management practices are very
likely to be inadequate to reduce the negative impacts of climate
change on water-supply reliability, flood risk, health, energy and
aquatic ecosystems [3.4, 3.5]. Improved incorporation of current
climate variability into water-relatedmanagement is likely tomake
adaptation to future climate change easier [3.6].

Adaptation procedures and risk management practices for
the water sector are being developed in some countries and
regions (e.g., Caribbean, Canada, Australia, Netherlands,
UK, USA, Germany) that recognise the uncertainty of
projected hydrological changes (very high confidence).
Since the IPCC Third Assessment, uncertainties have been
evaluated and their interpretation has improved, and newmethods
(e.g., ensemble-based approaches) are being developed for their
characterisation [3.4, 3.5]. Nevertheless, quantitative projections
of changes in precipitation, river flows and water levels at the
river-basin scale remain uncertain [3.3.1, 3.4].
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Figure TS.5. Illustrative map of future climate change impacts on freshwater which are a threat to the sustainable development of the affected
regions. Background shows ensemble mean change of annual runoff, in percent, between the present (1981-2000) and 2081-2100 for the SRES
A1B emissions scenario; blue denotes increased runoff, red denotes decreased runoff. Underlying map from Nohara et al. (2006) [F3.8].



The negative impacts of climate change on freshwater
systems outweigh its benefits (high confidence).
All IPCC regions show an overall net negative impact of climate
change on water resources and freshwater ecosystems. Areas in
which runoff is projected to decline are likely to face a reduction
in the value of the services provided by water resources. The
beneficial impacts of increased annual runoff in other areas is likely
to be tempered in some areas by negative effects of increased
precipitation variability and seasonal runoff shifts on water supply,
water quality and flood risks (see Figure TS.5) [3.4, 3.5].

Ecosystems

Records of the geological past show that ecosystems have some
capacity to adapt naturally to climate change [WGIAR4 Chapter
6; 4.2], but this resilience15 has never been challenged by a large
global human population and its multi-faceted demands from
and pressures on ecosystems [4.1, 4.2].

The resilience of many ecosystems (their ability to adapt
naturally) is likely to be exceeded by 2100 by an unprecedented

combination of change in climate, associated disturbances (e.g.,
flooding, drought, wildfire, insects, ocean acidification), and
other global change drivers (e.g., land-use change, pollution,
over-exploitation of resources) (high confidence).
Ecosystems are very likely to be exposed to atmospheric CO2
levels much higher than in the past 650,000 years, and global
mean temperatures at least as high as those in the past
740,000 years [WGI AR4 Chapter 6; 4.2, 4.4.10, 4.4.11]. By
2100, ocean pH is very likely to be lower than during the last
20 million years [4.4.9]. Extractive use from and fragmentation
of wild habitats are very likely to impair species’ adaptation
[4.1.2, 4.1.3, 4.2, 4.4.5, 4.4.10]. Exceedance of ecosystem
resilience is very likely to be characterised by threshold-type
responses, many irreversible on time-scales relevant to human
society, such as biodiversity loss through extinction, disruption
of species’ ecological interactions, and major changes in
ecosystem structure and disturbance regimes (especially wildfire
and insects) (see Figure TS.6). Key ecosystem properties (e.g.,
biodiversity) or regulating services (e.g., carbon sequestration)
are very likely to be impaired [4.2, 4.4.1, 4.4.2 to 4.4.9, 4.4.10,
4.4.11, F4.4, T4.1].
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Figure TS.6. Compendium of projected risks due to critical climate change impacts on ecosystems for different levels of global mean annual
temperature rise, ∆T, relative to pre-industrial climate, used as a proxy for climate change. The red curve shows observed temperature anomalies for the
period 1900-2005 [WGI AR4 F3.6]. The two grey curves provide examples of the possible future evolution of global average temperature change (∆T)
with time [WGI AR4 F10.4] exemplified by WGI simulated, multi-model mean responses to (i) the A2 radiative forcing scenario (WGI A2) and (ii) an
extended B1 scenario (WGI B1+stabil.), where radiative forcing beyond 2100 was kept constant at the 2100 value [WGI AR4 F10.4, 10.7]. White shading
indicates neutral, small negative, or positive impacts or risks; yellow indicates negative impacts for some systems or low risks; and red indicates negative
impacts or risks that are more widespread and/or greater in magnitude. Illustrated impacts take into account climate change impacts only, and omit
effects of land-use change or habitat fragmentation, over-harvesting or pollution (e.g., nitrogen deposition). A few, however, take into account fire regime
changes, several account for likely productivity-enhancing effects of rising atmospheric CO2 and some account for migration effects. [F4.4, T4.1]

15 Resilience is defined as the ability of a social or ecological system to absorb disturbances while retaining the same basic structure and ways of
functioning, the capacity for self-organisation, and the capacity to adapt naturally to stress and change.



The terrestrial biosphere is likely to become a net carbon
source by 2100, thus amplifying climate change, given
continued greenhouse gas emissions at or above current
rates and other unmitigated global changes, such as land-
use changes (high confidence).
Several major terrestrial carbon stocks are vulnerable to climate
change and/or land-use impacts [F4.1, 4.4.1, F4.2, 4.4.5, 4.4.6,
4.4.10, F4.3]. The terrestrial biosphere currently serves as a
variable, but generally increasing, carbon sink (due to CO2-
fertilisation, moderate climate change and other effects) but this
is likely to peak before mid-century and then tend towards a net
carbon source, thus amplifying climate change [F4.2, 4.4.1,
4.4.10, F4.3, 4.4.11], while ocean buffering capacity begins
saturating [WGIAR4, e.g., 7.3.5]. This is likely to occur before
2100, assuming continued greenhouse gas emissions at or above
current rates and unmitigated global change drivers including
land-use changes, notably tropical deforestation. Methane
emissions from tundra are likely to accelerate [4.4.6].

Roughly 20 to 30% (varying among regional biotas from 1%
to 80%) of species assessed so far (in an unbiased sample)
are likely to be at increasingly high risk of extinction as
global mean temperatures exceed 2 to 3°C above pre-
industrial levels (medium confidence).
Global losses of biodiversity are of key relevance, being
irreversible [4.4.10, 4.4.11, F4.4, T4.1]. Endemic species
richness is highest where regional palaeo-climatic changes have
been muted, indicating that endemics are likely to be at a greater
extinction risk than in the geological past [4.4.5, 4.4.11, F4.4,
T4.1]. Ocean acidification is likely to impair aragonite-based
shell formation in a wide range of planktonic and shallow
benthic marine organisms [4.4.9, B4.4]. Conservation practices
are generally ill-prepared for climate change, and effective
adaptation responses are likely to be costly to implement [4.4.11,
T4.1, 4.6.1].Although links between biodiversity intactness and
ecosystem services remain quantitatively uncertain, there is high
confidence that the relationship is qualitatively positive [4.1,
4.4.11, 4.6, 4.8].

Substantial changes in structure and functioning of terrestrial
and marine ecosystems are very likely to occur with a global
warming of 2 to 3°C above pre-industrial levels and associated
increased atmospheric CO2 (high confidence).
Major biome changes, including emergence of novel biomes, and
changes in species’ ecological interactions, with predominantly
negative consequences for goods and services, are very likely by,
and virtually certain beyond, those temperature increases [4.4].
The previously overlooked progressive acidification of oceans due
to increasing atmospheric CO2 is expected to have negative
impacts on marine shell-forming organisms (e.g., corals) and their
dependent species [B4.4, 6.4].

Food, fibre and forest products

In mid- to high-latitude regions, moderate warming benefits
cereal crop and pasture yields, but even slight warming
decreases yields in seasonally dry and tropical regions
(medium confidence).

Modelling results for a range of sites find that, in temperate regions,
moderate to medium increases in local mean temperature (1 to
3°C), alongwith associated CO2 increase and rainfall changes, can
have small beneficial impacts on crop yields. At lower latitudes,
especially the seasonally dry tropics, even moderate temperature
increases (1 to 2°C) are likely to have negative yield impacts for
major cereals, which would increase the risk of hunger. Further
warming has increasingly negative impacts in all regions (medium
to low confidence) (see Figure TS.7) [5.4].

Climate change increases the number of people at risk of
hunger marginally, with respect to overall large reductions
due to socio-economic development (medium confidence).
Comparedwith 820million undernourished today, SRES scenarios
of socio-economic development, without climate change, project
100-240 million undernourished for the SRES A1, B1 and B2
scenarios (770 million under the A2 scenario) in 2080 (medium
confidence). Scenarios with climate change project 100-
380million undernourished for the SRESA1, B1 and B2 scenarios
(740-1,300million under theA2 scenario) in 2080 (low tomedium
confidence). The ranges here indicate the extent of effects of the
exclusion and inclusion of CO2 effects in the scenarios. Climate
change and socio-economics combine to alter the regional
distribution of hunger, with large negative effects on sub-Saharan
Africa (low to medium confidence) [5.4, T5.6].

Projected changes in the frequency and severity of extreme
climate events have significant consequences on food and
forestry production, and food insecurity, in addition to
impacts of projected mean climate (high confidence).
Recent studies indicate that increased frequency of heat stress,
droughts and floods negatively affects crop yields and livestock
beyond the impacts of mean climate change, creating the
possibility for surprises, with impacts that are larger, and occur
earlier, than predicted using changes in mean variables alone
[5.4.1, 5.4.2]. This is especially the case for subsistence sectors
at low latitudes. Climate variability and change also modify the
risks of fires, pest and pathogen outbreaks, negatively affecting
food, fibre and forestry (high confidence) [5.4.1 to 5.4.5, 5.ES].

Simulations suggest rising relative benefits of adaptation
with low to moderate warming (medium confidence),
although adaptation may stress water and environmental
resources as warming increases (low confidence).
There are multiple adaptation options that imply different costs,
ranging from changing practices in place to changing locations
of food, fibre and forest activities [5.5.1]. Adaptation
effectiveness varies from only marginally reducing negative
impacts to changing a negative impact into a positive one. On
average, in cereal-cropping systems, adaptations such as
changing varieties and planting times enable avoidance of a 10
to 15% reduction in yield, corresponding to 1 to 2°C local
temperature increases. The benefit from adapting tends to
increase with the degree of climate change [F5.2]. Changes in
policies and institutions are needed to facilitate adaptation.
Pressure to cultivate marginal land or to adopt unsustainable
cultivation practices may increase land degradation and resource
use, and endanger biodiversity of both wild and domestic species
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[5.4.7]. Adaptation measures should be integrated with
development strategies and programmes, country programmes
and poverty-reduction strategies [5.7].

Smallholder and subsistence farmers, pastoralists and
artisanal fisherfolk are likely to suffer complex, localised
impacts of climate change (high confidence).
These groups, whose adaptive capacity is constrained, are likely
to experience negative effects on yields of tropical crops,
combined with a high vulnerability to extreme events. In the
longer term, there are likely to be additional negative impacts
of other climate-related processes such as snowpack decrease
especially in the Indo-Gangetic Plain, sea-level rise, and a spread
in the prevalence of human diseases affecting agricultural labour
supply (high confidence) [5.4.7].

Globally, forestry production is estimated to change only
modestly with climate change in the short and medium term
(medium confidence).
The change in global forest product outputs ranges from a
modest increase to a slight decrease, although regional and local
changes are likely to be large [5.4.5.2]. Production increase is
likely to shift from low-latitude regions in the short term, to
high-latitude regions in the long term [5.4.5].

Local extinctions of particular fish species are expected at
edges of ranges (high confidence).
It is likely that regional changes in the distribution and
productivity of particular fish species will continue and local
extinctions will occur at the edges of ranges, particularly in
freshwater and diadromous species (e.g., salmon, sturgeon). In

Figure TS.7. Sensitivity of cereal yield to climate change for maize and wheat. Responses include cases without adaptation (orange dots) and with
adaptation (green dots). The studies on which this figure is based span a range of precipitation changes and CO2 concentrations, and vary in how
they represent future changes in climate variability. For instance, lighter-coloured dots in (b) and (c) represent responses of rain-fed crops under
climate scenarios with decreased precipitation. [F5.4]



some cases, ranges and productivity are likely to increase
[5.4.6]. Emerging evidence suggests concern that the Meridional
Overturning Circulation is slowing down, with potentially
serious consequences for fisheries [5.4.6].

Food and forestry trade is projected to increase in response
to climate change, with increased food-import dependence
of most developing countries (medium to low confidence).
While the purchasing power for food is likely to be reinforced in
the period to 2050 by declining real prices, it would be adversely
affected by higher real prices for food from 2050 to 2080 due to
climate change [5.6.1, 5.6.2]. Exports of temperate-zone food
products to tropical countries are likely to rise [5.6.2], while the
reverse is likely in forestry in the short term [5.4.5].

Experimental research on crop response to elevated CO2
confirms TAR reviews (medium to high confidence). New
results suggest lower responses for forests (mediumconfidence).
Recent reanalyses of free-air carbon dioxide enrichment (FACE)
studies indicate that, at 550 ppm CO2, yields increase under
unstressed conditions by 10 to 20% over current concentrations
for C3 crops, and by 0 to 10% for C4 crops (medium confidence).
Crop model simulations under elevated CO2 are consistent with
these ranges (high confidence) [5.4.1]. Recent FACE results
suggest no significant response for mature forest stands and
confirm enhanced growth for young tree stands [5.4.1]. Ozone
exposure limits CO2 response in both crops and forests [B5.2].

Coastal systems and low-lying areas

Since the TAR, our understanding of the implications of climate
change for coastal systems and low-lying areas (henceforth
referred to as ‘coasts’) has increased substantially, and six
important policy-relevant messages emerge.

Coasts are experiencing the adverse consequences of hazards
related to climate and sea level (very high confidence).
Coasts are highly vulnerable to extreme events, such as storms,
which impose substantial costs on coastal societies [6.2.1, 6.2.2,
6.5.2].Annually, about 120 million people are exposed to tropical
cyclone hazards. These killed 250,000 people from 1980 to 2000
[6.5.2]. Throughout the 20th century, the global rise of sea level
contributed to increased coastal inundation, erosion and
ecosystem losses, but the precise role of sea-level rise is difficult
to determine due to considerable regional and local variation due
to other factors [6.2.5, 6.4.1]. Late 20th century effects of rising
temperature include loss of sea ice, thawing of permafrost and
associated coastal retreat at high latitudes, andmore frequent coral
bleaching and mortality at low latitudes [6.2.5].

Coasts are very likely to be exposed to increasing risks in
future decades due to many compounding climate-change
factors (very high confidence).
Anticipated climate-related changes include: an accelerated rise
in sea level of 0.2 to 0.6 m or more by 2100; further rise in sea
surface temperatures of 1 to 3°C; more intense tropical and
extra-tropical cyclones; generally larger extreme wave and storm
surges; altered precipitation/runoff; and ocean acidification

[WG1 AR4 Chapter 10; 6.3.2]. These phenomena will vary
considerably at regional and local scales, but the impacts are
virtually certain to be overwhelmingly negative [6.4, 6.5.3].
Coastal wetland ecosystems, such as salt marshes and
mangroves, are very likely threatened where they are sediment-
starved or constrained on their landward margin [6.4.1]. The
degradation of coastal ecosystems, especially wetlands and coral
reefs, has serious implications for the well-being of societies
dependent on coastal ecosystems for goods and services [6.4.2,
6.5.3]. Increased flooding and the degradation of freshwater,
fisheries and other resources could impact hundreds of millions
of people, and socio-economic costs for coasts are virtually
certain to escalate as a result of climate change [6.4.2, 6.5.3].

The impact of climate change on coasts is exacerbated by
increasing human-induced pressures (very high confidence).
Utilisation of the coast increased dramatically during the 20th
century and this trend is virtually certain to continue through the
21st century. Under the SRES scenarios, the coastal population
could grow from 1.2 billion people (in 1990) to between 1.8
billion and 5.2 billion people by the 2080s, depending on future
trends in coastward migration [6.3.1]. Hundreds of millions of
people and major assets at risk at the coast are subject to
additional stresses by land-use and hydrological changes in
catchments, including dams that reduce sediment supply to the
coast [6.3]. Three key hotspots of societal vulnerability are: (i)
deltas (see Figure TS.8), especially the seven Asian megadeltas
with a collective population already exceeding 200 million; (ii)
low-lying coastal urban areas, especially those prone to
subsidence; and (iii) small islands, especially coral atolls [6.4.3].

Adaptation for the coasts of developing countries is virtually
certain to be more challenging than for coasts of developed
countries (high confidence).
Developing countries already experience the most severe
impacts from present coastal hazards [6.5.2]. This is virtually
certain to continue under climate change, even allowing for
optimum adaptation, with Asia and Africa most exposed [6.4.2,
B6.6, F6.4, 6.5.3]. Developing countries have a more limited
adaptive capacity due to their development status, with the most
vulnerable areas being concentrated in exposed or sensitive
settings such as small islands or deltas [6.4.3]. Adaptation in
developing countries will be most challenging in these
vulnerable ‘hotspots’ [6.4.3].

Adaptation costs for vulnerable coasts are much less than
the costs of inaction (high confidence).
Adaptation costs for climate change are virtually certain to be
much lower than damage costs without adaptation for most
developed coasts, even considering only property losses and
human deaths [6.6.2, 6.6.3]. As post-event impacts on coastal
businesses, people, housing, public and private social institutions,
natural resources and the environment generally go unrecognised
in disaster cost accounting, it is virtually certain that the full
benefits of adaptation are even larger [6.5.2, 6.6.2]. Without
action, the highest sea-level scenarios combined with other
climate change (e.g., increased storm intensity) are about as likely
as not to make some low-lying islands and other low-lying areas
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(e.g., in deltas and megadeltas) uninhabitable by 2100 [6.6.3].
Effective adaptation to climate change can be integrated with
wider coastal management, reducing implementation costs among
other benefits [6.6.1.3].

The unavoidability of sea-level rise, even in the longer term,
frequently conflicts with present-day human development
patterns and trends (high confidence).
Sea-level rise has substantial inertia and will continue beyond
2100 for many centuries [WG1 AR4 Chapter 10]. Breakdown
of the West Antarctic and/or Greenland ice sheets would make
this long-term rise significantly larger. For Greenland, the
temperature threshold for breakdown is estimated to be about
1.1 to 3.8°C above today’s global average temperature. This is
likely to happen by 2100 under the A1B scenario [WG1 AR4
Chapter 10]. This questions both the long-term viability of many
coastal settlements and infrastructure (e.g., nuclear power
stations) across the globe and the current trend of increasing
human use of the coastal zone, including a significant coastward
migration. This issue presents a challenge for long-term coastal
spatial planning. Stabilisation of climate is likely to reduce the
risks of ice sheet breakdown, and reduce but not stop sea-level
rise due to thermal expansion [B6.6]. Hence, since the IPCC
Third Assessment it has become virtually certain that the most
appropriate response to sea-level rise for coastal areas is a
combination of adaptation to deal with the inevitable rise, and
mitigation to limit the long-term rise to a manageable level
[6.6.5, 6.7].

Industry, settlement and society

Virtually all of the world’s people live in settlements, and many
depend on industry, services and infrastructure for jobs, well-
being and mobility. For these people, climate change adds a new
challenge in assuring sustainable development for societies

across the globe. Impacts associated with this challenge will be
determined mainly by trends in human systems in future decades
as climate conditions exacerbate or ameliorate stresses
associated with non-climate systems [7.1.1, 7.4, 7.6, 7.7].

Inherent uncertainties in predicting the path of technological and
institutional change and trends in socio-economic development
over a period of many decades limit the potential to project
future prospects for industry, settlements and society involving
considerable climate change from prospects involving relatively
little climate change. In many cases, therefore, research to date
has tended to focus on vulnerabilities to impacts rather than on
projections of impacts of change, saying more about what could
happen than about what is expected to happen [7.4].

Key vulnerabilities of industry, settlements and society are most
often related to (i) climate phenomena that exceed thresholds
for adaptation, related to the rate and magnitude of climate
change, particularly extreme weather events and/or abrupt
climate change, and (ii) limited access to resources (financial,
human, institutional) to cope, rooted in issues of development
context (see Table TS.1) [7.4.1, 7.4.3, 7.6, 7.7].

Findings about the context for assessing vulnerabilities are as
follows.

Climate change vulnerabilities of industry, settlement and
society are mainly to extreme weather events rather than to
gradual climate change, although gradual changes can be
associated with thresholds beyond which impacts become
significant (high confidence).
The significance of gradual climate change, e.g., increases in
the mean temperature, lies mainly in variability and volatility,
including changes in the intensity and frequency of extreme
events [7.2, 7.4].
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Figure TS.8. Relative vulnerability of coastal deltas as indicated by estimates of the population potentially displaced by current sea-level trends to
2050 (extreme >1 million; high 1 million to 50,000; medium 50,000 to 5,000) [B6.3]. Climate change would exacerbate these impacts.
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Table TS.1. Selected examples of current and projected climate-change impacts on industry, settlement and society and their interaction with
other processes [for full text, see 7.4.3, T7.4]. Orange shading indicates very significant in some areas and/or sectors; yellow indicates significant;
pale brown indicates that significance is less clearly established.

Climate driven
phenomena

Evidence for current
impact/vulnerability

Other processes/stresses Projected future
impact/vulnerability

Zones, groups affected

a) Changes in extremes

Tropical cyclones, storm
surge

Flood and wind casualties
and damages; economic
losses; transport, tourism;
infrastructure (e.g., energy,
transport); insurance [7.4.2,
7.4.3, B7.2, 7.5].

Land use/population
density in flood-prone
areas; flood defences;
institutional capacities.

Increased vulnerability in
storm-prone coastal areas;
possible effects on
settlements, health,
tourism, economic and
transportation systems,
buildings and infrastructure.

Coastal areas, settlements,
and activities; regions and
populations with limited
capacities and resources;
fixed infrastructure;
insurance sector.

Extreme rainfall, riverine
floods

Erosion/landslides; land
flooding; settlements;
transportation systems;
infrastructure [7.4.2, regional
chapters].

Similar to coastal storms
plus drainage infrastructure.

Similar to coastal storms
plus drainage infrastructure.

Similar to coastal storms.

Heat- or cold-waves Effects on human health;
social stability; requirements
for energy, water and other
services (e.g., water or food
storage); infrastructure (e.g.,
energy transportation) [7.2,
B7.1, 7.4.2.2, 7.4.2.3].

Building design and internal
temperature control; social
contexts; institutional
capacities.

Increased vulnerabilities in
some regions and
populations; health effects;
changes in energy
requirements.

Mid-latitude areas; elderly,
very young, and/or very
poor populations.

Drought Water availability; livelihoods,
energy generation, migration,
transportation in water bodies
[7.4.2.2, 7.4.2.3, 7.4.2.5].

Water systems; competing
water uses; energy
demand; water demand
constraints.

Water-resource challenges
in affected areas; shifts in
locations of population and
economic activities;
additional investments in
water supply.

Semi-arid and arid regions;
poor areas and populations;
areas with human-induced
water scarcity.

b) Changes in means

Temperature Energy demands and costs;
urban air quality; thawing of
permafrost soils; tourism and
recreation; retail consumption;
livelihoods; loss of meltwater
[7.4.2.1, 7.4.2.2, 7.4.2.4,
7.4.2.5].

Demographic and
economic changes; land-
use changes; technological
innovations; air pollution;
institutional capacities.

Shifts in energy demand;
worsening of air quality;
impacts on settlements and
livelihoods depending on
meltwater; threats to
settlements/infrastructure
from thawing permafrost
soils in some regions.

Very diverse, but greater
vulnerabilities in places and
populations with more
limited capacities and
resources for adaptation.

Precipitation Agricultural livelihoods; saline
intrusion; water
infrastructures; tourism;
energy supplies [7.4.2.1,
7.4.2.2, 7.4.2.3].

Competition from other
regions/sectors; water
resource allocation.

Depending on the region,
vulnerabilities in some areas
to effects of precipitation
increases (e.g., flooding,
but could be positive) and
in some areas to decreases
(see drought above).

Poor regions and
populations.

Sea-level rise Coastal land uses: flood risk,
waterlogging; water
infrastructures [7.4.2.3,
7.4.2.4].

Trends in coastal
development, settlements
and land uses.

Long-term increases in
vulnerabilities of low-lying
coastal areas.

Same as above.



Aside from major extreme events, climate change is seldom
the main factor in considering stresses on sustainability (very
high confidence).
The significance of climate change (positive or negative) lies in
its interactions with other sources of change and stress, and its
impacts should be considered in such a multi-cause context
[7.1.3, 7.2, 7.4].

Vulnerabilities to climate change depend considerably on
relatively specific geographical and sectoral contexts (very
high confidence).
They are not reliably estimated by large-scale (aggregate)
modelling and estimation [7.2, 7.4].

Climate change impacts spread from directly impacted areas
and sectors to other areas and sectors through extensive and
complex linkages (very high confidence).
In many cases, total impacts are poorly estimated by considering
only direct impacts [7.4].

Health

Climate change currently contributes to the global burden of
disease and premature deaths (very high confidence).
Human beings are exposed to climate change through changing
weather patterns (for example, more intense and frequent
extreme events) and indirectly through changes in water, air,
food quality and quantity, ecosystems, agriculture and economy.
At this early stage the effects are small, but are projected to
progressively increase in all countries and regions [8.4.1].

Projected trends in climate-change related exposures of
importance to human health will have important
consequences (high confidence).
Projected climate-change related exposures are likely to affect
the health status of millions of people, particularly those with
low adaptive capacity, through:
• increases in malnutrition and consequent disorders, with
implications for child growth and development;

• increased deaths, disease and injury due to heatwaves,
floods, storms, fires and droughts;

• the increased burden of diarrhoeal disease;
• mixed effects on the range (increases and decreases) and
transmission potential of malaria in Africa;

• the increased frequency of cardio-respiratory diseases due to
higher concentrations of ground-level ozone related to
climate change;

• the altered spatial distribution of some infectious-disease
vectors.

This is illustrated in Figure TS.9 [8.2.1, 8.4.1].

Adaptive capacity needs to be improved everywhere (high
confidence).
Impacts of recent hurricanes and heatwaves show that even high-
income countries are not well prepared to cope with extreme
weather events [8.2.1, 8.2.2].

Adverse health impacts will be greatest in low-income
countries (high confidence).
Studies in temperate areas (mainly in industrialised countries)
have shown that climate change is projected to bring some
benefits, such as fewer deaths from cold exposure. Overall it is
expected that these benefits will be outweighed by the negative
health effects of rising temperatures worldwide, especially in
developing countries. The balance of positive and negative
health impacts will vary from one location to another, and will
alter over time as temperatures continue to rise. Those at greater
risk include, in all countries, the urban poor, the elderly and
children, traditional societies, subsistence farmers, and coastal
populations [8.1.1, 8.4.2, 8.6.1, 8.7].

Current national and international programmes and
measures that aim to reduce the burdens of climate-sensitive
health determinants and outcomes may need to be revised,
reoriented and, in some regions, expanded to address the
additional pressures of climate change (medium confidence).
This includes the consideration of climate-change related risks
in disease monitoring and surveillance systems, health system
planning, and preparedness. Many of the health outcomes are
mediated through changes in the environment. Measures
implemented in the water, agriculture, food and construction
sectors can be designed to benefit human health [8.6, 8.7].

Economic development is an important component of
adaptation, but on its own will not insulate the world’s
population from disease and injury due to climate change
(very high confidence).
Critically important will be the manner in which economic
growth occurs, the distribution of the benefits of growth, and
factors that directly shape the health of populations, such as
education, health care, and public health infrastructure [8.3.2].
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Figure TS.9. Direction and magnitude of change of selected health
impacts of climate change.



Box TS.5. The main projected impacts for systems and sectors16

Freshwater resources and their management

• Water volumes stored in glaciers and snow cover are very likely to decline, reducing summer and autumn flows in regions
where more than one-sixth of the world’s population currently live. ** N [3.4.1]

• Runoff and water availability are very likely to increase at higher latitudes and in some wet tropics, including populous areas
in East and South-East Asia, and decrease over much of the mid-latitudes and dry tropics, which are presently water-stressed
areas. ** D [F3.4]

• Drought-affected areas will probably increase, and extreme precipitation events, which are likely to increase in frequency and
intensity, will augment flood risk. Increased frequency and severity of floods and droughts will have implications for sustainable
development. ** N [WGI AR4 SPM; 3.4]

• Up to 20% of the world’s population live in river basins that are likely to be affected by increased flood hazard by the 2080s in
the course of global warming. * N [3.4.3]

• Many semi-arid areas (e.g., Mediterranean Basin, western USA, southern Africa and north-eastern Brazil) will suffer a decrease
in water resources due to climate change. *** C [3.4, 3.7]

• The number of people living in severely stressed river basins is projected to increase from 1.4-1.6 billion in 1995 to 4.3-6.9 billion
in 2050, for the A2 scenario. ** N [3.5.1]

• Sea-level rise will extend areas of salinisation of groundwater and estuaries, resulting in a decrease in freshwater availability
for humans and ecosystems in coastal areas. *** C [3.2, 3.4.2]

• Groundwater recharge will decrease considerably in some already water-stressed regions ** N [3.4.2], where vulnerability is often
exacerbated by the rapid increase in population and water demand. *** C [3.5.1]

• Higher water temperatures, increased precipitation intensity and longer periods of low flows exacerbate many forms of water
pollution, with impacts on ecosystems, human health, and water system reliability and operating costs. ** N [3.2, 3.4.4, 3.4.5]

• Uncertainties have been evaluated and their interpretation has improved and new methods (e.g., ensemble-based approaches)
are being developed for their characterisation *** N [3.4, 3.5]. Nevertheless, quantitative projections of changes in precipitation,
river flows and water levels at the river-basin scale remain uncertain. *** D [3.3.1, 3.4]

• Climate change affects the function and operation of existing water infrastructure as well as water management practices ***
C [3.6]. Adaptation procedures and risk management practices for the water sector are being developed in some countries and
regions that recognise the uncertainty of projected hydrological changes. *** N [3.6]

• The negative impacts of climate change on freshwater systems outweigh the benefits. ** D [3.4, 3.5]
• Areas in which runoff is projected to decline will face a reduction in the value of services provided by water resources *** C [3.4,

3.5]. The beneficial impacts of increased annual runoff in other areas will be tempered by the negative effects of increased
precipitation variability and seasonal runoff shifts on water supply, water quality and flood risks. ** N [3.4, 3.5]

Ecosystems

• The following ecosystems are identified as most vulnerable, and are virtually certain to experience the most severe ecolog-
ical impacts, including species extinctions and major biome changes. On continents: tundra, boreal forest, mountain and
Mediterranean-type ecosystems. Along coasts: mangroves and salt marshes. And in oceans: coral reefs and the sea-ice bio-
mes. *** D [4.4, see also Chapters 1, 5, 6, 14, 15; WGI AR4 Chapters 10, 11]

• Initially positive ecological impacts, such as increased net primary productivity (NPP), will occur in ecosystems identified as
least vulnerable: savannas and species-poor deserts. However, these positive effects are contingent on sustained CO2-fer-
tilisation, and only moderate changes in disturbance regimes (e.g., wildfire) and in extreme events (e.g., drought). • D [4.4.1,
4.4.2, B4.2, 4.4.3, 4.4.10, 4.4.11]

• For global mean temperature increases up to 2°C,17 some net primary productivity increases are projected at high latitudes
(contingent to a large degree on effective migration of woody plants), while an NPP decline (ocean and land) is likely at low
latitudes. ** D [4.4.1, 4.4.9, 4.4.10]
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16 In the text of Boxes TS.5 and TS.6, the following conventions are used:
Relationship to the TAR Confidence in a statement
C Confirmation *** Very high confidence
D Development ** High confidence
R Revision * Medium confidence
N New • Low confidence

17 Temperature thresholds/sensitivities in the Ecosystems section (only) are given relative to pre-industrial climate and are a proxy for climate change
including precipitation changes. In other sections temperature changes are relative to 1990 as indicated in the first paragraph of Section TS.4.
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• Projected carbon sequestration by poleward taiga expansion • D [4.4.5, F4.3] is as likely as not to be offset by albedo
changes, wildfire, and forest declines at taiga’s equatorial limit ** N/D [4.4.5, F4.3], and methane losses from tundra. * N
[4.4.6]

• Tropical forest sequestration, despite recently observed productivity gains, is very likely to depend on land-use change
trends *** D [4.2, 4.3, 4.4.10], but by 2100 is likely to be dominated by climate-change impacts, especially in drier regions.
** D [4.4.5, 4.4.10, F4.3]

• Amazon forests, China’s taiga, and much of the Siberian and Canadian tundra are very likely to show major changes with
global mean temperatures exceeding 3°C ** D [T4.2, 4.4.1, F4.2, 4.4.10, F4.4]. While forest expansions are projected in
North America and Eurasia with <2°C warming [4.4.10, F4.4, T4.3], tropical forests are likely to experience severe impacts,
including biodiversity losses. * D [4.4.10, 4.4.11, T4.1]

• For global mean temperature increases of about 1.5 to 3°C, the low-productivity zones in sub-tropical oceans are likely to
expand by about 5% (Northern) and about 10% (Southern Hemisphere), but the productive polar sea-ice biomes are very
likely to contract by about 40% (Northern) and about 20% (Southern Hemisphere). ** N [4.4.9]

• As sea-ice biomes shrink, dependent polar species, including predators such as penguins, seals and polar bears, are very
likely to experience habitat degradation and losses. *** D [4.4.6]

• Loss of corals due to bleaching is very likely to occur over the next 50 years *** C [B4.5, 4.4.9], especially for the Great
Barrier Reef, where climate change and direct anthropogenic impacts such as pollution and harvesting are expected to
cause annual bleaching (around 2030 to 2050) followed by mass mortality. ** D [B4.4, 4.4.9]

• Accelerated release of carbon from vulnerable carbon stocks, especially peatlands, tundra frozen loess (‘yedoma’),
permafrost soils, and soils of boreal and tropical forests is virtually certain. *** D/N [F4.1, 4.4.1, 4.4.6, 4.4.8, 4.4.10, 4.4.11]

• An intensification and expansion of wildfires is likely globally, as temperatures increase and dry spells become more
frequent and more persistent. ** D/N [4.4.2, 4.4.3, 4.4.4, 4.4.5]

• Greater rainfall variability is likely to compromise inland and coastal wetland species through shifts in the timing, duration
and depth of water levels. ** D [4.4.8]

• Surface ocean pH is very likely to decrease further, by as much as 0.5 pH units by 2100, with atmospheric CO2 increases
projected under the A1FI scenario. This is very likely to impair shell or exoskeleton formation by marine organisms requiring
calcium carbonate (e.g., corals, crabs, squids, marine snails, clams and oysters). ** N [4.4.9, B4.5]

Food, fibre and forest products

• In mid- to high-latitude regions, moderate warming benefits cereal crops and pasture yields, but even slight warming
decreases yields in seasonally dry and tropical regions *. Further warming has increasingly negative impacts in all regions
[F5.2]. Short-term adaptations may enable avoidance of a 10 to 15% reduction in yield. */• D [F5.2, 5.4]

• Climate change will increase the number of people at risk of hunger marginally, with respect to overall large reductions due
to socio-economic development. ** D [5.6.5, T5.6]

• Projected changes in the frequency and severity of extreme climate events, together with increases in risks of fire, pests,
and disease outbreak, will have significant consequences on food and forestry production, and food insecurity, in addition
to impacts of projected mean climate. ** D [5.4.1 to 5.4.5]

• Smallholder and subsistence farmers, pastoralists and artisanal fisherfolk will suffer complex, localised impacts of climate
change. ** N [5.4.7]

• Global food production potential is likely to increase with increases in global average temperature up to about 3°C, but
above this it is very likely to decrease. * D [5.6]

• Globally, forestry production is estimated to change only modestly with climate change in the short and medium term.
Production increase will shift from low-latitude regions in the short term, to high-latitude regions in the long term. * D [5.4.5]

• Local extinctions of particular fish species are expected at edges of ranges. ** N [5.4.6]
• Food and forestry trade is projected to increase in response to climate change, with increased food-import dependence of

most developing countries. */• N [5.6.1, 5.6.2, 5.4.5]
• Experimental research on crop response to elevated CO2 confirms TAR conclusions * C. New free-air carbon dioxide

enrichment (FACE) results suggest a lower response for forests. * D [5.4.1]

Coastal systems and low-lying areas

• Coasts are very likely to be exposed to increasing risks due to climate change and sea-level rise and the effect will be
exacerbated by increasing human-induced pressures on coastal areas. *** D [6.3, 6.4]

• It is likely that corals will experience a major decline due to increased bleaching and mortality due to rising sea-water
temperatures. Salt marshes and mangroves will be negatively affected by sea-level rise. *** D [6.4]
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• All coastal ecosystems are vulnerable to climate change and sea-level rise, especially corals, salt marshes and mangroves.
*** D [6.4.1]

• Corals are vulnerable to thermal stress and it is very likely that projected future increases in sea surface temperature (SST)
of about 1 to 3°C in the 21st century will result in more frequent bleaching events and widespread mortality, unless there is
thermal adaptation or acclimatisation by corals. *** D [B6.1, 6.4.1]

• Coastal wetlands, including salt marshes and mangroves, are sensitive to sea-level rise, with forecast global losses of 33%
given a 36 cm rise in sea level from 2000 to 2080. The largest losses are likely to be on the Atlantic and Gulf of Mexico coasts
of the Americas, the Mediterranean, the Baltic, and small-island regions. *** D [6.4.1]

• Ocean acidification is an emerging issue with potential for major impacts in coastal areas, but there is little understanding
of the details. It is an urgent topic for further research, especially programmes of observation and measurement. ** D [6.2.3,
6.2.5, 6.4.1]

• Coastal flooding in low-lying areas is very likely to become a greater risk than at present due to sea-level rise and more intense
coastal storms, unless there is significant adaptation [B6.2, 6.4.2]. Impacts are sensitive to sea-level rise, the socio-economic
future, and the degree of adaptation. Without adaptation, more than 100 million people could experience coastal flooding each
year by the 2080s due to sea-level rise alone, with the A2 world likely to have the greatest impacts. *** N [F6.2]

• Benefit-cost analysis of responses suggests that it is likely that the potential impacts will be reduced by widespread
adaptation. It also suggests that it is likely that impacts and protection costs will fall disproportionately on developing
countries. ** C [F6.4, 6.5.3]

• Key human vulnerabilities to climate change and sea-level rise exist where the stresses on natural low-lying coastal systems
coincide with low human adaptive capacity and/or high exposure and include: ** D [6.4.2, 6.4.3]

- deltas, especially Asian megadeltas (e.g., the Ganges-Brahmaputra in Bangladesh and West Bengal);
- low-lying coastal urban areas, especially areas prone to natural or human-induced subsidence and tropical storm

landfall (e.g., New Orleans, Shanghai);
- small islands, especially low-lying atolls (e.g., the Maldives).

• Regionally, the greatest increase in vulnerability is very likely to be to be in South, South-East and East Asia, and urbanised
coastal locations around Africa, and small-island regions. The numbers affected will be largest in the megadeltas of Asia,
but small islands face the highest relative increase in risk. ** D [6.4.2]

• Sea-level rise has substantial inertia compared with other climate change factors, and is virtually certain to continue beyond
2100 for many centuries. Stabilisation of climate could reduce, but not stop, sea-level rise. Hence, there is a commitment
to adaptation in coastal areas which raises questions about long-term spatial planning and the need to protect versus
planned retreat. *** D [B6.6]

Industry, settlement and society

• Benefits and costs of climate change for industry, settlement and society will vary widely by location and scale. Some of
the effects in temperate and polar regions will be positive and others elsewhere will be negative. In the aggregate,
however, net effects are more likely to be strongly negative under larger or more rapid warming. ** N [7.4, 7.6, 15.3, 15.5]

• Vulnerabilities of industry, infrastructures, settlements and society to climate change are generally greater in certain high-
risk locations, particularly coastal and riverine areas, those in areas prone to extreme weather events, and areas whose
economies are closely linked with climate-sensitive resources, such as agricultural and forest product industries, water
demands and tourism; these vulnerabilities tend to be localised but are often large and growing. For example, rapid
urbanisation in most low- and middle-income nations, often in relatively high-risk areas, is placing an increasing proportion
of their economies and populations at risk. ** D [7.1, 7.4, 7.5]

• Where extreme weather events become more intense and/or more frequent with climate change, the economic costs of
those events will increase, and these increases are likely to be substantial in the areas most directly affected. Experience
indicates that costs of major events can range from several percent of annual regional GDP and income in very large
regions with very large economies, to more than 25% in smaller areas that are affected by the events. ** N [7.5]

• Some poor communities and households are already under stress from climate variability and climate-related extreme



events; and they can be especially vulnerable to climate change because they tend to be concentrated in relatively high-
risk areas, to have limited access to services and other resources for coping, and in some regions to be more dependent
on climate-sensitive resources such as local water and food supplies. ** N [7.2, 7.4.5, 7.4.6]

• Growing economic costs from weather-related extreme events are already increasing the need for effective economic and
financial risk management. In those regions and locations where risk is rising and private insurance is a major risk
management option, pricing signals can provide incentives for adaptation; but protection may also be withdrawn, leaving
increased roles for others, including governments. In those regions where private insurance is not widely available, other
mechanisms for risk management will be needed. In all situations, poorer groups in the population will need special help
in risk management and adaptation. ** D [7.4.2]

• In many areas, climate change is likely to raise social equity concerns and increase pressures on governmental
infrastructures and institutional capacities. ** N [7.ES, 7.4.5, 7.6.5]

• Robust and reliable physical infrastructures are especially important to climate-related risk management. Such
infrastructures as urban water supply systems are vulnerable, especially in coastal areas, to sea-level rise and reduced
regional precipitation; and large population concentrations without infrastructures are more vulnerable to impacts of climate
change. ** N [7.4.3 to 7.4.5]

Health

• The projected relative risks attributable to climate change in 2030 show an increase in malnutrition in some Asian countries
** N [8.4.1]. Later in the century, expected trends in warming are projected to decrease the availability of crop yields in
seasonally dry and tropical regions [5.4]. This will increase hunger, malnutrition and consequent disorders, including child
growth and development, in particular in those regions that are already most vulnerable to food insecurity, notably Africa.
** N [8.4.2]

• By 2030, coastal flooding is projected to result in a large proportional mortality increase; however, this is applied to a low
burden of disease so the aggregate impact is small. Overall, a two- to three-fold increase in population at risk of flooding
is expected by 2080. ** N [8.4.1]

• Estimates of increases of people at risk of death from heat differ between countries, depending on the place, ageing
population, and adaptation measures in place. Overall, significant increases are estimated over this century. ** D [T8.3]

• Mixed projections for malaria are foreseen: globally an estimated additional population at risk between 220 million (A1FI)
and 400 million (A2) has been estimated. In Africa, estimates differ from a reduction in transmission in south-east Africa in
2020 and decreases around the Sahel and south-central Africa in 2080, with localised increases in the highlands, to a 16-
28% increase in person-months of exposure in 2100 across all scenarios. For the UK, Australia, India and Portugal, some
increased risk has been estimated. *** D [T8.2]

• In Canada, a northward expansion of the Lyme-disease vector of approximately 1,000 km is estimated by the 2080s (A2)
and a two- to four-fold increase in tick abundance by the 2080s also. In Europe, tick-borne encephalitis is projected to move
further north-eastward of its present range but to contract in central and eastern Europe by the 2050s. * N [T8.2]

• By 2030 an increase in the burden of diarrhoeal diseases in low-income regions by approximately 2-5% is estimated ** N
[8.4.1]. An annual increase of 5-18% by 2050 was estimated for Aboriginal communities in Australia ** N [T8.2]. An increase
in cases of food poisoning has been estimated for the UK for a 1-3°C temperature increase. * N [T8.2]

• In eastern North America under the A2 climate scenario, a 4.5% increase in ozone-related deaths is estimated. A 68% increase
in average number of days/summer exceeding the 8-hour regulatory standard is projected to result in a 0.1-0.3% increase in
non-accidental mortality and an average 0.3% increase in cardiovascular disease mortality. In the UK, large decreases in days
with high particulates and SO2 and a small decrease in other pollutants have been estimated for 2050 and 2080, but ozone
will have increased ** N [T8.4]. The near-term health benefits from reducing air-pollution concentrations (such as for ozone and
particulate matter), as a consequence of greenhouse gas reductions, can be substantial. ** D [8.7.1, WGIII AR4]

• By 2085 it is estimated that the risk of dengue from climate change increases to include 3.5 billion people. * N [8.4.1.2]
• Reductions in cold-related deaths due to climate change are projected to be greater than increases in heat-related deaths

in the UK. ** D [T8.3]
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TS.4.2 Regional impacts, adaptation and vulnerability

Asummary of impacts projected for each region is given in Box
TS.6.

Africa

Agricultural production inmanyAfrican countries and regions
will likely be severely compromised by climate change and cli-
mate variability. This would adversely affect food security and
exacerbate malnutrition (very high confidence).
Agricultural yields and dependence on natural resources constitute
a large part of local livelihoods in many, but not all, African
countries.Agriculture is amajor contributor to the current economy
of most African countries, averaging 21% and ranging from 10%
to 70% of GDP with indications that off-farm income augments
the overall contribution of agriculture in some countries [9.2.2,
9.4.4]. Agricultural losses are shown to be possibly severe for
several areas (e.g., the Sahel, East Africa and southern Africa)
accompanied by changes in length of growing periods impacting
mixed rain-fed, arid and semi-arid systems under certain climate
projections. In some countries, yields from rain-fed agriculture
could be reduced by up to 50% by 2020. At the local level, many
people are likely to suffer additional losses to their livelihoodwhen
climate change and variability occur together with other stressors
(e.g., conflict) [9.2.2, 9.6.1].

Climate change and variability are likely to result in species
loss, extinctions and also constrain the ‘climate spaces’ and
ranges of many plants and animals (high confidence).
Changes in a variety of ecosystems are already being detected,
particularly in southern African ecosystems, at a faster rate than
anticipated as a result of a variety of factors, including the influence
of climate, e.g., mountain ecosystems [9.4.5, 4.4.2, 4.4.3, 4.4.8].

In unmanaged environments, multiple, interacting impacts
and feedbacks are expected, triggered by changes in climate,
but exacerbated by non-climatic factors (high confidence).
Impacts on Kilimanjaro, for example, show that glaciers and snow
cover have been retreating as a result of a number of interacting
factors (e.g., solar radiation, vegetation changes and human
interactions), with a decrease in glacier surface area of
approximately 80% between 1912 and 2003 (see Figure TS.10).
The loss of ‘cloud forests’, e.g., through fire, since 1976 has
resulted in a 25% annual reduction of water sources derived from
fog (equivalent to the annual drinking water supply of 1 million
people living around Mt. Kilimanjaro) [9.4.5].

Lack of access to safe water, arising frommultiple factors, is
a key vulnerability in many parts of Africa. This situation is
likely to be further exacerbated by climate change (very high
confidence).
By 2020, some assessments project that between 75 and 250 mil-
lion people are estimated to be exposed to increased water stress
due to climate change. If coupled with increased demand, this
will adversely affect livelihoods and exacerbate water-related
problems. Some assessments, for example, show severe in-
creased water stress and possible increased drought risk for parts
of northern and southern Africa and increases in runoff in East
Africa. Water access is, however, threatened not only by climate
change [9.4.1] but also by complex river-basin management
(with several of Africa’s major rivers being shared by several
countries), and degradation of water resources by abstraction of
water and pollution of water sources [9.4.1].

Attributing the contribution of climate change to changes in
the risk of malaria remains problematic (high confidence).
Human health, already compromised by a range of factors, could
also be further negatively impacted by climate change and cli-
mate variability (e.g., in southern Africa and the East African
highlands). The debate on climate change attribution and malaria
is ongoing and this is an area requiring further research [9.4.3,
8.2.8, 8.4.1].

Africa is one of the most vulnerable continents to climate
variability and change because of multiple stresses and low
adaptive capacity. The extreme poverty of many Africans,
frequent natural disasters such as droughts and floods, and
agriculture which is heavily dependent on rainfall, all con-
tribute. Cases of remarkable resilience in the face of multi-
ple stressors have, however, been shown (high confidence).
Africa possesses many examples of coping and adaptation strate-
gies that are used to manage a range of stresses including cli-
mate extremes (e.g., droughts and floods). Under possible
increases in such stresses, however, these strategies are likely to
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Figure TS.10. Changes in the Mt. Kilimanjaro ice cap and snow cover
over time. Decrease in surface area of Kilimanjaro glaciers from 1912
to 2003. [F9.2]
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be insufficient to adapt to climate variability and change, given
the problems of endemic poverty, poor institutional arrange-
ments, poor access to data and information, and growing health
burdens [9.2.1, 9.2.2., 9.2.5].

Asia

Observations demonstrate that climate change has affected
many sectors in Asia in the past decades (medium
confidence).
Evidence of impacts of climate change, variability and extreme
events in Asia, as predicted in the Third Assessment, has
emerged. The crop yield in most countries of Asia has been
observed to be declining, probably partly attributable to rising
temperatures. As a likely consequence of warming, the retreat
of glaciers and thawing of permafrost in boreal Asia have been
unprecedented in recent years. The frequency of occurrence of
climate-induced diseases and heat stress in Central, East, South
and South-East Asia has increased with rising temperatures and
rainfall variability. Observed changes in terrestrial and marine
ecosystems have become more pronounced [10.2.3].

Future climate change is expected to affect agriculture
through declining production and reductions in arable land
area and food supply for fish (medium confidence).
Projected surface warming and shifts in rainfall in most
countries of Asia will induce substantial declines in agricultural
crop productivity as a consequence of thermal stress and more
severe droughts and floods [10.4.1]. The decline in agricultural
productivity will be more pronounced in areas already suffering
from increasing scarcity of arable land, and will increase the risk
of hunger in Asia, particularly in developing countries [10.4.1].
Subsistence farmers are at risk from climate change. Marginal
crops such as sorghum and millet could be at the greatest risk,
both from a drop in productivity and from a loss of crop genetic
diversity [10.4.1]. In response to climate change, it is expected
that changes will occur in fish breeding habitats and food supply
for fish, and ultimately the abundance of fish populations
[10.4.1].

Climate change has the potential to exacerbate water-
resource stresses in most regions of Asia (high confidence).
The most serious potential threat arising from climate change in
Asia is water scarcity. Freshwater availability in Central, South,
East and South-East Asia, particularly in large river basins, is
projected to decrease due to climate change which, along with
population growth and increasing demand arising from higher
standards of living, could adversely affect more than a billion
people by the 2050s [10.4.2]. Changes in seasonality of runoff
due to rapid melting of glaciers and in some areas an increase in
winter precipitation could have significant effects on hydropower
generation and on crop and livestock production [10.4.2].

Increases in temperature are expected to result in more rapid
recession of Himalayan glaciers and the continuation of
permafrost thaw across northernAsia (medium confidence).
If current warming rates are maintained, Himalayan glaciers
could decay at very rapid rates (Figure TS.11). Accelerated

glacier melt would result in increased flows in some river
systems for the next two to three decades, resulting in increased
flooding, rock avalanches from destabilised slopes, and
disruption of water resources. This would be followed by a
decrease in flows as the glaciers recede [10.6.2]. Permafrost
degradation can result in ground subsidence, alter drainage
characteristics and infrastructure stability, and can result in
increased emissions of methane [10.4.4].

Asian marine and coastal ecosystems are expected to be
affected by sea-level rise and temperature increases (high
confidence).
Projected sea-level rise could result in many additional millions
of people being flooded each year [10.4.3.1]. Sea-water intrusion
could increase the habitat of brackish-water fisheries but
significantly damage the aquaculture industry [10.4.1]. Overall,
sea-level rise is expected to exacerbate already declining fish
productivity in Asia [10.4.1]. Arctic marine fisheries would be
greatly influenced by climate change, with some species, such as
cod and herring, benefiting at least for modest temperature
increases, and others, such as the northern shrimp, suffering
declining productivity [10.4.1].

Climate change is expected to exacerbate threats to
biodiversity resulting from land-use/cover change and
population pressure in most parts of Asia (high confidence).
Increased risk of extinction for many flora and fauna species in
Asia is likely as a result of the synergistic effects of climate
change and habitat fragmentation [10.4.4]. Threats to the
ecological stability of wetlands, mangroves and coral reefs
aroundAsia would also increase [10.4.3, 10.6.1]. The frequency
and extent of forest fires in northernAsia is expected to increase
in the future due to climate change and extreme weather events
that could likely limit forest expansion [10.4.4].

Figure TS.11. Projected future changes in the northern Asia
permafrost boundary under the SRES A2 scenario for 2100. [F10.5]



Future climate change is likely to continue to adversely affect
human health in Asia (high confidence).
Increases in endemic morbidity and mortality due to diarrhoeal
disease primarily associated with floods and droughts are
expected in East, South and South-East Asia, due to projected
changes in the hydrological cycle associated with global
warming [10.4.5]. Increases in coastal water temperature would
exacerbate the abundance and/or toxicity of cholera in South
Asia [10.4.5]. Natural habitats of vector-borne and water-borne
diseases are reported to be expanding [10.4.5].

Multiple stresses in Asia will be further compounded in the
future due to climate change (high confidence).
Exploitation of natural resources associated with rapid
urbanisation, industrialisation and economic development in
most developing countries of Asia has led to increasing air and
water pollution, land degradation, and other environmental
problems that have placed enormous pressure on urban
infrastructure, human well-being, cultural integrity, and socio-
economic settings. It is likely that climate change will intensify
these environmental pressures and impinge on sustainable
development in many developing countries ofAsia, particularly
in the South and East [10.5.6].

Australia and New Zealand

The region is already experiencing impacts from recent cli-
mate change, and adaptation has started in some sectors
and regions (high confidence).
Since 1950 there has been a 0.3 to 0.7°C warming in the region,
with more heatwaves, fewer frosts, more rain in north-western
Australia and south-western New Zealand, less rain in south-
ern and eastern Australia and north-eastern New Zealand, an
increase in the intensity ofAustralian droughts, and a rise in sea
level of 70 mm [11.2.1]. Impacts are now evident in water sup-
ply and agriculture, changed natural ecosystems, reduced sea-
sonal snow cover and glacier shrinkage [11.2.2, 11.2.3]. Some
adaptation has occurred in sectors such as water, agriculture,
horticulture and coasts [11.2.5].

The climate of the 21st century is virtually certain to be
warmer, with changes in extreme events (medium to high
confidence).
Heatwaves and fires are virtually certain to increase in intensity
and frequency (high confidence) [11.3]. Floods, landslides,
droughts and storm surges are very likely to become more fre-
quent and intense, and snow and frost are likely to become less
frequent (high confidence) [11.3.1]. Large areas of mainland
Australia and eastern New Zealand are likely to have less soil
moisture, although western New Zealand is likely to receive
more rain (medium confidence) [11.3].

Without further adaptation, potential impacts of climate
change are likely to be substantial (high confidence).
• As a result of reduced precipitation and increased evapora-
tion, water security problems are very likely to intensify by
2030 in southern and eastern Australia and, in New
Zealand, in Northland and some eastern regions [11.4.1].

• Significant loss of biodiversity is projected to occur by
2020 in some ecologically rich sites including the Great
Barrier Reef and Queensland Wet Tropics. Other sites at
risk include Kakadu Wetlands, south-west Australia, sub-
Antarctic islands and the alpine areas of both countries
[11.4.2].
• Ongoing coastal development and population growth in
areas such as Cairns and south-east Queensland (Australia)
and Northland to Bay of Plenty (New Zealand) are
projected to exacerbate risks from sea-level rise and
increases in the severity and frequency of storms and
coastal flooding by 2050 [11.4.5, 11.4.7].
• Risks to major infrastructure are likely to markedly
increase. By 2030, design criteria for extreme events are
very likely to be exceeded more frequently. These risks
include the failure of flood protection and urban
drainage/sewerage, increased storm and fire damage, and
more heatwaves causing more deaths and more black-outs
[11.4.1, 11.4.5, 11.4.7, 11.4.10, 11.4.11].
• Production from agriculture and forestry is projected to
decline by 2030 over much of southern and eastern
Australia, and over parts of eastern New Zealand, due to
increased drought and fire. However, in New Zealand,
initial benefits to agriculture and forestry are projected in
western and southern areas and close to major rivers due
to a longer growing season, less frost and increased rainfall
[11.4.3, 11.4.4].

Vulnerability is likely to increase in many sectors, but this
depends on adaptive capacity.
• Most human systems have considerable adaptive capacity.
The region has well-developed economies, extensive
scientific and technical capabilities, disaster-mitigation
strategies, and biosecurity measures. However, there are
likely to be considerable cost and institutional constraints
to the implementation of adaptation options (high
confidence) [11.5]. Some Indigenous communities have
low adaptive capacity (medium confidence) [11.4.8].
Water security and coastal communities are most
vulnerable (high confidence) [11.7].
• Natural systems have limited adaptive capacity. Projected
rates of climate change are very likely to exceed rates of
evolutionary adaptation in many species (high confidence)
[11.5]. Habitat loss and fragmentation are very likely to
limit species migration in response to shifting climatic
zones (high confidence) [11.2.5, 11.5].
• Vulnerability is likely to rise as a consequence of an
increase in extreme events. Economic damage from
extreme weather is very likely to increase and provide
major challenges for adaptation (high confidence) [11.5].
• Vulnerability is likely to be high by 2050 in a few
identified hotspots (see Figure TS.12). In Australia, these
include the Great Barrier Reef, eastern Queensland, the
south-west, Murray-Darling Basin, the Alps and Kakadu;
in New Zealand, these include the Bay of Plenty,
Northland, eastern regions and the SouthernAlps (medium
confidence) [11.7].
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Europe

For the first time, wide-ranging impacts of changes in
current climate have been documented in Europe (very high
confidence).
The warming trend and spatially variable changes in rainfall
have affected composition and functioning of the cryosphere
(retreat of glaciers and extent of permafrost) as well as natural
and managed ecosystems (lengthening of growing season, shift
of species and human health due to a heatwave of unprecedented
magnitude) [12.2.1]. The European heatwave in 2003 (see
Figure TS.13) had major impacts on biophysical systems and
society (around 35,000 excess deaths were recorded) [12.6.1].
The observed changes are consistent with projections of impacts
due to future climate change [12.4].

Climate-related hazards will mostly increase, although
changes will vary geographically (very high confidence).
By the 2020s, increases are likely in winter floods in maritime
regions and flash floods throughout Europe [12.4.1]. Coastal
flooding related to increasing storminess (particularly in the
north-east Atlantic) and sea-level rise are likely to threaten an
additional 1.5 million people annually by the 2080s; coastal
erosion is projected to increase [12.4.2]. Warmer, drier
conditions will lead to more frequent and prolonged droughts

(by the 2070s, today’s 100-year droughts will return every
50 years or less in southern and south-eastern Europe), as well
as a longer fire-season and increased fire risk, particularly in
the Mediterranean region [12.3.1, 12.4.4]. A higher frequency
of catastrophic fires is also expected on drained peatlands in
central and eastern Europe [12.4.5]. The frequency of rockfalls
will increase due to destabilisation of mountain walls by rising
temperatures and melting of permafrost [12.4.3].

Some impacts may be positive, such as reduced cold-related
mortality because of increasing winter temperatures. However,
on balance, without adaptive measures, health risks due to more
frequent heatwaves, especially in southern, central and eastern
Europe, flooding and greater exposure to vector- and food-borne
diseases are anticipated to increase [12.4.11].

Climate change is likely to magnify regional differences in
Europe’s natural resources and assets (very high
confidence).
Climate-change scenarios indicate significant warming (A2: 2.5
to 5.5°C; B2: 1 to 4°C), greater in winter in the north and in
summer in south and central Europe [12.3.1]. Mean annual
precipitation is projected to increase in the north and decrease in
the south. Seasonal changes, however, will be more pronounced:
summer precipitation is projected to decrease by up to 30 to 45%

Figure TS.12. Key hotspots in Australia and New Zealand, based on the following criteria: large impacts, low adaptive capacity, substantial
population, economically important, substantial exposed infrastructure, and subject to other major stresses (e.g., continued rapid population
growth, ongoing development, ongoing land degradation, ongoing habitat loss and threats from rising sea level). [11.7]



over the Mediterranean Basin, and also over eastern and central
Europe and, to a lesser degree, over northern Europe even as far
north as central Scandinavia [12.3.1]. Recruitment and
production of marine fisheries in the NorthAtlantic are likely to
increase [12.4.7]. Crop suitability is likely to change throughout
Europe, and crop productivity (all other factors remaining
unchanged) is likely to increase in northern Europe, and decrease
along the Mediterranean and in south-east Europe [12.4.7].
Forests are projected to expand in the north and retreat in the
south [12.4.4]. Forest productivity and total biomass are likely
to increase in the north and decrease in central and eastern
Europe, while tree mortality is likely to accelerate in the south
[12.4.4]. Differences in water availability between regions are
anticipated to become more pronounced: annual average runoff
increasing in north/north-west, and decreasing in south/south-
east Europe (summer low flow is projected to decrease by up to
50% in central Europe and by up to 80% in some rivers in
southern Europe) [12.4.1, 12.4.5].

Water stress is likely to increase, as well as the number of
people living in river basins under high water stress (high
confidence).
Water stress is likely to increase over central and southern
Europe. The percentage of area under high water stress is likely
to increase from 19% to 35% by the 2070s, and the number of
people at risk from 16 to 44 million [12.4.1]. The regions most
at risk are southern Europe and some parts of central and eastern
Europe [12.4.1]. The hydropower potential of Europe is
expected to decline on average by 6%, and by 20 to 50% around
the Mediterranean by the 2070s [12.4.8.1].

It is anticipated that Europe’s natural systems and biodi-
versity will be substantially affected by climate change (very
high confidence). The great majority of organisms and
ecosystems are likely to have difficulty in adapting to climate
change (high confidence).
Sea-level rise is likely to cause an inland migration of beaches
and loss of up to 20% of coastal wetlands [12.4.2.], reducing the
habitat availability for several species that breed or forage in low-
lying coastal areas [12.4.6]. Small glaciers will disappear and
larger glaciers substantially shrink (projected volume reductions
of between 30% and 70% by 2050) during the 21st century
[12.4.3]. Many permafrost areas in theArctic are projected to dis-
appear [12.4.5.]. In the Mediterranean, many ephemeral aquatic
ecosystems are projected to disappear, and permanent ones
shrink and become ephemeral [12.4.5]. The northward expansion
of forests is projected to reduce current tundra areas under some
scenarios [12.4.4]. Mountain communities face up to a 60% loss
of species under high-emissions scenarios by 2080 [12.4.3]. A
large percentage of the European flora (one study found up to
50%) is likely to become vulnerable, endangered or committed
to extinction by the end of this century [12.4.6]. Options for
adaptation are likely to be limited for many organisms and
ecosystems. For example, limited dispersal is very likely to
reduce the range of most reptiles and amphibians [12.4.6]. Low-
lying, geologically subsiding coasts are likely to be unable to
adapt to sea-level rise [12.5.2]. There are no obvious climate
adaptation options for either tundra or alpine vegetation [12.5.3].

The adaptive capacity of ecosystems can be enhanced by reduc-
ing human stresses [12.5.3, 12.5.5]. New sites for conservation
may be needed because climate change is very likely to alter con-
ditions of suitability for many species in current sites (with
climate change, to meet conservation goals, the current reserve
area in the EU would have to be increased by 41%) [12.5.6].

Nearly all European regions are anticipated to be negatively
affected by some future impacts of climate change and these
will pose challenges to many economic sectors (very high
confidence).
In southern Europe, climate change is projected to worsen con-
ditions (high temperatures and drought) in a region already vul-
nerable to climate variability. In northern Europe, climate
change is initially projected to bring mixed effects, including
some benefits, but as climate change continues, its negative ef-
fects are likely to outweigh its benefits [12.4].

Agriculture will have to cope with increasing water demand for
irrigation in southern Europe due to climate change (e.g.,
increased water demand of 2 to 4% for maize cultivation and 6
to 10% for potatoes by 2050), and additional restrictions due to
increases in crop-related nitrate leaching [12.5.7].Winter heating
demands are expected to decrease and summer cooling demands
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Figure TS.13. Characteristics of the summer 2003 heatwave: (a) JJA
temperature anomaly with respect to 1961-1990; (b-d) June, July,
August temperatures for Switzerland; (b) observed during 1864-2003; (c)
simulated using a regional climate model for the period 1961-1990; (d)
simulated for 2071-2100 under the SRES A2 scenario. The vertical bars
in panels (b-d) represent mean summer surface temperature for each
year of the time period considered; the fitted Gaussian distribution is
indicated in black. Reprinted by permission from Macmillan Publishers
Ltd. [Nature] (Schär et al., 2004), copyright 2004, [F12.4].



to increase due to climate change: around the Mediterranean, 2
to 3 fewer weeks in a year will require heating but an additional
2 to 5 weeks will need cooling by 2050 [12.4.8]. Peak electricity
demand is likely to shift in some locations from winter to
summer [12.4.8]. Tourism along the Mediterranean is likely to
decrease in summer and increase in spring and autumn. Winter
tourism in mountain regions is anticipated to face reduced snow
cover (the duration of snow cover is expected to decrease by
several weeks for each °C of temperature increase in the Alps
region) [12.4.9, 12.4.11].

Adaptation to climate change is likely to benefit from
experiences gained in reactions to extreme climate events,
by specifically implementing proactive climate-change risk
management adaptation plans (very high confidence).
Since the TAR, governments have greatly increased the number
of actions for coping with extreme climate events. Current
thinking about adaptation to extreme climate events has moved
away from reactive disaster relief and towards more proactive
risk management.Aprominent example is the implementation in
several countries of early-warning systems for heatwaves
(Portugal, Spain, France, UK, Italy, Hungary) [12.6.1]. Other
actions have addressed long-term climate change. For example,
national action plans have been developed for adapting to
climate change [12.5] and more specific plans have been
incorporated into European and national policies for agriculture,
energy, forestry, transport and other sectors [12.2.3,12.5.2].
Research has also provided new insights into adaptation policies
(e.g., studies have shown that crops that become less
economically viable under climate change can be profitably
replaced by bioenergy crops) [12.5.7].

Although the effectiveness and feasibility of adaptation
measures are expected to vary greatly, only a few governments
and institutions have systematically and critically examined a
portfolio of measures. As an example, some reservoirs used now
as a measure for adapting to precipitation fluctuations may
become unreliable in regions where long-term precipitation is
projected to decrease [12.4.1]. The range of management options
to cope with climate change varies largely among forest types,
with some types having many more options than others [12.5.5].

Latin America

Climatic variability and extreme events have been severely
affecting the Latin America region over recent years (high
confidence).
Highly unusual extreme weather events have recently occurred,
such as Venezuelan intense rainfall (1999, 2005), flooding in the
Argentine Pampas (2000-2002), Amazon drought (2005), hail
storms in Bolivia (2002) and the Greater Buenos Aires area
(2006), the unprecedented Hurricane Catarina in the South
Atlantic (2004), and the record hurricane season of 2005 in the
Caribbean Basin [13.2.2]. Historically, climate variability and
extremes have had negative impacts on population, increasing
mortality and morbidity in affected areas. Recent developments
in meteorological forecasting techniques could improve the
necessary information for human welfare and security. However,

the lack of modern observation equipment and badly-needed
upper-air information, the low density of weather stations, the
unreliability of their reports, and the lack of monitoring of climate
variables hinder the quality of forecasts, with adverse effects on
the public, lowering their appreciation of applied meteorological
services, as well as their trust in climate records. These
shortcomings also affect hydrometeological observing services,
with a negative impact on the quality of early warnings and alert
advisories (medium confidence) [13.2.5].

During the last few decades, important changes in
precipitation and increases in temperature have been
observed (high confidence).
Increases in rainfall in south-east Brazil, Paraguay, Uruguay, the
Argentine Pampas, and some parts of Bolivia have had impacts
on land use and crop yields and have increased flood frequency
and intensity. On the other hand, a declining trend in
precipitation has been observed in southern Chile, south-west
Argentina, southern Peru, and western Central America.
Increases in temperature of approximately 1°C in Mesoamerica
and South America and of 0.5°C in Brazil have been observed.
As a consequence of temperature increases, the trend in glacier
retreat reported in the TAR is accelerating (very high
confidence). This issue is critical in Bolivia, Peru, Colombia and
Ecuador, where water availability has already been
compromised either for consumption or hydropower generation
[13.2.4]. These problems with supply are expected to increase in
the future, becoming chronic if no appropriate adaptation
measures are planned and implemented. Over the next decades
Andean inter-tropical glaciers are very likely to disappear,
affecting water availability and hydropower generation (high
confidence) [13.2.4].

Land-use changes have intensified the use of natural
resources and exacerbated many of the processes of land
degradation (high confidence).
Almost three-quarters of the dryland surface is moderately or
severely affected by degradation processes. The combined
effects of human action and climate change have brought a
decline in natural land cover, which continues to decline at very
high rates (high confidence). In particular, rates of deforestation
of tropical forests have increased during the last 5 years. There
is evidence that biomass-burning aerosols may change regional
temperature and precipitation in the southern part of Amazonia
(medium confidence). Biomass burning also affects regional air
quality, with implications for human health. Land-use and
climate changes acting synergistically will increase vegetation
fire risk substantially (high confidence) [13.2.3, 13.2.4].

The projected mean warming for Latin America to the end
of the 21st century, according to different climate models,
ranges from 1 to 4°C for SRES emissions scenario B2 and
from 2 to 6°C for scenario A2 (medium confidence).
Most GCM projections indicate rather larger than present
(positive and negative) rainfall anomalies for the tropical
portions of Latin America and smaller ones for extra-tropical
South America. Changes in temperature and precipitation will
have especially severe impacts on already vulnerable hotspots,
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identified in Figure TS.14. In addition, the frequency of
occurrence of weather and climate extremes is likely to increase
in the future; as is the frequency and intensity of hurricanes in
the Caribbean Basin [13.3.1, 13.3.1].

Under future climate change, there is a risk of significant
species extinctions in many areas of tropical Latin America
(high confidence).
Gradual replacement of tropical forest by savannas is expected
by mid-century in eastern Amazonia and the tropical forests of
central and southern Mexico, along with replacement of semi-
arid by arid vegetation in parts of north-east Brazil and most of
central and northern Mexico, due to increases in temperature and
associated decreases in soil water (high confidence) [13.4.1]. By
the 2050s, 50% of agricultural lands are very likely to be
subjected to desertification and salinisation in some areas (high
confidence) [13.4.2]. There is a risk of significant biodiversity
loss through species extinction in many areas of tropical Latin
America. Seven out of the world’s twenty-five most critical
places with high endemic species concentrations are in Latin
America, and these areas are undergoing habitat loss. Biological
reserves and ecological corridors have been either implemented
or planned for the maintenance of biodiversity in natural
ecosystems, and these can serve as adaptation measures to help
protect ecosystems in the face of climate change [13.2.5].

By the 2020s, the net increase in the number of people
experiencing water stress due to climate change is likely to be
between 7 and 77 million (medium confidence).
For the second half of the 21st century, the potential water
availability reduction and the increasing demand from an
increasing regional population would increase these figures to
between 60 and 150 million [13.4.3].

Generalised reductions in rice yields by the 2020s, as well as
increases in soybean yields in temperate zones, are likely
when CO2 effects are considered (medium confidence).
For other crops (wheat, maize), the projected response to climate
change is more erratic, depending on the chosen scenario.
Assuming low CO2 fertilisation effects, the number of additional
people at risk of hunger under the A2 scenario is likely to reach
5, 26 and 85 million in 2020, 2050 and 2080, respectively
(medium confidence). Livestock and dairy productivity is likely
to decline in response to increasing temperatures [13.4.2].

The expected increases in sea-level rise, weather and climatic
variability and extremes are very likely to affect coastal
areas (high confidence).
During the last 10 to 20 years, the rate of sea-level rise increased
from 1 to 2-3 mm/year in south-eastern South America [13.2.4].
In the future, sea-level rise is projected to cause an increased risk
of flooding in low-lying areas. Adverse impacts would be
observed on (i) low-lying areas (e.g., in El Salvador, Guyana, the
coast of the province of BuenosAires), (ii) buildings and tourism
(e.g., in Mexico, Uruguay), (iii) coastal morphology (e.g., in
Peru), (iv) mangroves (e.g., in Brazil, Ecuador, Colombia,
Venezuela), (v) availability of drinking water on the Pacific coast
of Costa Rica, Ecuador and the Rio de la Plata estuary [13.4.4].
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Figure TS.14. Key hotspots for Latin America, where climate change
impacts are expected to be particularly severe. [13.4]



Future sustainable development plans should include
adaptation strategies to enhance the integration of climate
change into development policies (high confidence).
Several adaptation measures have been proposed for coastal,
agricultural, water and health sectors. However, the effectiveness
of these efforts is outweighed by a lack of capacity-building and
appropriate political, institutional and technological frameworks,
low income, and settlements in vulnerable areas, among others.
The present degree of development of observation and
monitoring networks necessarily requires improvement,
capacity-building, and the strengthening of communication in
order to permit the effective operation of environmental
observing systems and the reliable dissemination of early
warnings. Otherwise, the LatinAmerican countries’ sustainable
development goals are likely to be seriously compromised,
adversely affecting, among other things, their capability to reach
the Millennium Development Goals [13.5].

North America

North America has considerable adaptive capacity, which
has been deployed effectively at times, but this capacity has
not always protected its population from adverse impacts of
climate variability and extreme weather events (very high
confidence).
Damage and loss of life from Hurricane Katrina inAugust 2005
illustrate the limitations of existing adaptive capacity to extreme
events. Traditions and institutions in North America have
encouraged a decentralised response framework where
adaptation tends to be reactive, unevenly distributed, and
focused on coping with rather than preventing problems.
“Mainstreaming” climate change issues into decision making is
a key prerequisite for sustainability [14.2.3, 14.2.6, 14.4, 14.5,
14.7].

Emphasis on effective adaptation is critical, because
economic damage from extreme weather is likely to continue
increasing, with direct and indirect consequences of climate
change playing a growing role (very high confidence).
Over the past several decades, economic damage from
hurricanes in NorthAmerica has increased over fourfold (Figure
TS.15), due largely to an increase in the value of infrastructure
at risk [14.2.6]. Costs to North America include billions of
dollars in damaged property and diminished economic
productivity, as well as lives disrupted and lost [14.2.6, 14.2.7,
14.2.8]. Hardships from extreme events disproportionately affect
those who are socially and economically disadvantaged,
especially the poor and indigenous peoples of North America
[14.2.6].

Climate change is likely to exacerbate other stresses on
infrastructure, and human health and safety in urban
centres (very high confidence).
Climate change impacts in urban centres are very likely to be
compounded by urban heat islands, air and water pollution,
ageing infrastructure, maladapted urban form and building stock,
water quality and supply challenges, immigration and population
growth, and an ageing population [14.3.2, 14.4.1, 14.4.6].

Coastal communities and habitats are very likely to be
increasingly stressed by climate change impacts interacting
with development and pollution (very high confidence).
Sea level is rising along much of the coast, and the rate of change
is likely to increase in the future, exacerbating the impacts of
progressive inundation, storm surge flooding, and shoreline
erosion [14.2.3, 14.4.3]. Storm impacts are likely to be more
severe, especially along the Gulf and Atlantic coasts [14.4.3].
Salt marshes, other coastal habitats and dependent species are
threatened now and increasingly in future decades by sea-level
rise, fixed structures blocking landward migration, and changes
in vegetation [14.2]. Population growth and rising value of
infrastructure in coastal areas increases vulnerability to climate
variability and future climate change, with losses projected to
increase if the intensity of tropical storms increases. Current
adaptation to coastal hazards is uneven and readiness for
increased exposure is low [14.2.3, 14.4.3, 14.5].

Warm temperatures and extreme weather already cause
adverse human health effects through heat-related mortality,
pollution, storm-related fatalities and injuries, and infectious
diseases, and are likely, in the absence of effective
countermeasures, to increase with climate change (very high
confidence).
Depending on progress in health care, infrastructure, technology
and access, climate change could increase the risk of heatwave
deaths, water-borne diseases and degraded water quality
[14.4.1], respiratory illness through exposure to pollen and
ozone, and vector-borne infectious diseases (low confidence)
[14.2.5, 14.4.5].

Climate change is very likely to constrain North America’s
already intensively utilised water resources, interacting with
other stresses (high confidence).
Diminishing snowpack and increasing evaporation due to rising
temperatures are very likely to affect timing and availability of
water and intensify competition among uses [B14.2, 14.4.1].
Warming is very likely to place additional stress on groundwater
availability, compounding the effects of higher demand from
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Figure TS.15. Decadal average (6-year average for 2000-2005)
hurricane total dissipated energy (PDI), loss of life, and inflation-
adjusted economic damages (in thousands of US$) from hurricanes
making landfall in the continental USA since 1900. [F14.1]



economic development and population growth (medium
confidence) [14.4.1]. In the Great Lakes and some major river
systems, lower water levels are likely to exacerbate issues of
water quality, navigation, hydropower generation, water
diversions, and bi-national co-operation [14.4.1, B14.2].

Disturbances such as wildfire and insect outbreaks are
increasing and are likely to intensify in a warmer future with
drier soils and longer growing seasons, and to interact with
changing land use and development affecting the future of
wildland ecosystems (high confidence).
Recent climate trends have increased ecosystem net primary
production, and this trend is likely to continue for the next few
decades [14.2.2]. However, wildfire and insect outbreaks are
increasing, a trend that is likely to intensify in a warmer future
[14.4.2, B14.1]. Over the course of the 21st century, the
tendency for species and ecosystems to shift northward and to
higher elevations is likely to rearrange the map of North
American ecosystems. Continuing increases in disturbances are
likely to limit carbon storage, facilitate invasives, and amplify
the potential for changes in ecosystem services [14.4.2, 14.4.4].

Polar Regions

The environmental impacts of climate change show
profound regional differences both within and between the
polar regions (very high confidence).
The impacts of climate change in the Arctic over the next
hundred years are likely to exceed the changes forecast for many
other regions. However, the complexity of responses in
biological and human systems, and the fact that they are subject
to additive multiple stresses, means that the impacts of climate
change on these systems remain difficult to predict. Changes on
the Antarctic Peninsula, sub-Antarctic islands and Southern
Ocean have also been rapid, and in future dramatic impacts are
expected. Evidence of ongoing change over the rest of the
Antarctic continent is less conclusive and prediction of the likely
impacts is thus difficult. For both polar regions, economic
impacts are especially difficult to address due to the lack of
available information [15.2.1, 15.3.2, 15.3.3].

There is a growing evidence of the impacts of climate change
on ecosystems in both polar regions (high confidence).
There has been a measured change in composition and range of
plants and animals on the Antarctic Peninsula and on the sub-
Antarctic islands. There is a documented increase in the overall
greenness of parts of the Arctic, an increase in biological
productivity, a change in species ranges (e.g., shifts from tundra
to shrublands), some changes in position of the northern limit of
trees, and changes in the range and abundance of some animal
species. In both the Arctic and Antarctic, research indicates that
such changes in biodiversity and vegetation zone relocation will
continue. The poleward migration of existing species and
competition from invading species is already occurring, and will
continue to alter species composition and abundance in terrestrial
and aquatic systems.Associated vulnerabilities are related to loss
of biodiversity and the spread of animal-transmitted diseases
[15.2.2, 15.4.2].

The continuation of hydrological and cryospheric changes will
have significant regional impacts onArctic freshwater, riparian
and near-shore marine systems (high confidence).
The combined discharge of Eurasian rivers draining into theArctic
Ocean shows an increase since the 1930s, largely consistent with
increased precipitation, although changes to cryospheric processes
(snowmelt and permafrost thaw) are also modifying routing and
seasonality of flow [15.3.1, 15.4.1].

The retreat of Arctic sea ice over recent decades has led to
improved marine access, changes in coastal ecology/biological
production, adverse effects on many ice-dependent marine
mammals, and increased coastal wave action (high confidence).
Continued loss of sea ice will produce regional opportunities and
problems; reductions in freshwater ice will affect lake and river
ecology and biological production, and will require changes in
water-based transportation. For many stakeholders, economic
benefits may accrue, but some activities and livelihoods may be
adversely affected [15.ES, 15.4.7, 15.4.3, 15.4.1, 15.4.1].

Around theAntarctic Peninsula, a newly documented decline in
krill abundance, together with an increase in salp abundance,
has been attributed to a regional reduction in the extent and
duration of sea ice (medium confidence).
If there is a further decline in sea ice, a further decline in krill is
likely, impacting predators higher up the food chain [15.2.2, 15.6.3].

Warming of areas of the northern polar oceans has had a
negative impact on community composition, biomass and
distribution of phytoplankton and zooplankton (medium
confidence).
The impact of present and future changes on higher predators, fish
and fisheries will be regionally specific, with some beneficial and
some detrimental effects [15.2.2].

Many Arctic human communities are already adapting to
climate change (high confidence).
Indigenous people have exhibited resilience to changes in their local
environments for thousands of years. Some indigenous
communities are adapting through changes inwildlifemanagement
regimes and hunting practices. However, stresses in addition to
climate change, together with a migration into small remote
communities and increasing involvement in employment
economies and sedentary occupations, will challenge adaptive
capacity and increase vulnerability. Some traditional ways of life
are being threatened and substantial investments are needed to adapt
or relocate physical structures and communities [15.4.6, 15.5, 15.7].

A less severe climate in northern regions will produce positive
economic benefits for some communities (very high confidence).
The benefits will depend on particular local conditions but will, in
places, include reduced heating costs, increased agricultural and
forestry opportunities, more navigable northern sea routes and
marine access to resources [15.4.2].

The impacts of future climate change in the polar regions will
produce feedbacks that will have globally significant
consequences over the next hundred years (high confidence).
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Acontinued loss of land-based ice will add to global sea-level rise.
Amajor impact could result from aweakening of the thermohaline
circulation due to a net increase in river flow into theArctic Ocean
and the resulting increased flux of freshwater into the North
Atlantic. Under CO2-doubling, total river flow into the Arctic
Ocean is likely to increase by up to 20%. Warming will expose
more bare ground in theArctic (Figure TS.16) and on theAntarctic
Peninsula, to be colonised by vegetation. Recent models predict a
decrease in albedo due to loss of ice and changing vegetation, and
that the tundra will be a small sink for carbon, although increased
methane emissions from the thawing permafrost could contribute
to climate warming [15.4.1, 15.4.2].

Small Islands

Small islands have characteristics whichmake them especially
vulnerable to the effects of climate change, sea-level rise and
extreme events (very high confidence).
These include their limited size and proneness to natural hazards
and external shocks. They have low adaptive capacity, and adap-
tation costs are high relative to GDP [16.5].

Sea-level rise is likely to exacerbate inundation, storm surge,
erosion and other coastal hazards, thus threatening the vital
infrastructure that supports the socio-economic well-being of
island communities (very high confidence).
Some studies suggest that sea-level rise could cause coastal land
loss and inundation, while others show that some islands are mor-
phologically resilient and are expected to persist [16.4.2]. In the
Caribbean and Pacific Islands, more than 50% of the population
live within 1.5 km of the shore. Almost without exception, the air
and sea ports, major road arteries, communication networks, utili-
ties and other critical infrastructure in the small islands of the Indian
and PacificOceans and theCaribbean tend to be restricted to coastal
locations (Table TS.2). The threat from sea-level rise is likely to be
amplified by changes in tropical cyclones [16.4.5, 16.4.7].

There is strong evidence that under most climate-change sce-
narios, water resources in small islands are likely to be seri-
ously compromised (very high confidence).
Most small islands have a limited water supply. Many small is-
lands in the Caribbean and Pacific are likely to experience in-
creased water stress as a result of climate change [16.4.1].
Predictions under all SRES scenarios for this region show reduced
rainfall in summer, so that it is unlikely that demand will be met
during low rainfall periods. Increased rainfall in winter will be un-
likely to compensate, due to a lack of storage and high runoff dur-
ing storms [16.4.1].

Climate change is likely to heavily impact coral reefs, fisheries
and other marine-based resources (high confidence).
Fisheries make an important contribution to the GDP of many
island states. Changes in the occurrence and intensity of El Niño-
Southern Oscillation (ENSO) events are likely to have severe
impacts on commercial and artisanal fisheries. Increasing sea
surface temperature and sea level, increased turbidity, nutrient
loading and chemical pollution, damage from tropical cyclones,
and decreases in growth rates due to the effects of higher CO2-
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Figure TS.16. Vegetation of the Arctic and neighbouring regions. Top:
present-day, based on floristic surveys. Bottom: modelled for 2090-
2100 under the IS92a emissions scenario. [F15.2]



concentrations on ocean chemistry, are very likely to lead to coral
bleaching and mortality [16.4.3].

On some islands, especially those at higher latitudes,
warming has already led to the replacement of some local
species (high confidence).
Mid- and high-latitude islands are virtually certain to be colonised
by non-indigenous invasive species, previously limited by
unfavourable temperature conditions (see Table TS.2). Increases in
extreme events in the short term are virtually certain to affect the
adaptation responses of forests on tropical islands, where
regeneration is often slow. In view of their small area, forests on
many islands can easily be decimated by violent cyclones or storms.
On some high-latitude islands it is likely that forest cover will
increase [16.4.4, 15.4.2].

It is very likely that subsistence and commercial agriculture
on small islands will be adversely affected by climate change
(high confidence).
Sea-level rise, inundation, sea-water intrusion into freshwater
lenses, soil salinisation and a decline inwater supplywill very likely
adversely impact coastal agriculture.Away from the coast, changes
in extremes (e.g., flooding and drought) are likely to have a negative
effect on agricultural production.Appropriate adaptation measures
may help to reduce these impacts. In some high-latitude islands,
new opportunities may arise for increased agricultural production
[16.4.3, 15.4.2].

New studies confirm previous findings that the effects of
climate change on tourism are likely to be direct and
indirect, and largely negative (high confidence).
Tourism is the major contributor to GDP and employment in
many small islands. Sea-level rise and increased sea-water
temperature are likely to contribute to accelerated beach erosion,
degradation of coral reefs and bleaching (Table TS.2). In
addition, loss of cultural heritage from inundation and flooding
will reduce the amenity value for coastal users. Whereas a
warmer climate could reduce the number of people visiting small
islands in low latitudes, it could have the reverse effect in mid-
and high-latitude islands. However, water shortages and
increased incidence of vector-borne diseases are also likely to
deter tourists [16.4.6].

There is growing concern that global climate change is likely
to impact human health, mostly in adverse ways (medium
confidence).
Many small islands lie in tropical or sub-tropical zones with
weather conducive to the transmission of diseases such as
malaria, dengue, filariasis, schistosomiasis, and food- and water-
borne diseases. Outbreaks of climate-sensitive diseases can be
costly in terms of lives and economic impact. Increasing
temperatures and decreasing water availability due to climate
change are likely to increase the burdens of diarrhoeal and other
infectious diseases in some small-island states [16.4.5].
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Table TS.2. Range of future impacts and vulnerabilities in small islands [B16.1]. These projections are summarised from studies using a range of
scenarios including SRES and Third Assessment Report sea-level rise projections.

Latitude Region and system at risk Impacts and vulnerability

High

Iceland and isolated Arctic
islands of Svalbard and the
Faroe Islands: Marine
ecosystem and plant species

• The imbalance of species loss and replacement leads to an initial loss in diversity. Northward
expansion of dwarf-shrub and tree-dominated vegetation into areas rich in rare endemic species
results in their loss.

• Large reduction in, or even a complete collapse of, the Icelandic capelin stock leads to
considerable negative impacts on most commercial fish stocks, whales and seabirds.

High-latitude islands (Faroe
Islands): Plant species

• Scenario I (temperature increase 2°C): species most affected by warming are restricted to the
uppermost parts of mountains. For other species, the effect will mainly be upward migration.

• Scenario II (temperature decrease 2°C): species affected by cooling are those at lower altitudes.
Sub-Antarctic Marion Islands:
Ecosystem

• Changes will directly affect the indigenous biota. An even greater threat is that a warmer climate
will increase the ease with which the islands can be invaded by alien species.

Mid

Five islands in the
Mediterranean Sea:
Ecosystems

• Climate change impacts are negligible in many simulated marine ecosystems.
• Invasion into island ecosystems becomes an increasing problem. In the longer term, ecosystems

will be dominated by exotic plants irrespective of disturbance rates.

Mediterranean: Migratory birds
(pied flycatchers: Ficedula
hypoleuca)

• Reduction in nestling and fledgling survival rates of pied flycatchers in two of the southernmost
European breeding populations.

Pacific and Mediterranean: Sim
weed (Chromolaena odorata)

• Pacific Islands at risk of invasion by sim weed.
• Mediterranean semi-arid and temperate climates predicted to be unsuitable for invasion.

Pacific small islands: Coastal
erosion, water resources and
human settlements

• Accelerated coastal erosion, saline intrusion into freshwater lenses and increased flooding from the
sea cause large effects on human settlements.

• Lower rainfall coupled with accelerated sea-level rise compounds the threat on water resources; a
10% reduction in average rainfall by 2050 is likely to correspond to a 20% reduction in the size of
the freshwater lens on Tarawa Atoll, Kiribati.

American Samoa, fifteen other
Pacific, Islands: Mangroves

• 50% loss of mangrove area in American Samoa; 12% reduction in mangrove area in fifteen other
Pacific Islands.

Low Caribbean (Bonaire, Nether-
lands Antilles): Beach erosion
and sea-turtle nesting habitats

• On average, up to 38% (±24% standard deviation) of the total current beach could be lost with a
0.5 m rise in sea level, with lower narrower beaches being the most vulnerable, reducing turtle
nesting habitat by one-third.

Caribbean (Bonaire,
Barbados): Tourism

• The beach-based tourism industry in Barbados and the marine-diving-based ecotourism industry
in Bonaire are both negatively affected by climate change through beach erosion in Barbados and
coral bleaching in Bonaire.



Box TS.6. The main projected impacts for regions

Africa

• The impacts of climate change in Africa are likely to be greatest where they co-occur with a range of other stresses (e.g., unequal
access to resources [9.4.1]; enhanced food insecurity [9.6]; poor health management systems [9.2.2, 9.4.3]). These stresses,
enhanced by climate variability and change, further enhance the vulnerabilities of many people in Africa. ** D [9.4]

• An increase of 5 to 8% (60 to 90 million ha) of arid and semi-arid land in Africa is projected by the 2080s under a range of climate-
change scenarios. ** N [9.4.4]

• Declining agricultural yields are likely due to drought and land degradation, especially in marginal areas. Changes in the length of
growing period have been noted under various scenarios. In the A1FI SRES scenario, which has an emphasis on globally-
integrated economic growth, areas of major change include the coastal systems of southern and eastern Africa. Under both the
A1 and B1 scenarios, mixed rain-fed, semi-arid systems are shown to be heavily affected by changes in climate in the Sahel. Mixed
rain-fed and highland perennial systems in the Great Lakes region in East Africa and in other parts of East Africa are also heavily
affected. In the B1 SRES scenario, which assumes development within a framework of environmental protection, the impacts are,
however, generally less, but marginal areas (e.g., the semi-arid systems) become more marginal, with the impacts on coastal
systems becoming moderate. ** D [9.4.4]

• Current stress on water in many areas of Africa is likely to be enhanced by climate variability and change. Increases in runoff in
East Africa (possibly floods) and decreases in runoff and likely increased drought risk in other areas (e.g., southern Africa) are
projected by the 2050s. Current water stresses are not only linked to climate variations, and issues of water governance and
water-basin management must also be considered in any future assessments of water in Africa. ** D [9.4.1]

• Any changes in the primary production of large lakes are likely to have important impacts on local food supplies. For example,
Lake Tanganyika currently provides 25 to 40% of animal protein intake for the population of the surrounding countries, and climate
change is likely to reduce primary production and possible fish yields by roughly 30% [9.4.5, 3.4.7, 5.4.5]. The interaction of
human management decisions, including over-fishing, is likely to further compound fish offtakes from lakes. ** D [9.2.2]

• Ecosystems in Africa are likely to experience major shifts and changes in species range and possible extinctions (e.g., fynbos and
succulent Karoo biomes in southern Africa). * D [9.4.5]

• Mangroves and coral reefs are projected to be further degraded, with additional consequences for fisheries and tourism.** D
[9.4.5]

• Towards the end of the 21st century, projected sea-level rise will affect low-lying coastal areas with large populations. The cost
of adaptation will exceed 5 to 10% of GDP. ** D [B9.2, 9.4.6, 9.5.2]

Asia

• A 1 m rise in sea level would lead to a loss of almost half of the mangrove area in the Mekong River delta (2,500 km2), while
approximately 100,000 ha of cultivated land and aquaculture area would become salt marsh. * N [10.4.3]

• Coastal areas, especially heavily populated megadelta regions in South, East and South-East Asia, will be at greatest risk due to
increased flooding from the sea and, in some megadeltas, flooding from the rivers. For a 1 m rise in sea level, 5,000 km2 of Red
River delta, and 15,000 to 20,000 km2 of Mekong River delta are projected to be flooded, which could affect 4 million and 3.5 to
5 million people, respectively. * N [10.4.3]

• Tibetan Plateau glaciers of under 4 km in length are projected to disappear with a temperature increase of 3°C and no change in
precipitation. ** D [10.4.4]

• If current warming rates are maintained, Himalayan glaciers could decay at very rapid rates, shrinking from the present 500,000 km2

to 100,000 km2 by the 2030s. ** D [10.6.2]
• Around 30% of Asian coral reefs are expected to be lost in the next 30 years, compared with 18% globally under the IS92a

emissions scenario, but this is due to multiple stresses and not to climate change alone. ** D [10.4.3]
• It is estimated that under the full range of SRES scenarios, 120 million to 1.2 billion and 185 to 981 million people will experience

increased water stress by the 2020s and the 2050s, respectively. ** D [10.4.2]
• The per capita availability of freshwater in India is expected to drop from around 1,900 m3currently to 1,000 m3 by 2025 in response

to the combined effects of population growth and climate change [10.4.2.3]. More intense rain and more frequent flash floods
during the monsoon would result in a higher proportion of runoff and a reduction in the proportion reaching the groundwater. **
N [10.4.2]

• It is projected that crop yields could increase up to 20% in East and South-East Asia, while they could decrease up to 30% in
Central and South Asia by the mid-21st century. Taken together and considering the influence of rapid population growth and
urbanisation, the risk of hunger is projected to remain very high in several developing countries. * N [10.4.1]

• Agricultural irrigation demand in arid and semi-arid regions of East Asia is expected to increase by 10% for an increase in
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temperature of 1°C. ** N [10.4.1]
• The frequency and extent of forest fires in northern Asia are expected to increase in the future due to climate change and extreme

weather events that would likely limit forest expansion. * N [10.4.4]

Australia and New Zealand

• The most vulnerable sectors are natural ecosystems, water security and coastal communities. ** C [11.7]
• Many ecosystems are likely to be altered by 2020, even under medium-emissions scenarios [11.4.1]. Among the most vulnerable

are the Great Barrier Reef, south-western Australia, Kakadu Wetlands, rain forests and alpine areas [11.4.2]. This is virtually certain
to exacerbate existing stresses such as invasive species and habitat loss, increase the probability of species extinctions, and cause
a reduction in ecosystem services for tourism, fishing, forestry and water supply. * N [11.4.2]

• Ongoing water security problems are very likely to increase by 2030 in southern and eastern Australia and, in New Zealand, in
Northland and some eastern regions, e.g., a 0 to 45% decline in runoff in Victoria by 2030 and a 10 to 25% reduction in river flow
in Australia’s Murray-Darling Basin by 2050. ** D [11.4.1]

• Ongoing coastal development is very likely to exacerbate risk to lives and property from sea-level rise and storms. By 2050, there
is very likely to be loss of high-value land, faster road deterioration, degraded beaches, and loss of items of cultural significance.
*** C [11.4.5, 11.4.7, 11.4.8]

• Increased fire danger is likely with climate change; for example, in south-east Australia the frequency of very high and extreme
fire danger days is likely to rise 4 to 25% by 2020 and 15 to 70% by 2050. ** D [11.3.1]

• Risks to major infrastructure are likely to increase. Design criteria for extreme events are very likely to be exceeded more frequently
by 2030. Risks include failure of floodplain levees and urban drainage systems, and flooding of coastal towns near rivers. ** D
[11.4.5, 11.4.7]

• Increased temperatures and demographic change are likely to increase peak energy demand in summer and the associated risk
of black-outs. ** D [11.4.10]

• Production from agriculture and forestry by 2030 is projected to decline over much of southern and eastern Australia, and over
parts of eastern New Zealand, due to increased drought and fire. However, in New Zealand, initial benefits are projected in western
and southern areas and close to major rivers due to a longer growing season, less frost and increased rainfall. ** N [11.4]

• In the south and west of New Zealand, growth rates of economically important plantation crops (mainly Pinus radiata) are likely
to increase with CO2-fertilisation, warmer winters and wetter conditions. ** D [11.4.4]

• Increased heat-related deaths for people aged over 65 are likely, with an extra 3,200 to 5,200 deaths on average per year by 2050
(allowing for population growth and ageing, but assuming no adaptation). ** D [11.4.11]

Europe

• The probability of an extreme winter precipitation exceeding two standard deviations above normal is expected to increase by
up to a factor of five in parts of the UK and northern Europe by the 2080s with a doubling of CO2. ** D [12.3.1]

• By the 2070s, annual runoff is projected to increase in northern Europe, and decrease by up to 36% in southern Europe, with
summer low flows reduced by up to 80% under IS92a. ** D [12.4.1, T12.2]

• The percentage of river-basin area in the severe water stress category (withdrawal/availability higher than 0.4) is expected to
increase from 19% today to 34 to 36% by the 2070s. ** D [12.4.1]

• The number of additional people living in water-stressed watersheds in the seventeen western Europe countries is likely to increase
from 16 to 44 million based on HadCM3 climate under the A2 and B1 emission scenarios, respectively, by the 2080s. ** D[12.4.1]

• Under A1FI scenarios, by the 2080s an additional 1.6 million people each year are expected to be affected by coastal flooding.
** D [12.4.2]

• By the 2070s, hydropower potential for the whole of Europe is expected to decline by 6%, with strong regional variations from a
20 to 50% decrease in the Mediterranean region to a 15 to 30% increase in northern and eastern Europe. ** D [12.4.8]

• A large percentage of the European flora could become vulnerable, endangered, critically endangered or extinct by the end of the
21st century under a range of SRES scenarios. *** N [12.4.6]

• By 2050, crops are expected to show a northward expansion in area [12.4.7.1]. The greatest increases in climate-related crop yields
are expected in northern Europe (e.g., wheat: +2 to +9% by 2020, +8 to +25% by 2050, +10 to +30% by 2080), while the largest
reductions are expected in the south (e.g., wheat: +3 to +4% by 2020, −8 to +22% by 2050, −15 to +32% by 2080).*** C [12.4.7]

• Forested area is likely to increase in the north and decrease in the south. A redistribution of tree species is expected, and an
elevation of the mountain tree line. Forest-fire risk is virtually certain to greatly increase in southern Europe. ** D [12.4.4]

• Most amphibian (45 to 69%) and reptile (61 to 89%) species are virtually certain to expand their range if dispersal were unlimited.
However, if species were unable to disperse, then the range of most species (>97%) would become smaller, especially in the Iberian
Peninsula and France. ** N [12.4.6]



• Small Alpine glaciers in different regions will disappear, while larger glaciers will suffer a volume reduction between 30% and 70%
by 2050 under a range of emissions scenarios, with concomitant reductions in discharge in spring and summer. *** C [12.4.3]

• Decreased comfort of the Mediterranean region in the summer, and improved comfort in the north and west, could lead to a
reduction in Mediterranean summer tourism and an increase in spring and autumn. ** D [12.4.9]

• Rapid shutdown of Meridional Overturning Circulation (MOC), although assigned a low probability, is likely to have widespread
severe impacts in Europe, especially in western coastal areas. These include reductions in crop production with associated price
increases, increased cold-related deaths, winter transport disruption, population migration to southern Europe and a shift in the
economic centre of gravity. * N [12.6.2]

Latin America

• Over the next 15 years, inter-tropical glaciers are very likely to disappear, reducing water availability and hydropower generation
in Bolivia, Peru, Colombia and Ecuador. *** C [13.2.4]

• Any future reductions in rainfall in arid and semi-arid regions of Argentina, Chile and Brazil are likely to lead to severe water
shortages. ** C [13.4.3]

• By the 2020s between 7 million and 77 million people are likely to suffer from a lack of adequate water supplies, while for the
second half of the century the potential water availability reduction and the increasing demand, from an increasing regional
population, would increase these figures to between 60 and 150 million. ** D [13.ES, 13.4.3]

• In the future, anthropogenic climate change (including changes in weather extremes) and sea-level rise are very likely to have
impacts on ** N [13.4.4]:

- low-lying areas (e.g., in El Salvador, Guyana, the coast of Buenos Aires Province in Argentina);
- buildings and tourism (e.g., in Mexico and Uruguay);
- coastal morphology (e.g., in Peru);
- mangroves (e.g., in Brazil, Ecuador, Colombia, Venezuela);
- availability of drinking water in the Pacific coast of Costa Rica and Ecuador.

• Sea surface temperature increases due to climate change are projected to have adverse effects on ** N [13.4.4]:
- Mesoamerican coral reefs (e.g., Mexico, Belize, Panama);
- the location of fish stocks in the south-east Pacific (e.g., Peru and Chile).

• Increases of 2°C and decreases in soil water would lead to a replacement of tropical forest by savannas in eastern Amazonia and
in the tropical forests of central and southern Mexico, along with replacement of semi-arid by arid vegetation in parts of north-
east Brazil and most of central and northern Mexico. ** D [13.4.1]

• In the future, the frequency and intensity of hurricanes in the Caribbean Basin are likely to increase. * D [13.3.1]
• As a result of climate change, rice yields are expected to decline after the year 2020, while increases in temperature and

precipitation in south-eastern South America are likely to increase soybean yields if CO2 effects are considered. * C [13.4.2]
• The number of additional people at risk of hunger under the SRES A2 emissions scenario is likely to attain 5, 26 and 85 million in

2020, 2050 and 2080, respectively, assuming little or no CO2 effects. * D [13.4.2]
• Cattle productivity is very likely to decline in response to a 4°C increase in temperatures. ** N [13.ES, 13.4.2]
• The Latin American region, concerned with the potential effects of climate variability and change, is trying to implement some

adaptation measures such as:
- the use of climate forecasts in sectors such as fisheries (Peru) and agriculture (Peru, north-eastern Brazil);
- early-warning systems for flood in the Rio de la Plata Basin based on the ‘Centro Operativo de Alerta Hidrológico’.

• The region has also created new institutions to mitigate and prevent impacts from natural hazards, such as the Regional Disaster
Information Center for Latin America and the Caribbean, the International Centre for Research on El Niño Phenomenon in Ecuador,
and the Permanent Commission of the South Pacific. *** D [13.2.5]

North America

• Population growth, rising property values and continued investment increase coastal vulnerability. Any increase in destructiveness
of coastal storms is very likely to lead to dramatic increases in losses from severe weather and storm surge, with the losses
exacerbated by sea-level rise. Current adaptation is uneven, and readiness for increased exposure is poor. *** D [14.2.3, 14.4.3]

• Sea-level rise and the associated increase in tidal surge and flooding have the potential to severely affect transportation and
infrastructure along the Gulf, Atlantic and northern coasts. A case study of facilities at risk in New York identified surface road and
rail lines, bridges, tunnels, marine and airport facilities and transit stations. *** D [14.4.3, 14.4.6, 14.5.1, B14.3]

• Severe heatwaves, characterised by stagnant, warm air masses and consecutive nights with high minimum temperatures, are likely
to increase in number, magnitude and duration in cities where they already occur, with potential for adverse health effects.
Elderly populations are most at risk. ** D [14.4.5]
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• By mid-century, daily average ozone levels are projected to increase by 3.7 ppb across the eastern USA, with the most polluted
cities today experiencing the greatest increases. Ozone-related deaths are projected to increase by 4.5% from the 1990s to the
2050s. * D [14.4.5]

• Projected warming in the western mountains by the mid-21st century is very likely to cause large decreases in snowpack, earlier
snow melt, more winter rain events, increased peak winter flows and flooding, and reduced summer flows *** D [14.4.1].

• Reduced water supplies coupled with increases in demand are likely to exacerbate competition for over-allocated water resources.
*** D [14.2.1, B14.2]

• Climate change in the first several decades of the 21st century is likely to increase forest production, but with high sensitivity
to drought, storms, insects and other disturbances. ** D [14.4.2, 14.4.4]

• Moderate climate change in the early decades of the century is projected to increase aggregate yields of rain-fed agriculture
by 5 to 20%, but with important variability among regions. Major challenges are projected for crops that are near the warm end
of their suitable range or which depend on highly utilised water resources. ** D [14.4]

• By the second half of the 21st century, the greatest impacts on forests are likely to be through changing disturbances from
pests, diseases and fire. Warmer summer temperatures are projected to extend the annual window of high fire risk by 10 to
30%, and increase area burned by 74 to 118% in Canada by 2100. *** D [14.4.4, B14.1]

• Present rates of coastal wetland loss are projected to increase with accelerated relative sea-level rise, in part due to structures
preventing landward migration. Salt-marsh biodiversity is expected to decrease in north-eastern marshes. ** D [14.4.3]

• Vulnerability to climate change is likely be concentrated in specific groups and regions, including indigenous peoples and
others dependent on narrow resource bases, and the poor and elderly in cities. ** D [14.2.6, 14.4.6]

• Continued investment in adaptation in response to historical experience rather than projected future conditions is likely to
increase vulnerability of many sectors to climate change [14.5]. Infrastructure development, with its long lead times and
investments, would benefit from incorporating climate-change information. *** D [14.5.3, F14.3]

Polar Regions

• By the end of the century, annually averaged Arctic sea-ice extent is projected to show a reduction of 22 to 33%, depending
on emissions scenario; and in Antarctica, projections range from a slight increase to a near-complete loss of summer sea
ice. ** D [15.3.3]

• Over the next hundred years there will important reductions in thickness and extent of ice from Arctic glaciers and ice caps,
and the Greenland ice sheet ***, as a direct response to climate warming; in Antarctica, losses from the Antarctic Peninsula
glaciers will continue ***, and observed thinning in part of the West Antarctic ice sheet, which is probably driven by oceanic
change, will continue **. These contributions will form a substantial fraction of sea-level rise during this century. *** D [15.3.4,
15.6.3; WGI AR4 Chapters 4, 5]

• Northern Hemisphere permafrost extent is projected to decrease by 20 to 35% by 2050. The depth of seasonal thawing is
likely to increase by 15 to 25% in most areas by 2050, and by 50% or more in northernmost locations under the full range
of SRES scenarios. ** D [15.3.4]

• In the Arctic, initial permafrost thaw will alter drainage systems, allowing establishment of aquatic communities in areas
formerly dominated by terrestrial species ***. Further thawing will increasingly couple surface drainage to the groundwater,
further disrupting ecosystems. Coastal erosion will increase. ** D [15.4.1]

• By the end of the century, 10 to 50% of Arctic tundra will be replaced by forest, and around 15 to 25% of polar desert will
be replaced by tundra. * D [15.4.2]

• In both polar regions, climate change will lead to decreases in habitat (including sea ice) for migratory birds and mammals
[15.2.2, 15.4.1], with major implications for predators such as seals and polar bears ** [15.2, 15.4.3]. Changes in the
distribution and abundance of many species can be expected. *** D [15.6.3]

• The climatic barriers that have hitherto protected polar species from competition will be lowered, and the encroachment of
alien species into parts of the Arctic and Antarctic are expected. ** D [15.6.3, 15.4.4, 15.4.2]

• Reductions in lake and river ice cover are expected in both polar regions. These will affect lake thermal structures, the
quality/quantity of under-ice habitats and, in the Arctic, the timing and severity of ice jamming and related flooding. *** N
[15.4.1]

• Projected hydrological changes will influence the productivity and distribution of aquatic species, especially fish. Warming
of freshwaters is likely to lead to reductions in fish stock, especially those that prefer colder waters. ** D [15.4.1]

• For Arctic human communities, it is virtually certain that there will be both negative and positive impacts, particularly through
changing cryospheric components, on infrastructure and traditional indigenous ways of life. ** D [15.4]

• In Siberia and North America, there may be an increase in agriculture and forestry as the northern limit for these activities
shifts by several hundred kilometres by 2050 [15.4.2]. This will benefit some communities and disadvantage others following
traditional lifestyles. ** D [15.4.6]
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• Large-scale forest fires and outbreaks of tree-killing insects, which are triggered by warm weather, are characteristic of the boreal
forest and some forest tundra areas, and are likely to increase. ** N [15.4.2]

• Arctic warming will reduce excess winter mortality, primarily through a reduction in cardiovascular and respiratory deaths and in
injuries. *** N [15.4.6]

• Arctic warming will be associated with increased vulnerability to pests and diseases in wildlife, such as tick-borne encephalitis,
which can be transmitted to humans. ** N [15.4.6]

• Increases in the frequency and severity of Arctic flooding, erosion, drought and destruction of permafrost, threaten community,
public health and industrial infrastructure and water supply. *** N [15.4.6]

• Changes in the frequency, type and timing of precipitation will increase contaminant capture and increase contaminant loading
to Arctic freshwater systems. Increased loadings will more than offset the reductions that are expected to accrue from global
emissions of contaminants. ** N [15.4.1]

• Arctic human communities are already being required to adapt to climate change. Impacts to food security, personal safety and
subsistence activities are being responded to via changes in resource and wildlife management regimes and shifts in personal
behaviours (e.g., hunting, travelling). In combination with demographic, socio-economic and lifestyle changes, the resilience of
indigenous populations is being severely challenged. *** N [15.4.1, 15.4.2, 15.4.6, 15.6]

Small Islands

• Sea-level rise and increased sea-water temperature are projected to accelerate beach erosion, and cause degradation of
natural coastal defences such as mangroves and coral reefs. It is likely that these changes would, in turn, negatively impact
the attraction of small islands as premier tourism destinations. According to surveys, it is likely that, in some islands, up to
80% of tourists would be unwilling to return for the same holiday price in the event of coral bleaching and reduced beach
area resulting from elevated sea surface temperatures and sea-level rise. ** D [16.4.6]

• Port facilities at Suva, Fiji, and Apia, Samoa, are likely to experience overtopping, damage to wharves and flooding of the
hinterland following a 0.5 m rise in sea level combined with waves associated with a 1 in 50-year cyclone. *** D [16.4.7]

• International airports on small islands are mostly sited on or within a few kilometres of the coast, and the main (and often
only) road network runs along the coast. Under sea-level rise scenarios, many of them are likely to be at serious risk from
inundation, flooding and physical damage associated with coastal inundation and erosion. *** D [16.4.7]

• Coastal erosion on Arctic islands has additional climate sensitivity through the impact of warming on permafrost and massive
ground ice, which can lead to accelerated erosion and volume loss, and the potential for higher wave energy. *** D [16.4.2]

• Reduction in average rainfall is very likely to reduce the size of the freshwater lens. A 10% reduction in average rainfall by
2050 is likely to correspond to a 20% reduction in the size of the freshwater lens on Tarawa Atoll, Kiribati. In general, a
reduction in physical size resulting from land loss accompanying sea-level rise could reduce the thickness of the freshwater
lens on atolls by as much as 29%. *** N [16.4.1]

• Without adaptation, agricultural economic costs from climate change are likely to reach between 2-3% and 17-18% of 2002
GDP by 2050, on high terrain (e.g., Fiji) and low terrain (e.g., Kiribati) islands, respectively, under SRES A2 (1.3°C increase
by 2050) and B2 (0.9°C increase by 2050). ** N [16.4.3]

• With climate change, increased numbers of introductions and enhanced colonisation by alien species are likely to occur on
mid- and high-latitude islands. These changes are already evident on some islands. For example, in species-poor sub-
Antarctic island ecosystems, alien microbes, fungi, plants and animals have been causing a substantial loss of local
biodiversity and changes to ecosystem function. ** N [16.4.4]

• Outbreaks of climate-sensitive diseases such as malaria, dengue, filariasis and schistosomiasis can be costly in lives and
economic impacts. Increasing temperatures and decreasing water availability due to climate change is likely to increase
burdens of diarrhoeal and other infectious diseases in some small-island states. ** D [16.4.5]

• Climate change is expected to have significant impacts on tourism destination selection ** D [16.4.6]. Several small-island
countries (e.g., Barbados, Maldives, Seychelles, Tuvalu) have begun to invest in the implementation of adaptation strategies,
including desalination, to offset current and projected water shortages. *** D [16.4.1]

• Studies so far conducted on adaptation on islands suggest that adaptation options are likely to be limited and the costs high
relative to GDP. Recent work has shown that, in the case of Singapore, coastal protection would be the least-cost strategy
to combat sea-level rise under three scenarios, with the cost ranging from US$0.3-5.7 million by 2050 to US$0.9-16.8 million
by 2100. ** D [16.5.2]

• Although adaptation choices for small islands may be limited and adaptation costs high, exploratory research indicates that
there are some co-benefits which can be generated from pursuing prudent adaptation strategies. For example, the use of
waste-to-energy and other renewable energy systems can promote sustainable development, while strengthening resilience
to climate change. In fact, many islands have already embarked on initiatives aimed at ensuring that renewables constitute
a significant percentage of the energy mix. ** D [16.4.7, 16.6]
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TS.4.3 Magnitudes of impact for varying amounts of
climate change

Magnitudes of impact can now be estimated more
systematically for a range of possible increases in
global average temperature.
Since the IPCC Third Assessment, many additional studies,
particularly in regions that previously had been little researched,
have enabled a more systematic understanding of how the timing
and magnitude of impacts is likely to be affected by changes in
climate and sea level associated with differing amounts and rates
of change in global average temperature.

Examples of this new information are presented in Tables TS.3
and TS.4. Entries have been selected which are judged to be
relevant for people and the environment and for which there is
at least medium confidence in the assessment. All entries of
impact are drawn from chapters of theAssessment, where more
detailed information is available. Depending on circumstances,
some of these impacts could be associated with ‘key
vulnerabilities’, based on a number of criteria in the literature
(magnitude, timing, persistence/reversibility, the potential for
adaptation, distributional aspects, likelihood and ‘importance’
of the impacts). Assessment of potential key vulnerabilities is
intended to provide information on rates and levels of climate
change to help decision-makers make appropriate responses to
the risks of climate change [19.ES, 19.1].

TS.4.4 The impact of altered extremes

Impacts are very likely to increase due to increased
frequencies and intensities of extreme weather
events.
Since the IPCC ThirdAssessment, confidence has increased that
some weather events and extremes will become more frequent,
more widespread or more intense during the 21st century; and
more is known about the potential effects of such changes. These
are summarised in Table TS.5.

TS.4.5 Especially affected systems, sectors and regions

Some systems, sectors and regions are likely to be
especially affected by climate change.
Regarding systems and sectors, these are as follows.
• Some ecosystems especially

- terrestrial: tundra, boreal forest, mountain,
mediterranean-type ecosystems;
- along coasts: mangroves and salt marshes;
- in oceans: coral reefs and the sea-ice biomes.

[4.ES, 4.4, 6.4]
• Low-lying coasts, due to the threat of sea-level rise [6.ES].
• Water resources in mid-latitude and dry low-latitude
regions, due to decreases in rainfall and higher rates of
evapotranspiration [3.4].

• Agriculture in low-latitude regions, due to reduced water
availability [5.4, 5.3].

• Human health, especially in areas with low adaptive
capacity [8.3].

Regarding regions, these are as follows.
• The Arctic, because of high rates of projected warming on
natural systems [15.3].

• Africa, especially the sub-Saharan region, because of
current low adaptive capacity as well as climate change
[9.ES, 9.5].

• Small islands, due to high exposure of population and
infrastructure to risk of sea-level rise and increased storm
surge [16.1, 16.2].

• Asian megadeltas, such as the Ganges-Brahmaputra and the
Zhujiang, due to large populations and high exposure to sea-
level rise, storm surge and river flooding [T10.9, 10.6].

Within other areas, even those with high incomes, some people
can be particularly at risk (such as the poor, young children and the
elderly) and also some areas and some activities [7.1, 7.2, 7.4].

TS.4.6 Events with large impacts

Some large-scale climate events have the potential to
cause very large impacts, especially after the 21st
century.
Very large sea-level rises that would result from widespread
deglaciation of Greenland and West Antarctic ice sheets imply
major changes in coastlines and ecosystems, and inundation of
low-lying areas, with the greatest effects in river deltas.
Relocating populations, economic activity and infrastructure
would be costly and challenging. There is medium confidence
that at least partial deglaciation of the Greenland ice sheet,
and possibly the West Antarctic ice sheet, would occur over a
period of time ranging from centuries to millennia for a global
average temperature increase of 1-4°C (relative to 1990-
2000), causing a contribution to sea-level rise of 4-6 m or
more. The complete melting of the Greenland ice sheet and
the West Antarctic ice sheet would lead to a contribution to
sea-level rise of up to 7 m and about 5 m, respectively [WGI
AR4 6.4, 10.7; WGII AR4 19.3].

Based on climate model results, it is very unlikely that the
Meridional Overturning Circulation (MOC) in the North
Atlantic will undergo a large abrupt transition during the 21st
century. Slowing of the MOC this century is very likely, but
temperatures over the Atlantic and Europe are projected to
increase nevertheless, due to global warming. Impacts of
large-scale and persistent changes in the MOC are likely to
include changes to marine ecosystem productivity, fisheries,
ocean CO2 uptake, oceanic oxygen concentrations and
terrestrial vegetation [WGI AR4 10.3, 10.7; WGII AR4 12.6,
19.3].

TS.4.7 Costing the impacts of climate change

Impacts of unmitigated climate change will vary
regionally. Aggregated and discounted to the present,
they are very likely to impose costs, even though
specific estimates are uncertain and should therefore
be interpreted very carefully. These costs are very
likely to increase over time.



Technical Summary

65

This Assessment (see Tables TS.3 and TS.4) makes it clear that
the impacts of future climate change will be mixed across
regions. For increases in global mean temperature of less than
1-3°C above 1990 levels, some impacts are projected to
produce benefits in some places and some sectors, and produce
costs in other places and other sectors. It is, however, projected
that some low-latitude and polar regions will experience net
costs even for small increases in temperature. It is very likely
that all regions will experience either declines in net benefits
or increases in net costs for increases in temperature greater
than about 2-3°C [9.ES, 9.5, 10.6, T10.9, 15.3, 15.ES]. These
observations confirm evidence reported in the Third
Assessment that, while developing countries are expected to
experience larger percentage losses, global mean losses could
be 1-5% of GDP for 4°C of warming [F20.3].

Many estimates of aggregate net economic costs of damages
from climate change across the globe (i.e., the social cost of
carbon (SCC), expressed in terms of future net benefits and
costs that are discounted to the present) are now available. Peer-
reviewed estimates of the SCC for 2005 have an average value
of US$43 per tonne of carbon (i.e., US$12 per tonne of CO2)
but the range around this mean is large. For example, in a
survey of 100 estimates, the values ranged from −US$10 per
tonne of carbon (−US$3 per tonne of CO2) up to US$350 per
tonne of carbon (US$95 per tonne of CO2) [20.6].

The large ranges of SCC are due in large part to differences in
assumptions regarding climate sensitivity, response lags, the
treatment of risk and equity, economic and non-economic
impacts, the inclusion of potentially catastrophic losses, and
discount rates. It is very likely that globally aggregated figures
underestimate the damage costs because they cannot include
many non-quantifiable impacts. Taken as a whole, the range of
published evidence indicates that the net damage costs of
climate change are likely to be significant and to increase over
time [T20.3, 20.6, F20.4].

It is virtually certain that aggregate estimates of costs mask
significant differences in impacts across sectors, regions,
countries, and populations. In some locations and amongst
some groups of people with high exposure, high sensitivity,
and/or low adaptive capacity, net costs will be significantly
larger than the global aggregate [20.6, 20.ES, 7.4].

TS.5 Current knowledge about responding
to climate change

TS.5.1 Adaptation

Some adaptation is occurring now, to observed and
projected future climate change, but on a very limited
basis.
Societies have a long record of adapting to the impacts of weather
and climate through a range of practices that include crop
diversification, irrigation, water management, disaster risk

management and insurance. But climate change poses novel risks
which are often outside the range of experience, such as impacts
related to drought, heatwaves, accelerated glacier retreat and
hurricane intensity [17.2.1].

There is growing evidence since the TAR that adaptationmeasures
that also consider climate change are being implemented, on a
limited basis, in both developed and developing countries. These
measures are undertaken by a range of public and private actors
through policies, investments in infrastructure and technologies,
and behavioural change.

Examples of adaptations to observed changes in climate include:
• partial drainage of the Tsho Rolpa glacial lake (Nepal);
• changes in livelihood strategies in response to permafrost
melt by the Inuit in Nunavut (Canada);

• increased use of artificial snow-making by the Alpine ski
industry (Europe, Australia and North America);

• coastal defences in the Maldives and the Netherlands;
• water management in Australia;
• government responses to heatwaves in, for example, some
European countries.
[7.6, 8.2, 8.6, 17.ES, 16.5, 1.5]

However, all of the adaptations documented were imposed by
the climate risk and involve real cost and reduction of welfare in
the first instance [17.2.3]. These examples also confirm the
observations of attributable climate signals in the impacts of
change.

A limited but growing set of adaptation measures also explicitly
considers scenarios of future climate change. Examples include
consideration of sea-level rise in the design of infrastructure such
as the Confederation Bridge in Canada and a coastal highway
in Micronesia, as well as in shoreline management policies and
flood risk measures, for example in Maine (USA) and the
Thames Barrier (UK) [17.2.2].

Adaptation measures are seldom undertaken in
response to climate change alone.
Many actions that facilitate adaptation to climate change are
undertaken to deal with current extreme events such as
heatwaves and cyclones. Often, planned adaptation initiatives
are also not undertaken as stand-alone measures, but embedded
within broader sectoral initiatives such as water-resource
planning, coastal defence, and risk reduction strategies [17.2.2,
17.3.3]. Examples include consideration of climate change in
the National Water Plan of Bangladesh, and the design of flood
protection and cyclone-resistant infrastructure in Tonga [17.2.2].

Adaptation will be necessary to address impacts
resulting from the warming which is already
unavoidable due to past emissions.
Past emissions are estimated to involve some unavoidable
warming (about a further 0.6°C by the end of the century relative
to 1980-1999) even if atmospheric greenhouse gas
concentrations remain at 2000 levels (seeWGI AR4). There are
some impacts for which adaptation is the only available and
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Table TS.3. Examples of global impacts projected for changes in climate (and sea level and atmospheric CO2 where relevant) associated with
different amounts of increase in global average surface temperature in the 21st century [T20.8]. This is a selection of some estimates currently
available. All entries are from published studies in the chapters of the Assessment. (Continues below Table TS.4.)
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Table TS.4. Examples of regional impacts [T20.9]. See caption for Table TS.3.

Table TS.3. (cont.) Edges of boxes and placing of text indicate the range of temperature change to which the impacts relate. Arrows between boxes
indicate increasing levels of impacts between estimations. Other arrows indicate trends in impacts. All entries for water stress and flooding represent
the additional impacts of climate change relative to the conditions projected across the range of SRES scenarios A1FI, A2, B1 and B2. Adaptation to
climate change is not included in these estimations. For extinctions, ‘major’ means ~40 to ~70% of assessed species.

The table also shows global temperature changes for selected time periods, relative to 1980-1999, projected for SRES and stabilisation scenarios. To express
the temperature change relative to 1850-1899, add 0.5°C. More detail is provided in Chapter 2 [Box 2.8]. Estimates are for the 2020s, 2050s and 2080s, (the
time periods used by the IPCC Data Distribution Centre and therefore in many impact studies) and for the 2090s. SRES-based projections are shown using
two different approaches. Middle panel: projections from the WGI AR4 SPM based on multiple sources. Best estimates are based on AOGCMs (coloured
dots). Uncertainty ranges, available only for the 2090s, are based on models, observational constraints and expert judgement. Lower panel: best
estimates and uncertainty ranges based on a simple climate model (SCM), also fromWGI AR4 (Chapter 10). Upper panel: best estimates and uncertainty
ranges for four CO2-stabilisation scenarios using an SCM. Results are from the TAR because comparable projections for the 21st century are not available in
the AR4. However, estimates of equilibrium warming are reported in the WGI AR4 for CO2-equivalent stabilisation18. Note that equilibrium temperatures
would not be reached until decades or centuries after greenhouse gas stabilisation.

Table TS.3. Sources: 1, 3.4.1; 2, 3.4.1, 3.4.3; 3, 3.5.1; 4, 4.4.11; 5, 4.4.9, 4.4.11, 6.2.5, 6.4.1; 6, 4.4.9, 4.4.11, 6.4.1; 7, 4.2.2, 4.4.1, 4.4.4 to 4.4.6, 4.4.10; 8, 4.4.1,
4.4.11; 9, 5.4.2; 10, 6.3.2, 6.4.1, 6.4.2; 11, 6.4.1; 12, 6.4.2; 13, 8.4, 8.7; 14, 8.2, 8.4, 8.7; 15, 8.2, 8.4, 8.7; 16, 8.6.1; 17, 19.3.1; 18, 19.3.1, 19.3.5; 19, 19.3.5
Table TS.4. Sources: 1, 9.4.5; 2, 9.4.4; 3, 9.4.1; 4, 10.4.1; 5, 6.4.2; 6, 10.4.2; 7, 11.6; 8, 11.4.12; 9, 11.4.1, 11.4.12; 10, 11.4.1, 11.4.12; 11, 12.4.1; 12,
12.4.7; 13, 13.4.1; 14, 13.2.4; 15, 13.4.3; 16, 14.4.4; 17, 5.4.5, 14.4.4; 18, 14.4.8; 19, 14.4.5; 20, 15.3.4, 21, 15.4.2; 22, 15.3.3; 23, 16.4.7; 24, 16.4.4; 25, 16.4.3
18 Best estimate and likely range of equilibrium warming for seven levels of CO2-equivalent stabilisation from WGI AR4 are: 350 ppm, 1.0°C [0.6–1.4]; 450 ppm, 2.1°C

[1.4–3.1]; 550 ppm, 2.9°C [1.9–4.4]; 650 ppm, 3.6°C [2.4–5.5]; 750 ppm, 4.3°C [2.8–6.4]; 1,000 ppm, 5.5°C [3.7–8.3] and 1,200 ppm, 6.3°C [4.2–9.4].
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a See WGI AR4 Table 3.7 for further details regarding definitions.
bWarming of the most extreme days and nights each year.
c Extreme high sea level depends on average sea level and on regional weather systems. It is defined as the highest 1% of hourly values of
observed sea level at a station for a given reference period.

d In all scenarios, the projected global average sea level at 2100 is higher than in the reference period [WGI AR4 10.6]. The effect of changes in
regional weather systems on sea-level extremes has not been assessed.

Table TS.5. Examples of possible impacts of climate change due to changes in extreme weather and climate events, based on projections to the
mid- to late 21st century. These do not take into account any changes or developments in adaptive capacity. Examples of all entries are to be
found in chapters in the full Assessment (see sources). The first two columns of this table (shaded yellow) are taken directly from the Working
Group I Fourth Assessment (Table SPM.2). The likelihood estimates in column 2 relate to the phenomena listed in column 1. The direction of trend
and likelihood of phenomena are for SRES projections of climate change.

Phenomenona

and direction of
trend

Likelihood of future
trends based on
projections for 21st
century using
SRES scenarios

Examples of major projected impacts by sector

Agriculture, forestry
and ecosystems

Water resources Human health Industry, settlements and
society

Over most land
areas, warmer and
fewer cold days
and nights,
warmer and more
frequent hot days
and nights

Virtually certainb Increased yields in
colder environments;
decreased yields in
warmer environments;
increased insect
outbreaks [5.8.1, 4.4.5]

Effects on water
resources relying on
snow melt; effects
on some water
supply [3.4.1, 3.5.1]

Reduced human
mortality from
decreased cold
exposure [8.4.1, T8.3]

Reduced energy demand for
heating; increased demand for
cooling; declining air quality in
cities; reduced disruption to
transport due to snow, ice; effects
on winter tourism [7.4.2, 14.4.8,
15.7.1]

Warm spells/
heatwaves.
Frequency
increases over
most land areas

Very likely Reduced yields in
warmer regions due to
heat stress; wildfire
danger increase [5.8.1,
5.4.5, 4.4.3, 4.4.4]

Increased water
demand; water
quality problems,
e.g., algal blooms
[3.4.2, 3.5.1, 3.4.4]

Increased risk of heat-
related mortality,
especially for the elderly,
chronically sick, very
young and socially
isolated [8.4.2, T8.3,
8.4.1]

Reduction in quality of life for
people in warm areas without
appropriate housing; impacts on
elderly, very young and poor
[7.4.2, 8.2.1]

Heavy
precipitation
events.
Frequency
increases over
most areas

Very likely Damage to crops; soil
erosion, inability to
cultivate land due to
waterlogging of soils
[5.4.2]

Adverse effects on
quality of surface
and groundwater;
contamination of
water supply; water
stress may be
relieved [3.4.4]

Increased risk of
deaths, injuries,
infectious, respiratory
and skin diseases
[8.2.2, 11.4.11]

Disruption of settlements,
commerce, transport and
societies due to flooding;
pressures on urban and rural
infrastructures; loss of property
[T7.4, 7.4.2]

Area affected
by drought
increases

Likely Land degradation,
lower yields/crop
damage and failure;
increased livestock
deaths; increased risk
of wildfire [5.8.1, 5.4,
4.4.4]

More widespread
water stress [3.5.1]

Increased risk of food
and water shortage;
increased risk of
malnutrition; increased
risk of water- and
food-borne diseases
[5.4.7, 8.2.3, 8.2.5]

Water shortages for settlements,
industry and societies; reduced
hydropower generation
potentials; potential for
population migration [T7.4, 7.4,
7.1.3]

Intense tropical
cyclone activity
increases

Likely Damage to crops;
windthrow (uprooting)
of trees; damage to
coral reefs [5.4.5,
16.4.3]

Power outages
cause disruption of
public water supply
[7.4.2]

Increased risk of
deaths, injuries, water-
and food-borne
diseases; post-
traumatic stress
disorders [8.2.2, 8.4.2,
16.4.5]

Disruption by flood and high
winds; withdrawal of risk
coverage in vulnerable areas by
private insurers, potential for
population migrations, loss of
property [7.4.1, 7.4.2, 7.1.3]

Increased
incidence of
extreme high sea
level (excludes
tsunamis)c

Likelyd Salinisation of irrigation
water, estuaries and
freshwater systems
[3.4.2, 3.4.4, 10.4.2]

Decreased
freshwater
availability due to
salt-water intrusion
[3.4.2, 3.4.4]

Increased risk of
deaths and injuries by
drowning in floods;
migration-related
health effects [6.4.2,
8.2.2, 8.4.2]

Costs of coastal protection
versus costs of land-use
relocation; potential for
movement of populations and
infrastructure; also see tropical
cyclones above [7.4.2]



appropriate response.An indication of these impacts can be seen
in Tables TS.3 and TS.4.

Many adaptations can be implemented at low cost,
but comprehensive estimates of adaptation costs and
benefits are currently lacking.
There are a growing number of adaptation cost and benefit-cost
estimates at regional and project level for sea-level rise,
agriculture, energy demand for heating and cooling, water-
resource management, and infrastructure. These studies identify
a number of measures that can be implemented at low cost or
with high benefit-cost ratios. However, some common
adaptations may have social and environmental externalities.
Adaptations to heatwaves, for example, have involved increased
demand for energy-intensive air-conditioning [17.2.3].

Limited estimates are also available for global adaptation costs
related to sea-level rise, and energy expenditures for space
heating and cooling. Estimates of global adaptation benefits for
the agricultural sector are also available, although such literature
does not explicitly consider the costs of adaptation.
Comprehensive multi-sectoral estimates of global costs and
benefits of adaptation are currently lacking [17.2.3].

Adaptive capacity is uneven across and within societies.
There are individuals and groups within all societies that have
insufficient capacity to adapt to climate change. For example,
women in subsistence farming communities are
disproportionately burdened with the costs of recovery and
coping with drought in southern Africa [17.3.2].

The capacity to adapt is dynamic and influenced by economic and
natural resources, social networks, entitlements, institutions and
governance, human resources, and technology [17.3.3]. For
example, research in the Caribbean on hurricane preparedness
shows that appropriate legislation is a necessary prior condition to
implementing plans for adaptation to future climate change [17.3].

Multiple stresses related to HIV/AIDS, land degradation, trends
in economic globalisation, trade barriers and violent conflict
affect exposure to climate risks and the capacity to adapt. For
example, farming communities in India are exposed to impacts
of import competition and lower prices in addition to climate
risks; and marine ecosystems over-exploited by globalised
fisheries have been shown to be less resilient to climate
variability and change (see Box TS.7) [17.3.3].

High adaptive capacity does not necessarily translate into actions
that reduce vulnerability. For example, despite a high capacity to
adapt to heat stress through relatively inexpensive adaptations,
residents in urban areas in some parts of the world, including in
European cities, continue to experience high levels of mortality.
One example is the 2003 European heatwave-related deaths.
Another example is Hurricane Katrina, which hit the Gulf of
Mexico Coast and New Orleans in 2005 and caused the deaths
of more than 1,000 people, together with very high economic
and social costs [17.4.2].

A wide array of adaptation options is available, but
more extensive adaptation than is currently occurring
is required to reduce vulnerability to future climate
change. There are barriers, limits and costs, but these
are not fully understood.
The array of potential adaptive responses available to human
societies is very large (see Table TS.6), ranging from purely
technological (e.g., sea defences), through behavioural (e.g.,
altered food and recreational choices), to managerial (e.g.,
altered farm practices) and to policy (e.g., planning regulations).
While most technologies and strategies are known and
developed in some countries, the assessed literature does not
indicate how effective various options are at fully reducing risks,
particularly at higher levels of warming and related impacts, and
for vulnerable groups.

Although many early impacts of climate change can be
effectively addressed through adaptation, the options for
successful adaptation diminish and the associated costs increase
with increasing climate change. At present we do not have a
clear picture of the limits to adaptation, or the cost, partly
because effective adaptation measures are highly dependent on
specific geographical and climate risk factors as well as
institutional, political and financial constraints [7.6, 17.2, 17.4].
There are significant barriers to implementing adaptation. These
include both the inability of natural systems to adapt to the rate
and magnitude of climate change, as well as formidable
environmental, economic, informational, social, attitudinal and
behavioural constraints. There are also significant knowledge
gaps for adaptation as well as impediments to flows of
knowledge and information relevant for adaptation decisions
[17.4.1, 17.4.2]. For developing countries, availability of
resources and building adaptive capacity are particularly
important [see Sections 5 and 6 in Chapters 3 to 16; also 17.2,
17.4]. Some examples and reasons are given below.
a. The large number and expansion of potentially hazardous
glacial lakes due to rising temperatures in the Himalayas.
These far exceed the capacity of countries in the region to
manage such risks.

b. If climate change is faster than is anticipated, many
developing countries simply cannot cope with more
frequent/intense occurrence of extreme weather events, as
this will drain resources budgeted for other purposes.

c. Climate change will occur in the life cycle of many
infrastructure projects (coastal dykes, bridges, sea ports,
etc.). Strengthening of these infrastructures based on new
design criteria may take decades to implement. In many
cases, retrofitting would not be possible.

d. Due to physical constraints, adaptation measures cannot be
implemented in many estuaries and delta areas.

New planning processes are attempting to overcome these
barriers at local, regional and national levels in both developing
and developed countries. For example, Least Developed
Countries are developing National Adaptation Plans of Action
(NAPA) and some developed countries have established national
adaptation policy frameworks [17.4.1].
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TS.5.2 Interrelationships between adaptation and
mitigation

Both adaptation and mitigation can help to reduce the
risks of climate change to nature and society.
However, their effects vary over time and place. Mitigation will
have global benefits but, owing to the lag times in the climate
and biophysical systems, these will hardly be noticeable until
around the middle of the 21st century [WGI AR4 SPM]. The
benefits of adaptation are largely local to regional in scale but
they can be immediate, especially if they also address
vulnerabilities to current climate conditions [18.1.1, 18.5.2].
Given these differences between adaptation and mitigation,
climate policy is not about making a choice between adapting to
and mitigating climate change. If key vulnerabilities to climate

change are to be addressed, adaptation is necessary because even
the most stringent mitigation efforts cannot avoid further climate
change in the next few decades. Mitigation is necessary because
reliance on adaptation alone could eventually lead to a
magnitude of climate change to which effective adaptation is
possible only at very high social, environmental and economic
costs [18.4, 18.6].

Many impacts can be avoided, reduced or delayed by
mitigation.
A small number of impact assessments have now been
completed for scenarios in which future atmospheric
concentrations of greenhouse gases are stabilised. Although
these studies do not take full account of uncertainties in
projected climate under stabilisation – for example, the
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Food, fibre and forestry Water resources Human health Industry, settlement and society

Drying/
Drought

Crops: development of new
drought-resistant varieties;
intercropping; crop residue
retention; weed management;
irrigation and hydroponic farming;
water harvesting
Livestock: supplementary feeding;
change in stocking rate; altered
grazing and rotation of pasture
Social: Improved extension
services; debt relief; diversification
of income

Leak reduction
Water demand management
through metering and pricing
Soil moisture conservation
e.g., through mulching
Desalination of sea water
Conservation of groundwater
through artificial recharge
Education for sustainable
water use

Grain storage and provision
of emergency feeding
stations
Provision of safe drinking
water and sanitation
Strengthening of public
institutions and health
systems
Access to international
food markets

Improve adaptation capacities,
especially for livelihoods
Incorporate climate change in
development programmes
Improved water supply systems
and co-ordination between
jurisdictions

Increased
rainfall/
Flooding

Crops: Polders and improved
drainage; development and
promotion of alternative crops;
adjustment of plantation and
harvesting schedule; floating
agricultural systems
Social: Improved extension
services

Enhanced implementation of
protection measures
including flood forecasting
and warning, regulation
through planning legislation
and zoning; promotion of
insurance; and relocation of
vulnerable assets

Structural and non-
structural measures.
Early-warning systems;
disaster preparedness
planning; effective post-
event emergency relief

Improved flood protection
infrastructure
“Flood-proof” buildings
Change land use in high-risk
areas
Managed realignment and
“Making Space for Water”
Flood hazard mapping; flood
warnings
Empower community institutions

Warming/
Heatwaves

Crops: Development of new heat-
resistant varieties; altered timing of
cropping activities; pest control and
surveillance of crops
Livestock: Housing and shade
provision; change to heat-tolerant
breeds
Forestry: Fire management through
altered stand layout, landscape
planning, dead timber salvaging,
clearing undergrowth. Insect
control through prescribed burning,
non-chemical pest control
Social: Diversification of income

Water demand management
through metering and pricing
Education for sustainable
water use

International surveillance
systems for disease
emergence
Strengthening of public
institutions and health
systems
National and regional heat
warning systems
Measures to reduce urban
heat island effects through
creating green spaces
Adjusting clothing and
activity levels; increasing
fluid intake

Assistance programmes for
especially vulnerable groups
Improve adaptive capacities
Technological change

Wind speed/
Storminess

Crops: Development of wind-
resistant crops (e.g., vanilla)

Coastal defence design and
implementation to protect
water supply against
contamination

Early-warning systems;
disaster preparedness
planning; effective post-
event emergency relief

Emergency preparedness,
including early-warning systems
More resilient infrastructure
Financial risk management
options for both developed and
developing regions

Table TS.6. Examples of current and potential options for adapting to climate change for vulnerable sectors. All entries have been referred to in
chapters in the Fourth Assessment. Note that, with respect to ecosystems, generic rather than specific adaptation responses are required. Generic
planning strategies would enhance the capacity to adapt naturally. Examples of such strategies are: enhanced wildlife corridors, including wide
altitudinal gradients in protected areas. [5.5, 3.5, 6.5, 7.5, T6.5]



sensitivity of climate models to forcing – they nevertheless
provide indications of damages avoided or vulnerabilities and
risks reduced for different amounts of emissions reduction [2.4,
T20.6].

In addition, more quantitative information is now available
concerning when, over a range of temperature increases, given
amounts of impact may occur. This allows inference of the
amounts of global temperature increase that are associated with
given impacts. Table TS.3 illustrates the change in global
average temperature projected for three periods (2020s, 2050s,
2080s) for several alternative stabilisation pathways and for
emissions trends assumed under different SRES scenarios.
Reference to Tables TS.3 and TS.4 provides a picture of the
impacts which might be avoided for given ranges of temperature
change.

A portfolio of adaptation and mitigation measures can
diminish the risks associated with climate change.
Even the most stringent mitigation efforts cannot avoid further
impacts of climate change in the next few decades, which makes
adaptation essential, particularly in addressing near-term impacts.
Unmitigated climate change would, in the long term, be likely to

exceed the capacity of natural, managed and human systems to
adapt [20.7].

This suggests the value of a portfolio or mix of strategies that
includes mitigation, adaptation, technological development (to
enhance both adaptation and mitigation) and research (on climate
science, impacts, adaptation andmitigation). Such portfolios could
combine policies with incentive-based approaches and actions at all
levels from the individual citizen through to national governments
and international organisations [18.1, 18.5].

These actions include technological, institutional and behavioural
options, the introduction of economic and policy instruments to
encourage the use of these options, and research and development
to reduce uncertainty and to enhance the options’ effectiveness
and efficiency [18.4.1, 18.4.2]. Many different actors are involved
in the implementation of these actions, operating on different
spatial and institutional scales. Mitigation primarily involves the
energy, transportation, industrial, residential, forestry and
agriculture sectors, whereas the actors involved in adaptation
represent a large variety of sectoral interests, including agriculture,
tourism and recreation, human health, water supply, coastal
management, urban planning and nature conservation [18.5, 18.6].
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Box TS.7. Adaptive capacity to multiple stressors in India

The capacity to adapt to climate change is not evenly
distributed across or within nations. In India, for example, both
climate change and trade liberalisation are changing the
context for agricultural production. Some farmers are able to
adapt to these changing conditions, including discrete events
such as drought and rapid changes in commodity prices, but
others are not. Identifying the areas where both processes are
likely to have negative outcomes provides a first step in
identifying options and constraints in adapting to changing
conditions [17.3.2].

Figure TS.17 shows regional vulnerability to climate change,
measured as a composite of adaptive capacity and climate
sensitivity under exposure to climate change. The
superimposed hatching indicates those areas which are
doubly exposed through high vulnerability to climate change
and high vulnerability to trade liberalisation. The results of this
mapping show higher degrees of resilience in districts located
along the Indo-Gangetic Plains (except in the state of Bihar),
the south and east, and lower resilience in the interior parts of
the country, particularly in the states of Bihar, Rajasthan,
Madhya Pradesh, Maharashtra, Andhra Pradesh and
Karnataka [17.3.2].

Figure TS.17. Districts in India that rank highest in terms of (a)
vulnerability to climate change and (b) import competition associated
with economic globalisation, are considered to be double-exposed
(depicted with hatching). From O’Brien et al. (2004) [F17.2].



One way of increasing adaptive capacity is by introducing the
consideration of climate change impacts in development
planning [18.7], for example, by:
• including adaptation measures in land-use planning and
infrastructure design [17.2];

• including measures to reduce vulnerability in existing
disaster risk reduction strategies [17.2, 20.8].

Decisions on adaptation and mitigation are taken at a
range of different levels.
These levels include individual households and farmers, private
firms and national planning agencies. Effective mitigation requires
the participation of the bulk of major greenhouse gas emitters
globally, whereas most adaptation takes place at local and national
levels. The benefits of mitigation are global, whilst its costs and
ancillary benefits arise locally. Both the costs and benefits of
adaptation mostly accrue locally [18.1.1, 18.4.2]. Consequently,
mitigation is primarily driven by international agreements and the
ensuing national public policies, whereas most adaptation is
driven by private actions of affected entities and public
arrangements of impacted communities [18.1.1, 18.6.1].

Interrelationships between adaptation and mitigation
can exist at each level of decision-making.
Adaptation actions can have (often unintended) positive or
negative mitigation effects, whilst mitigation actions can have
(also often unintended) positive or negative adaptation effects
[18.4.2, 18.5.2]. An example of an adaptation action with a
negative mitigation effect is the use of air-conditioning (if the
required energy is provided by fossil fuels). An example of a
mitigation action with a positive adaptation effect could be the
afforestation of degraded hill slopes, which would not only
sequester carbon but also control soil erosion. Other examples
of such synergies between adaptation and mitigation include
rural electrification based on renewable energy sources,
planting trees in cities to reduce the heat-island effect, and the
development of agroforestry systems [18.5.2].

Analysis of the interrelationships between adaptation
and mitigation may reveal ways to promote the

effective implementation of adaptation and mitigation
actions.
Creating synergies between adaptation and mitigation can
increase the cost-effectiveness of actions and make them more
attractive to potential funders and other decision-makers (see
Table TS.7). However, synergies provide no guarantee that
resources are used in the most efficient manner when seeking to
reduce the risks of climate change. Moreover, essential actions
without synergetic effects may be overlooked if the creation of
synergies becomes a dominant decision criterion [18.6.1].
Opportunities for synergies exist in some sectors (e.g.,
agriculture, forestry, buildings and urban infrastructure) but they
are rather limited in many other climate-relevant sectors
[18.5.2]. A lack of both conceptual and empirical information
that explicitly considers both adaptation and mitigation makes it
difficult to assess the need for, and potential of synergies in,
climate policy [18.7].

Decisions on trade-offs between the immediate
localised benefits of adaptation and the longer-term
global benefits of mitigation would require information
on the actions’ costs and benefits over time.
For example, a relevant question would be whether or not
investment in adaptation would buy time for mitigation. Global
integrated assessment models provide approximate estimates
of relative costs and benefits at highly aggregated levels.
Intricacies of the interrelationships between adaptation and
mitigation become apparent at the more detailed analytical and
implementation levels [18.4.2]. These intricacies, including the
fact that adaptation and mitigation operate on different spatial,
temporal and institutional scales and involve different actors
who have different interests and different beliefs, value
systems and property rights, present a challenge to the practical
implementation of trade-offs beyond the local scale. In
particular the notion of an “optimal mix” of adaptation and
mitigation is problematic, since it usually assumes that there is
a zero-sum budget for adaptation and mitigation and that it
would be possible to capture the individual interests of all who
will be affected by climate change, now and in the future, into
a global aggregate measure of well-being [18.4.2, 18.6.1].
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Scale Adaptation
Mitigation

Mitigation
Adaptation

Parallel decisions affecting
adaptation and mitigation

Adaptation and mitigation
trade-offs and synergies

Global/policy Awareness of limits to
adaptation motivates
mitigation e.g., policy
lobbying by ENGOs

CDM trades provide
funds for adaptation
through surcharges

Allocation of MEA funds or
Special Climate Change Fund

Assessment of costs and
benefits in adaptation and
mitigation in setting targets
for stabilisation

Regional/natural
strategy/sectoral planning

Watershed planning (e.g.,
hydroelectricity) and land
cover, affect greenhouse
gas emissions

Fossil fuel tax increases
the cost of adaptation
through higher energy
prices

National capacity, e.g., self-
assessment, supports
adaptation and mitigation in
policy integration

Testing project sensitivity to
mitigation policy, social cost
of carbon and climate
impacts

Local/biophysical
community and individual
actions

Increased use of air-
conditioning (homes,
offices, transport) raises
greenhouse gas emissions

Community carbon
sequestration affects
livelihoods

Local planning authorities
implement criteria related to
both adaptation and mitigation
in land-use planning

Corporate integrated
assessment of exposure to
mitigation policy and
climate impacts

Table TS.7. Relationships between adaptation and mitigation [F18.3]. ENGO = Environmental Non-Governmental Organisation; CDM = Clean
Development Mechanism; MEA = Millennium Ecosystem Assessment.



People’s capacities to adapt and mitigate are driven
by similar sets of factors.
These factors represent a generalised response capacity that can
be mobilised in the service of either adaptation or mitigation.
Response capacity, in turn, is dependent on the societal
development pathway. Enhancing society’s response capacity
through the pursuit of sustainable development pathways is
therefore one way of promoting both adaptation and mitigation
[18.3]. This would facilitate the effective implementation of
both options, as well as their mainstreaming into sectoral
planning and development. If climate policy and sustainable
development are to be pursued in an integrated way, then it will
be important not simply to evaluate specific policy options that
might accomplish both goals, but also to explore the
determinants of response capacity that underlie those options
as they relate to underlying socio-economic and technological
development paths [18.3, 18.6.3].

TS.5.3 Key vulnerabilities

Key vulnerabilities are found in many social,
economic, biological and geophysical systems.
Vulnerability to climate change is the degree to which
geophysical, biological and socio-economic systems are
susceptible to, and unable to cope with, adverse impacts of
climate change. The term “vulnerability” may therefore refer
to the vulnerable system itself (e.g., low-lying islands or coastal
cities), the impact to this system (e.g., flooding of coastal cities
and agricultural lands or forced migration), or the mechanism
causing these impacts (e.g., disintegration of theWestAntarctic
ice sheet). Based on a number of criteria in the literature (i.e.,
magnitude, timing, persistence/reversibility, potential for
adaptation, distributional aspects, likelihood and ‘importance’
of the impacts [19.2]), some of these vulnerabilities might be
identified as ‘key’. Key impacts and resultant key
vulnerabilities are found in many social, economic, biological
and geophysical systems [19.1.1].

The identification of potential key vulnerabilities is intended to
provide guidance to decision-makers for identifying levels and
rates of climate change that may be associated with ‘dangerous
anthropogenic interference’ (DAI) with the climate system, in
the terminology of the UNFCCC (United Nations Framework
Convention on Climate Change) Article 2 [B19.1]. Ultimately,
the determination of DAI cannot be based on scientific
arguments alone, but involves other judgements informed by
the state of scientific knowledge [19.1.1]. Table TS.8 presents
an illustrative and selected list of key vulnerabilities.

Key vulnerabilities may be linked to systemic thresholds where
non-linear processes cause a system to shift from one major
state to another (such as a hypothetical sudden change in the
Asian monsoon or disintegration of theWestAntarctic ice sheet
or positive feedbacks from ecosystems switching from a sink to
a source of CO2). Other key vulnerabilities can be associated
with “normative thresholds” defined by stakeholders or
decision-makers (e.g., a magnitude of sea-level rise no longer
considered acceptable by low-lying coastal dwellers) [19.1.2].

Increasing levels of climate change will result in
impacts associated with an increasing number of key
vulnerabilities, and some key vulnerabilities have
been associated with observed climate change.
Observed climate change to 2006 has been associated with some
impacts that can be linked to key vulnerabilities.Among these are
increases in human mortality during extreme weather events, and
increasing problems associated with permafrost melting, glacier
retreat and sea-level rise [19.3.2, 19.3.3, 19.3.4, 19.3.5, 19.3.6].

Global mean temperature changes of up to 2°C above 1990-2000
levels would exacerbate current key vulnerabilities, such as those
listed above (high confidence), and cause others, such as reduced
food security in many low-latitude nations (medium confidence).
At the same time, some systems such as global agricultural
productivity at mid- and high-latitudes, could benefit (medium
confidence) [19.3.1, 19.3.2, 19.3.3].

Global mean temperature changes of 2 to 4°C above 1990-2000
levels would result in an increasing number of key impacts at all
scales (high confidence), such as widespread loss of biodiversity,
decreasing global agricultural productivity and commitment to
widespread deglaciation of Greenland (high confidence) andWest
Antarctic (medium confidence) ice sheets [19.3.1, 19.3.4, 19.3.5].

Global mean temperature changes greater than 4°C above 1990-
2000 levels would lead to major increases in vulnerability (very
high confidence), exceeding the adaptive capacity of many
systems (very high confidence) [19.3.1].

Regions already at high risk from observed climate variability and
climate change are more likely to be adversely affected in the near
future, due to projected changes in climate and increases in the
magnitude and/or frequency of already damaging extreme events
[19.3.6, 19.4.1].

The “reasons for concern” identified in the Third
Assessment remain a viable framework to consider key
vulnerabilities. Recent research has updated some of
the findings from the Third Assessment.

Unique and threatened systems

There is new and much stronger evidence of the adverse impacts
of observed climate change to date on several unique and
threatened systems. Confidence has increased that a 1 to 2°C
increase in global mean temperature above 1990 levels poses
significant risks to many unique and threatened systems, including
many biodiversity hotspots [19.3.7].

Extreme events

There is new evidence that observed climate change has likely
already increased the risk of certain extreme events such as
heatwaves, and it is more likely than not that warming has
contributed to intensification of some tropical cyclones, with
increasing levels of adverse impacts as temperatures increase
[19.3.7].
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Key systems or groups
at risk

Prime criteria for ‘key
vulnerability’

Global average temperature change above 1990
0°C 1°C 2°C 3°C 4°C 5°C

Global social systems

Food supply Distribution, magnitude

Global production potential
increases to around 3°C,
decreases above this * a

Aggregate market
impacts and distribution

Magnitude, distribution Net benefits in many high
latitudes; net costs in
many low latitudes * b

Benefits decrease, while costs increase. Net global
cost * b

Regional system

Small islands Irreversibility, magnitude,
distribution, low
adaptive capacity

Increasing coastal inundation and damage to infrastructure due to sea-level rise **

Indigenous, poor or
isolated communities

Irreversibility,
distribution, timing, low
adaptive capacity

Some communities Climate change and sea-level rise adds to other stresses **. Communities
already affected ** c in low-lying coastal and arid areas are especially threatened ** d

Global biological systems

Terrestrial ecosystems
and biodiversity

Irreversibility, magnitude,
low adaptive capacity,
persistence, rate of
change, confidence

Many ecosystems
already affected ***

Marine ecosystems and
biodiversity

Irreversibility, magnitude,
low adaptive capacity,
persistence, rate of
change, confidence

Increased coral
bleaching **

Geophysical systems

Greenland ice sheet Magnitude, irreversibility,
low adaptive capacity,
confidence

Localised deglaciation
(already observed due to
local warming), extent
would increase with
temperature *** e

Near-total deglaciation ** e

Meridional Overturning
Circulation

Magnitude, persistence,
distribution, timing,
adaptive capacity,
confidence

Variations including regional
weakening (already
observed but no trend
identified) f

Considerable weakening **. Commitment to large-scale and
persistent change including possible cooling in northern
high-latitude areas near Greenland and north-west Europe •,
highly dependent on rate of climate change.

Risks from extreme events

Tropical cyclone
intensity

Magnitude, timing,
distribution

Increase in Cat. 4-5
storms */**, with impacts
exacerbated by sea-level
rise

Further increase in tropical cyclone intensity */**

Drought Magnitude, timing Drought already increasing * g
Increasing frequency /
intensity drought in mid-
latitude continental areas ** h

Extreme drought increasing from 1% land area to 30% (A2
scenario) * i
Mid-latitude regions affected by poleward migration of
Annular Modes seriously affected ** j

19 Range combines results from modelling and analysis of palaeo data.

Table TS.8. Table of selected key vulnerabilities. The key vulnerabilities range from those associated with societal systems, for which the
adaptation potential is the greatest, to those associated with biophysical systems, which are likely to have the least adaptive capacity. Adaptation
potential for key vulnerabilities resulting from extreme events is associated with the affected systems, most of which are socio-economic.
Information is presented where available on how impacts may change at larger increases in global mean temperature (GMT). All increases in GMT
are relative to circa 1990. Most impacts are the result of changes in climate, weather and/or sea level, not of temperature alone. In many cases
climate change impacts are marginal or synergistic on top of other existing and possibly increasing stresses. Criteria for key vulnerabilities are
given in Section TS 5.3. For full details refer to the corresponding text in Chapter 19. Confidence symbol legend: *** very high confidence,
** high confidence, * medium confidence, • low confidence.
Sources for left hand column are T19.1. Sources for right hand column are T19.1, and are also found in Tables TS.3 and TS.4, with the exception
of: a: 5.4.2, 5.6; b: 20.6, 20.7; c: 1.3, 11.4.8, 14.2.3, 15.4.5; d: 3.4, 6.4, 11.4; e: 19.3.5, T19.1; f: 19.3.5, 12.6; g: 1.3.2, 1.3.3, T19.1; h: WGI
10.3.6.1; i: WGI AR4 10.3.6.1; j: WGI AR4 10.3.5.6.

Terrestrial biosphere tends toward a net carbon source **

Most corals Widespread coral
bleached ** mortality **

Major extinctions around the globe **

Commitment to wide-
spread ** or near-total
* deglaciation, 2-7 m
sea-level rise19 over
centuries to millennia * e

Productivity decreases for
some cereals in low latitudes **
Productivity increases for some
cereals in mid/high latitudes **

Cereal productivity decreases
in some mid/high latitude regions **

c. 20-30% species
at increasingly high
risk of extinction *
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Distribution of impacts

There is still high confidence that the distribution of climate
impacts will be uneven, and that low-latitude, less-developed
areas are generally at greatest risk. However, recent work has
shown that vulnerability to climate change is also highly
variable within individual countries. As a consequence, some
population groups in developed countries are also highly
vulnerable [19.3.7].

Aggregate impacts

There is some evidence that initial net market benefits from
climate change will peak at a lower magnitude and sooner
than was assumed in the Third Assessment, and that it is likely
there will be higher damages for larger magnitudes of global
mean temperature increases than estimated in the Third
Assessment. Climate change could adversely affect hundreds
of millions of people through increased risk of coastal
flooding, reduction in water supplies, increased risk of
malnutrition, and increased risk of exposure to climate-
dependent diseases [19.3.7].

Large-scale singularities

Since the Third Assessment, the literature offers more specific
guidance on possible thresholds for partial or near-complete
deglaciation of Greenland and West Antarctic ice sheets. There
is medium confidence that at least partial deglaciation of the
Greenland ice sheet, and possibly the West Antarctic ice sheet,
would occur over a period of time ranging from centuries to
millennia for a global average temperature increase of 1-4ºC
(relative to 1990-2000), causing a contribution to sea-level rise
of 4-6 m or more [WGI AR4 6.4, 10.7.4.3, 10.7.4.4; 19.3.5.2].

TS.5.4 Perspectives on climate change and
sustainability

Future vulnerability depends not only on climate
change but also on development pathway.
An important advance since the Third Assessment has been the
completion of impacts studies for a range of different development
pathways, taking into account not only projected climate change
but also projected social and economic changes. Most have been
based on characterisations of population and income levels drawn
from the SRES scenarios [2.4].

These studies show that the projected impacts of climate change
can vary greatly due to the development pathway assumed. For
example, there may be large differences in regional population,
income and technological development under alternative scenarios,
which are often a strong determinant of the level of vulnerability
to climate change [2.4].

To illustrate, Figure TS.18 shows estimates from a recent study of
the number of people projected to be at risk of coastal flooding
each year under different assumptions of socio-economic
development. This indicates that the projected number of people

affected is considerably greater under the A2-type scenario of
development (characterised by relatively low per capita income
and large population growth) than under other SRES futures
[T20.6]. This difference is largely explained, not by differences in
changes of climate, but by differences in vulnerability [T6.6].

Vulnerability to climate change can be exacerbated by
the presence of other stresses.
Non-climate stresses can increase vulnerability to climate
change by reducing resilience and can also reduce adaptive
capacity because of resource deployment to competing needs.
For example, current stresses on some coral reefs include marine
pollution and chemical runoff from agriculture as well as
increases in water temperature and ocean acidification.
Vulnerable regions face multiple stresses that affect their
exposure and sensitivity as well as their capacity to adapt. These
stresses arise from, for example, current climate hazards, poverty
and unequal access to resources, food insecurity, trends in
economic globalisation, conflict, and incidence of disease such
as HIV/AIDS [7.4, 8.3, 17.3, 20.3].

Climate change itself can produce its own set of multiple stresses
in some locations because the physical manifestations of the
impacts of climate change are so diverse [9.4.8]. For example,
more variable rainfall implies more frequent droughts and more
frequent episodes of intense rainfall, whilst sea-level rise may
bring coastal flooding to areas already experiencing more
frequent wind storm. In such cases, total vulnerability to climate
change is greater than the sum of the vulnerabilities to specific
impacts considered one at a time in isolation (very high
confidence) [20.7.2].

Climate change will very likely impede nations’
abilities to achieve sustainable development
pathways, as measured, for example, as long-term
progress towards the Millennium Development Goals.
Following the lead of the TAR, this Report has adopted the
Bruntland Commission definition of sustainable development:
“development that meets the needs of the present without
compromising the ability of future generations to meet their own
needs”. Over the next half-century, it is very likely that climate

Figure TS.18. Results from a recent study showing estimated millions
of people per annum at risk globally from coastal flooding. Blue bars:
numbers at risk without sea-level rise; purple bars: numbers at risk with
sea-level rise. [T6.6]



change will make sustainable development more difficult,
particularly as measured by their progress toward achieving
Millennium Development Goals for the middle of the century.
Climate change will erode nations’ capacities to achieve the
Goals, calibrated in terms of reducing poverty and otherwise
improving equity by 2050, particularly in Africa and parts of
Asia (very high confidence) [20.7.1].

Even though there are cases where climate-related extreme
events have severely interfered with economic development, it
is very unlikely that climate change attributed to anthropogenic
sources, per se, will be a significant extra impediment to most
nations’ reaching their 2015 Millennium Development targets.
Many other obstacles with more immediate impacts stand in the
way [20.7.1].

Sustainable development can reduce vulnerability to climate
change by encouraging adaptation, enhancing adaptive capacity
and increasing resilience (very high confidence) [20.3.3]. On the
other hand, it is very likely that climate change can slow the pace
of progress toward sustainable development either directly
through increased exposure to adverse impact or indirectly
through erosion of the capacity to adapt. This point is clearly
demonstrated in the sections of the sectoral and regional chapters
of this Report that discuss implications for sustainable
development [see Section 7 in Chapters 3 to 8, 20.3, 20.7]. At
present, few plans for promoting sustainability have explicitly
included either adapting to climate-change impacts, or
promoting adaptive capacity [20.3].

Sustainable development can reduce vulnerability to
climate change.
Efforts to cope with the impacts of climate change and attempts
to promote sustainable development share common goals and
determinants including: access to resources (including
information and technology), equity in the distribution of
resources, stocks of human and social capital, access to risk-
sharing mechanisms and abilities of decision-support
mechanisms to cope with uncertainty. Nonetheless, some
development activities exacerbate climate-related
vulnerabilities (very high confidence).

It is very likely that significant synergies can be exploited in
bringing climate change to the development community, and
critical development issues to the climate-change community
[20.3.3, 20.8.2 and 20.8.3]. Effective communication in
assessment, appraisal and action are likely to be important tools
both in participatory assessment and governance as well as in
identifying productive areas for shared learning initiatives
[20.3.3, 20.8.2, 20.8.3]. Despite these synergies, few
discussions about promoting sustainability have thus far
explicitly included adapting to climate impacts, reducing hazard
risks and/or promoting adaptive capacity [20.4, 20.5, 20.8.3].
Discussions about promoting development and improving
environmental quality have seldom explicitly included adapting
to climate impacts and/or promoting adaptive capacity [20.8.3].
Most of the scholars and practitioners of development who
recognise that climate change is a significant issue at local,

national, regional and/or global levels focus their attention
almost exclusively on mitigation [20.4, 20.8.3].

Synergies between adaptation and mitigation measures will be
effective through the middle of this century, but even a
combination of aggressive mitigation and significant
investment in adaptive capacity could be overwhelmed by the
end of the century along a likely development scenario.

Tables TS.3 and TS.4 track major worldwide impacts for major
sectors against temperature increases measured from the 1980 to
1999 period.With very high confidence, no temperature threshold
associated with any subjective judgment of what might constitute
“dangerous” climate change can be guaranteed to be avoided by
anything but the most stringent of mitigation interventions.

As illustrated in Figure TS.19, it is likely that global mitigation
efforts designed to cap effective greenhouse gas concentrations
at, for example, 550 ppm would benefit developing countries
significantly through the middle of this century, regardless of
whether the climate sensitivity turns out to be high or low, and
especially when combined with enhanced adaptation. Developed
countries would also likely see significant benefits from an
adaptation-mitigation intervention portfolio, especially for high
climate sensitivities and in sectors and regions that are already
showing signs of being vulnerable. By 2100, climate change will
likely produce significant vulnerabilities across the globe even
if aggressive mitigation were implemented in combination with
significantly enhanced adaptive capacity [20.7.3].

TS.6 Advances in knowledge and future
research needs

TS 6.1 Advances in knowledge

Since the IPCC Third Assessment, the principal advances in
knowledge have been as follows.
• Much improved coverage of the impacts of climate change
on developing regions, through studies such as the AIACC
project (Assessments of Impacts andAdaptations to Climate
Change in Multiple Regions and Sectors), although further
research is still required, especially in Latin America and
Africa [9.ES, 10.ES, 13.ES].

• More studies of adaptation to climate change, with improved
understanding of current practice, adaptive capacity, the
options, barriers and limits to adaptation [17.ES].

• Much more monitoring of observed effects, and recognition
that climate change is having a discernible impact on many
natural systems [1.ES, F1.1].

• Some standardisation of the scenarios of future climate
change underpinning impact studies, facilitated by
centralised data provision through organisations such as the
IPCC Data Distribution Centre, thus allowing comparison
between sectors and regions [2.2.2].

• Improved understanding of the damages for different levels
of global warming, and the link between global warming
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and the probability of stabilising CO2 at various levels. As
a result, we knowmore about the link between damages and
CO2-stabilisation scenarios [20.7.2, T20.8, T20.9].

However, there has been little advance on:
• impacts under different assumptions about how the world
will evolve in future – societies, governance, technology
and economic development;

• the costs of climate change, both of the impacts and of
response (adaptation and mitigation);

• proximity to thresholds and tipping points;
• impacts resulting from interactions between climate change
and other human-induced environmental changes.

TS 6.2 Future research needs

Impacts under different assumptions about future
development pathways

MostAR4 studies of future climate change are based on a small
number of studies using SRES scenarios, especially the A2 and
B2 families [2.3.1]. This has allowed some limited, but
incomplete, characterisation of the potential range of futures and
their impacts [see Section 4 on key future impacts in all core
chapters].

Scenarios are required:
• to describe the future evolution of the world under different
and wide-ranging assumptions about how societies,
governance, technology, economies will develop in future;

• at the regional and local scales appropriate for impacts
analysis;

• which allow adaptation to be incorporated into climate-
change impact estimates;

• for abrupt climate change such as the collapse of the North
Atlantic Meridional Overturning Circulation, and large sea-
level rises due to ice sheet melting [6.8];

• for beyond 2100 (especially for sea-level rise) [6.8, 11.8.1].

Increasingly, climate modellers run model ensembles which
allow characterisation of the uncertainty range for each
development pathway. Thus, the impacts analyst is faced with
very large quantities of data to capture even a small part of the
potential range of futures. Tools and techniques to manage these
large quantities of data are urgently required [2.3, 2.4].

Damages avoided by different levels of emissions
reduction

Very few studies have been carried out to explore the damages
avoided, or the impacts postponed, by reducing or stabilising
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Figure TS.19. Geographical distribution of vulnerability in 2050 with and without mitigation along an SRES A2 emissions scenario with a climate
sensitivity of 5.5°C. Panel (a) portrays vulnerability with a static representation of current adaptive capacity. Panel (b) shows vulnerability with
enhanced adaptive capacity worldwide. Panel (c) displays the geographical implications of mitigation designed to cap effective atmospheric
concentrations of greenhouse gases at 550 ppm. Panel (d) offers a portrait of the combined complementary effects of mitigation to the same
550 ppmv concentration limit and enhanced adaptive capacity. [F20.6]



emissions, despite the critical importance of this issue for policy-
makers. The few studies which have been performed are
reviewed in Chapter 20 of this Report [20.6.2] and show clearly
the large reductions in damages which can be achieved by
mitigating emissions [T20.4]. Existing research has emphasised
the global scale, and studies which are disaggregated to the
regional, and even local, scale are urgently required.

Climate-science-related research needs

Two of the most important requirements identified relate to
research in climate change science, but have been clearly
identified as a hindrance to research in impacts, adaptation and
vulnerability.
• The first is that our understanding of the likely future
impacts of climate change is hampered by lack of
knowledge regarding the nature of future changes,
particularly at the regional scale and particularly with
respect to precipitation changes and their hydrological
consequences on water resources, and changes in extreme
events, due in part to the inadequacies of existing climate
models at the required spatial scales [T2.5, 3.3.1, 3.4.1, 4.3].

• The second relates to abrupt climate change. Policy-makers
require understanding of the impacts of such events as the
collapse of the North Atlantic Meridional Overturning
Circulation. However, without a better understanding of the
likely manifestation of such events at the regional scale, it
is not possible to carry out impacts assessments [6.8, 7.6,
8.8, 10.8.3].

Observations, monitoring and attribution

Large-area, long-term field studies are required to evaluate
observed impacts of climate change on managed and unmanaged
systems and human activities. This will enable improved
understanding of where and when impacts become detectable,
where the hotspots lie, and why some areas are more vulnerable
than others. High-quality observations are essential for full
understanding of causes, and for unequivocal attribution of
present-day trends to climate change [1.4.3, 4.8].

Timelymonitoring of the pace of approaching significant thresholds
(such as abrupt climate change thresholds) is required [6.8, 10.8.4].

Multiple stresses, thresholds and vulnerable people
and places

It has become clear in the AR4 that the impacts of climate
change are most damaging when they occur in the context of
multiple stresses arising from the effects, for example, of

globalisation, poverty, poor governance and settlement of low-
lying coasts. Considerable progress has been made towards
understanding which people and which locations may expect to
be disproportionately impacted by the negative aspects of
climate change. It is important to understand what characteristics
enhance vulnerability, what characteristics strengthen the
adaptive capacity of some people and places, and what
characteristics predispose physical, biological and human
systems to irreversible changes as a result of exposure to climate
and other stresses [7.1, B7.4, 9.1, 9.ES]. How can systems be
managed to minimise the risk of irreversible changes? How
close are we to tipping points/thresholds for natural ecosystems
such as theAmazon rain forest?What positive feedbacks would
emerge if such a tipping point is reached?

Climate change, adaptation and sustainable
development

The AR4 recognised that synergies exist between adaptive
capacity and sustainable development, and that societies which
are pursuing a path of sustainable development are likely to be
more resilient to the impacts of climate change. Further
research is required to determine the factors which contribute
to this synergy, and how policies to enhance adaptive capacity
can reinforce sustainable development and vice versa [20.9].

Further understanding of adaptation is likely to require
learning-by-doing approaches, where the knowledge base is
enhanced through accumulation of practical experience.

The costs of climate change, both the costs of the
impacts and of response (adaptation and
mitigation)

• Only a small amount of literature on the costs of climate
change impacts could be found for assessment [5.6, 6.5.3,
7.5]. Debate still surrounds the topic of how to measure
impacts, and which metrics should be used to ensure
comparability [2.2.3, 19.3.2.3, 20.9].

• The literature on adaptation costs and benefits is limited
and fragmented [17.2.3]. It focuses on sea-level rise and
agriculture, with more limited assessments for energy
demand, water resources and transport. There is an
emphasis on the USA and other OECD countries, with
only a few studies for developing countries [17.2.3].

Better understanding of the relative costs of climate change
impacts and adaptation allows policy-makers to consider
optimal strategies for implementation of adaptation policies,
especially the amount and the timing [17.2.3.1].
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Executive summary

Physical and biological systems on all continents and in
most oceans are already being affected by recent climate
changes, particularly regional temperature increases (very
high confidence) [1.3]. Climatic effects on human systems,
although more difficult to discern due to adaptation and
non-climatic drivers, are emerging (medium confidence)
[1.3]. Global-scale assessment of observed changes shows
that it is likely that anthropogenic warming over the last
three decades has had a discernible influence on many
physical and biological systems [1.4].
Attribution of observed regional changes in natural and managed
systems to anthropogenic climate change is complicated by the
effects of natural climate variability and non-climate drivers
(e.g., land-use change) [1.2]. Nevertheless, there have been
several joint attribution studies that have linked responses in
some physical and biological systems directly to anthropogenic
climate change using climate, process and statistical models
[1.4.2]. Furthermore, the consistency of observed significant
changes in physical and biological systems and observed
significant warming across the globe very likely cannot be
explained entirely by natural variability or other confounding
non-climate factors [1.4.2]. On the basis of this evidence,
combined with the likely substantial anthropogenic warming
over the past 50 years averaged over each continent except
Antarctica (as described in the Working Group I Fourth
Assessment Summary for Policymakers), it is likely that there is
a discernible influence of anthropogenic warming on many
physical and biological systems.

Climate change is strongly affecting many aspects of
systems related to snow, ice and frozen ground (including
permafrost) [1.3.1]; emerging evidence shows changes in
hydrological systems, water resources [1.3.2], coastal zones
[1.3.3] and oceans (high confidence) [1.3.4].
Effects due to changes in snow, ice and frozen ground
(including permafrost) include ground instability in permafrost
regions, a shorter travel season for vehicles over frozen roads in
the Arctic, enlargement and increase of glacial lakes in
mountain regions and destabilisation of moraines damming
these lakes, changes in Arctic and Antarctic Peninsula flora and
fauna including the sea-ice biomes and predators higher in the
food chain, limitations on mountain sports in lower-elevation
alpine areas, and changes in indigenous livelihoods in the Arctic
(high confidence). [1.3.1]

The spring peak discharge is occurring earlier in rivers affected
by snow melt, and there is evidence for enhanced glacial melt.
Lakes and rivers around the world are warming, with effects on
thermal structure and water quality (high confidence). [1.3.2]

The effects of sea-level rise, enhanced wave heights, and
intensification of storms are found in some coastal regions –
including those not modified by humans, e.g., polar areas and
barrier beaches – mainly through coastal erosion [1.3.3.1]. Sea-
level rise is contributing to losses of coastal wetlands and

mangroves, and increased damage from coastal flooding in
many areas, although human modification of coasts, such as
increased construction in vulnerable zones, plays an important
role too (medium confidence). [1.3.3.2]

The uptake of anthropogenic carbon since 1750 has led to the
ocean becoming more acidic, with an average decrease in pH of
0.1 units. However, the effects of recent ocean acidification on
the marine biosphere are as yet undocumented. [1.3.4]

More evidence from a wider range of species and
communities in terrestrial ecosystems and substantial new
evidence in marine and freshwater systems show that
recent warming is strongly affecting natural biological
systems (very high confidence). [1.3.5, 1.3.4]
The overwhelming majority of studies of regional climate effects
on terrestrial species reveal consistent responses to warming
trends, including poleward and elevational range shifts of flora
and fauna. Responses of terrestrial species to warming across
the Northern Hemisphere are well documented by changes in
the timing of growth stages (i.e., phenological changes),
especially the earlier onset of spring events, migration, and
lengthening of the growing season. Changes in abundance of
certain species, including limited evidence of a few local
disappearances, and changes in community composition over
the last few decades have been attributed to climate change (very
high confidence). [1.3.5]

Many observed changes in phenology and distribution of
marine species have been associated with rising water
temperatures, as well as other climate-driven changes in
salinity, oxygen levels, and circulation. For example, plankton
has moved poleward by 10° latitude over a period of four
decades in the North Atlantic. While there is increasing
evidence for climate change impacts on coral reefs, separating
the impacts of climate-related stresses from other stresses (e.g.,
over-fishing and pollution) is difficult. Warming of lakes and
rivers is affecting abundance and productivity, community
composition, phenology, distribution and migration of
freshwater species (high confidence). [1.3.4]

Although responses to recent climate changes in human
systems are difficult to identify due to multiple non-climate
driving forces and the presence of adaptation, effects have
been detected in forestry and a few agricultural systems
[1.3.6]. Changes in several aspects of the human health
system have been related to recent warming [1.3.7].
Adaptation to recent warming is beginning to be
systematically documented (medium confidence) [1.3.9].
In comparison with other factors, recent warming has been of
limited consequence in agriculture and forestry. A significant
advance in phenology, however, has been observed for
agriculture and forestry in large parts of the Northern
Hemisphere, with limited responses in crop management. The
lengthening of the growing season has contributed to an
observed increase in forest productivity in many regions, while
warmer and drier conditions are partly responsible for reduced
forest productivity, increased forest fires and pests in North
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America and the Mediterranean Basin. Both agriculture and
forestry have shown vulnerability to recent trends in heatwaves,
droughts and floods (medium confidence). [1.3.6]

While there have been few studies of observed health effects
related to recent warming, an increase in high temperature
extremes has been associated with excess mortality in Europe,
which has prompted adaptation measures. There is emerging
evidence of changes in the distribution of some human disease
vectors in parts of Europe. Earlier onset and increases in the
seasonal production of allergenic pollen have occurred in mid-
and high latitudes in the Northern Hemisphere (medium
confidence). [1.3.7]

Changes in socio-economic activities and modes of human
response to climate change, including warming, are just
beginning to be systematically documented. In regions of snow,
ice and frozen ground, responses by indigenous groups relate to
changes in the migration patterns, health, and range of animals
and plants on which they depend for their livelihood and cultural
identity. Responses vary by community and are dictated by
particular histories, perceptions of change and range, and the
viability of options available to groups (medium confidence).
[1.3.9]

While there is now significant evidence of observed changes
in natural systems in every continent, including Antarctica,
as well as from most oceans, the majority of studies come
from mid- and high latitudes in the Northern Hemisphere.
Documentation of observed changes in tropical regions and
the Southern Hemisphere is sparse. [1.5]

1.1 Introduction

The IPCC Working Group II Third Assessment Report (WGII
TAR) found evidence that recent regional climate changes,
particularly temperature increases, have already affected many
physical and biological systems, and also preliminary evidence
for effects in human systems (IPCC, 2001a). This chapter
focuses on studies since the TAR that analyse significant
changes in physical, biological and human systems related to
observed regional climate change. The studies are assessed with
regard to current functional understanding of responses to
climate change and to factors that may confound such
relationships, such as land-use change, urbanisation and
pollution. The chapter considers larger-scale aggregation of
observed changes (across systems and geographical regions) and
whether the observed changes may be related to anthropogenic
climate forcing. Cases where there is evidence of climate change
without evidence of accompanying changes in natural and
managed systems are evaluated for insight into time-lag effects,
resilience and vulnerability. Managed systems are defined as
systems with substantial human inputs, such as agriculture and

human health. The chapter assesses whether responses to recent
warming are present in a broad range of systems and across
varied geographical regions.

1.1.1 Scope and goals of the chapter

The aim of this chapter is to assess studies of observed
changes in natural and managed systems related to recent
regional climate change, particularly temperature rise in recent
decades, and to assess the aggregate changes in regard to
potential influence by anthropogenic increase in greenhouse gas
concentrations. Temperature rise is selected as the major climate
variable because it has a strong and widespread documented
signal in recent decades, demonstrates an anthropogenic signal,
and has an important influence on many physical and biological
processes. Effects of changes in other climate variables related
to temperature rise, such as sea-level rise and changes in runoff
due to earlier snow melt, are also considered.

The chapter first reviews data sources and methods of
detection of observed changes, investigating the roles of climate
(including climate extremes and large-scale natural climate
variability systems) and non-climate drivers of change (Section
1.2). Evidence of no change, i.e., regions with documented
warming trends but with little or no documentation of change in
natural and managed systems, is analysed as well.

In Section 1.3, evidence is assessed regarding recent observed
changes in natural and managed systems related to regional
climate changes: cryosphere (snow, ice and frozen ground –
including permafrost), hydrology and water resources, coastal
processes and zones, marine and freshwater biological systems,
terrestrial biological systems, agriculture and forestry, human
health, and disasters and hazards. Evidence regarding other
socio-economic effects, including energy use and tourism, is also
assessed. The term ‘response’ is used to denote processes by
which natural and managed systems react to the stimuli of
changing climate conditions.

In Section 1.4, studies are surveyed that use techniques of
larger-scale aggregation (i.e., synthesising studies across
systems and regions), including meta-analyses and studies that
relate observed changes in natural and managed systems to
anthropogenic climate change. From the studies assessed in
individual systems in Section 1.3, a subset is selected that fits
criteria in regard to length of study and statistically significant
changes in a system related to recent changes in temperature or
related climate variables, in order to assess the potential
influence of anthropogenic climate forcing on observed changes
in natural and managed systems.

We consider what observed changes are contributing to the
study of adaptation and vulnerability (where there are relevant
studies), and address data needs in Section 1.5. There is a notable
lack of geographical balance in the data and literature on
observed changes in natural and managed systems, with a
marked scarcity in many regions. The Supplementary Material1

(SM) contains additional literature citations and explanatory data
relevant to the chapter.
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1.1.2 Summary of observed changes in the Third
Assessment Report

The Working Group I (WGI) TAR described an increasing
body of observations that gave a collective picture of a warming
world and other changes in the climate system (IPCC, 2001b).
The WGII TAR documented methods of detecting observed
changes in natural and managed systems, characterised the
processes involved, and summarised the studies across multiple
systems (see Sections 2.2, 5.2.1 and 19.1) (IPCC, 2001a). In the
TAR, about 60 studies considered about 500 data series in
physical or biological systems.

Changes in physical systems:
• Sea ice: Arctic sea-ice extent had declined by about 10 to

15% since the 1950s. No significant trends in Antarctic sea-
ice extent were apparent.

• Glaciers and permafrost: mountain glaciers were receding
on all continents, and Northern Hemisphere permafrost was
thawing.

• Snow cover: extent of snow cover in the Northern
Hemisphere had decreased by about 10% since the late
1960s and 1970s.

• Snow melt and runoff: snowmelt and runoff had occurred
increasingly earlier in Europe and western North America
since the late 1940s.

• Lake and river ice: annual duration of lake- and river-ice
cover in Northern Hemisphere mid- and high latitudes had
been reduced by about 2 weeks and become more variable.

Changes in biological systems:
• Range: plant and animal ranges had shifted poleward and

higher in elevation.
• Abundance: within the ranges of some plants and animals,

population sizes had changed, increasing in some areas and
declining in others.

• Phenology: timing of many life-cycle events, such as
blooming, migration and insect emergence, had shifted
earlier in the spring and often later in the autumn.

• Differential change: species changed at different speeds and
in different directions, causing a decoupling of species
interactions (e.g., predator-prey relationships).

Preliminary evidence for changes in human systems:
• Damages due to droughts and floods: changes in some socio-

economic systems had been related to persistent low rainfall
in the Sahelian region of Africa and to increased precipitation
extremes in North America. Most of the increase in damages
is due to increased wealth and exposure. However, part of
the increase in losses was attributed to climate change, in
particular to more frequent and intense extreme weather
events in some regions.

1.2 Methods of detection and attribution
of observed changes

In the TAR (Mitchell et al., 2001), detection of climate
change is the process of demonstrating that an observed change
is significantly different (in a statistical sense) from what can be
explained by natural variability. The detection of a change,
however, does not necessarily imply that its causes are
understood. Similarly, attribution of climate change to
anthropogenic causes involves statistical analysis and the
assessment of multiple lines of evidence to demonstrate, within
a pre-specified margin of error, that the observed changes are
(1) unlikely to be due entirely to natural internal climate
variability; (2) consistent with estimated or modelled responses
to the given combination of anthropogenic and natural forcing;
and (3) not consistent with alternative, physically plausible
explanations of recent climate change.

Extending detection and attribution analysis to observed
changes in natural and managed systems is more complex.
Detection and attribution of observed changes and responses in
systems to anthropogenic forcing is usually a two-stage process
(IPCC, 2003). First, the observed changes in a system must be
demonstrated to be associated with an observed regional climate
change within a specified degree of confidence. Second, a
measurable portion of the observed regional climate change, or
the associated observed change in the system, must be attributed
to anthropogenic causes with a similar degree of confidence.
Joint attribution involves both attribution of observed changes

to regional climate change and attribution of a measurable
proportion of either regional climate change or the associated
observed changes in the system to anthropogenic causes, beyond
natural variability. This process involves statistically linking
climate change simulations from climate models with the
observed responses in the natural or managed system. Confidence
in joint attribution statements must be lower than the confidence
in either of the individual attribution steps alone, due to the
combination of two separate statistical assessments.

1.2.1 Climate and non-climate drivers of change

Both climate and non-climate drivers affect systems, making
analysis of the role of climate in observed changes challenging.
Non-climate drivers such as urbanisation and pollution can
influence systems directly and indirectly through their effects
on climate variables such as albedo and soil-moisture regimes.
Socio-economic processes, including land-use change (e.g.,
forestry to agriculture; agriculture to urban area) and land-cover
modification (e.g., ecosystem degradation or restoration) also
affect multiple systems.

1.2.1.1 Climate drivers of change
Climate is a key factor determining different characteristics

and distributions of natural and managed systems, including the
cryosphere, hydrology and water resources, marine and
freshwater biological systems, terrestrial biological systems,
agriculture and forestry. For example, temperature is known to
strongly influence the distribution and abundance patterns of
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both plants and animals, due to the physiological constraints of
each species (Parmesan and Yohe, 2003; Thomas et al., 2004).
Dramatic changes in the distribution of plants and animals
during the ice ages illustrate how climate influences the
distribution of species. Equivalent effects can be observed in
other systems, such as the cryosphere. Hence, changes in
temperature due to climate change are expected to be one of the
important drivers of change in natural and managed systems.

Many aspects of climate influence various characteristics and
distributions of physical and biological systems, including
temperature and precipitation, and their variability on all time-
scales from days to the seasonal cycle to interannual variations.
While changes in many different aspects of climate may at least
partially drive changes in the systems, we focus on the role of
temperature changes. This is because physical and biological
responses to changing temperatures are often better understood
than responses to other climate parameters, and the
anthropogenic signal is easier to detect for temperature than for
other parameters. Precipitation has much larger spatial and
temporal variability than temperature, and it is therefore more
difficult to identify the impact it has on changes in many
systems. Mean temperature (including daily maximum and
minimum temperature) and the seasonal cycle in temperature
over relatively large spatial areas show the clearest signals of
change in the observed climate (IPCC, 2001b).

Large-scale climate variations, such as the Pacific Decadal
Oscillation (PDO), El Niño-Southern Oscillation (ENSO) and
North Atlantic Oscillation (NAO), are occurring at the same time
as the global climate is changing. Consequently, many natural
and managed systems are being affected by both climate change
and climate variability. Hence, studies of observed changes in
regions influenced by an oscillation may be able to attribute
these changes to regional climate variations, but decades of data

may be needed in order to separate the response to climate
oscillations from that due to longer-term climate change.

1.2.1.2 Non-climate drivers of change
Non-climate drivers, such as land use, land degradation,

urbanisation and pollution, affect systems directly and indirectly
through their effects on climate (Table 1.1). These drivers can
operate either independently or in association with one another
(Lepers et al., 2004). Complex feedbacks and interactions occur
on all scales from local to global.

The socio-economic processes that drive land-use change
include population growth, economic development, trade and
migration; these processes can be observed and measured at
global, regional and local scales (Goklany, 1996). Satellite
observations demonstrate that land-use change, including that
associated with the current rapid economic development in Asia
and Latin America, is proceeding at an unprecedented rate
(Rindfuss et al., 2004). Besides influencing albedo and
evaporation, land-use changes hamper range-shift responses of
species to climate change, leading to an extra loss of biodiversity
(Opdam and Wascher, 2004). Additionally, land-use changes
have been linked to changes in air quality and pollution that
affect the greenhouse process itself (Pielke et al., 2002; Kalnay
and Cai, 2003). Land-use and land-cover change can also
strongly magnify the effects of extreme climate events, e.g., heat
mortality, injuries/fatalities from storms, and ecologically
mediated infectious diseases (Patz et al., 2005). Intensification
of land use, as well as the extent of land-use change, is also
affecting the functioning of ecosystems, and hence emissions of
greenhouse gases from soils, such as CO2 and methane.

There are also a large number of socio-economic factors that
can influence, obscure or enhance the observed impacts of
climate change and that must be taken into account when
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Non-climate driver Examples Direct effects on systems Indirect effects on climate

Geological
processes

Volcanic activity, earthquakes,
tsunamis (e.g., Adams et al.,
2003)

Lava flow, mudflows (lahars), ash fall,
shock waves, coastal erosion, enhanced
surface and basal melting of glaciers,
rockfall and ice avalanches

Cooling from stratospheric aerosols,
change in albedo

Land-use change Conversion of forest to
agriculture (e.g., Lepers et al.,
2004)

Declines in wildlife habitat, biodiversity
loss, increased soil erosion, nitrification

Change in albedo, lower evapotranspiration,
altered water and heat balances (e.g.,
Bennett and Adams, 2004)

Urbanisation and transportation
(e.g., Kalnay and Cai, 2003)

Ecosystem fragmentation, deterioration of
air quality, increased runoff and water
pollution (e.g., Turalioglu et al., 2005)

Change in albedo, urban heat island, local
precipitation reduction, downwind
precipitation increase, lower evaporation
(e.g., Weissflog et al., 2004)

Afforestation (e.g., Rudel et al.,
2005)

Restoration or establishment of tree cover
(e.g., Gao et al., 2002)

Change in albedo, altered water and energy
balances, potential carbon sequestration

Land-cover
modification

Ecosystem degradation
(desertification)

Reduction in ecosystem services,
reduction in biomass, biodiversity loss
(e.g., Nyssen et al., 2004)

Changes in microclimate (e.g., Su et al.,
2004)

Invasive species Tamarisk (USA), Alaska lupin
(Iceland)

Reduction of biodiversity, salinisation (e.g.,
Lee et al., 2006)

Change in water balance (e.g., Ladenburger
et al., 2006)

Pollution Tropospheric ozone, toxic waste,
oil spills, exhaust, pesticides
increased soot emissions (e.g.,
Pagliosa and Barbosa, 2006)

Reduction in breeding success and
biodiversity, species mortality, health
impairment, enhanced melting of snow
and ice (e.g., Lee et al., 2006)

Direct and indirect aerosol effects on
temperature, albedo and precipitation

Table 1.1. Direct and indirect effects of non-climate drivers.



seeking a climate signal or explaining observations of impacts
and even adaptations. For example, the noted effects of sea-level
rise and extreme events are much greater when they occur in
regions with large populations, inadequate infrastructure, or high
property prices (Pielke et al., 2003). The observed impacts of
climate change on agriculture are largely determined by the
ability of producers to access or afford irrigation, alternate crop
varieties, markets, insurance, fertilisers and agricultural
extension, or to abandon agriculture for alternate livelihoods
(Eakin, 2000). Demography (e.g., the elderly and the very
young), poverty (e.g., malnutrition and poor living conditions),
preventive technologies (e.g., pest control and immunisation),
and healthcare institutions influence the impacts of climate
change on humans.

1.2.2 Methods and confidence

Where long data series exist, the detection of trends or
changes in system properties that are beyond natural variability
has most commonly been made with regression, correlation and
time-series analyses. When data exist from two (or more)
discontinuous time periods, two-sample tests have frequently
been employed. Testing is also done for abrupt changes and
discontinuities in a data series. Regression and correlation
methods are frequently used in the detection of a relationship of
the observed trend with climate variables. Methods also involve
studies of process-level understanding of the observed change in
relation to a given regional climate change, and the examination
of alternative explanations of the observed change, such as land-
use change. The analysis sometimes involves comparisons of
observations to climate-driven model simulations.

In many biological field studies, species within an area are
not fully surveyed, nor is species selection typically based on
systematic or random sampling. The selection of species is
typically based on a determination of which species might
provide information (e.g., on change with warming) in order to
answer a particular question. The study areas, however, are often
chosen at random from a particular suite of locations defined by
the presence of the species being studied. This type of species
selection does not provide a well-balanced means for analysing
species showing no change. Exceptions are studies that rely on
network data, meaning that species information is collected
continuously on a large number of species over decades from
the same areas; for example, change in spring green-up2 of a
number of plants recorded in phenological botanical gardens
across a continent (Menzel and Fabian, 1999). Analysis of
change and no-change within network data provides a check on
the accuracy of the use of the indicator for global warming and
the ability to check for ‘false positives’, i.e., changes observed
where no significant temperature change is measured. The latter
can help to elucidate the role of non-climate drivers in the
observed changes.

The analysis of evidence of no change is also related to the
question of publication or assessment bias. Studies are more
likely to be successfully submitted and published when a

significant change is found and less likely to be successful when
no changes are found, with the result that the ‘no change’ cases
are underrepresented in the published literature. However, in
contrast to single-species in single-location studies, multiple
species in a single location and single or multiple species in
larger-scale studies are less likely to focus only on species
showing change. The latter studies often include sub-regions
with no-change; for example, no change in the number of frost
days in the south-eastern USA (Feng and Hu, 2004), little or no
change in spring onset in continental eastern Europe (Ahas et
al., 2002; Schleip et al., 2006), or sub-groups of species with no
change (Butler, 2003; Strode, 2003).

An accurate percentage of sites exhibiting ‘no change’ can be
assessed reliably by large-scale network studies (see, e.g.,
Section 1.4.1; Menzel et al., 2006b) for the locations defined by
the network. For investigations of a suite of processes or species
at numerous locations, the reported ratio of how many species
are changing over the total number of species rests on the
assumptions that all species in the defined area have been
examined and that species showing no change do not have a
higher likelihood of being overlooked. Both multi-species
network data and studies on groups of species may be used to
investigate the resilience of systems and possible time-lag
effects. These are important processes in the analysis of evidence
of no change.

1.3 Observed changes in natural and
managed systems related to
regional climate changes

The following sections assess studies that have been published
since the TAR of observed changes and their effects related to the
cryosphere, hydrology and water resources, coastal processes and
zones, freshwater and marine biological systems, terrestrial
biological systems, agriculture and forestry, human health, and
disasters and hazards related to regional warming. More detailed
descriptions of these effects are provided in subsequent chapters
of the WGII Fourth Assessment Report (AR4).

In some cases, studies published before the TAR have been
included, either because they were not cited in the TAR or
because they have been considered to contain relevant
information. The sections describe regional climate and non-
climate driving forces for the systems, assess the evidence
regarding observed changes in key processes, and highlight
issues regarding the absence of observed changes and conflicting
evidence. An assessment of how the observed changes
contribute to understanding of adaptation and vulnerability is
found in Sections 1.3.9 and 1.5.

1.3.1 Cryosphere

The cryosphere reacts sensitively to present and past climate
changes. The main components of the cryosphere are mountain
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glaciers and ice caps, floating ice shelves and continental ice
sheets, seasonal snow cover on land, frozen ground, sea ice and
lake and river ice. In Chapter 4 of WGI, the changes in the
cryosphere since the TAR are described in detail, including the
description of climate and non-climate forcing factors and
mechanisms (Lemke et al., 2007). Chapter 6 of WGI describes
glacier changes in the geological past, including Holocene
glacier variability (Jansen et al., 2007, Box 6.3). Here we
describe the observed effects on the environment and on human
activities due to these recent cryospheric changes.

There is abundant evidence that the vast majority of the
cryospheric components are undergoing generalised shrinkage in
response to warming, with a few cases of growth which have
been mainly linked to increased snowfall. The observed
recession of glaciers (Box 1.1) during the last century is larger
than at any time over at least the last 5,000 years, is outside of
the range of normal climate variability, and is probably induced
by anthropogenic warming (Jansen et al., 2007). In the Arctic
and the Antarctic, ice shelves several thousand years old have
started to collapse due to warming (Lemke et al., 2007). In many
cases the cryospheric shrinkage shows an increased trend in
recent decades, consistent with the enhanced observed warming.
Cryospheric changes are described by Lemke et al. (2007),
including the contribution of the cryosphere to sea-level rise.
Sea-level rise is treated in Section 1.3.3, in the regional chapters
of WGII, and in WGI, Chapters 4 and 5 (Bindoff et al., 2007;
Lemke et al., 2007).

1.3.1.1 Observed effects due to changes in the cryosphere
Effects of changes in the cryosphere have been documented

in relation to virtually all of the cryospheric components, with

robust evidence that it is, in general, a response to reduction of
snow and ice masses due to enhanced warming.

Mountain glaciers and ice caps, ice sheets and ice shelves
Effects of changes in mountain glaciers and ice caps have been

documented in runoff, changing hazard conditions (Haeberli and
Burn, 2002) and ocean freshening (Bindoff et al., 2007). There is
also emerging evidence of present crustal uplift in response to
recent glacier melting in Alaska (Larsen et al., 2005). The
enhanced melting of glaciers leads at first to increased river runoff
and discharge peaks and an increased melt season (Boon et al.,
2003; Hock, 2005; Hock et al., 2005; Juen et al., 2007), while in
the longer time-frame (decadal to century scale), glacier wasting
should be amplified by positive feedback mechanisms and glacier
runoff is expected to decrease (Jansson et al., 2003). Evidence for
increased runoff in recent decades due to enhanced glacier melt
has already been detected in the tropical Andes and in the Alps. As
glaciers disappear, the records preserved in the firn3 and ice layers
are destroyed and disappear due to percolation of melt water and
mixing of chemical species and stable isotopes (Table 1.2).

The formation of large lakes is occurring as glaciers retreat
from prominent Little Ice Age (LIA) moraines in several steep
mountain ranges, including the Himalayas (Yamada, 1998; Mool
et al., 2001; Richardsonand Reynolds, 2000), the Andes (Ames
et al., 1989; Kaser and Osmaston, 2002) and the Alps (Haeberli
et al., 2001; Huggel et al., 2004; Kaab et al., 2005) (Table 1.2).
Thawing of buried ice also threatens to destabilise the LIA
moraines (e.g., Kaser and Osmaston, 2002). These lakes thus
have a high potential for glacial lake outburst floods (GLOFs).
Governmental institutions in the respective countries have
undertaken extensive safety work, and several of the lakes are
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3 Firn: ice that is at an intermediate stage between snow and glacial ice.

Environmental factor Observed changes Time period Location Selected references

Glacial lake size Increase from 0.23 km2 to 1.65 km2 1957-1997 Lake Tsho Rolpa, Nepal
Himalayas

Agrawala et al., 2005

Glacial lake outburst floods
(GLOFs)

Frequency increase from 0.38 events/year
in 1950s to 0.54 events/year in 1990s

1934-1998 Himalayas of Nepal, Bhutan
and Tibet

Richardson and
Reynolds, 2000

Obliteration of firn/ice core
record

Percolation, loss of palaeoclimate record 1976-2000 Quelccaya ice cap, Peru Thompson et al.,
2003

Reduction in mountain ice Loss of ice climbs 1900-2000 Andes, Alps, Africa Schwörer, 1997;
Bowen, 2002

Travel days of vehicles for oil
exploration on frozen roads

Decrease from 220 to 130 days 1971-2003 Alaskan tundra ACIA, 2005

Decreased snow in ski areas
at low altitudes

Decrease in number of ski areas from
58 to 17

1975-2002 New Hampshire, north-
eastern USA

Hamilton, 2003b

50% (15%) decrease in snow depth at an
elevation of 440 m (2,220 m)

1975-1999 Swiss Alps Laternser and
Schneebeli, 2003

50% decrease of 1 Dec–30 April snow
depth at 1,320 m elevation

1960-2005 Massifs de Chartreuse, Col
de Porte, French Pre-Alps,

Francou and Vincent,
2006

Increase in elevation of starting point of ski
lifts from 1,400 to 2,935 m

1950-1987 Central Andes, Chile Casassa et al., 2003

Increased rockfall after the
2003 summer heatwave

Active layer deepening from 30% to 100%
of the depth measured before the heatwave

June-August
2003

Swiss Alps Noetzli et al., 2003;
Gruber et al., 2004;
Schär et al., 2004

Table 1.2. Selected observed effects due to changes in the cryosphere produced by warming.
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Box 1.1. Retreat of Chacaltaya and its effects:
case study of a small disappearing glacier in Bolivia

The observed general glacier retreat in the warming tropical Andes has increased significantly in recent decades (Francou et al.,
2005). Small-sized glaciers are particularly vulnerable in warmer climates, with many of them having already disappeared in
several parts of the world during the last century. The Chacaltaya Glacier in Bolivia (16°S) is a typical example of a disappearing
small glacier, whose area in 1940 was 0.22 km2, and which has currently reduced (in 2005) to less than 0.01 km2 (Figure 1.1)
(Ramirez et al., 2001; Francou et al., 2003; Berger et al., 2005), with current estimates showing that it may disappear completely
before 2010. In the period 1992 to 2005, the glacier suffered a loss of 90% of its surface area, and 97% of its volume of ice (Berger
et al., 2005). Although, in the tropics, glacier mass balance responds sensitively to changes in precipitation and humidity (see
Lemke et al., 2007, Section 4.5.3), the fast glacier shrinkage of Chacaltaya is consistent with an ascent of the 0°C isotherm of
about 50 m/decade in the tropical Andes since the 1980s (Vuille et al., 2003), resulting in a corresponding rise in the equilibrium
line of glaciers in the region (Coudrain et al., 2005).

Ice melt from Chacaltaya Glacier, located in Choqueyapu Basin, provides part of the water resources for the nearby city of La Paz,
allowing the release of water stored as ice throughout the long, dry winter season (April-September). Many basins in the tropical
Andes have experienced an increase in runoff in recent decades, while precipitation has remained almost constant or has shown a
tendency to decrease (Coudrain et al., 2005). This short-term increase in runoff is interpreted as the consequence of glacier retreat,
but in the long term there will be a reduction in water supply as the glaciers shrink beyond a critical limit (Jansson et al., 2003).

Chacaltaya Glacier, with a mean altitude of 5,260 m above sea level, was the highest skiing station in the world until a very few
years ago. After the accelerated shrinkage of the glacier during the 1990s, enhanced by the warm 1997/98 El Niño, Bolivia lost
its only ski area (Figure 1.1), directly affecting the development of snow sports and recreation in this part of the Andes, where
glaciers are an important part of the cultural heritage.

Figure 1.1. Areal extent of Chacaltaya Glacier, Bolivia, from 1940 to 2005. By 2005, the glacier had separated into three distinct small bodies.
The position of the ski hut, which did not exist in 1940, is indicated with a red cross. The ski lift, which had a length of about 800 m in 1940
and about 600 m in 1996, was normally installed during the summer months (precipitation season in the tropics) and covered a major portion
of the glacier, as indicated with a continuous line. The original location of the ski lift in 1940 is indicated with a segmented line in subsequent
epochs. After 2004, skiing was no longer possible. Photo credits: Francou and Vincent (2006) and Jordan (1991).



now either solidly dammed or drained, but continued vigilance
is needed since many tens of potentially dangerous glacial lakes
still exist in the Himalayas (Yamada, 1998) and the Andes
(Ames, 1998), together with several more in other mountain
ranges of the world. The temporary increase in glacier melt can
also produce enhanced GLOFs, as has been reported in Chile
(Peña and Escobar, 1985), although these have not been linked
with any long-term climate trends.

Enhanced colonisation of plants and animals in deglaciated
terrain is a direct effect of glacier and snow retreat (e.g., Jones
and Henry, 2003). Although changes due to other causes such
as introduction by human activities, increased UV radiation,
contaminants and habitat loss might be important (e.g., Frenot et
al., 2005), ‘greening’ has been reported in relation to warming in
the Arctic and also in the Antarctic Peninsula. Tundra areas in the
northern circumpolar high latitudes derived from a 22-year
satellite record show greening trends, while forest areas show
declines in photosynthetic activity (Bunn and Goetz, 2006). Ice-
water microbial habitats have contracted in the Canadian High
Arctic (Vincent et al., 2001).

Glacier retreat causes striking changes in the landscape, which
has affected living conditions and local tourism in many mountain
regions around the world (Watson and Haeberli, 2004; Mölg et
al., 2005). Warming produces an enhanced spring-summer
melting of glaciers, particularly in areas of ablation, with a
corresponding loss of seasonal snow cover that results in an
increased exposure of surface crevasses, which can in turn affect,
for example, snow runway operations, as has been reported in the
Antarctic Peninsula (Rivera et al., 2005). The retreat, enhanced
flow and collapse of glaciers, ice streams and ice shelves can lead
to increased production of iceberg calving, which can in turn affect
sea navigation, although no evidence for this exists as yet.

Snow cover
Spring peak river flows have been occurring 1-2 weeks earlier

during the last 65 years in North America and northern Eurasia.
There is also evidence for an increase in winter base flow in
northern Eurasia and North America. These changes in river
runoff are described in detail in Section 1.3.2 and Table 1.3.
There is also a measured trend towards less snow at low
altitudes, which is affecting skiing areas (Table 1.2).

Frozen ground
Degradation of seasonally frozen ground and permafrost, and

an increase in active-layer thickness, should result in an
increased importance of surface water (McNamara et al., 1999),
with an initial but temporary phase of lake expansion due to
melting, followed by their disappearance due to draining within
the permafrost, as has been detected in Alaska (Yoshikawa and
Hinzman, 2003) and in Siberia (Smith et al., 2005).

Permafrost and frozen ground degradation are resulting in an
increased areal extent of wetlands in the Arctic, with an
associated ‘greening’, i.e., plant colonisation (see above).
Wetland changes also affect the fauna. Permafrost degradation
and wetland increase might produce an increased release of
carbon in the form of methane to the atmosphere in the future
(e.g., Lawrence and Slater, 2005; Zimov et al., 2006), but this
has not been documented.

The observed permafrost warming and degradation, together
with an increasing depth of the active layer, should result in
mechanical weakening of the ground, and ground subsidence
and formation of thermokarst will have a weakening effect on
existing infrastructure such as buildings, roads, airfields and
pipelines (Couture et al., 2000; Nelson, 2003), but there is no
solid evidence for this yet. There is evidence for a decrease in
potential travel days of vehicles over frozen roads in Alaska
(Table 1.2). Permafrost melting has produced increased coastal
erosion in the Arctic (e.g., Beaulieu and Allard, 2003); this is
detailed in Section 1.3.3.

Thawing and deepening of the active layer in high-mountain
areas can produce slope instability and rock falls (Watson and
Haeberli, 2004), which in turn can trigger outburst floods
(Casassa and Marangunic, 1993; Carey, 2005), but there is no
evidence for trends. A reported case linked to warming is the
exceptional rock-fall activity in the Alps during the 2003
summer heatwave (Table 1.2).

Sea ice
Nutritional stresses related to longer ice-free seasons in the

Beaufort Sea may be inducing declining survival rates, smaller
size, and cannibalism among polar bears (Amstrup et al., 2006;
Regehr et al., 2006). Polar bears are entirely dependent on sea
ice as a platform to access the marine mammals that provide
their nutritional needs (Amstrup, 2003). Reduced sea ice in the
Arctic will probably result in increased navigation, partial
evidence of which has already been found (Eagles, 2004), and
possibly also a rise in offshore oil operations, with positive
effects such as enhanced trade, and negative ones such as
increased pollution (Chapter 15; ACIA, 2005), but there are no
quantitative data to support this.

Increased navigability in the Arctic should also raise issues of
water sovereignty versus international access for shipping
through the North-west and North-east Passages. Previously
uncharted islands and seamounts have been discovered due to a
reduction in sea ice cover (Mohr and Forsberg, 2002), which can
be relevant for territorial and ocean claims.

Ocean freshening, circulation and ecosystems
There is evidence for freshening in the North Atlantic and in

the Ross Sea, which is probably linked to glacier melt (Bindoff
et al., 2007). There is no significant evidence of changes in the
Meridional Overturning Circulation at high latitudes in the
North Atlantic Ocean or in the Southern Ocean, although
important changes in interannual to decadal scales have been
observed in the North Atlantic (Bindoff et al., 2007). Ocean
ecosystem impacts such as a reduction of krill biomass and an
increase in salps in Antarctica, decline of marine algae in the
Arctic due to their replacement by freshwater species, and
impacts on Arctic mammals, are described in Section 1.3.4.2.

Lake and river ice
Seasonal and multi-annual variations in lake and river ice are

relevant in terms of freshwater hydrology and for human
activities such as winter transportation, bridge and pipeline
crossings, but no quantitative evidence of observed effects exists
yet. Shortening of the freezing period of lake and river ice by an
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average of 12 days during the last 150 years (Lemke et al., 2007)
results in a corresponding reduction in skating activities in the
Northern Hemisphere. In Europe there is some evidence for a
reduction in ice-jam floods due to reduced freshwater freezing
during the last century (Svensson et al., 2006). Enhanced melt
conditions could also result in significant ice jamming due to
increased break-up events, which can, in turn, result in severe
flooding (Prowse and Beltaos, 2002), although there is a lack of
scientific evidence that this is already happening.

Changes in lake thermal structure and quality/quantity of
under-ice habitation in lakes have been reported, as well as
changes in suspended particles and chemical composition (see
Section 1.3.2). Earlier ice-out dates can have relevant effects on
lake and river ecology, while changes in river-ice dynamics may
also have ecological effects (see Section 1.3.4).

1.3.1.2 Summary of cryosphere
There is abundant and significant evidence that most of the

cryospheric components in polar regions and in mountains are
undergoing generalised shrinkage in response to warming, and

that their effects in the environment and in human activities are
already detectable. This agrees with the results presented in
Chapter 9 of WGI (Hegerl et al., 2007), which concludes that
the observed reductions in Arctic sea ice extent, decreasing trend
in global snow cover, and widespread retreat and melting of
glaciers are inconsistent with simulated internal variability, and
consistent with the simulated response to anthropogenic gases.
The observed effects of cryosphere reduction include
modification of river regimes due to enhanced glacial melt,
snowmelt advance and enhanced winter base flow; formation of
thermokarst terrain and disappearance of surface lakes in
thawing permafrost; decrease in potential travel days of vehicles
over frozen roads in the Arctic; enhanced potential for glacier
hazards and slope instability due to mechanical weakening
driven by ice and permafrost melting; regional ocean freshening;
sea-level rise due to glacier and ice sheet shrinkage; biotic
colonisation and faunal changes in deglaciated terrain; changes
in freshwater and marine ecosystems affected by lake-ice and
sea-ice reduction; changes in livelihoods; reduced tourism
activities related to skiing, ice climbing and scenic activities in
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Environmental
factor

Observed changes Time period Location Selected references

Runoff/
streamflow

Annual increase of 5%, winter
increase of 25 to 90%, increase in
winter base flow due to increased
melt and thawing permafrost

1935-1999 Arctic Drainage Basin:
Ob, Lena, Yenisey,
Mackenzie

Lammers et al., 2001; Serreze et al., 2002;
Yang et al., 2002

1 to 2 week earlier peak streamflow
due to earlier warming-driven snow
melt

1936-2000 Western North
America, New England,
Canada, northern
Eurasia

Cayan et al., 2001; Beltaos, 2002; Stone et al.,
2002; Yang et al., 2002; Hodgkins et al., 2003;
Ye and Ellison, 2003; Dery and Wood, 2005;
McCabe and Clark, 2005; Regonda et al., 2005

Runoff
increase in
glacial basins
in Cordillera
Blanca, Peru

23% increase in glacial melt

143% increase

169% increase

2001-4 vs. 1998-9

1953-1997

2000-2004

Yanamarey Glacier
catchment
Llanganuco catchment

Artesonraju catchment

Mark et al., 2005

Pouyaud et al., 2005

Pouyaud et al., 2005

Floods Increasing catastrophic floods of
frequency (0.5 to 1%) due to earlier
break-up of river-ice and heavy rain

Last years Russian Arctic rivers Smith, 2000; Buzin et al., 2004; Frolov et al.,
2005

Droughts 29% decrease in annual maximum
daily streamflow due to temperature
rise and increased evaporation with
no change in precipitation

1847-1996 Southern Canada Zhang et al., 2001

Due to dry and unusually warm
summers related to warming of
western tropical Pacific and Indian
Oceans in recent years

1998-2004 Western USA Andreadis et al., 2005; Pagano and Garen,
2005

Water
temperature

0.1 to 1.5°C increase in lakes 40 years Europe, North America,
Asia (100 stations)

Livingstone and Dokulil, 2001; Ozaki et al.,
2003; Arhonditsis et al., 2004; Dabrowski et
al., 2004; Hari et al., 2006

0.2 to 0.7°C increase (deep water) in
lakes

100 years East Africa (6 stations) Hecky et al., 1994; O’Reilly et al., 2003; Lorke
et al., 2004; Vollmer et al., 2005

Water
chemistry

Decreased nutrients from increased
stratification or longer growing
period in lakes and rivers

100 years North America, Europe,
Eastern Europe, East
Africa (8 stations)

Hambright et al., 1994; Adrian et al., 1995;
Straile et al., 2003; Shimaraev and
Domysheva, 2004; O’Reilly, 2007

Increased catchment weathering or
internal processing in lakes and
rivers.

10-20 years North America, Europe
(88 stations)

Bodaly et al., 1993; Sommaruga-Wograth et al.,
1997; Rogora et al., 2003; Vesely et al., 2003;
Worrall et al., 2003; Karst-Riddoch et al., 2005

Table 1.3. Observed changes in runoff/streamflow, lake levels and floods/droughts.



cryospheric areas affected by degradation; and increased ease
of ship transportation in the Arctic.

1.3.2 Hydrology and water resources

This section focuses on the relationship of runoff, lake levels,
groundwater, floods and droughts, and water quality, with
observed climate variability, climate trends, and land-use and
land-cover changes reported since the TAR. The time period
under consideration is primarily 1975 to 2005, with many
studies extending to earlier decades. Observed changes in
precipitation and aspects of surface hydrology are described in
more detail by Trenberth et al. (2007), Section 3.3.

1.3.2.1 Changes in surface and groundwater systems
Since the TAR there have been many studies related to trends

in river flows during the 20th century at scales ranging from
catchment to global. Some of these studies have detected
significant trends in some indicators of river flow, and some
have demonstrated statistically significant links with trends in
temperature or precipitation; but no globally homogeneous trend
has been reported. Many studies, however, have found no trends,
or have been unable to separate the effects of variations in
temperature and precipitation from the effects of human
interventions in the catchment, such as land-use change and
reservoir construction. Variation in river flows from year to year
is also very strongly influenced in some regions by large-scale
atmospheric circulation patterns associated with ENSO, NAO
and other variability systems that operate at within-decadal and
multi-decadal time-scales.

At the global scale, there is evidence of a broadly coherent
pattern of change in annual runoff, with some regions
experiencing an increase at higher latitudes and a decrease in
parts of West Africa, southern Europe and southern Latin
America (Milly et al., 2005). Labat et al. (2004) claimed a 4%
increase in global total runoff per 1°C rise in temperature during
the 20th century, with regional variation around this trend, but
this has been challenged (Legates et al., 2005) due to the effects
of non-climatic drivers on runoff and bias due to the small
number of data points. Gedney et al., (2006) gave the first
tentative evidence that CO2 forcing leads to increases in runoff
due to the ecophysiological controls of CO2, although other
evidence for such a relationship is difficult to find. The
methodology used to search for trends can also influence results,
since omitting the effects of cross-correlation between river
catchments can lead to an overestimation of the number of
catchments showing significant trends (Douglas et al., 2000).
Runoff studies that show no trends are listed in the Chapter 1
Supplementary Material (SM).

Runoff in snow basins
There is abundant evidence for an earlier occurrence of spring

peak river flows and an increase in winter base flow in basins
with important seasonal snow cover in North America and
northern Eurasia, in agreement with local and regional climate
warming in these areas (Table 1.3). The early spring shift in
runoff leads to a shift in peak river runoff away from summer
and autumn, which are normally the seasons with the highest

water demand, resulting in consequences for water availability
(see Chapter 3). See Table SM1.1a for additional changes in
runoff/streamflow.

Groundwater
Groundwater in shallow aquifers is part of the hydrological

cycle and is affected by climate variability and change through
recharge processes (Chen et al., 2002), as well as by human
interventions in many locations (Petheram et al., 2001). In the
Upper Carbonate Aquifer near Winnipeg, Canada, shallow well
hydrographs show no obvious trends, but exhibit variations of 3
to 4 years correlated with changes in annual temperature and
precipitation (Ferguson and George, 2003).

Lakes
At present, no globally consistent trend in lake levels has been

found. While some lake levels have risen in Mongolia and China
(Xinjiang) in response to increased snow and ice melt, other lake
levels in China (Qinghai), Australia, Africa (Zimbabwe, Zambia
and Malawi), North America (North Dakota) and Europe
(central Italy) have declined due to the combined effects of
drought, warming and human activities. Within permafrost areas
in the Arctic, recent warming has resulted in the temporary
formation of lakes due to the onset of melting, which then drain
rapidly due to permafrost degradation (e.g., Smith et al., 2005).
A similar effect has been reported for a lake formed over an
Arctic ice shelf (i.e., an epishelf lake), which disappeared when
the ice shelf collapsed (Mueller et al., 2003). Permafrost and
epishelf lakes are treated in detail by Le Treut et al. (2007).
Observed trends in lake levels are listed in Table SM1.1b.

1.3.2.2 Floods and droughts
Documented trends in floods show no evidence for a globally

widespread change. Although Milly et al. (2002) identified an
apparent increase in the frequency of ‘large’ floods (return
period >100 years) across much of the globe from the analysis
of data from large river basins, subsequent studies have provided
less widespread evidence. Kundzewicz et al. (2005) found
increases (in 27 cases) and decreases (in 31 cases) and no trend
in the remaining 137 cases of the 195 catchments examined
worldwide. Table 1.3 shows results of selected changes in
runoff/streamflow, lake levels and floods/droughts. Other
examples of changes in floods and droughts may be found in
Table SM1.2.

Globally, very dry areas (Palmer Drought Severity Index,
PDSI ≤ −3.0) have more than doubled since the 1970s due to a
combination of ENSO events and surface warming, while very
wet areas (PDSI ≥ +3.0) declined by about 5%, with
precipitation as the major contributing factor during the early
1980s and temperature more important thereafter (Dai et al.,
2004). The areas of increasing wetness include the Northern
Hemisphere high latitudes and equatorial regions. However, the
use of PDSI is limited by its lack of effectiveness in tropical
regions. Table 1.3 shows the trend in droughts in some regions.
Documented trends in severe droughts and heavy rains
(Trenberth et al., 2007, Section 3.8.2) show that hydrological
conditions are becoming more intense in some regions,
consistent with other findings (Huntington, 2006).
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1.3.2.3 Changes in physical and chemical aspects of lakes
and rivers

Changes in thermal structure and chemistry have been
documented in many parts of the world in recent decades.

Thermal structure
Higher water temperatures have been reported in lakes in

response to warmer conditions (Table 1.3) (see Table SM1.3 for
additional changes in physical water properties). Shorter periods
of ice cover and decreases in river- and lake-ice thickness are
treated in Section 1.3.1 and Le Treut et al. (2007). Phytoplankton
dynamics and primary productivity have also been altered in
conjunction with changes in lake physics (see Section 1.3.4.4;
Figure 1.2; Table 1.6). Since the 1960s, surface water temperatures
have warmed by 0.2 to 2°C in lakes and rivers in Europe, North
America and Asia. Along with warming surface waters, deep-
water temperatures (which reflect long-term trends) of the large
East African lakes (Edward, Albert, Kivu, Victoria, Tanganyika
and Malawi) have warmed by 0.2 to 0.7°C since the early 1900s.
Increased water temperature and longer ice-free seasons influence
the thermal stratification and internal hydrodynamics of lakes. In
warmer years, surface water temperatures are higher, evaporative
water loss increases, summer stratification occurs earlier in the
season, and thermoclines become shallower. In several lakes in
Europe and North America, the stratified period has advanced by
up to 20 days and lengthened by 2 to 3 weeks, with increased
thermal stability.

Chemistry
Increased stratification reduces water movement across the

thermocline, inhibiting the upwelling and mixing that provide
essential nutrients to the food web. There have been decreases in
nutrients in the surface water and corresponding increases in
deep-water concentrations of European and East African lakes
because of reduced upwelling due to greater thermal stability.
Many lakes and rivers have increased concentrations of
sulphates, base cations and silica, and greater alkalinity and
conductivity related to increased weathering of silicates, calcium
and magnesium sulphates, or carbonates, in their catchment. In
contrast, when warmer temperatures enhanced vegetative
growth and soil development in some high-alpine ecosystems,
alkalinity decreased because of increased organic-acid inputs
(Karst-Riddoch et al., 2005). Glacial melting increased the input
of organochlorines (which had been atmospherically transported
to and stored in the glacier) to a sub-alpine lake in Canada (Blais
et al., 2001).

Increased temperature also affects in-lake chemical processes
(Table 1.3) (also see Table SM1.3 for additional observed
changes in chemical water properties). There have been
decreases in dissolved inorganic nitrogen from greater
phytoplankton productivity (Sommaruga-Wograth et al., 1997;
Rogora et al., 2003) and greater in-lake alkalinity generation and
increases in pH in soft-water lakes (Psenner and Schmidt, 1992).
Decreased solubility from higher temperatures significantly
contributed to 11 to 13% of the decrease in aluminium
concentration (Vesely et al., 2003), whereas lakes that had
warmer water temperatures had increased mercury methylation
and higher mercury levels in fish (Bodaly et al., 1993). A
decrease in silicon content related to regional warming has been
documented in Lake Baikal, Russia. River water-quality data
from 27 rivers in Japan also suggest a deterioration in both
chemical and biological features due to increases in air
temperature.

1.3.2.4 Summary of hydrology and water resources
Changes in river discharge, as well as in droughts and heavy

rains in some regions, indicate that hydrological conditions have
become more intense. Significant trends in floods and in
evaporation and evapotranspiration have not been detected
globally. Some local trends in reduced groundwater and lake
levels have been reported, but these are likely to be due to human
activities rather than climate change. Climate-change signals
related to increasing runoff and streamflow have been observed
over the last century in many regions, particularly in basins fed
by glaciers, permafrost and snow melt. Evidence includes
increases in average runoff of Arctic rivers in Eurasia, which has
been at least partly correlated with climate warming, and earlier
spring snow melt and increase in winter base flow in North
America and Eurasia due to enhanced seasonal snow melt
associated with climate warming. There are also indications of
intensified droughts in drier regions. Lake formation and their
subsequent disappearance in permafrost have been reported in
the Arctic. Freshwater lakes and rivers are experiencing
increased water temperatures and changes in water chemistry.
Surface and deep lake waters are warming, with advances and
lengthening of periods of thermal stability in some cases
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Figure 1.2. Historical and recent measurements from Lake Tanganyika,
East Africa: (a) upper mixed layer (surface water) temperatures; (b) deep-
water (600 m) temperatures; (c) depth of the upper mixed layer. Triangles
represent data collected by a different method. Error bars represent
standard deviations. Reprinted by permission from Macmillan Publishers
Ltd. [Nature] (O’Reilly et al., 2003), copyright 2003.



associated with physical and chemical changes such as increases
in salinity and suspended solids, and a decrease in nutrient
content.

1.3.3 Coastal processes and zones

Many coastal regions are already experiencing the effects of
relative (local) sea-level rise, from a combination of climate-
induced sea-level rise, geological and anthropogenic-induced
land subsidence, and other local factors. A major challenge,
however, is to separate the different meteorological,
oceanographic, geophysical and anthropogenic processes
affecting the shoreline in order to identify and isolate the
contribution of global warming. An unambiguous attribution of
current sea-level rise as a primary driver of shoreline change is
difficult to determine at present.

Global sea level has been rising at a rate of about 1.7 to
1.8 mm/yr over the last century, with an increased rate of about
3 mm/yr during the last decade (Church et al., 2004; Holgate
and Woodworth, 2004; Church and White, 2006; Bindoff et al.,
2007, Section 5.5).

1.3.3.1 Changes in coastal geomorphology
Sea-level rise over the last 100 to 150 years is probably

contributing to coastal erosion in many places, such as the East
Coast of the USA, where 75% of the shoreline removed from
the influence of spits, tidal inlets and engineering structures is
eroding (Leatherman et al., 2000; Daniel, 2001; Zhang et al.,
2004) (Table 1.4; see Table SM1.4 for observations of changes
in storm surges, flood height and areas, and waves). Over the
last century, 67% of the eastern coastline of the UK has retreated
landward of the low-water mark (Taylor et al., 2004).

In addition to sea-level change, coastal erosion is driven by
other natural factors such as wave energy, sediment supply, or
local land subsidence (Stive, 2004). In Louisiana, land
subsidence has led to high average rates of shoreline retreat
(averaging 0.61 m/yr between 1855 and 2002, and increasing to
0.94 m/yr since 1988) (Penland et al., 2005); further erosion
occurred after Hurricanes Katrina and Rita in August 2005.
These two hurricanes washed away an estimated 562 km2 of
coastal wetlands in Louisiana (USGS, 2006). Climate variability
also affects shoreline processes, as documented by shoreline
displacement in Estonia associated with increasing severe storms
and high surge levels, milder winters, and reduced sea-ice cover
(Orviku et al., 2003). Significant sections of glacially
rebounding coastlines, which normally would be accreting, are
nonetheless eroding, as for example along Hudson Bay, Canada
(Beaulieu and Allard, 2003). Reduction in sea-ice cover due to
milder winters has also exacerbated coastal erosion, as in the
Gulf of St. Lawrence (Bernatchez and Dubois, 2004; Forbes et
al., 2004). Degradation and melting of permafrost due to climate
warming are also contributing to the rapid retreat of Arctic
coastlines in many regions, such as the Beaufort and Laptev Sea
coasts (Forbes, 2005).

Anthropogenic activities have intensified beach erosion in
many parts of the world, including Fiji, Trinidad and parts of
tropical Asia (Mimura and Nunn, 1998; Restrepo et al., 2002;
Singh and Fouladi, 2003; Wong, 2003). Much of the observed

erosion is associated with shoreline development, clearing of
mangroves (Thampanya et al., 2006) and mining of beach sand
and coral. Sediment starvation due to the construction of large
dams upstream also contributes to coastal erosion (Frihy et al.,
1996; Chen et al., 2005b; Georgiou et al., 2005; Penland et al.,
2005; Syvitski et al., 2005b; Ericson et al., 2006). Pumping of
groundwater and subsurface hydrocarbons also enhances land
subsidence, thereby exacerbating coastal erosion (Syvitski et al.,
2005a).

1.3.3.2 Changes in coastal wetlands
In the USA, losses in coastal wetlands have been observed in

Louisiana (Boesch et al., 1994), the mid-Atlantic region
(Kearney et al., 2002), and in parts of New England and New
York (Hartig et al., 2002; Hartig and Gornitz, 2004), in spite of
recent protective environmental regulations (Kennish, 2001).
Many of these marshes have had a long history of anthropogenic
modification, including dredging and filling, bulkheading and
channelisation, which in turn could have contributed to sediment
starvation, eutrophication and ultimately marsh submergence
(Donnelly and Bertness, 2001; Bertness et al., 2002). In Europe,
losses have been documented in south-east England between
1973 and 1998, although the rate of loss has slowed since 1988
(Cooper et al., 2001); elsewhere there is evidence that not all
coastal wetlands are retreating, for example in Normandy,
France (Haslett et al., 2003).

Although natural accretion rates of mangroves generally
compensate for current rates of sea-level rise, of greater concern
at present are the impacts of clearance for agriculture,
aquaculture (particularly shrimp), forestry and urbanisation. At
least 35% of the world’s mangrove forests have been removed
in the last two decades but possible sea-level rise effects were
not considered (Valiela et al., 2001). In south-eastern Australia,
mangrove encroachment inland into salt-marsh environments is
probably related to anthropogenic causes and climate variability,
rather than sea-level rise (Saintilan and Williams, 1999).
Landward replacement of grassy freshwater marshes by more
salt-tolerant mangroves in the south-eastern Florida Everglades
since the 1940s has been attributed to the combined effects of
sea-level rise and water management, resulting in lowered
watertables (Ross et al., 2000).

Sea-level rise can have a larger impact on wetland ecosystems
when the human land-use pressure in the coastal area is large,
e.g., coasts defended by dykes and urbanisation. Wetlands
disappear or become smaller when human land use makes
inward movement of the ecosystem impossible (Wolters et al.,
2005).

1.3.3.3 Changes in storm surges, flood heights and areas,
and waves

The vulnerability of the coastal zone to storm surges and
waves depends on land subsidence, changes in storminess, and
sea-level rise (see Supplementary Material). Along the North
American East Coast, although there has been no significant
long-term change in storm climatology, storm-surge impacts
have increased due to regional sea-level rise (Zhang et al., 2000).
The U.S. Gulf Coast is particularly vulnerable to hurricane
surges due to low elevation and relative sea-level rise (up to
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1 cm/yr along parts of the Louisiana coast), only part of which
is climate-related (Penland et al., 2005). Hurricane Katrina, in
August 2005, generated surges over 4 m, with catastrophic
consequences (NOAA, 2005). In Venice, Italy, the frequency of
surges has averaged around 2 per year since the mid-1960s,
compared with only 0.19 surges per year between 1830 and
1930, with land subsidence, which was exacerbated by
groundwater pumping between 1930 and 1970 (Carminati et al.,
2005), and expanded sea-lagoon interactions (due to channel
dredging) playing a greater role than global sea-level rise
(Camuffo and Stararo, 2004). Surges have shown a slight

decrease in Brittany, France, in recent decades, largely due to
changes in wind patterns (Pirazzoli et al., 2004).

Apparent global increases in extreme high water levels since
1975 are related to mean sea-level rise and to large-scale inter-
decadal climate variability (Woodworth and Blackman, 2004).
Wave height increases have been documented in the north-east
Atlantic Ocean (Woolf et al., 2002), along the US Pacific North-
west coast (Allan and Komar, 2006) and in the Maldives
(Woodworth and Blackman, 2004), but decreases have been
found in some areas of the Mediterranean from 1958 to 2001
(Lionello, 2005; Lionello and Sanna, 2005).
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Type of
change

Observed changes Period Location References

Shoreline
erosion

75% of shoreline, uninfluenced by inlets and
structures, is eroding

mid-1800s to
2000

East Coast USA Zhang et al., 2004

Shoreline retreat, 0.61 m/yr 1855-2002 Louisiana, USA Penland et al., 2005

Shoreline retreat, 0.94 m/yr 1988-2002

Beach erosion prevalent due to sea-level rise,
mangrove clearance

1960s-1990s Fiji Mimura and Nunn, 1998

Beach erosion due to coral bleaching, mangrove
clearance, sand mining, structures

1950s-2000 Tropics: SE Asia, Indian
Ocean, Australia, Barbados

Wong, 2003

19% of studied shoreline is retreating, in spite of
land uplift, due to thawing of permafrost

1950-1995 Manitounuk Strait, Canada Beaulieu and Allard, 2003

Shoreline erosion, recent acceleration Pre-1990s to
present

Estuary and Gulf of St.
Lawrence, Canada

Bernatchez and Dubois,
2004; Forbes et al., 2004

Increased thermokarst erosion due to climate
warming

1970-2000 rela-
tive to 1954-1970

Arctic Ocean, Beaufort Sea
coasts, Canada

Lantuit and Pollard, 2003

Beach erosion due to dams across the Nile and
reduced river floods due to precipitation changes

Late 20th century Alexandria, Egypt Frihy et al., 1996

Coastal erosion 1843-present UK coastline Taylor et al., 2004

Wetland
changes

About 1,700 ha of degraded marshes became
open water; non-degraded marshes decreased
by 1,200 ha

1938-1989 Chesapeake Bay, USA Kearney et al., 2002

Decreases in salt marsh area due to regional sea-
level rise and human impacts

1920s-1999 Long Island, NY; Connecticut,
USA

Hartig et al., 2002; Hartig
and Gornitz, 2004

Salt marshes keep up with sea-level rise with
sufficient sediment supply

1880-2000 Normandy, France Haslett et al., 2003

Landward migration of cordgrass (Spartina
alterniflora) due to sea-level rise and excess
nitrogen

1995-1999; late
20th century

Rhode Island, USA Donnelly and Bertness
2001; Bertness et al., 2002

Decrease from 12,000 to 4,000 ha, from land
reclamation, wave-induced erosion and
insufficient sediment

1919-2000 Venice, Italy Day et al., 2005

Seaward-prograding mudflats replacing sandy
beaches, due to increased dredged sediment
supply

1897-1999 Queensland coast, Australia Wolanski et al., 2002

Wetland losses due to sea-level rise, land
reclamation, changes in wind/wave energy, tidal
dynamics

1850s-1990s Greater Thames Estuary, UK van der Wal and Pye, 2004

Decreased rates of deltaic wetland progradation
due to reduced sediment supply from dam
construction

1960s-2003 Yangtze River Delta, Peoples
Republic of China

Yang et al., 2005

Coastal
vegetation
changes

Grassy marshes replaced by mangrove due to
sea-level rise, water table changes

1940-1994 South-east Florida, USA Ross et al., 2000

Mangrove encroachment into estuarine wetlands
due to changing water levels, increased nutrient
load, and salt-marsh compaction during drought

1940s-1990s South-east Australia Saintilan and
Williams,1999; Rogers et
al., 2006

Table 1.4. Changes in coastal processes.



1.3.3.4 Summary of coastal processes and zones
In many coastal regions, particularly in subsiding regions,

local sea-level rise exceeds the 20th century global trend of 1.7
to 1.8 mm/yr. Sea-level rise, enhanced wave heights, and
increased intensity of storms are affecting some coastal regions
distant from human modification, e.g., polar areas and barrier
beaches, mainly through coastal erosion. Coastal erosion and
losses of wetlands are widespread problems today, under current
rates of sea-level rise, although these are largely caused by
anthropogenic modification of the shoreline.

1.3.4 Marine and freshwater biological systems

The marine pelagic realm occupies 70% of the planetary
surface and plays a fundamental role in modulating the global
environment via climate regulation and biogeochemical cycling
(Legendre and Rivkin, 2002). Perhaps equally important to
global climate change, in terms of modifying the biology of the
oceans, is the impact of anthropogenic CO2 on the pH of the
oceans, which will affect the process of calcification for some
marine organisms (Feely et al., 2004), but effects of this are as
yet undocumented. Other driving forces of change that are
operative in marine and freshwater biological systems are over-
fishing and pollution from terrestrial runoff (from deforestation,
agriculture and urban development) and atmospheric deposition,
and human introduction of non-native species.

Observational changes in marine and freshwater
environments associated with climate change should be
considered against the background of natural variation on a
variety of spatial and temporal scales. While many of the
biological responses have been associated with rising
temperatures, distinguishing the effects of climate change
embedded in natural modes of variability such as ENSO and the
NAO is challenging.

1.3.4.1 Changes in coral reefs
Concerns about the impacts of climate change on coral reefs

centre on the effects of the recent trends in increasing acidity
(via increasing CO2), storm intensity and sea surface
temperatures (see Bindoff et al., 2007, Section 5.4.2.3; Trenberth
et al., 2007, Sections 3.8.3 and 3.2.2).

Decreasing pH (see Chapter 4, Box 4.4) leads to a decreased
aragonite saturation state, one of the main physicochemical
determinants of coral calcification (Kleypas et al., 1999).
Although laboratory experiments have demonstrated a link
between aragonite saturation state and coral growth (Langdon
et al., 2000; Ohde and Hossain, 2004), there are currently no
data relating altered coral growth in situ to increasing acidity.

Storms damage coral directly through wave action and
indirectly through light attenuation by suspended sediment and
abrasion by sediment and broken corals. Most studies relate to
individual storm events, but a meta-analysis of data from 1977
to 2001 showed that coral cover on Caribbean reefs decreased by
17% on average in the year following a hurricane, with no
evidence of recovery for at least 8 years post-impact (Gardner et
al., 2005). Stronger hurricanes caused more coral loss, but the
second of two successive hurricanes caused little additional
damage, suggesting a greater future effect from increasing

hurricane intensity rather than from increasing frequency
(Gardner et al., 2005).

There is now extensive evidence of a link between coral
bleaching – a whitening of corals as a result of the expulsion of
symbiotic zooxanthellae (see Chapter 6, Box 6.1) – and sea
surface temperature anomalies (McWilliams et al., 2005).
Bleaching usually occurs when temperatures exceed a
‘threshold’ of about 0.8-1°C above mean summer maximum
levels for at least 4 weeks (Hoegh-Guldberg, 1999). Regional-
scale bleaching events have increased in frequency since the
1980s (Hoegh-Guldberg, 1999). In 1998, the largest bleaching
event to date is estimated to have killed 16% of the world’s
corals, primarily in the western Pacific and the Indian Ocean
(Wilkinson, 2004). On many reefs, this mortality has led to a
loss of structural complexity and shifts in reef fish species
composition (Bellwood et al., 2006; Garpe et al., 2006; Graham
et al., 2006). Corals that recover from bleaching suffer
temporary reductions in growth and reproductive capacity
(Mendes and Woodley, 2002), while the recovery of reefs
following mortality tends to be dominated by fast-growing and
bleaching-resistant coral genera (Arthur et al., 2005).

While there is increasing evidence for climate change impacts
on coral reefs, disentangling the impacts of climate-related
stresses from other stresses (e.g., over-fishing and pollution;
Hughes et al., 2003b) is difficult. In addition, inter-decadal
variation in pH (Pelejero et al., 2005), storm activity
(Goldenberg et al., 2001) and sea surface temperatures (Mestas-
Nunez and Miller, 2006) linked, for example, to the El
Niño-Southern Oscillation and Pacific Decadal Oscillation,
make it more complicated to discern the effect of anthropogenic
climate change from natural modes of variability (Section 1.3.4).
An analysis of bleaching in the Caribbean indicates that 70% of
the variance in geographic extent of bleaching between 1983
and 2000 could be attributed to variation in ENSO and
atmospheric dust (Gill et al., 2006).

1.3.4.2 Changes in marine ecosystems
There is an accumulating body of evidence to suggest that

many marine ecosystems, including managed fisheries, are
responding to changes in regional climate caused predominately
by warming of air and sea surface temperatures (SSTs) and to a
lesser extent by modification of precipitation regimes and wind
patterns (Table 1.5). The biological manifestations of rising SSTs
have included biogeographical, phenological, physiological and
species abundance changes. The evidence collected and modelled
to date indicates that rising CO2 has led to chemical changes in
the ocean, which in turn have led to the oceans becoming more
acidic (Royal Society, 2005). Blended satellite/in situ ocean
chlorophyll records indicate that global ocean annual primary
production has declined by more than 6% since the early 1980s
(Gregg et al., 2003), whereas chlorophyll in the North-east
Atlantic has increased since the mid-1980s (Raitsos et al., 2005).

In the Pacific and around the British Isles, researchers have
found changes to the intertidal communities, where the
composition has shifted significantly in response to warmer
temperatures (Sagarin et al., 1999; Southward et al., 2005).
Similar shifts were also noted in the kelp forest fish communities
off the southern Californian coast and in the offshore zooplankton
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communities (Roemmich and McGowan, 1995; Holbrook et al.,
1997; Lavaniegos and Ohman, 2003). These changes are
associated with oceanic warming and the resultant geographical
movements of species with warmer water affinities. As in the
North Atlantic, many long-term biological investigations in the
Pacific have established links between changes in the biology
and regional climate oscillations such as the ENSO and the
Pacific Decadal Oscillation (PDO) (Stenseth et al., 2002). In the
case of the Pacific, these biological changes are most strongly
associated with El Niño events, which can cause rapid and
sometimes dramatic responses to the short-term SST changes

(Hughes, 2000). However, recent investigations of planktonic
foraminifera from sediment cores encompassing the last
1,400 years has revealed anomalous change in the community
structure over the last few decades. The study suggests that ocean
warming has already exceeded the range of natural variability
(Field et al., 2006). A recent major ecosystem shift in the northern
Bering Sea has been attributed to regional climate warming and
trends in the Arctic Oscillation (Grebmeier et al., 2006).

The progressive warming in the Southern Ocean has been
associated with a decline in krill (Atkinson et al., 2004) and an
associated decline in the population size of many seabirds and
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Key changes Climate link Location References

Pelagic
productivity/
zooplankton
abundance/
plankton
assemblages

Biological responses to regional
changes in temperature, stratification,
upwelling, and other hydro-climatic
changes

North Atlantic Fromentin and Planque, 1996; Reid et al., 1998; Edwards et al.,
2002; Beaugrand et al., 2003; Johns et al., 2003; Richardson and
Schoeman, 2004

North Pacific Roemmich and McGowan, 1995; Walther et al., 2002; Lavaniegos
and Ohman, 2003; Chiba and Tadokoro, 2006

South Atlantic Verheye et al., 1998

Southern Ocean Walther et al., 2002; Atkinson et al., 2004

Pelagic
phenology

Earlier seasonal appearance due to
increased temperature and trophic
mismatch

North Sea Edwards and Richardson, 2004; Greve, 2004

Pelagic
biogeography

Northerly movement of plankton
communities due to general warming

Eastern North
Atlantic

Beaugrand et al., 2002b

Southerly movement of boreal
plankton in the western North Atlantic
due to lower salinities

Western North
Atlantic

Johns et al., 2001

Rocky shore/
intertidal
communities

Community changes due to regional
temperature changes

British Isles Hawkins et al., 2003; Southward et al., 2005

North Pacific Sagarin et al., 1999

Kelp forests/
macroalgae

Effect on communities and spread of
warmer-water species due to
increased temperatures

North Pacific Holbrook et al., 1997

Mediterranean Walther et al., 2002

Pathogens and
invasive species

Geographical range shifts due to
increased temperatures

North Atlantic Harvell et al., 1999; Walther et al., 2002; McCallum et al., 2003

Fish populations
and recruitment
success

Changes in populations, recruitment
success, trophic interactions and
migratory patterns related to regional
environmental change

British Isles Attrill and Power, 2002

North Pacific McGowan et al., 1998; Chavez et al., 2003

North Atlantic Walther et al., 2002; Beaugrand and Reid, 2003; Beaugrand et al.,
2003; Brander et al., 2003; Drinkwater et al., 2003

Barents Sea Stenseth et al., 2002; Walther et al., 2002

Mediterranean Walther et al., 2002

Bering Sea Grebmeier et al., 2006

Fish
biogeography

Geographical range shifts related to
temperature

NE Atlantic Brander et al., 2003; Beare et al., 2004; Genner et al., 2004; Perry
et al., 2005

NW Atlantic Rose and O’Driscoll, 2002

Bering Sea Grebmeier et al., 2006

Seabirds and
marine
mammals

Population changes, migratory
patterns, trophic interactions and
phenology related to regional
environmental change, ice habitat
loss related to warming

North Atlantic Walther et al., 2002; Drinkwater et al., 2003; Frederiksen et al.,
2004

North Pacific McGowan et al., 1998; Hughes, 2000

Southern Ocean Barbraud and Weimerskirch, 2001; Walther et al., 2002;
Weimerskirch et al., 2003; Forcada et al., 2006; Stirling and
Parkinson, 2006

Marine
biodiversity

Regional response to general
warming

North Atlantic Beaugrand et al., 2002a

Table 1.5. Examples of changes in marine ecosystems and managed fisheries.



seals monitored on several breeding sites (Barbraud and
Weimerskirch, 2001; Weimerskirch et al., 2003). Some initial
observations suggest that changes to the ice habitat via the total
thickness of sea ice and its progressively earlier seasonal break-
up in the Arctic and Antarctic caused by regional climate
warming has had a detrimental impact on marine mammal and
seabird populations (Forcada et al., 2005, 2006; Stirling and
Parkinson, 2006).

In the North Atlantic, changes in both phytoplankton and
zooplankton species and communities have been associated with
Northern Hemisphere temperature (NHT) trends and variations
in the NAO index. These have included changes in species
distributions and abundance, the occurrence of sub-tropical
species in temperate waters, changes in overall phytoplankton
biomass and seasonal length, changes in the ecosystem
functioning and productivity of the North Sea, shifts from cold-
adapted to warm-adapted communities, phenological changes,
changes in species interactions, and an increase in harmful algal
blooms (HABs) (Fromentin and Planque, 1996; Reid et al.,
1998; Edwards et al., 2001, 2002, 2006; Reid and Edwards,
2001; Beaugrand et al., 2002a, 2003; Beaugrand and Reid, 2003;
Edwards and Richardson, 2004; Richardson and Schoeman,
2004). Over the last decade, numerous other investigations have
established links between the NAO and the biology of the North

Atlantic, including the benthos, fish, seabirds and whales
(Drinkwater et al., 2003) and an increase in the incidence of
marine diseases (Harvell et al., 1999). In the Benguela upwelling
system in the South Atlantic, long-term trends in the abundance
and community structure of coastal zooplankton have been
related to large-scale climatic influences (Verheye et al., 1998).

Recent macroscale research has shown that the increase in
regional sea temperatures has triggered a major reorganisation in
calanoid copepod species composition and biodiversity over the
whole North Atlantic Basin (Figure 1.3) (Beaugrand et al.,
2002a). During the last 40 years there has been a northerly
movement of warmer-water plankton by 10° latitude in the
North-East Atlantic and a similar retreat of colder-water plankton
to the north. This geographical movement is much more
pronounced than any documented terrestrial study, presumably
due to advective movements accelerating these processes. In
terms of the marine phenological response to climate warming,
many plankton taxa have been found to be moving forward in
their seasonal cycles (Edwards and Richardson, 2004). In some
cases, a shift in seasonal cycles of over six weeks was detected,
but more importantly the response to climate warming varied
between different functional groups and trophic levels, leading
to a mismatch in timing between different trophic levels
(Edwards and Richardson, 2004).
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Figure 1.3. Long-term changes in the mean number of marine zooplankton species per association in the North Atlantic from 1960 to 1975 and
from 1996 to 1999. The number of temperate species has increased and the diversity of colder-temperate, sub-Arctic and Arctic species has
decreased in the North Atlantic. The scale (0 to 1) indicates the proportion of biogeographical types of species in total assemblages of
zooplankton. From Beaugrand et al., 2002b. Reprinted with permission from AAAS.



1.3.4.3 Changes in marine fisheries
Northerly geographical range extensions or changes in the

geographical distribution of fish populations have recently been
documented for European Continental shelf seas and along the
European Continental shelf edge (Brander et al., 2003; Beare et
al., 2004; Genner et al., 2004; Perry et al., 2005). These
geographical movements have been related to regional climate
warming and are predominantly associated with the northerly
geographical movement of fish species (sardines, anchovies, red
mullet and bass) with more southern biogeographical affinities.
Northerly range extensions of pelagic fish species have also been
reported for the Northern Bering Sea region related to regional
climate warming (Grebmeier et al., 2006). New records have
also been observed over the last decade for some Mediterranean
and north-west African species on the south coast of Portugal
(Brander et al., 2003). Cooling and freshening of the North-West
Atlantic (e.g., in the sub-polar gyre, Labrador Sea and Labrador
Current) over the last decade has had an opposite effect, with
some groundfish species moving further south (Rose and
O’Driscoll, 2002) in the same way as plankton (see 1.3.4.2).

Regional climate warming in the North Sea has affected cod
recruitment via changes at the base of the food web (Beaugrand
et al., 2003). Key changes in the planktonic assemblage,
significantly correlated with the warming of the North Sea over
the last few decades, has resulted in a poor food environment
for cod larvae, and hence an eventual decline in overall
recruitment success. This is an example of how the dual
pressures of over-fishing and regional climate warming have
combined to negatively affect a commercially important fishery.
Recent work on pelagic phenology in the North Sea has shown
that plankton communities, including fish larvae, are very
sensitive to regional climate warming, with the response varying
between trophic levels and functional groups (Edwards and
Richardson, 2004). The ability and speed with which fish and
planktonic communities adapt to regional climate warming is
not yet known.

1.3.4.4 Changes in lakes
Observations indicate that lakes and rivers around the world

are warming, with effects on thermal structure and lake
chemistry that in turn affect abundance and productivity,
community composition, phenology, distribution and migration
(see Section 1.3.2.3) (Tables 1.3 and 1.6).

Abundance/productivity
In high-latitude or high-altitude lakes where reduced ice cover

has led to a longer growing season and warmer temperatures,
many lakes are showing increased algal abundance and
productivity over the past century (Schindler et al., 1990;
Hambright et al., 1994; Gajewski et al., 1997; Wolfe and Perren,
2001; Battarbee et al., 2002; Korhola et al., 2002; Karst-Riddoch
et al., 2005). There have been similar increases in the abundance
of zooplankton, correlated with warmer water temperatures and
longer growing seasons (Adrian and Deneke, 1996; Straile and
Adrian, 2000; Battarbee et al., 2002; Gerten and Adrian, 2002;
Carvalho and Kirika, 2003; Winder and Schindler, 2004b;
Hampton, 2005; Schindler et al., 2005). For upper trophic levels,
rapid increases in water temperature after ice break-up have

enhanced fish recruitment in oligotrophic lakes (Nyberg et al.,
2001). In contrast to these lakes, some lakes, particularly deep
tropical lakes, are experiencing reduced algal abundance and
declines in productivity because stronger stratification reduces
upwelling of the nutrient-rich deep water (Verburg et al., 2003;
O’Reilly, 2007). Primary productivity in Lake Tanganyika may
have decreased by up to 20% over the past 200 years (O’Reilly
et al., 2003), and for the East African Rift Valley lakes, recent
declines in fish abundance have been linked with climatic
impacts on lake ecosystems (O’Reilly, 2007).

Community composition
Increases in the length of the ice-free growing season, greater

stratification, and changes in relative nutrient availability have
generated shifts in community composition. Of potential
concern to human health is the increase in relative abundance of
cyanobacteria, some of which can be toxic, in some freshwater
ecosystems (Carmichael, 2001; Weyhenmeyer, 2001; Briand et
al., 2004). Palaeolimnological records have shown widespread
changes in phytoplankton species composition since the mid-to-
late 1800s due to climate shifts, with increases in chrysophytes
and planktonic diatom species and decreases in benthic species
(Gajewski et al., 1997; Wolfe and Perren, 2001; Battarbee et al.,
2002; Sorvari et al., 2002; Laing and Smol, 2003; Michelutti et
al., 2003; Perren et al., 2003; Ruhland et al., 2003; Karst-
Riddoch et al., 2005; Smol et al., 2005). These sedimentary
records also indicated changes in zooplankton communities
(Douglas et al., 1994; Battarbee et al., 2002; Korhola et al.,
2002; Brooks and Birks, 2004; Smol et al., 2005). In relatively
productive lakes, there was a shift towards more diverse
periphytic diatom communities due to increased macrophyte
growth (Karst-Riddoch et al., 2005). In lakes where nutrients
are becoming limited due to increased stratification,
phytoplankton composition shifted to relatively fewer diatoms,
potentially reducing food quality for upper trophic levels
(Adrian and Deneke, 1996; Verburg et al., 2003; O’Reilly, 2007).
Warming has also produced northward shifts in the distribution
of aquatic insects and fish in the UK (Hickling et al., 2006).

Phenology
With earlier ice break-up and warmer water temperatures, some

species have responded to the earlier commencement of the
growing season, often advancing development of spring algal
blooms as well as clear-water phases. The spring algal bloom now
occurs about 4 weeks earlier in several large lakes (Gerten and
Adrian, 2000; Straile and Adrian, 2000; Weyhenmeyer, 2001;
Winder and Schindler, 2004b). In many cases where the spring
phytoplankton bloom has advanced, zooplankton have not
responded similarly, and their populations are declining because
their emergence no longer corresponds with high algal abundance
(Gerten and Adrian, 2000; Winder and Schindler, 2004a).
Zooplankton phenology has also been affected by climate (Gerten
and Adrian, 2002; Winder and Schindler, 2004a) and phenological
shifts have also been demonstrated for some wild and farmed fish
species (Ahas, 1999; Elliott et al., 2000). Because not all
organisms respond similarly, differences in the magnitude of
phenological responses among species has affected food-web
interactions (Winder and Schindler, 2004a).
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1.3.4.5 Changes in rivers
In rivers, water flow can influence water chemistry, habitat,

population dynamics, and water temperature (Schindler et al.,
2007). Specific information on the effect of climate change on
hydrology can be found in Section 1.3.2. Increasing river
temperatures have been associated with increased biological
demand and decreased dissolved oxygen, without changes in
flow (Ozaki et al., 2003). Riverine dissolved organic carbon
concentrations have doubled in some cases because of increased
carbon release in the catchment as temperature has risen
(Worrall et al., 2003).

Abundance, distribution and migration
Climate-related changes in rivers have affected species

abundance, distribution and migration patterns. While warmer
water temperatures in many rivers have positively influenced the
breeding success of fish (Fruget et al., 2001; Grenouillet et al.,
2001; Daufresne et al., 2004), the stressful period associated with
higher water temperatures for salmonids has lengthened as water
temperatures have increased commensurate with air temperatures
in some locations (Bartholow, 2005). In the Rhône River there have
been significant changes in species composition as southern,
thermophilic fish and invertebrate species have progressively
replaced cold-water species (Doledec et al., 1996; Daufresne et al.,
2004). Correlated with long-term increases in water temperature,
the timing of fish migrations in large rivers in North America has
advanced by up to 6 weeks in some years (Quinn and Adams,
1996; Huntington et al., 2003; Cooke et al., 2004; Juanes et al.,
2004). Increasing air temperatures have been negatively correlated
with smolt production (Lawson et al., 2004), and earlier migrations

are associated with greater en-route and pre-spawning mortality
(up to 90%) (Cooke et al., 2004). Warming in Alpine rivers caused
altitudinal habitat shifts upward for brown trout, and there were
increased incidences of temperature-dependent kidney disease at
the lower-elevational habitat boundary (Hari et al., 2006).

1.3.4.6 Summary of marine and freshwater biological
systems

In marine and freshwater ecosystems, many observed
changes in phenology and distribution have been associated with
rising water temperatures, as well as changes in salinity, oxygen
levels and circulation. While there is increasing evidence for
climate change impacts on coral reefs, separating the impacts of
climate-related stresses from other stresses (e.g., over-fishing
and pollution) is difficult. Globally, freshwater ecosystems are
showing changes in organism abundance and productivity, range
expansions, and phenological shifts (including earlier fish
migrations) that are linked to rising temperatures. Many of these
climate-related impacts are now influencing the ways in which
marine and freshwater ecosystems function.

1.3.5 Terrestrial biological systems

Plants and animals can reproduce, grow and survive only
within specific ranges of climatic and environmental conditions.
If conditions change beyond the tolerances of species, then they
may respond by:

1. shifting the timing of life-cycle events (e.g., blooming,
migrating),

2. shifting range boundaries (e.g., moving poleward) or the
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Environmental
factor

Observed
changes

Time period
considered

Location of
lakes/rivers

Total number
of lakes/rivers
studied

Selected references

Productivity or
biomass

Increases
associated with
longer growing
season

100 years North America,
Europe,
Eastern Europe

26 Schindler et al., 1990; Adrian and Deneke, 1996; Gajewski et
al., 1997; Weyhenmeyer et al., 1999; Straile and Adrian,
2000; Wolfe and Perren, 2001; Battarbee et al., 2002; Gerten
and Adrian, 2002; Korhola et al., 2002; Carvalho and Kirika,
2003; Shimaraev and Domysheva, 2004; Winder and
Schindler, 2004b; Hampton, 2005; Karst-Riddoch et al.,
2005; Schindler et al., 2005

Decreases due to
decreased
nutrient
availability

100 years Europe, East
Africa

5 Adrian et al., 1995; O’Reilly et al., 2003; Verburg et al., 2003;
O’Reilly, 2007

Algal
community
composition

Shift from benthic
to planktonic
species

100 to 150
years

North America,
Europe

66 Gajewski et al., 1997; Wolfe and Perren, 2001; Battarbee et
al., 2002; Sorvari et al., 2002; Laing and Smol, 2003;
Michelutti et al., 2003; Perren et al., 2003; Ruhland et al.,
2003; Karst-Riddoch et al., 2005; Smol et al., 2005

Decreased
diatom
abundance

100 years East Africa,
Europe

3 Adrian and Deneke, 1996; Verburg et al., 2003; O’Reilly,
2007

Phenology Spring algal
bloom up to
4 weeks earlier,
earlier clear water
phase

45 years North America,
Europe

5 Weyhenmeyer et al., 1999; Gerten and Adrian, 2000; Straile
and Adrian, 2000; Gerten and Adrian, 2002; Winder and
Schindler, 2004a, 2004b

Fish migration From 6 days to
6 weeks earlier

20 to 50
years

North America 5 Quinn and Adams, 1996; Huntington et al., 2003; Cooke et
al., 2004; Juanes et al., 2004; Lawson et al., 2004

Table 1.6. Examples of changes in freshwater ecosystems due to climate warming.



density of individuals within their ranges,
3. changing morphology (e.g., body or egg size), reproduction

or genetics,
4. extirpation or extinction.

Additionally, each species has its unique requirements for
climatic and environmental conditions. Changes, therefore, can
lead to disruption of biotic interaction (e.g., predator/prey) and
to changes of species composition as well as ecosystem
functioning. Since the TAR, the number of studies finding plants
or animals responding to changing climate (associated with
varying levels of confidence) has risen substantially, as has the
number of reviews (Hughes, 2000; Menzel and Estrella, 2001;
Sparks and Menzel, 2002; Walther et al., 2002; Parmesan and
Galbraith, 2004; Linderholm, 2006; Parmesan, 2006).

Besides climate affecting species, there are many different
types of non-climate driving forces, such as invasive species,
natural disturbances (e.g., wildfires), pests, diseases and
pollution (e.g., soluble-nitrogen deposition), influencing the
changes exhibited by species. Many animal and plant
populations have been under pressure from agricultural
intensification and land-use change in the past 50 years, causing
many species to be in decline. Habitat fragmentation (Hill et al.,
1999b; Warren et al., 2001) or simply the absence of suitable
areas for colonisation, e.g., at higher elevations, also play an
important role (Wilson et al., 2005), especially in species
extinction (Williams et al., 2003; Pounds et al., 2006).

1.3.5.1 Changes in phenology
Phenology – the timing of seasonal activities of animals and

plants – is perhaps the simplest process in which to track changes
in the ecology of species in response to climate change. Observed
phenological events include leaf unfolding, flowering, fruit
ripening, leaf colouring, leaf fall of plants, bird migration,
chorusing of amphibians, and appearance/emergence of
butterflies. Numerous new studies since the TAR (reviewed by
Menzel and Estrella, 2001; Sparks and Menzel, 2002; Walther et
al., 2002; Menzel, 2003; Walther, 2004) and three meta-analyses
(Parmesan and Yohe, 2003; Root et al., 2003; Lehikoinen et al.,
2004) (see Section 1.4.1) concurrently document a progressively
earlier spring by about 2.3 to 5.2 days/decade in the last 30 years
in response to recent climate warming.

Although phenological network studies differ with regard to
regions, species, events observed and applied methods, their data

show a clear temperature-driven extension of the growing season
by up to 2 weeks in the second half of the 20th century in mid- and
high northern latitudes (see Table 1.7), mainly due to an earlier
spring, but partly due also to a later autumn. Remotely-sensed
vegetation indices (Myneni et al., 1997; Zhou et al., 2001; Lucht
et al., 2002) and analysis of the atmospheric CO2 signal (Keeling
et al., 1996) confirm these findings. A corresponding longer frost-
free and climatological growing season is also observed in North
America and Europe (see Section 1.3.6.1). This lengthening of
the growing season might also account for observed increases in
productivity (see Section 1.3.6.2). The signal in autumn is less
pronounced and more homogenous. The very few examples of
single-station data indicate a much greater lengthening or even a
shortening of the growing season (Kozlov and Berlina, 2002;
Peñuelas et al., 2002).

Altered timing of spring events has been reported for a broad
multitude of species and locations; however, they are primarily
from North America, Eurasia and Australia. Network studies
where results from all sites/several species are reported,
irrespective of their significance (Table 1.8), show that leaf
unfolding and flowering in spring and summer have, on average,
advanced by 1-3 days per decade in Europe, North America and
Japan over the last 30 to 50 years. Earlier flowering implies an
earlier start of the pollen season (see Section 1.3.7.4). There are
also indications that the onset of fruit ripening in early autumn
has advanced in many cases (Jones and Davis, 2000; Peñuelas
et al., 2002; Menzel, 2003) (see also Section 1.3.6.1). Spring and
summer phenology is sensitive to climate and local weather
(Sparks et al., 2000; Lucht et al., 2002; Menzel, 2003). In
contrast to autumn phenology (Estrella and Menzel, 2006), their
climate signal is fairly well understood: nearly all spring and
summer changes in plants, including agricultural crops (Estrella
et al., 2007), correlate with spring temperatures in the preceding
months. The advancement is estimated as 1 to12 days for every
1°C increase in spring temperature, with average values ranging
between 2.5 and 6 days per °C (e.g., Chmielewski and Rotzer,
2001; Menzel, 2003; Donnelly et al., 2004; Menzel et al.,
2006b). Alpine species are also partly sensitive to photoperiod
(Keller and Korner, 2003) or amount of snowpack (Inouye et
al., 2002). Earlier spring events and a longer growing season in
Europe are most apparent for time-series ending in the mid-
1980s or later (Schaber, 2002; Scheifinger et al., 2002; Dose and
Menzel, 2004; Menzel and Dose, 2005), which matches the

Chapter 1 Assessment of observed changes and responses in natural and managed systems

99

Location Period Species/Indicator Lengthening
(days/decade)

References

Germany 1951-2000 4 deciduous trees (LU/LC) 1.1 to 2.3 Menzel et al., 2001; Menzel, 2003

Switzerland 1951-1998 9 spring, 6 autumn phases 2.7* Defila and Clot, 2001

Europe (Int. Phenological
Gardens)

1959-1996
1969-1998

Various spring/autumn phases (LU to
LC, LF)

3.5 Menzel and Fabian, 1999; Menzel,
2000; Chmielewski and Rotzer, 2001

Japan 1953-2000 Gingko biloba (LU/LF) 2.6 Matsumoto et al., 2003

Northern Hemisphere 1981-1999 Growing season by normalised
difference vegetation index (NDVI)

0.7 to 1 Zhou et al., 2001

Table 1.7. Changes in length of growing season, based on observations within networks.

LU = leaf unfolding; LC = leaf colouring; LF = leaf fall. * indicates mean of significant trends only.



turning points in the respective spring temperature series (Dose
and Menzel, 2006).

Records of the return dates of migrant birds have shown
changes in recent decades associated with changes in
temperature in wintering or breeding grounds or on the
migration route (Tryjanowski, 2002; Butler, 2003; Cotton, 2003;
Huppop and Huppop, 2003). For example, a 2 to 3 day earlier
arrival with a 1°C increase in March temperature is estimated
for the swallow in the UK (Sparks and Loxton, 1999) and
Ireland (Donnelly et al., 2004). Different measurement methods,
such as first observed individual, beginning of sustained
migratory period, or median of the migratory period, provide
different information about the natural history of different
species (Sokolov et al., 1998; Sparks and Braslavska, 2001;
Huppop and Huppop, 2003; Tryjanowski et al., 2005).

Egg-laying dates have advanced in many bird species
(Hussell, 2003; Dunn, 2004). The confidence in such studies is
enhanced when the data cover periods/sites of both local cooling
and warming. Flycatchers in Europe (Both et al., 2004) provide
such an example, where the trend in egg-laying dates matches
trends in local temperatures. Many small mammals have been

found to come out of hibernation and to breed earlier in the
spring now than they did a few decades ago (Inouye et al., 2000;
Franken and Hik, 2004). Larger mammals, such as reindeer, are
also showing phenological changes (Post and Forchhammer,
2002), as are butterflies, crickets, aphids and hoverflies (Forister
and Shapiro, 2003; Stefanescu et al., 2003; Hickling et al., 2005;
Newman, 2005). Increasing regional temperatures are also
associated with earlier calling and mating and shorter time to
maturity of amphibians (Gibbs and Breisch, 2001; Reading,
2003; Tryjanowski et al., 2003). Despite the bulk of evidence in
support of earlier breeding activity as a response to temperature,
counter-examples also exist (Blaustein et al., 2001).

Changes in spring and summer activities vary by species and
by time of season. Early-season plant species exhibit the
strongest reactions (Abu-Asab et al., 2001; Menzel et al., 2001;
Fitter and Fitter, 2002; Sparks and Menzel, 2002; Menzel, 2003).
Short-distance migrating birds often exhibit a trend towards
earlier arrival, while the response of later-arriving long-distance
migrants is more complex, with many species showing no
change, or even delayed arrival (Butler, 2003; Strode, 2003).
Annual plants respond more strongly than congeneric
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Location Period Species/Indicator Observed changes
(days/decade)

References

Western USA 1957-1994 Lilac, honeysuckle (F) −1.5 (lilac), 3.5
(honeysuckle)

Cayan et al., 2001

North-eastern USA 1965-2001
1959-1993

Lilac (F, LU)
Lilac (F)

−3.4 (F) −2.6 (U)
−1.7

Wolfe et al., 2005
Schwartz and Reiter, 2000

Washington, DC 1970-1999 100 plant species (F) −0.8 Abu-Asab et al., 2001

Germany 1951-2000 10 spring phases (F, LU) −1.6 Menzel et al., 2003

Switzerland 1951-1998 9 spring phases (F, LU) −2.3 (*) Defila and Clot, 2001

South-central
England

1954-2000 385 species (F) −4.5 days in 1990s Fitter and Fitter, 2002

Europe (Int. Pheno-
logical Gardens)

1959-1996
1969-1998

Different spring phases
(F, LU)

−2.1
−2.7

Menzel and Fabian, 1999; Menzel, 2000; Chmielewski
and Rotzer, 2001

21 European
countries

1971-2000 F, LU of various plants −2.5 Menzel et al., 2006b

Japan 1953-2000 Gingko biloba (LU) −0.9 Matsumoto et al., 2003

Northern Eurasia 1982-2004 NDVI −1.5 Delbart et al., 2006

UK 1976-1998 Butterfly appearance −2.8 to −3.2 Roy and Sparks, 2000

Europe, N. America Past 30-
60 years

Spring migration of bird
species

−1.3 to −4.4 Crick et al., 1997; Crick and Sparks, 1999; Dunn and
Winkler, 1999; Inouye et al., 2000; Bairlein and Winkel,
2001; Lehikoinen et al., 2004

N. America (US-MA) 1932-1993 Spring arrival, 52 bird
species

+0.8 to −9.6 (*) Butler, 2003

N. America (US-IL) 1976-2002 Arrival, 8 warbler species +2.4 to −8.6 Strode, 2003

England
(Oxfordshire)

1971-2000 Long-distance migration,
20 species

+0.4 to −6.7 Cotton, 2003

N. America (US-MA) 1970-2002 Spring arrival,16 bird
species

−2.6 to −10.0 Ledneva et al., 2004

Sweden (Ottenby) 1971-2002 Spring arrival, 36 bird
species

+2.1 to −3.0 Stervander et al., 2005

Europe 1980-2002 Egg-laying, 1 species −1.7 to −4.6 Both et al., 2004

Australia 1970-1999 11 migratory birds 9 species earlier
arrival

Green and Pickering, 2002

Australia 1984-2003 2 spring migratory birds 1 species earlier
arrival

Chambers et al., 2005

Table 1.8. Changes in the timing of spring events, based on observations within networks.

F = flowering; LU =, leaf-unfolding; − advance; + delay. * indicates mean of significant trends only.



perennials, insect-pollinated more than wind-pollinated plants,
and woody less than herbaceous plants (Fitter and Fitter, 2002).
Small-scale spatial variability may be due to microclimate, land
cover, genetic differentiation, and other non-climate drivers
(Menzel et al., 2001; Menzel, 2002). Large-scale geographical
variations in the observed changes are found in China with
latitude (Chen et al., 2005a), in Switzerland with altitude (Defila
and Clot, 2001) and in Europe with magnitude of temperature
change (Menzel and Fabian, 1999; Sparks et al., 1999). Spring
advance, being more pronounced in maritime western and
central Europe than in the continental east (Ahas et al., 2002), is
associated with higher spatial variability (Menzel et al., 2006a).

As the North Atlantic Oscillation (NAO) is correlated with
temperature (see Trenberth et al., 2007), the NAO has
widespread influence on many ecological processes. For
example, the speed and pattern (Menzel et al., 2005b), as well as
recent trends of spring events in European plants, has also
changed consistently with changes seen in the NAO index
(Chmielewski and Rotzer, 2001; Scheifinger et al., 2002;
Walther et al., 2002; Menzel, 2003). Similarly, earlier arrival and
breeding of migratory birds in Europe are often related to
warmer local temperatures and higher NAO indices (Hubalek,
2003; Huppop and Huppop, 2003; Sanz, 2003). However, the
directions of changes in birds corresponding to NAO can differ
across Europe (Hubalek, 2003; Kanuscak et al., 2004). Likewise,
the relevance of the NAO index on the phenology of plants
differs across Europe, being more pronounced in the western
(France, Ireland, UK) and north-western (south Scandinavia)
parts of Europe and less distinct in the continental part of Europe
(see Figure 1.4a; Menzel et al., 2005b). In conclusion, spring
phenological changes in birds and plants and their triggering by
spring temperature are often similar, as described in some cross-
system studies; however, the NAO influence is weaker than the
temperature trigger and is restricted to certain time periods
(Walther et al., 2002) (Figure 1.4b).

1.3.5.2 Changes in species distributions and abundances

Many studies of species abundances and distributions
corroborate predicted systematic shifts related to changes in
climatic regimes, often via species-specific physiological
thresholds of temperature and precipitation tolerance. Habitat
loss and fragmentation may also influence these shifts.
Empirical evidence shows that the natural reaction of species to
climate change is hampered by habitat fragmentation and/or loss
(Hill et al., 1999b; Warren et al., 2001; Opdam and Wascher,
2004). However, temperature is likely to be the main driver if
different species in many different areas, or species throughout
broad regions, shift in a co-ordinated and systematic manner. In
particular, some butterflies appear to track decadal warming
quickly (Parmesan et al., 1999), whereas the sensitivity of tree-
line forests to climate warming varies with topography and the
tree-line history (e.g., human impacts) (Holtmeier and Broll,
2005). Several different bird species no longer migrate out of
Europe in the winter as the temperature continues to warm.
Additionally, many species have recently expanded their ranges
polewards as these higher-latitude habitats become less marginal
(Thomas et al., 2001a). Various studies also found connections
between local ecological observations across diverse taxa (birds,
mammals, fish) and large-scale climate variations associated
with the North Atlantic Oscillation (NAO), El Niño-Southern
Oscillation (ENSO), and Pacific Decadal Oscillation (Blenckner
and Hillebrand, 2002). For example, the NAO and/or ENSO has
been associated with the synchronisation of population dynamics
of caribou and musk oxen (Post and Forchhammer, 2002),
reindeer calf survival (Weladji and Holand, 2003), fish
abundance (Guisande et al., 2004), fish range shifts (Dulčić et
al., 2004) and avian demographic dynamics (Sydeman et al.,
2001; Jones et al., 2002; Almaraz and Amat, 2004).

Changes in the distribution of species have occurred across a
wide range of taxonomic groups and geographical locations
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Figure 1.4. (a) Differences between the mean onset of spring (days) in Europe for the 10 years with the highest (1990, 1882, 1928, 1903, 1993,
1910, 1880, 1997, 1989, 1992) and the lowest (1969, 1936, 1900, 1996, 1960, 1932, 1886, 1924, 1941, 1895) NAO winter and spring index
(November to March) drawn from the period 1879 to 1998. After Menzel et al. (2005b). (b) Anomalies of different phenological phases in Germany
(mean spring passage of birds at Helgoland, North Sea; mean egg-laying of pied flycatcher in Northern Germany; national mean onset of leaf
unfolding of common horse-chestnut (Aesculus hippocastanum) and silver birch (Betula pendula) (negative = earlier)), anomalies of mean spring air
temperature T (HadCRUT3v) and North Atlantic Oscillation index (NAO) (http://www.cru.uea.ac.uk/cru/data/). Updated after Walther et al. (2002).



during the 20th century (Table 1.9). Over the past decades, a
poleward extension of various species has been observed, which
is probably attributable to increases in temperature (Parmesan
and Yohe, 2003). One cause of these expansions is increased
survivorship (Crozier, 2004). Many Arctic and tundra
communities are affected and have been replaced by trees and
dwarf shrubs (Kullman, 2002; ACIA, 2005). In north-western
Europe, e.g., in the Netherlands (Tamis et al., 2001) and central
Norway (EEA, 2004), thermophilic (warmth-requiring) plant
species have become significantly more frequent compared with
30 years ago. In contrast, there has been a small decline in the
presence of traditionally cold-tolerant species. These changes in
composition are the result of the migration of thermophilic
species into these new areas, but are also due to an increased
abundance of these species in their current locations.

Altitudinal shifts of plant species have been well documented
(Grabherr et al., 2001; Dobbertin et al., 2005; Walther et al.,
2005a) (Table 1.9). In several Northern Hemisphere mountain
systems, tree lines have markedly shifted to higher elevations
during the 20th century, such as in the Urals (Moiseev and
Shiyatov, 2003), in Bulgaria (Meshinev et al., 2000), in the
Scandes Mountains of Scandinavia (Kullman, 2002) and in
Alaska (Sturm et al., 2001). In some places, the position of the
tree line has not extended upwards in elevation in the last half-
century (Cullen et al., 2001; Masek, 2001; Klasner and Fagre,
2002), which may be due to time-lag effects owing to poor seed
production/dispersal, to the presence of ‘surrogate habitats’ with
special microclimates, or to topographical factors (Holtmeier
and Broll, 2005). In mountainous regions, climate is a main
driver of species composition, but in some areas, grazing,
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Location Species/Indicator Observed range shift due to increased temperature
(if nothing else stated)

References

California coast, USA Spittlebug Northward range shift Karban and Strauss, 2004

Sweden
Czech Republic

Tick (Ixodes ricinus) Northward expansion 1982-1996
Expansion to higher altitudes (+300 m)

Lindgren et al., 2000
Daniel et al., 2003

Washington State, USA Skipper butterfly Range expansion with increased Tmin Crozier, 2004

UK 329 species across 16
taxa

Northwards (av. 31-60 km) and upwards (+25 m) in
25 years. Significant northwards and elevational shifts in
12 of 16 taxa. Only 3 species of amphibians and reptiles
shifted significantly southwards and to lower elevations

Hickling et al., 2006

UK Speckled wood (Pararge
aegeria)

Expanded northern margin, at 0.51-0.93 km/yr,
depending on habitat availability

Hill et al., 2001

UK 4 northern butterflies
(1970-2004)

2 species retreating 73 and 80 km north, 1 species
retreating 149 m uphill

Franco et al., 2006

Central Spain 16 butterfly species Upward shift of 210 m in the lower elevational limit
between 1967-73 and 2004

Wilson et al., 2005

Britain 37 dragonfly and
damselfly species

36 out of 37 species shifted northwards (mean 84 km)
from 1960-70 to 1985-95

Hickling et al., 2005

Czech Republic 15 of 120 butterfly
species

Uphill shifts in last 40 years Konvicka et al., 2003

Poland White stork (Ciconia
ciconia)

Range expansions in elevation, 240 m during last
70 years

Tryjanowski et al., 2005

Australia 3 macropods and 4 feral
mammal species

Range expansions to higher altitudes Green and Pickering, 2002

Australia Grey-headed flying fox Contraction of southern boundary poleward by 750 km
since 1930s

Tidemann et al., 1999

Senegal, West Africa 126 tree and shrub
species (1945-1993)

Up to 600 m/yr latitudinal shift of ecological zones due
to decrease in precipitation

Gonzalez, 2001

Russia, Bulgaria,
Sweden, Spain, New
Zealand, USA

Tree line Advancement towards higher altitudes Meshinev et al., 2000; Kullman,
2002; Peñuelas and Boada,
2003; Millar and Herdman, 2004

Canada Bioclimatic taiga-tundra
ecotone indicator

12 km/yr northward shift (NDVI data) Fillol and Royer, 2003

Alaska Arctic shrub vegetation Expansion into previously shrub-free areas Sturm et al., 2001

European Alps Alpine summit
vegetation

Elevational shift, increased species-richness on
mountain tops

Grabherr et al., 2001; Pauli et al.,
2001; Walther et al., 2005a

Montana, USA Arctic-alpine species Decline at the southern margin of range Lesica and McCune, 2004

Germany, Scandinavia English holly (Ilex
aquifolium)

Poleward shift of northern margin due to increasing
winter temperatures

Walther et al., 2005b

Table 1.9. Evidence of significant recent range shifts polewards and to higher elevations.



logging or firewood collection can be of considerable relevance.
In parts of the European Alps, for example, the tree line is
influenced by past and present land-use impacts (Theurillat and
Guisan, 2001; Carnelli et al., 2004). A climate warming-induced
upward migration of alpine plants in the high Alps (Grabherr et
al., 2001; Pauli et al., 2001) was observed to have accelerated
towards the beginning of the 21st century (Walther et al., 2005a).
Species ranges of alpine plants also have extended to higher
altitudes in the Norwegian Scandes (Klanderud and Birks,
2003). Species in alpine regions, which are often endemic and of
high importance for plant diversity (Vare et al., 2003), are
vulnerable to climate warming, most probably because of often
restricted climatic ranges, small isolated populations, and the
absence of suitable areas at higher elevations in which to migrate
(Pauli et al., 2003).

1.3.5.3 Climate-linked extinctions and invasions
Key indicators of a species’ risk of extinction (global loss of

all individuals) or extirpation (loss of a population in a given
location) include the size of its range, the density of individuals
within the range, and the abundance of its preferred habitat
within its range. Decreases in any of these factors (e.g., declining
range size with habitat fragmentation) can lower species
population size (Wilson et al., 2004). Each of these factors can
be directly affected by rapid global warming, but the causes of
extinctions/extirpations are most often multifactorial. For
example, a recent extinction of around 75 species of frogs,
endemic to the American tropics, was most probably due to a
pathogenic fungus (Batrachochytrium), outbreaks of which have
been greatly enhanced by global warming (Pounds et al., 2006).
Other examples of declines in populations and subsequent
extinction/extirpation are found in amphibians around the world
(Alexander and Eischeid, 2001; Middleton et al., 2001; Ron et
al., 2003; Burrowes et al., 2004). Increasing climatic variability,
linked to climate change, has been found to have a significant
impact on the extinction of the butterfly Euphydryas editha
bayensis (McLaughlin et al., 2002a, 2002b). Currently about
20% of bird species (about 1,800) are threatened with extinction,
while around 5% are already functionally extinct (e.g., small
inbred populations) (Sekercioglu et al., 2004). The pika
(Ochotona princeps), a small mammal found in mountains of
the western USA, has been extirpated from many slopes (Beever
et al., 2003). New evidence suggests that climate-driven
extinctions and range retractions are already widespread, which
have been poorly reported due, at least partly, to a failure to
survey the distributions of species at sufficiently fine resolution
to detect declines and to attribute such declines to climate
change (Thomas et al., 2006).

A prominent cause of range contraction or loss of preferred
habitat within a species range is invasion by non-native species.
Fluctuation in resource availability, which can be driven by
climate, has been identified as the key factor controlling
invasibility (Davis et al., 2000). The clearest evidence for
climate variability triggering an invasion occurs where a suite
of species with different histories of introduction spread en-
masse during periods of climatic amelioration (Walther, 2000;
Walther et al., 2002). Climate change will greatly affect
indigenous species on sub-Antarctic islands, primarily due to

warmer climates allowing exotic species, such as the house
mouse (Mus musculus) and springtails (Collembola spp.), to
become established and proliferate (Smith, 2002). A prominent
example is that of exotic thermophilous plants spreading into
the native flora of Spain, Ireland and Switzerland (Pilcher and
Hall, 2001; Sobrino et al., 2001). Elevated CO2 might also
contribute to the spread of weedy, non-indigenous plants
(Hattenschwiler and Korner, 2003).

1.3.5.4 Changes in morphology and reproduction
A change in fecundity is one of the mechanisms altering

species distributions (see Section 1.3.5.2). Temperature can affect
butterfly egg-laying rate and microhabitat selection; recent
warming has been shown to increase egg-laying and thus
population size for one species (Davies et al., 2006). The egg sizes
of many bird species are changing with increasing regional
temperatures, but the direction of change varies by species and
location. For example, in Europe, the egg size of pied flycatchers
increased with regional warming (Jarvinen, 1994, 1996). In
southern Poland, the size of red-backed shrikes’ eggs has
decreased, probably due to decreasing female body size, which is
also associated with increasing temperatures (Tryjanowski et al.,
2004). The eggs of European barn swallows are getting larger with
increasing temperatures and their breeding season is occurring
earlier. Additionally, in the eggs, concentrations of certain
maternally supplied nutrients, such as those affecting hatchability,
viability and parasite defence, have also increased with warming
(Saino et al., 2004). Studies from eastern Poland, Asia, Europe
and Japan have found that various birds and mammals exhibit
trends toward larger body size, probably due to increasing food
availability, with regionally increasing temperatures
(Nowakowski, 2002; Yom-Tov, 2003; Kanuscak et al., 2004;
Yom-Tov and Yom-Tov, 2004). Reproductive success in polar
bears has declined, resulting in a drop in body condition, which in
turn is due to melting Arctic Sea ice. Without ice, polar bears
cannot hunt seals, their favourite prey (Derocher et al., 2004).

These types of changes are also found in insects and plants.
The evolutionary lengthening and strengthening of the wings of
some European Orthoptera and butterflies has facilitated their
northward range expansion but has decreased reproductive
output (Hill et al., 1999a; Thomas et al., 2001a; Hughes et al.,
2003a; Simmons and Thomas, 2004). The timing and duration of
the pollen season, as well as the amount of pollen produced
(Beggs, 2004), have been found to be affected by regional
warming (see Section 1.3.7.4).

1.3.5.5 Species community changes and ecosystem processes
In many parts of the world, species composition has changed

(Walther et al., 2002), partly due to invasions and distributional
changes. The assemblages of species in ecological communities
reflect interactions among organisms as well as between
organisms and the abiotic environment. Climate change, extreme
climatic events or other processes can alter the composition of
species in an ecosystem because species differentially track their
climate tolerances. As species in a natural community do not
respond in synchrony to such external pressures, ecological
communities existing today could easily be disaggregated (Root
and Schneider, 2002).
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Species diversity in various regions is changing due to the
number of species shifting, invading or receding (Tamis et al.,
2001; EEA, 2004) (see Sections 1.3.5.2 and 1.3.5.3). Average
species richness of butterflies per 20 km grid cell in the UK
increased between 1970-1982 and 1995-1999, but less rapidly
than would have been expected had all species been able to keep
up with climate change (Menendez et al., 2006). In non-
fragmented Amazon forests, direct effects of CO2 on
photosynthesis, as well as faster forest turnover rates, may have
caused a substantial increase in the density of lianas over the last
two decades (Phillips et al., 2004). Although many species-
community changes are also attributable to landscape
fragmentation, habitat modification and other non-climate
drivers, many studies show a high correlation between changes
in species composition and recent climate change, also via the
frequency of weather-based disturbances (Hughes, 2000; Pauli
et al., 2001; Parmesan and Yohe, 2003). Examples of altered or
stable synchrony in ecosystems via multi-species interactions,
e.g., the pedunculate oak–winter moth–tit food chain, are still
fairly rare (van Noordwijk et al., 1995; Buse et al., 1999).

1.3.5.6 Species evolutionary processes
Recent evolutionary responses to climate change have been

addressed in reviews (Thomas, 2005; Bradshaw and Holzapfel,
2006). Changes have taken place in the plants preferred for egg-
laying and feeding of butterflies, e.g., a broadened diet facilitated
the colonisation of new habitats during range extension in the
UK (Thomas et al., 2001a). The pitcher-plant mosquito in the
USA has prolonged development time in late summer by the
evolution of changed responses to day length (Bradshaw and
Holzapfel, 2001; Bradshaw et al., 2003). The blackcap warbler
has recently extended its overwintering range northwards in
Europe by evolving a change in migration direction (Berthold et
al., 2003). Insects expanding their ranges have undertaken
genetically-based changes in dispersal morphology, behaviour
and other life-history traits, as ‘good colonists’ have been at a
selective advantage (Hill et al., 1999a; Thomas et al., 2001b;
Hughes et al., 2003a; Simmons and Thomas, 2004). Genetic
changes inDrosophila melanogaster in eastern coastal Australia
over 20 years are likely to reflect increasingly warmer and drier
conditions (Umina et al., 2005). Evolutionary processes are also
demonstrated in the timing of reproduction associated with
climate change in North American red squirrels (Berteaux et al.,
2004). There is no evidence so far that the temperature response
rates of plants have changed over the last century (Menzel et al.,
2005a).

1.3.5.7 Summary of terrestrial biological systems
The vast majority of studies of terrestrial biological systems

reveal notable impacts of global warming over the last three to
five decades, which are consistent across plant and animal taxa:
earlier spring and summer phenology and longer growing seasons
in mid- and higher latitudes, production range expansions at
higher elevations and latitudes, some evidence for population
declines at lower elevational or latitudinal limits to species
ranges, and vulnerability of species with restricted ranges, leading
to local extinctions. Non-climate synergistic factors can
significantly limit migration and acclimatisation capacities.

While a variety of methods have been used that provide
evidence of biological change over many ecosystems, there
remains a notable absence of studies on some ecosystems,
particularly those in tropical regions, due to a significant lack of
long-term data. Furthermore, not all processes influenced by
warming have yet been studied. Nevertheless, in the large
majority of studies, the observed trends found in species
correspond to predicted changes in response to regional warming
in terms of magnitude and direction. Analyses of regional
differences in trends reveal that spatio-temporal patterns of both
phenological and range changes are consistent with spatio-
temporal patterns expected from observed climate change.

1.3.6 Agriculture and forestry

Although agriculture and forestry are known to be highly
dependent on climate, little evidence of observed changes related
to regional climate changes was noted in the TAR. This is
probably due to the strong influence of non-climate factors on
agriculture and, to a lesser extent, on forestry, especially
management practices and technological changes, as well as
market prices and policies related to subsidies (Easterling,
2003). The worldwide trends in increasing productivity (yield
per hectare) of most crops over the last 40 years, primarily due
to technological improvements in breeding, pest and disease
control, fertilisation and mechanisation, also make identifying
climate-change signals difficult (Hafner, 2003).

1.3.6.1 Crops and livestock
Changes in crop phenology provide important evidence of

responses to recent regional climate change (Table 1.10). Such
changes are apparent in perennial crops, such as fruit trees and
wine-making varieties of grapes, which are less dependent on
yearly management decisions by farmers than annual crops and
are also often easier to observe. Phenological changes are often
observed in tandem with changes in management practices by
farmers. A study in Germany (Menzel et al., 2006c) has revealed
that between 1951 and 2004 the advance for agricultural crops
(2.1 days/decade) has been significantly less marked than for wild
plants or fruit trees (4.4 to 7.1 days/decade).All the reported studies
concern Europe, where recent warming has clearly advanced a
significant part of the agricultural calendar.

Since the TAR, there has been evidence of recent trends in agro-
climatic indices, particularly those with a direct relationship to
temperature, such as increases in growing season length and in
growing-degree-days during the crop cycle. These increases,
associated with earlier last spring frost and delayed autumn frost
dates, are clearly apparent in temperate regions of Eurasia (Moonen
et al., 2002; Menzel et al., 2003; Genovese et al., 2005; Semenov
et al., 2006) and a major part of North America (Robeson, 2002;
Feng and Hu, 2004). They are especially detectable in indices
applicable to wine-grape cultivation (Box 1.2). In Sahelian
countries, increasing temperature in combination with rainfall
reduction has led to a reduced length of vegetative period, no
longer allowing present varieties to complete their cycle (Ben
Mohamed et al., 2002).

However, no detectable change in crop yield directly
attributable to climate change has been reported for Europe. For
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Agricultural
metric

Observed change Location Period References

Phenology

Advance of stem elongation for winter rye (10 days) and emergence for
maize (12 days)

Germany 1961-2000 Chmielewski et al., 2004

Advance in cherry tree flowering (0.9 days/10 years), apple tree
flowering (1.1 days/10 years) in response (−5 days/°C) to March/April
temperature increase

1951-2000 Menzel, 2003

Advance in beginning of growing season of fruit trees
(2.3 days/10 years), cherry tree blossom (2.0 days/10 years), apple tree
blossom (2.2 days/10 years) in agreement with 1.4°C annual air
temperature increase

1961-1990 Chmielewski et al., 2004

Advance of fruit tree flowering of 1-3 weeks for apricot and peach
trees, increase in spring frost risks and more frequent occurrence of
bud fall or necrosis for sensitive apricot varieties

South of
France

1970-2001 Seguin et al., 2004

Management
practices,
pests and
diseases

Advance of seeding dates for maize and sugarbeet (10 days) Germany 1961-2000 Chmielewski et al., 2004

Advance of maize sowing dates by 20 days at 4 INRA experimental
farms

France 1974-2003 Benoit and Torre, 2004

Advance of potato sowing date by 5 days, no change for spring
cereals

Finland 1965-1999 Hilden et al., 2005

Partial shift of apple codling moth from 2 to 3 generations South of
France

1984-2003 Sauphanor and Boivin,
2004

Yields

Lower hay yields, in relation to warmer summers Rothamsted
UK

1965-1998 Cannell et al., 1999

Part of overall yield increase attributed to recent cooling during
growing season: 25% maize, 33% soybean

USA county
level

1982-1998 Lobell and Asner, 2003

Decrease of rice yield associated with increase in temperature (0.35°C
and 1.13°C for Tmax and Tmin, respectively, during 1979 to 2003)

Philippines 1992-2003 Peng et al., 2004

Livestock

Decrease of measured pasture biomass by 20-30% Mongolia 1970-2002 Batimaa, 2005

Decline of NDVI of the third period of 10 days of July by 69% for the
whole territory

1982-2002 Erdenetuya, 2004

Observed increase in animal production related to warming in summer
and annual temperature

Tibet 1978-2002 Du et al., 2004

Table 1.10. Observed changes in agricultural crop and livestock.

Box 1.2. Wine and recent warming

Wine-grapes are known to be highly sensitive to climatic conditions, especially temperature (e.g., viticulture was thriving in
England during the last medieval warm period). They have been used as an indicator of observed changes in agriculture
related to warming trends, particularly in Europe and in some areas of North America.

In Alsace, France, the number of days with a mean daily temperature above 10°C (favourable for vine activity) has increased
from 170 around 1970 to 210 at the end of the 20th century (Duchêne and Schneider, 2005). An increase associated with a
lower year-to-year variability in the last 15 years of the heliothermal index of Huglin (Seguin et al., 2004) has been observed
for all the wine-producing areas of France, documenting favourable conditions for wine, in terms of both quality and stability.
Similar trends in the average growing-season temperatures (April-October for the Northern Hemisphere) have been observed
at the main sites of viticultural production in Europe (Jones, 2005). The same tendencies have also been found in the
California, Oregon and Washington vineyards of the USA (Nemani et al., 2001; Jones, 2005).

The consequences of warming are already detectable in wine quality, as shown by Duchêne and Schneider (2005), with a
gradual increase in the potential alcohol levels at harvest for Riesling in Alsace of nearly 2% volume in the last 30 years. On
a worldwide scale, for 25 of the 30 analysed regions, increasing trends of vintage ratings (average rise of 13.3 points on a
100-point scale for every 1°C warmer during the growing season), with lower vintage-to-vintage variation, has been
established (Jones, 2005).



example, the yield trend of winter wheat displays progressive
growth from 2.0 t/ha in 1961 to 5.0 t/ha in 2000, with anomalies
due to climate variability on the order of 0.2 t/ha (Cantelaube et
al., 2004). The same observation is valid for Asia, where the rice
production of India has grown over the period 1950-1999 from 20
Mt to over 90 Mt, with only a slight decline during El Niño years
when monsoon rainfall is reduced (Selvaraju, 2003). A negative
effect of warming for rice production observed by the International
Rice Research Institute (IRRI) in the Philippines (yield loss of 15%
for 1°C increase of growing-season minimum temperature in the
dry season) (Peng et al., 2004) is limited to a local observation for
a short time period; a similar effect has been noted on hay yield in
the UK (1°C increase in July-August led to a 0.33 t/ha loss)
(Cannell et al., 1999). A study at the county level of U.S. maize
and soybean yields (Lobell and Asner, 2003) has established a
positive effect of cooler and wetter years in the Midwest and hotter
and drier years in the North-west plains. In the case of the Sahel
region of Africa, warmer and drier conditions have served as a
catalyst for a number of other factors that have accelerated a
decline in groundnut production (Van Duivenbooden et al., 2002).

For livestock, one study in Tibet reports a significant
relationship of improved performance with warming in high
mountainous conditions (Du et al., 2004). On the other hand, the
pasture biomass in Mongolia has been affected by the warmer and
drier climate, as observed at a local station (Batimaa, 2005) or at
the regional scale by remote sensing (Erdenetuya, 2004).

1.3.6.2 Forestry
Here we focus on forest productivity and its contributing

factors (see Section 1.3.5 for phenological aspects). Rising

atmospheric CO2 concentration, lengthening of the growing
season due to warming, nitrogen deposition and changed
management have resulted in a steady increase in annual forest
CO2 storage capacity in the past few decades, which has led to
a more significant net carbon uptake (Nabuurs et al., 2002).
Satellite-derived estimates of global net primary production
from satellite data of vegetation indexes indicate a 6% increase
from 1982 to 1999, with large increases in tropical ecosystems
(Nemani et al., 2003) (Figure 1.5). The study by Zhou et al.
(2003), also using satellite data, confirm that the Northern
Hemisphere vegetation activity has increased in magnitude by
12% in Eurasia and by 8% in North America from 1981 to 1999.
Thus, the overall trend towards longer growing seasons is
consistent with an increase in the ‘greenness’ of vegetation, for
broadly continuous regions in Eurasia and in a more fragmented
way in North America, reflecting changes in biological activity.
Analyses in China attribute increases in net primary
productivity, in part, to a country-wide lengthening of the
growing season (Fang and Dingbo, 2003). Similarly, other
studies find a decrease of 10 days in the frost period in northern
China (Schwartz and Chen, 2002) and advances in spring
phenology (Zheng et al., 2002).

However, in the humid evergreen tropical forest in Costa
Rica, annual growth from 1984 to 2000 was shown to vary
inversely with the annual mean of daily minimum temperature,
because of increased respiration at night (Clark et al., 2003). For
southern Europe, a trend towards a reduction in biomass
production has been detected in relation to rainfall decrease
(Maselli, 2004), especially after the severe drought of 2003
(Gobron et al., 2005; Lobo and Maisongrande, 2006). A recent
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Figure 1.5. Estimated changes in net primary productivity (NPP) between 1982 and 1999 derived from independent NDVI data sets from the
Global Inventory Modeling and Mapping Studies (GIMMS) and Pathfinder Advanced Very High Resolution Radiometer (AVHRR) Land (PAL). An
overall increase in NPP is observed, which is consistent with rising atmospheric CO2 and warming. From Nemani et al., 2003. Reprinted with
permission from AAAS.



study in the mountains of north-east Spain (Jump et al., 2006)
shows significantly lower growth of mature beech trees at the
lower limit of this species compared with those at higher
altitudes. Growth at the lower Fagus limit was characterised by
a rapid recent decline starting in approximately 1975. By 2003,
the growth of mature trees had fallen by 49% when compared
with pre-decline levels. Analysis of climate–growth
relationships suggests that the observed decline in growth is a
result of warming temperatures. For North America, recent
observations from satellite imagery (for the period 1982 to 2003)
document a decline for a substantial portion of northern forest,
possibly related to warmer and longer summers, whereas tundra
productivity is continuing to increase (Goetz et al., 2005). They
also confirm other results about the effects of droughts (Lotsch
et al., 2005), as well those made by ground measurements
(D’Arrigo et al., 2004; Wilmking et al., 2004).

Climate warming can also change the disturbance regime of
forests by extending the range of some damaging insects, as
observed during the last 20 years for bark beetles in the USA
(Williams and Liebhold, 2002) or pine processionary moth in
Europe (Battisti et al., 2005). The latter has displayed a
northward shift of 27 km/decade near Paris, a 70 m/decade
upward shift in altitude for southern slopes, and 30 m/decade
for northern slopes in Italian mountains.

Trends in disturbance resulting from forest fires are still a
subject of controversy. In spite of current management practices
that tend to reduce fuel load in forests, climate variability is
often the dominant factor affecting large wildfires, given the
presence of ignition sources (McKenzie et al., 2004). This is
confirmed by an analysis of forest fires in Siberia between 1989
and 1999 (Conard et al., 2002), which detected the significant
impacts of two large fires in 1996 and 1998, resulting in
13 million ha burned and 14 to 20% of the annual global carbon
emissions from forest fires. The increase in outdoor fires in
England and Wales between 1965 and 1998 may be attributable
to a trend towards warmer and drier summer conditions (Cannell
et al., 1999). Repeated large forest fires during the warm season
in recent years in the Mediterranean region and North Africa, as
well as in California, have also been linked to drought episodes.
One study of forest fires in Canada (Gillett et al., 2004) found
that about half of the observed increase in burnt area during the
last 40 years, in spite of improved fire-fighting techniques, is in
agreement with simulated warming from a general circulation
model (GCM). This finding is not fully supported by another
study, which found that fire frequency in Canada has recently
decreased in response to better fire protection and that the effects
of climate change on fire activity are complex (Bergeron et al.,
2004). However, it seems to be confirmed by another recent
study (Westerling et al., 2006), which established a dramatic and
sudden increase in large wildfire activity in the western USA in
the mid-1980s closely associated with increased spring and
summer temperatures and an earlier spring snow melt.

1.3.6.3 Summary of agriculture and forestry
Trends in individual climate variables or their combination

into agro-climatic indicators show that there is an advance in
phenology in large parts of North America and Europe, which
has been attributed to recent regional warming. In temperate

regions, there are clear signals of reduced risk of frost, longer
growing season duration, increased biomass, higher quality (for
grapevines, a climate-sensitive crop), insect expansion, and
increased forest-fire occurrence that are in agreement with
regional warming. These effects are hard to detect in aggregate
agricultural statistics because of the influence of non-climate
factors, particularly where advances in technology confound
responses to warming. Although the present effects are of limited
economic consequence and appear to lie within the ability of the
sectors to adapt, both agriculture and forestry show vulnerability
to recent extreme heat and drought events.

1.3.7 Human health

Here we evaluate evidence regarding observed changes in
human health, important health exposures, and regional climate
change. These observed changes are primarily related to
temperature trends and changes in temperature extremes and
relate to a range of infectious and non-infectious disease
outcomes. These relationships are difficult to separate from the
effects of major climate variability systems such as ENSO,
which have been shown to be associated with the transmission
and occurrence of diseases in certain locations (Kovats et al.,
2003; Rodo et al., 2002). Additionally, temperature and rainfall
variability can be important determinants of the transmission of
vector-borne diseases (Githeko and Ndegwa, 2001).

There is little evidence about the effects of observed climate
change on health for two reasons: the lack of long
epidemiological or health-related data series, and the importance
of non-climate drivers in determining the distribution and
intensity of human disease. Studies that have quantified the
effect of climate or weather on health outcomes are listed in
Table 1.11. There is a wide range of driving forces that can affect
and modify the impact of climate change on human health
indicators. Consideration of reported trends in a given disease
and the attribution to climate change needs to take into account
three possible conditions.
1. That the change in disease incidence is real and due to

changes in important non-climate determinants which include
social factors, such as human population density and
behaviour; housing facilities; public health facilities (e.g.,
water supply and general infrastructure, waste management
and vector-control programmes); use of land for food, fuel
and fibre supply; and results of adaptation measures (e.g.,
drug and insecticide use), as well as changed insecticide and
drug resistance in pathogens and vector species (Tillman et
al., 2001; Githeko and Woodward, 2003; Molyneux, 2003;
Sutherst, 2004). Changes in land use and land cover can affect
the local climate and ecosystems and should be considered
when linking climate and health (Patz et al., 2005).

2. That the change in disease incidence is real and due to
changes in climate factors, once all non-climate determinants
have been considered and excluded as the main explanation
(see, for example, Purse et al., 2006).

3. That the change in disease incidence is not real, but is only
apparent due to changed reporting or may be due to changes
in other apparent factors such as population growth or
movement.
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1.3.7.1 Effects of patterns in heat and cold stress
Episodes of extreme heat or cold have been associated with

increased mortality (Huynen et al., 2001; Curriero et al., 2002).
There is evidence of recent increases in mean surface
temperatures and in the number of days with higher
temperatures, with the extent of change varying by region (Karl
and Trenberth, 2003; Luterbacher et al., 2004; Schär et al., 2004;
IPCC, 2007). This increase in heatwave exposures, where
heatwaves are defined as temperature extremes of short duration,
has been observed in mid-latitudes in Europe and the USA.
Individual events have been associated with excess mortality,
particularly in the frail elderly, as was dramatically illustrated in
the 2003 heatwave in western and central Europe, which was
the hottest summer since 1500 (Luterbacher et al., 2004; Chapter
8, Box 8.1).

In general, high-income populations have become less
vulnerable to both heat and cold (see Chapter 8, Section 8.2).
Studies in Europe and in the USA of mortality over the past 30
to 40 years found evidence of declining death rates due to
summer and winter temperatures (Davis et al., 2003a, b;
Donaldson et al., 2003). Declines in winter mortality are
apparent in many temperate countries primarily due to increased
adaptation to cold (Chapter 8, Section 8.2.1.3) (Kunst et al.,
1991; Carson et al., 2006). However, the mortality associated
with extreme heatwaves has not declined. The 25,000 to 30,000
deaths attributed to the European heatwave is greater than that
observed in the last century in Europe (Kosatsky, 2005).
Analyses of long-term trends in heatwave-attributable (versus
heat-attributable) mortality have not been undertaken.

1.3.7.2 Patterns in vector-borne diseases
Vector-borne diseases are known to be sensitive to

temperature and rainfall (as shown by the ENSO effects
discussed above). Consideration of these relationships suggests
that warmer temperature is likely to have two major kinds of
closely related, potentially detectable, outcomes: changes in
vectors per se, and changes in vector-borne disease outcomes
(Kovats et al., 2001). Insect and tick vectors would be expected
to respond to changes in climate like other cold-blooded
terrestrial species (Table 1.9). There is some evidence that this
is occurring in relation to disease vectors, but the evidence for
changes in human disease is less clear.

Tick vectors
Changes in the latitudinal distribution and abundance of Lyme

disease vectors in relation to milder winters have been well
documented in high-latitude regions at the northern limit of the
distribution in Sweden (Lindgren et al., 2000; Lindgren and
Gustafson, 2001), although the results may have been influenced
by changes due to reporting and changes in human behaviour. An
increase in TBE in Sweden since the mid-1980s is consistent with
a milder climate in this period (Lindgren and Gustafson, 2001),
but other explanations cannot be ruled out (Randolph, 2001).

Malaria
Since the TAR, there has been further research on the role of

observed climate change on the geographical distribution of
malaria and its transmission intensity in African highland areas
but the evidence remains unclear. Malaria incidence has
increased since the 1970s at some sites in East Africa. Chen et
al. (2006) have demonstrated the recent spread of falciparum
malaria and its vector Anopheles arabiensis in highland areas of
Kenya that were malaria-free as recently as 20 years ago. It has
yet to be proved whether this is due solely to warming of the
environment. A range of studies have demonstrated the
importance of temperature variability in malaria transmission in
these highland sites (Abeku et al., 2003; Kovats et al., 2001;
Zhou et al., 2004) (see Chapter 8, Section 8.2.8.2 for a detailed
discussion). While a few studies have shown the effect of long-
term upward trends in temperature on malaria at some highland
sites (e.g., Tulu, 1996), other studies indicate that an increase in
resistance of the malaria parasite to drugs, a decrease in vector-
control activities and ecological changes may have been the
most likely driving forces behind the resurgence of malaria in
recent years. Thus, while climate is a major limiting factor in
the spatial and temporal distribution of malaria, many non-
climatic factors (drug resistance and HIV prevalence, and
secondarily, cross-border movement of people, agricultural
activities, emergence of insecticide resistance, and the use of
DDT for indoor residual spraying) may alter or override the
effects of climate (Craig et al., 2004; Barnes et al., 2005).

There is a shortage of concurrent detailed and long-term
historical observations of climate and malaria. Good-quality
time-series of malaria records in the East African and the Horn
of Africa highlands are too short to address the early effects of
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Health effect Climate effect on health Other driving forces Study

Direct impacts
of heat or cold

Temperature-related mortality in summers Declining summer death rates due to
air-conditioning adaptation

Diaz et al., 2002; Davis et al., 2003b;
Beniston, 2004; Kysely, 2004

Vector-borne
diseases

Tick-borne encephalitis (TBE) increases in
Sweden with milder climate

Increases in TBE may be due to
changes in human and animal
behaviour

Randolph, 2001

High latitudinal spread of ticks – vectors for
Lyme disease – with milder winters in
Sweden and the Czech Republic

Lindgren et al., 2000; Danielová et al.,
2006

Food- and
water-borne
diseases

Salmonellosis in Australia associated with
higher temperatures

E. coli and Cryptosporium outbreaks
could not be attributed to climate
change

D’Souza et al., 2004
Charron et al., 2004

Pollen- and
dust-related
diseases

Increasing pollen abundance and
allergenicity have been associated with
warming climate

Pollen abundance also influenced by
land-use changes

Levetin, 2001; Beggs, 2004

Table 1.11. Studies of the effects of weather and climate on human health.



climate change. Very few sites have longer data series, and the
evidence on the role of climate change is unresolved (Hay et al.,
2002a, 2002b; Patz et al., 2002; Shanks et al., 2002), although a
recent study has confirmed warming trends at these sites
(Pascual et al., 2006).

1.3.7.3 Emerging food- and water-borne diseases
Food- and water-borne diseases (WBD) are major adverse

conditions associated with warming and extreme precipitation
events. Bacterial infectious diseases are sometimes sensitive to
temperature, e.g., salmonellosis (D’Souza et al., 2004), and
WBD outbreaks are sometimes caused by extreme rainfall
(Casman et al., 2001; Curriero et al., 2001; Rose et al., 2002;
Charron et al., 2004; Diergaardt et al., 2004) but, again, no
attribution to longer-term trends in climate has been attempted.

1.3.7.4 Pollen- and dust-related diseases
There is good evidence that observed climate change is

affecting the timing of the onset of allergenic pollen production.
Studies, mostly from Europe, indicate that the pollen season has
started earlier (but later at high latitudes) in recent decades, and
that such shifts are consistent with observed changes in climate.
The results concerning pollen abundance are more variable, as
pollen abundance can be more strongly influenced by land-use
changes and farming practices (Teranishi et al., 2000;
Rasmussen, 2002; Van Vliet et al., 2002; Emberlin et al., 2003;
WHO, 2003; Beggs, 2004; Beggs and Bambrick, 2005) (see
Section 1.3.5). There is some evidence that temperature changes
have increased pollen abundance or allergenicity (Beggs, 2004)
(see Chapter 8, Section 8.2.7). Changing agricultural practices,
such as the replacement of haymaking in favour of silage
production, have also affected the grass-pollen season in Europe.

The impact on health of dust and dust storms has not been
well described in the literature. Dust related to African droughts
has been transported across the Atlantic to the Caribbean
(Prospero and Lamb, 2003), while a dramatic increase in
respiratory disease in the Caribbean has been attributed to
increases in Sahara dust, which has in turn, been linked to
climate change (Gyan et al., 2003).

1.3.7.5 Summary of human health
There is now good evidence of changes in the northward

range of some disease vectors, as well as changes in the seasonal
pattern of allergenic pollen. There is not yet any clear evidence
that climate change is affecting the incidence of human vector-
borne diseases, in part due to the complexity of these disease
systems. High temperature has been associated with excess
mortality during the 2003 heatwave in Europe. Declines in
winter mortality are apparent in many temperate countries,
primarily due to increased adaptation to cold.

1.3.8 Disasters and hazards

Rapid-onset meteorological hazards with the potential to cause
the greatest destruction to property and lives include extreme river
floods, intense tropical and extra-tropical cyclone windstorms
(along with their associated coastal storm surges), as well as the
most severe supercell thunderstorms. Here we assess the evidence

for a change in the frequency, geography and/or severity of these
high-energy events. By definition, the extreme events under
consideration here are rare events, with return periods at a specific
location typically in excess of 10 to 20 years, as the built
environment is generally sited and designed to withstand the
impacts of more frequent extremes. Given that the strong rise in
global temperatures only began in the 1970s, it is difficult to
demonstrate statistically a change in the occurrence of extreme
floods and storms (with return periods of 20 years or more) simply
from the recent historical record (Frei and Schar, 2001). In order
to identify a change in extreme flood and storm return periods,
data has been pooled from independent and uncorrelated locations
that share common hazard characteristics so as to search
collectively for changes in occurrence. A search for a statistically
significant change in occurrence characteristics of relatively high-
frequency events (with return periods less than 5 years) can also
be used to infer changes at longer return periods.

1.3.8.1 Extreme river floods
The most comprehensive available global study examined

worldwide information on annual extreme daily flows from 195
rivers, principally in North America and Europe, and did not find
any consistent trends, with the number of rivers showing
statistically significant increases in annual extreme flows being
approximately balanced by the number showing a decrease
(Kundzewicz, 2004) (see Section 1.3.2.2). However, in terms of
the most extreme flows, when data were pooled across all the
rivers surveyed in Europe, a rising trend was found in the decade
of the maximum observed daily flow, with four times as many
rivers showing the decade of highest flow in the 1990s rather
than in the 1960s.

Again, with a focus only on the most extreme flows, a pooled
study examined great floods with return periods estimated as
greater than 100 years on very large rivers (with catchments
greater than 200,000 km2) in Asia, North America, Latin
America, Europe and Africa (Milly et al., 2002). From the
pooled record of all the rivers, the observed trend in the
population of 100-year flood events, at a 95% confidence
interval averaged across all basins, has been positive since the
Mississippi floods in 1993 and can be detected intermittently
since 1972. Analysis of available long-term river flow records
shows that since 1989 more than half of Scotland’s largest rivers
(notably those draining from the west) have recorded their
highest flows (Werrity et al., 2002). Of sixteen rivers surveyed,
with a median record of thirty-nine years, eight had their
maximum flow during the period 1989 to 1997, a period of high
NAO index (based on the pressure difference between Iceland
and the Azores) values consistent with storm tracks bringing
high levels of precipitation to the northern UK.

1.3.8.2 North-east Atlantic extra-tropical cyclones
The North-east Atlantic is the region with the deepest

observed central pressures of extra-tropical cyclones, and the
adjacent margin of north-west Europe has the greatest levels of
extra-tropical cyclone historical building damage, forestry
windthrow, and storm-surge impacts observed worldwide. Many
studies report an increase in the 1980s in the number of deep
(and high wind-speed) extra-tropical cyclone storms in this
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region (see Günther et al., 1998) returning to levels not
previously seen since the late 19th century (see Trenberth et al.,
2007, Section 3.5.3). Various measures, including increases in
the number of deep storms (with central pressures less than
970 hPa) and reductions in the annual pressure minimum of
storms crossing the Greenwich Meridian all show evidence for
intensification, in particular between 1980 and 1993, when there
were a series of major damaging storms. In the North-east
Atlantic, wave heights showed significant increases over the
period from 1970 to 1995 (Woolf et al., 2002) in parallel with the
NAO index, which reached its highest values ever (reflecting
deep low pressure over Iceland) in the years of 1989 to 1990.
Intense storms returned at the end of the 1990s, when there were
three principal damaging storms across western Europe in
December 1999. However, since that time, as winter NAO
values have continued to fall (through to March 2005), there has
been a significant decline in the number of deep and intense
storms passing into Europe, to some of the lowest levels seen
for more than 30 years. (Other high-latitude regions of extra-
tropical cyclone activity also show variations without simple
trends: see Trenberth et al., 2007, Section 3.5.3.)

1.3.8.3 Tropical cyclones
While overall numbers of tropical cyclones worldwide have

shown little variation over the past 40 years (Pielke et al., 2005),
there is evidence for an increase in the average intensity of
tropical cyclones in most basins of tropical cyclone formation
since 1970 (Webster et al., 2005) as well as in both the number
and intensity of storms in the Atlantic (Emanuel, 2005), the basin
with the highest volatility in tropical cyclone numbers (see
Trenberth et al., 2007, Sections 3.8.3 and 3.8.3.2).

Although the Atlantic record of hurricanes extends back to
1851, information on tracks is only considered comprehensive
after 1945 and for intensity assessments it is only complete since
the 1970s (Landsea, 2005). From 1995 to 2005, all seasons were
above average in the Atlantic, with the exception of the two El
Niño years of 1997 and 2002, when activity was suppressed – as
in earlier El Niños. The number of intense (CAT 3-5 on the
Saffir-Simpson Hurricane Scale) storms in the Atlantic since
1995 was more than twice the level of the 1970 to 1994 period,
and 2005 was the most active year ever for Atlantic hurricanes
on a range of measures, including number of hurricanes and
number of the most intense CAT 5 hurricanes.

In the Atlantic, among the principal reasons for the increases
in activity and intensity (Chelliah and Bell, 2004) are trends for
increased sea surface temperatures in the tropical North Atlantic.
The period since 1995 has had the highest temperatures ever
observed in the equatorial Atlantic – “apparently as part of
global warming” (see Trenberth et al., 2007, Section 3.8.3.2).
The first and only tropical cyclone ever identified in the South
Atlantic occurred in March 2004.

While other basins do not show overall increases in activity,
observations based on satellite observations of intensity (which
start in the 1970s) suggest a shift in the proportion of tropical
cyclones that reached the higher intensity (CAT 4 and CAT 5)
from close to 20% of the total in the 1970s rising to 35% since
the 1990s (Webster et al., 2005). Although challenged by some
climatologists based on arguments of observational consistency,

as quoted from Trenberth et al., (2007) Section 3.8.3) “the trends
found by Emanuel (2005) and Webster et al. (2005) appear to
be robust in strong association with higher SSTs”. Increases in
the population of intense hurricanes in 2005 created record
catastrophe losses, principally in the Gulf Coast, USA, and in
Florida, when a record four Saffir-Simpson severe (CAT 3-5)
hurricanes made landfall, causing more than US$100 billion in
damages with almost 2,000 fatalities.

1.3.8.4 Economic and insurance losses
Economic losses attributed to natural disasters have increased

from US$75.5 billion in the 1960s to US$659.9 billion in the
1990s (a compound annual growth rate of 8%) (United Nations
Development Programme, 2004). Private-sector data on
insurance costs also show rising insured losses over a similar
period (Munich Re Group, 2005; Swiss Reinsurance Company,
2005). The dominant signal is of significant increase in the
values of exposure (Pielke and Hoppe, 2006).

However, as has been widely acknowledged, failing to adjust
for time-variant economic factors yields loss amounts that are
not directly comparable and a pronounced upward trend through
time for purely economic reasons. A previous normalisation of
losses, undertaken for U.S. hurricanes by Pielke and Landsea
(1998) and U.S. floods (Pielke et al., 2002) included normalising
the economic losses for changes in wealth and population so as
to express losses in constant dollars. These previous national
U.S. assessments, as well as those for normalised Cuban
hurricane losses (Pielke et al., 2003), did not show any
significant upward trend in losses over time, but this was before
the remarkable hurricane losses of 2004 and 2005.

A global catalogue of catastrophe losses was constructed
(Muir Wood et al., 2006), normalised to account for changes that
have resulted from variations in wealth and the number and
value of properties located in the path of the catastrophes, using
the method of Landsea et al. (1999). The global survey was
considered largely comprehensive from 1970 to 2005 for
countries and regions (Australia, Canada, Europe, Japan, South
Korea, the USA, Caribbean, Central America, China, India and
the Philippines) that had centralised catastrophe loss information
and included a broad range of peril types: tropical cyclone, extra-
tropical cyclone, thunderstorm, hailstorm, wildfire and flood,
and that spanned high- and low-latitude areas.

Once the data were normalised, a small statistically
significant trend was found for an increase in annual catastrophe
loss since 1970 of 2% per year (see Supplementary Material
Figure SM1.1). However, for a number of regions, such as
Australia and India, normalised losses show a statistically
significant reduction since 1970. The significance of the upward
trend is influenced by the losses in the USA and the Caribbean
in 2004 and 2005 and is arguably biased by the relative wealth
of the USA, particularly relative to India.

1.3.8.5 Summary of disasters and hazards
Global losses reveal rapidly rising costs due to extreme

weather-related events since the 1970s. One study has found that
while the dominant signal remains that of the significant
increases in the values of exposure at risk, once losses are
normalised for exposure, there still remains an underlying rising
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trend. For specific regions and perils, including the most extreme
floods on some of the largest rivers, there is evidence for an
increase in occurrence.

1.3.9 Socio-economic indicators

The literature on observed changes in socio-economic
indicators in response to recent climate change is sparse. Here
we summarise some of the few examples related to energy
demand and tourism, and some studies on regional adaptations
to climate trends. Other relevant indicators include energy
supply and markets for natural resources (e.g., timber, fisheries).
Indicators of adaptation such as domestic insurance claims,
energy demand, and changes in tourism are being defined and
tracked for the UK and Europe (Defra, 2003; EEA, 2004).

1.3.9.1 Energy demand
Buildings account for a significant part of total energy use, up

to 50% in some developed countries (Lorch, 1990; also see Levine
et al., 2007), and the design and energy performance of buildings
are related to climate (Steemers, 2003). Work related to climate
change and building energy use can be grouped into two major
areas – weather data analysis and building energy consumption.

Weather data analysis
A study on 1981 to 1995 weather data (Pretlove and

Oreszczyn, 1998) indicated that temperature and solar radiation
in the London area (UK) had changed significantly over the
period, and climatic data used for energy design calculations
could lead to 17% inaccuracies in building energy-use estimates.
Based on 1976 to 1995 temperature data from 3 key UK sites,
Levermore and Keeble (1998) found that the annual mean dry-
bulb temperature had increased by about 1°C over the 19-year
period, with milder winters and warmer summers. In sub-
tropical Hong Kong SAR, the 40-year period (1961 to 2000)
weather data showed an underlying trend of temperature rise,
especially during the last 10 years (1991 to 2000) (Lam et al.,
2004). The increases occurred largely during the winter months
and the impact on peak summer design conditions and cooling
requirements, and hence energy use, was considered
insignificant. In the 1990s and 2000s, many countries
experienced extreme phenomena (notably heatwaves in
summer), which induced exceptional peaks of electric power
consumption (Tank and Konnen, 2003). These had notable
impacts on human mortality (Section 1.3.7) and local socio-
economic systems (Easterling et al., 2000; Parmesan et al., 2000;
Johnson et al., 2004). Two well-documented cases are the
heatwaves in Chicago in 1995 (Karl and Knight, 1997) and in
Europe in 2003 (Schär et al., 2004; Trigo et al., 2005).

Building energy consumption
One example related to energy and climate concerns cooling

during hot weather. Energy use has been and will continue to be
affected by climate change, in part because air-conditioning,
which is a major energy use particularly in developed countries,
is climate-dependent. However, the extent to which temperature
rise has affected energy use for space heating/cooling in buildings
is uncertain. There is a concern that energy consumption will

increase as air-conditioning is adopted for warmer summers (see
Levine et al., 2007). It is likely that certain adaptation strategies
(e.g., tighter building energy standards) have been (or would be)
taken in response to climate change (e.g., Camilleri et al., 2001;
Larsson, 2003; Sanders and Phillipson, 2003; Shimoda, 2003).
Adaptation strategies and implementation are strongly motivated
by the cost of energy. Besides, in terms of thermal comfort, there
is also the question of people adapting to warmer climates (e.g.,
de Dear and Brager, 1998; Nicol, 2004).

1.3.9.2 Tourism
Climate is a major factor for tourists when choosing a

destination (Aguiló et al., 2005) and both tourists and tourism
stakeholders are sensitive to fluctuations in the weather and
climate (Wall, 1998). Statistical analyses by Maddison (2001),
Lise and Tol (2002) and Hamilton (2003a), and a simulation study
(Hamilton et al., 2003), have shown the relevance of climatic
factors as determinants of tourist demand, next to economic and
political conditions, fashion, media attention, and environmental
quality. As a result of the complex nature of the interactions that
exist between tourism, the climate system, the environment and
society, it is difficult to isolate the direct observed impacts of
climate change upon tourism activity. There is sparse literature
about this relationship at any scale. Responses in skiing have been
documented in Switzerland, Austria, the eastern USA and Chile
(OECD, 2007; Elsasser and Messerli, 2001; Steininger and Weck-
Hannemann, 2002; Beniston, 2003, 2004; Casassa et al., 2003;
Hamilton et al., 2005) (see Section 1.3.1.1).

1.3.9.3 Regional adaptation
There are several studies that show societies adapting to

climate changes such as drying trends or increasing temperatures
(see Chapter 17). For example, responses to recent historical
climate variability and change in four locations in southern
Africa demonstrated that people were highly aware of changes
in the climate, including longer dry seasons and more uncertain
rainfall, and were adjusting to change through collective and
individual actions that included both short-term coping through
switching crops and long-term adaptations such as planting
trees, and commercialising and diversifying livelihoods
(Thomas and Twyman, 2005; Thomas et al., 2005). One of the
most striking conclusions was the importance of local
institutions and social capital such as farming associations in
initiating and supporting adaptations. The use of climate science
in adapting to water management during a long-term drought
has been documented in Western Australia (Power et al., 2005).

In Europe, evidence is also accumulating that people are
adapting to climate change, either in response to observed changes
or in anticipation of predicted change. For example, in the UK, a
large number of adaptations have been identified including
changes in flood management guidelines (assuming more
extremes), hiring of climate change managers, changing nature
conservation and disaster plans, climate-proofing buildings,
planting different crops and trees, and converting a skiing area to
a walking centre in Scotland (West and Gawith, 2005).

Changes in socio-economic activities and modes of human
response to climate change, including warming, are just
beginning to be systematically documented in the cryosphere
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(MacDonald et al., 1997; Krupnik and Jolly, 2002; Huntington
and Fox, 2004; Community of Arctic Bay et al., 2005). The
impacts associated with these changes are both positive and
negative, and are most pronounced in relation to the migration
patterns, health and range of animals and plants that indigenous
groups depend on for their livelihood and cultural identity.
Responses vary by community and are dictated by particular
histories, perceptions of change and the viability of options
available to groups (Ford and Smit, 2004; Helander and
Mustonen, 2004). In Sachs Harbour, Canada, responses include
individual adjustments to the timing, location and methods of
harvesting animals, as well as adjusting the overall mix of
animals harvested to minimise risk (Berkes and Jolly, 2002).
Communities that are particularly vulnerable to coastal erosion
such as Shishmeref, Alaska, are faced with relocation. Many
communities in the North are stepping up monitoring efforts to
watch for signs of change so they can respond accordingly in
both the long and short term (Fox, 2002). Agent-based simulation
models (i.e., models dealing with individual decision making and
interactions among individuals) are also being developed to
assess adaptation and sustainability in small-scale Arctic
communities (Berman et al., 2004). Effective responses will be
governed by increased collaboration between indigenous groups,
climate scientists and resource managers (Huntington and Fox,
2004).

1.4 Larger-scale aggregation and attribution
to anthropogenic climate change

Larger-scale aggregation offers insights into the relationships
between the observed changes assessed in Section 1.3 and
temperature, by combining results from many studies over
multiple systems and larger regions. Aggregation through meta-
analysis is described next, followed by joint attribution through
climate model studies, and synthesis of the observed changes
described in Section 1.3.

1.4.1 Larger-scale aggregation

This section evaluates studies that use techniques that
aggregate from individual observations at sites to regional,
continental and global scales. Meta-analysis is a statistical method
of combining quantitative findings from many studies
investigating similar factors for the purpose of finding a general
result. The methods used in the various studies, however, need not
be similar. The criteria for inclusion of studies in a meta-analysis
are determined a priori, and rigorously followed to avoid
investigator effect.

Several studies have examined the ‘fingerprint’ of observed
warming in recent decades on the phenology and distribution of
plants and animal species using meta-analyses (Root and
Schneider, 2002; Parmesan and Yohe, 2003; Root et al., 2003).
Although the detailed results of these studies are different,
because they used different species and different methods, they
all conclude that a significant impact of warming is already

discernible in animal and plant populations at regional and
continental scales in the Northern Hemisphere.

One meta-analysis (Parmesan and Yohe, 2003) of 31 studies of
more than 1,700 species showed that recent biological trends
matched the expected responses to warming. They estimated
northward range shifts of 6.1 km/decade for northern range
boundaries of species living in the Northern Hemisphere and
advancement of spring events in Northern Hemisphere species
by 2.3 days/decade. They also defined a diagnostic fingerprint of
temporal and spatial ‘sign-switching’ responses uniquely
predicted by 20th-century observed climate trends. Among long-
term, large-scale, multi-species data sets, this diagnostic
fingerprint was found for 279 species. They concluded, with
‘very high confidence’, that climate change is already affecting
living systems.

After examining over 2,500 articles on climate change and a
wide array of species from around the globe, another study found
that 143 studies fitted the criteria for inclusion in their meta-
analyses (Root et al., 2003). They focused on only those species
showing a significant change and found that about 80% of the
species showing change were changing in the direction expected
with warming. The types of changes included species expanding
their ranges polewards and higher in elevation, and advances in
the timing of spring events by about 5 days/decade over the last
30 years. This number is larger than the 2.3 days/decade found by
Parmesan and Yohe (2003), because those authors included both
changing and not-changing species in their analysis, while Root
and co-authors only included changing species. A more recent
meta-analysis of bird arrival dates (Lehikoinen et al., 2004)
showed strong evidence of earlier arrival. Of 983 data series, 39%
were significantly earlier and only 2% significantly later for first
arrival dates.

The EU COST725 network analysis project had as its main
objective the establishment of a comprehensive European
reference data set of phenological observations that could be used
for climatological purposes, particularly climate monitoring and
the detection of changes (see Box 1.3).

1.4.2 Joint attribution

Joint attribution involves attribution of significant changes in
a natural or managed system to regional temperature changes, and
attribution of a significant fraction of the regional temperature
change to human activities. This has been performed using studies
with climate models to assess observed changes in several
different physical and biological systems. An assessment of the
relationship between significant observed changes from Section
1.3 and significant regional temperature changes is presented in
Section 1.4.2.3.

1.4.2.1 Attributing regional temperature change
It is likely that there has been a substantial anthropogenic

contribution to surface temperature increases averaged over each
continent except Antarctica since the middle of the 20th century
(Hegerl et al., 2007, Section 9.4.2). Statistically significant
regional warming trends over the last 50 and 30 years are found
in many regions of the globe (Spagnoli et al., 2002; Karoly and
Wu, 2005; Karoly and Stott, 2006; Knutson et al., 2006; Zhang et
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al., 2006; Trenberth et al., 2007, Figure 3.9). These warming
trends are consistent with the response to increasing greenhouse
gases and sulphate aerosols and likely cannot be explained by
natural internal climate variations or the response to changes in
natural external forcing (solar irradiance and volcanoes).

Attributing temperature changes on smaller than continental
scales and over time-scales of less than 20 years is difficult due to
low signal-to-noise ratios at those scales. Attribution of the
observed warming to anthropogenic forcing is easier at larger
scales because averaging over larger regions reduces the natural
variability more, making it easier to distinguish between changes
expected from different external forcings, or between external
forcing and climate variability.

The influence of anthropogenic forcing has also been detected
in various physical systems over the last 50 years, including
increases in global oceanic heat content, increases in sea level,
shrinking of alpine glaciers, reductions in Arctic sea ice extent,
and reductions in spring snow cover (Hegerl et al., 2007).

1.4.2.2 Joint attribution using climate model studies
Several studies have linked the observed responses in some

biological and physical systems to regional-scale warming due to
anthropogenic climate change using climate models.

One study demonstrated joint attribution by considering
changes in wild animals and plants (Root et al., 2005). They
found spring phenological data for 145 Northern Hemisphere
species from 31 studies. The changes in the timing of these
species’ spring events (e.g., blooming) are significantly
associated with the changes in the actual temperatures recorded
as near to the study site as possible and for the same years that the
species were observed. If the temperature was warming and the
species phenology was getting earlier in the year, then the
expected association would be negative, which is what was found
for the correlations between the species data and the actual
temperatures (Figure 1.7).

Temperature data from the HadCM3 climate model were used
to determine whether the changes in the actual temperatures with

Chapter 1 Assessment of observed changes and responses in natural and managed systems

113

Box 1.3. Phenological responses to climate in Europe: the COST725 project

The COST725 meta-analysis project used a very large phenological network of more than 125,000 observational series of
various phases in 542 plant and 19 animal species in 21 European countries, for the period 1971 to 2000. The time-series
were systematically (re-)analysed for trends in order to track and quantify phenological responses to changing climate. The
advantage of this study is its inclusion of multiple verified nationally reported trends at single sites and/or for selected species,
which individually may be biased towards predominant reporting of climate-change-induced impacts. Overall, the phenology
of the species (254 national series) was responsive to temperature of the preceding month, with spring/summer phases
advancing on average by 2.5 days/°C and leaf colouring/fall being delayed by 1.0 day/°C.

The aggregation of more than 100,000 trends revealed a clear signal across Europe of changing spring phenology with 78%
of leaf unfolding and flowering records advancing (31% significantly (sig.)) and only 22% delayed (3% sig.) (Figure 1.6). Fruit
ripening was mostly advanced (75% advancing, 25% sig.; 25% delayed, 3% sig.). The signal in farmers’ activities was
generally smaller (57% advancing, 13% sig.; 43% delayed, 6% sig.). Autumn trends (leaf colouring/fall) were not as strong.
Spring and summer exhibited a clear advance by 2.5 days/decade in Europe, mean autumn trends were close to zero, but
suggested more of a delay when the average trend per country was examined (1.3 days/decade).

The patterns of observed changes in spring (leafing, flowering and animal phases) were spatially consistent and matched
measured national warming across 19 European countries (correlation = −0.69, P < 0.001); thus the phenological evidence
quantitatively mirrors regional climate warming. The COST725 results assessed the possible lack of evidence at a continental
scale as 20%, since about 80% of spring/summer phases were found to be advancing. The findings strongly support previous
studies in Europe, confirming them as free from bias towards reporting global climate change impacts (Menzel et al., 2006b).

Figure 1.6. Frequency distributions of trends in phenology (in days/year) over 1971 to 2000 for 542 plant species in 21 European
countries. From Menzel et al. (2006b).



which the phenological changes in species were associated were
due to human or natural causes. Modelled temperature data were
derived for each species, over the same years a species was studied
and for the grid box within which the study area was located.
Three different forcings were used when calculating the modelled
values: natural only, anthropogenic only, and combined natural
and anthropogenic. Each species’ long-term phenological record
was correlated with the three differently forced temperatures
derived for the location where the species was recorded. The
agreement is quite poor between the phenological changes in
species and modelled temperatures derived using only natural
climatic forcing (K = 60.16, P > 0.05; Figure 1.7a). A stronger
agreement occurs between the same phenological changes in
species and temperatures modelled using only anthropogenic
forcing (K = 35.15, P > 0.05; Figure 1.7b). As expected, the
strongest agreement is with the modelled temperatures derived
using both natural and anthropogenic (combined) forcings
(K = 3.65, P < 0.01; Figure 1.7c). While there is uncertainty in
downscaling the model-simulated temperature changes to the
areas that would affect the species being examined, these results
demonstrate some residual skills, thereby allowing joint
attribution to be shown.

Other similar studies have shown that the retreat of two glaciers
in Switzerland and Norway cannot be explained by natural
variability of climate and the glaciers alone (Reichert et al., 2002),
that observed global patterns of changes in streamflow are
consistent with the response to anthropogenic climate change
(Milly et al., 2005), and that the observed increase in the area of
forests burned in Canada over the last four decades is consistent
with the response due to anthropogenic climate change (Gillett et
al., 2004). Each of these studies has its limitations for joint
attribution. For example, the analysis by Reichert used a climate
model linked to a local glacier mass balance model through
downscaling and showed that the observed glacier retreat over the
20th century could not be explained by natural climate variability.
However, they did not show that the observed retreat was
consistent with the response to anthropogenic climate change, nor
did they eliminate other possible factors, such as changes in dust
affecting the albedo of the glacier. Similarly, Gillett and colleagues
showed that the observed increases in area of forests burned was
consistent with the response to anthropogenic forcing and not
consistent with natural climate variability. However, they did not
consider changes in forest management as a factor, nor did they
consider the climate response to other external forcing factors.

Taken together, these studies show a discernible influence of
anthropogenic climate change on specific physical (cryosphere,
hydrology) and biological (forestry and terrestrial biology)
systems.

1.4.2.3 Synthesis of studies
Next, a synthesis of the significant observed changes described

in Section 1.3 and the observed regional temperatures over the
last three decades was performed. Significant observed changes
documented since the TAR were divided into the categories of
cryosphere, hydrology, coastal processes, marine and freshwater
biological systems, terrestrial biological systems, and agriculture
and forestry, as assessed in Section 1.3. Studies were selected that
demonstrate a statistically significant trend in change in systems

related to temperature or other climate change variable as
described by the authors, for the period 1970 to 2004 (study
periods may be extended later), with at least 20 years of data.
Observations in the studies are characterised as ‘change consistent
with warming’ and ‘change not consistent with warming’.

Figure 1.8 shows the warming trends over the period 1970 to
2004 (from the GHCN-ERSST dataset; Smith and Reynolds,
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Figure 1.7. Plotted are the frequencies of the correlation coefficients
(associations) between the timing of changes in traits (e.g., earlier egg-
laying) of 145 species and modelled (HadCM3) spring temperatures for
the grid-boxes in which each species was examined. At each location, all
of which are in the Northern Hemisphere, the changing trait is compared
with modelled temperatures driven by: (a) natural forcings (purple bars),
(b) anthropogenic (i.e., human) forcings (orange bars), and (c) combined
natural and anthropogenic forcings (yellow bars). In addition, on each
panel the frequencies of the correlation coefficients between the actual
temperatures recorded during each study and changes in the traits of 83
species, the only ones of the 145 with reported local-temperature trends,
are shown (dark blue bars). On average the number of years that species
were examined is about 28, with average starting and ending years of
1960 and 1998. Note that the agreement: (a) between the natural and
actual plots is weaker (K = 60.16) than (b) between the anthropogenic
and actual (K = 35.15), which in turn is weaker than( c) the agreement
between combined and actual (K = 3.65). Taken together, these plots
show that a measurable portion of the warming regional temperatures to
which species are reacting can be attributed to humans, therefore
showing joint attribution (after Root et al., 2005).



2005) and the geographical locations of significant observed
changes. A statistical comparison shows that the agreement
between the regions of significant and regional warming across
the globe and the locations of significant observed changes in
systems consistent with warming is very unlikely to be due to
natural variability in temperatures or natural variability in the
systems (Table 1.12) (see also Supplementary Material).

For regions where there are both significant warming and
observed changes in systems, there is a much greater probability
of finding coincident significant warming and observed responses
in the expected direction. The statistical agreement between the
patterns of observed significant changes in systems and the
patterns of observed significant warming across the globe very
likely cannot be explained by natural climate variability.

Uncertainties in observed change studies at the regional level
relate to potential mismatches between climate and system data in
temporal and spatial scales and lack of time-series of sufficient
length to determine whether the changes are outside normal ranges
of variability. The issue of non-climate driving forces is also

important. Land-use change, changes in human management
practices, pollution and demography shifts are all, along with
climate, drivers of environmental change. More explicit
consideration of these factors in observed change studies will
strengthen the robustness of the conclusions. However, these
factors are very unlikely to explain the coherent responses that
have been found across the diverse range of systems and across
the broad geographical regions considered (Figure 1.9).

Since systems respond to an integrated climate signal, precise
assignment of the proportions of natural and anthropogenic
forcings in their responses in a specific grid cell is difficult. The
observed continent-averaged warming in all continents except
Antarctica over the last 50 years has been attributed to
anthropogenic causes (IPCC, 2007, Summary for Policy Makers).
The prevalence of observed changes in physical and biological
systems in expected directions consistent with anthropogenic
warming on every continent and in some oceans means that
anthropogenic climate change is having a discernible effect on
physical and biological systems at the global scale.
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Figure 1.8. Locations of significant changes in observations of physical systems (snow, ice and frozen ground; hydrology; coastal processes) and
biological systems (terrestrial, marine and freshwater biological systems), are shown together with surface air temperature changes over the period
1970 to 2004 (from the GHCN-ERSST datatset). The data series met the following criteria: (1) ending in 1990 or later; (2) spanning a period of at
least 20 years; (3) showing a significant change in either direction, as assessed by individual studies. White areas do not contain sufficient
observational climate data to estimate a temperature trend.
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Temperature cells Cells with significant observed change
consistent with warming

Cells with significant observed change not
consistent with warming

Significant warming 50% (2.5%) 7% (2.5%)

Warming 34% (22.5%) 6% (22.5%)

Cooling 3% (22.5%) 0% (22.5%)

Significant cooling 0% (2.5%) 0% (2.5%)

Chi-squared value (significance level) 369 (<<1%)

Table 1.12. Global comparison of significant observed changes in physical and biological systems with regional temperature changes. Fraction of
5°×5° cells with significant observed changes in systems (from studies considered in this chapter) and temperature changes (for 1970 to 2004 from
the GHCN-ERSST dataset (Smith and Reynolds, 2005)) in different categories (significant warming, warming, cooling, significant cooling).
Expected values shown in parentheses are for the null hypotheses:
(i) significant observed changes in systems are equally likely in each direction,
(ii) temperature trends are due to natural climate variations and are normally distributed,
(iii) there is no relationship between significant changes in systems and co-located warming.

Figure 1.9. Changes in physical and biological systems and surface temperature. Background shading and the key at the bottom right show
changes in gridded surface temperatures over the period 1970 to 2004 (from the GHCN-ERSST dataset). The 2×2 boxes show the total number of
data series with significant changes (top row) and the percentage of those consistent with warming (bottom row) for (i) continental regions; North
America, Latin America, Europe, Africa, Asia, Australia and New Zealand, and Polar Regions; and (ii) global-scale: Terrestrial (TER), Marine and
Freshwater (MFW), and Global (GLO). The numbers of studies from the seven regional boxes do not add up to the global totals because numbers
from regions except Polar do not include the numbers related to Marine and Freshwater systems. White areas do not contain sufficient
observational climate data to estimate a temperature trend.



1.5 Learning from observed responses:
vulnerability, adaptation and
research needs

The great majority of observed changes are consistent with
functional understanding and modelled predictions of climate
impacts. Examples of expected responses include infrastructure
effects of melting in the cryosphere, effects of intensifying
droughts and runoff, and effects of rising sea levels. In marine,
freshwater and terrestrial biological systems, changes in
morphology, physiology, phenology, reproduction, species
distribution, community structure, ecosystem processes and
species evolutionary processes are, for the most part, in the
predicted directions. Agricultural crops have shown similar
trends in phenology, and management practices along with the
spread of pests and diseases coincide with expected responses
to warming. Responses of yields in the few crops with reported
changes coincide with model predictions. Temperature-
sensitive vectors, e.g., ticks, have spread for some human
diseases.

Observed changes are prevalent across diverse physical and
biological systems and less prevalent in managed systems and
across many, but not all, geographical regions. While there is
evidence of observed changes in every continent, including
Antarctica, much evidence comes from studies of observed
changes in Northern Hemisphere mid- and high latitudes and
often from higher altitudes. Significant evidence comes from
high-latitude waters in the Northern Hemisphere as well.
Evidence is primarily found in places where warming is most
pronounced. Documentation of observed changes in tropical
regions is still sparse.

The evidence for adaptation and vulnerability to observed
climate change is most prevalent in places where warming has
been the greatest and in systems that are more sensitive to
temperature. Thus, documented changes relating to adaptation in
the Arctic and mountain regions include reduced outdoor and
tourism activities, and alterations in indigenous livelihoods in
the Arctic. Responses to climate change, including warming,
vary by community and are beginning to be systematically
documented (Section 1.3.9).

In terrestrial biological systems, special conservation
measures by resource managers are carried out as an adaptation
to the impacts of climate change, focusing on spatial strategies,
such as ecological networks, short-term refugia, robust corridors,
transnational pathways, or potential future protected areas
(Opdam and Wascher, 2004; Thomas, 2005; Gaston et al., 2006).
Conservation management for wetlands undergoing erosion has
been addressed as well (Wolters et al., 2005).

Documented evidence of adaptation to regional climate trends
in the highly managed systems of agriculture and forestry is
beginning to emerge, such as shifts of sowing dates of annual
crops in Europe (Section 1.3.6). With regard to the assessment
of vulnerability, few studies have documented observed effects
of warming in subsistence agricultural systems in rural
populations in developing countries; there are, however, well-
documented studies of adaptive responses and vulnerability to
long-term drought in the Sahel.

Vulnerability appears to be high in the case of extreme events
or exceptional episodes, even in developed countries, as
documented by the agricultural response to, and excess mortality
occurring in, the 2003 heatwaves in Europe. The global decline
in aggregate deaths and death rates due to extreme weather
events during the 20th century suggest that adaptation measures
to cope with some of the worst consequences of such events
have been successful. However, the 2003 European heatwave
and the 2005 hurricane season in the North Atlantic show that,
despite possessing considerable adaptive capacity, even
developed nations are vulnerable if they do not mobilise
adaptation measures in a timely and efficient manner. In human
health, air-conditioning has contributed to declines in death rates
during the summer in the USA and Europe over the past 30-
40 years (Section 1.3.7). Documentation of adaptation and
vulnerability in terms of energy and tourism is limited (Section
1.3.9).

There is a notable lack of geographical balance in the data
and literature on observed changes in natural and managed
systems, with a marked scarcity from developing countries.
Regions with climate warming with an accumulation of
evidence of observed changes in physical and/or biological
systems are Europe, Northern Asia, north-western North
America, and the Antarctic Peninsula. Regions with warming
where evidence of observed changes is sparse are Africa and
Latin America, and evidence is lacking in South-east Asia, the
Indian Ocean and regions in the Pacific. Possible reasons for this
imbalance are lack of access by IPCC authors, lack of data,
research and published studies, lack of knowledge of system
sensitivity, differing system responses to climate variables, lag
effects in responses, resilience in systems and the presence of
adaptation. There is a need to improve the observation networks
and to enhance research capability on changes in physical,
biological and socio-economic systems, particularly in regions
with sparse data. This will contribute to an improved functional
understanding of the responses of natural and managed systems
to climate change.
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Executive summary

This chapter describes the significant developments in methods
and approaches for climate change impact, adaptation and
vulnerability (CCIAV) assessment since the Third Assessment
Report (TAR). It also introduces some of the scenarios and
approaches to scenario construction that are used to characterise
future conditions in the studies reported in this volume.

The growth of different approaches to assessing CCIAV has
been driven by the need for improved decision analysis.
The recognition that a changing climate must be adapted to has
increased the demand for policy-relevant information. The
standard climate scenario-driven approach is used in a large
proportion of assessments described in this report, but the use of
other approaches is increasing. They include assessments of
current and future adaptations to climate, adaptive capacity,
social vulnerability, multiple stresses, and adaptation in the
context of sustainable development. [2.2.1]

Risk management is a useful framework for decision-
making and its use is expanding rapidly.
The advantages of risk-management methods include the use of
formalised methods to manage uncertainty, stakeholder
involvement, use of methods for evaluating policy options
without being policy prescriptive, integration of different
disciplinary approaches, and mainstreaming of climate change
concerns into the broader decision-making context. [2.2.6]

Stakeholders bring vital inputs into CCIAV assessments
about a range of risks and their management.
In particular, how a group or system can cope with current
climate risks provides a solid basis for assessments of future
risks. An increasing number of assessments involve, or are
conducted by, stakeholders. This establishes credibility and helps
to confer ‘ownership’ of the results, which is a prerequisite for
effective risk management. [2.3.2]

The impacts of climate change can be strongly modified by
non-climate factors.
Many new studies have applied socio-economic, land-use and
technology scenarios at a regional scale derived from the global
scenarios developed in the IPCC Special Report on Emissions
Scenarios (SRES). Large differences in regional population,
income and technological development implied under
alternative SRES storylines can produce sharp contrasts in
exposure to climate change and in adaptive capacity and
vulnerability. Therefore, it is best not to rely on a single
characterisation of future conditions. [2.4.6.4, 2.4.6.5]

Scenario information is increasingly being developed at a
finer geographical resolution for use in CCIAV studies.
A range of downscaling methods have been applied to the SRES
storylines, producing new regional scenarios of socio-economic
conditions, land use and land cover, atmospheric composition,

climate and sea level. Regionalisation methods are increasingly
being used to develop high spatial-resolution climate scenarios
based on coupled atmosphere-ocean general circulation model
(AOGCM) projections. [2.4.6.1 to 2.4.6.5]

Characterisations of the future used in CCIAV studies are
evolving to include mitigation scenarios, large-scale
singularities, and probabilistic futures.
CCIAV studies assuming mitigated or stabilised futures are
beginning to assess the benefits (through impacts ameliorated
or avoided) of climate policy decisions. Characterisations of
large-scale singularities have been used to assess their
potentially severe biophysical and socio-economic
consequences. Probabilistic characterisations of future socio-
economic and climate conditions are increasingly becoming
available, and probabilities of exceeding predefined thresholds
of impact have been more widely estimated. [2.4.6.8, 2.4.7,
2.4.8]

2.1 Introduction

Assessments of climate change impacts, adaptation and
vulnerability (CCIAV) are undertaken to inform decision-
making in an environment of uncertainty. The demand for such
assessments has grown significantly since the release of the
IPCC Third Assessment Report (TAR), motivating researchers
to expand the ranges of approaches and methods in use, and of
the characterisations of future conditions (scenarios and allied
products) required by those methods. This chapter describes
these developments as well as illustrating the main approaches
used to characterise future conditions in the studies reported in
this volume.

In previous years, IPCC Working Group II1 has devoted a
Special Report and two chapters to assessment methods (IPCC,
1994; Carter et al., 1996; Ahmad et al., 2001). Moreover, the
TAR also presented two chapters on the topic of scenarios
(Carter et al., 2001; Mearns et al., 2001), which built on earlier
descriptions of climate scenario development (IPCC-TGCIA,
1999). These contributions provide detailed descriptions of
assessment methods and scenarios, which are not repeated in the
current assessment.

In this chapter, an approach is defined as the overall scope
and direction of an assessment and can accommodate a variety
of different methods. A method is a systematic process of
analysis. We identify five approaches to CCIAV in this chapter.
Four are conventional research approaches: impact assessment,
adaptation assessment, vulnerability assessment, and integrated
assessment. The fifth approach, risk management, has emerged
as CCIAV studies have begun to be taken up in mainstream
policy-making.

Section 2.2 describes developments in the major approaches
to CCIAV assessment, followed in Section 2.3 by discussion of
a range of new and improved methods that have been applied
since the TAR. The critical issue of data needs for assessment is
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treated at the end of this section. Most CCIAV approaches have
a scenario component, so recent advances in methods of
characterising future conditions are treated in Section 2.4. Since
many recent studies evaluated in this volume use scenarios based
on the IPCC Special Report on Emissions Scenarios (SRES;
Nakićenović et al., 2000) and derivative studies, boxed examples
are presented to illustrate some of these. Finally, in Section 2.5,
we summarise the key new findings in the chapter and
recommend future research directions required to address major
scientific, technical and information deficiencies.

2.2 New developments in approaches

2.2.1 Frameworks for CCIAV assessment

Although the following approaches and methods were all
described in the TAR (Ahmad et al., 2001), their range of
application in assessments has since been significantly expanded.
Factors that distinguish a particular approach include the purpose
of an assessment, its focus, the methods available, and how
uncertainty is managed. A major aim of CCIAV assessment
approaches is to manage, rather than overcome, uncertainty
(Schneider and Kuntz-Duriseti, 2002), and each approach has its
strengths and weaknesses in that regard. Another important trend
has been the move from research-driven agendas to assessments
tailored towards decision-making, where decision-makers and
stakeholders either participate in or drive the assessment (Wilby
et al., 2004a; UNDP, 2005).

The standard approach to assessment has been the climate
scenario-driven ‘impact approach’, developed from the seven-
step assessment framework of IPCC (1994).2 This approach,
which dominated the CCIAV literature described in previous
IPCC reports, aims to evaluate the likely impacts of climate
change under a given scenario and to assess the need for
adaptation and/or mitigation to reduce any resulting
vulnerability to climate risks. A large number of assessments in
this report also follow that structure.

The other approaches discussed are adaptation- and
vulnerability-based approaches, integrated assessment, and risk
management. All are well represented in conventional
environmental research, but they are increasingly being
incorporated into mainstream approaches to decision-making,
requiring a wider range of methods to fulfil objectives such as
(SBI, 2001; COP, 2005):

• assessing current vulnerabilities and experience in
adaptation,

• stakeholder involvement in dealing with extreme events,
• capacity-building needs for future vulnerability and

adaptation assessments,
• potential adaptation measures,
• prioritisation and costing of adaptation measures,
• interrelationships between vulnerability and adaptation

assessments,

• national development priorities and actions to integrate
adaptation options into existing or future sustainable
development plans.

The adaptation-based approach focuses on risk management by
examining the adaptive capacity and adaptation measures
required to improve the resilience or robustness of a system
exposed to climate change (Smit and Wandel, 2006). In contrast,
the vulnerability-based approach focuses on the risks themselves
by concentrating on the propensity to be harmed, then seeking
to maximise potential benefits and minimise or reverse potential
losses (Adger, 2006). However, these approaches are
interrelated, especially with regard to adaptive capacity (O’Brien
et al., 2006). Integrated approaches include integrated
assessment modelling and other procedures for investigating
CCIAV across disciplines, sectors and scales, and representing
key interactions and feedbacks (e.g., Toth et al., 2003a, b). Risk-
management approaches focus directly on decision-making and
offer a useful framework for considering the different research
approaches and methods described in this chapter as well as
confronting, head on, the treatment of uncertainty, which is
pervasive in CCIAV assessment. Risk-management and
integrated assessment approaches can also be linked directly to
mitigation analysis (Nakićenović et al., 2007) and to the joint
assessment of adaptation and mitigation (see Chapter 18).

Two common terms used to describe assessment types are ‘top-
down’ and ‘bottom-up’, which can variously describe the
approach to scale, to subject matter (e.g., from stress to impact to
response; from physical to socio-economic disciplines) and to
policy (e.g., national versus local); sometimes mixing two or more
of these (Dessai et al., 2004; see also Table 2.1). The standard
impact approach is often described as top-down because it
combines scenarios downscaled from global climate models to
the local scale (see Section 2.4.6) with a sequence of analytical
steps that begin with the climate system and move through
biophysical impacts towards socio-economic assessment. Bottom-
up approaches are those that commence at the local scale by
addressing socio-economic responses to climate, which tend to be
location-specific (Dessai and Hulme, 2004). Adaptation
assessment and vulnerability assessment are usually categorised as
bottom-up approaches. However, assessments have become
increasingly complex, often combining elements of top-down and
bottom-up approaches (e.g., Dessai et al., 2005a) and decision-
making will utilise both (Kates and Wilbanks, 2003; McKenzie
Hedger et al., 2006). The United Nations Development
Programme’s Adaptation Policy Framework (UNDP APF: see
UNDP, 2005) has also identified a policy-based approach, which
assesses current policy and plans for their effectiveness under
climate change within a risk-management framework.

2.2.2 Advances in impact assessment

Application of the standard IPCC impact approach has
expanded significantly since the TAR. The importance of
providing a socio-economic and technological context for
characterising future climate conditions has been emphasised,
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and scenarios assuming no climate policy to restrict greenhouse
gas (GHG) emissions have been contrasted with those assuming
GHG stabilisation (e.g., Parry et al., 2001; see also Sections
2.4.6.4 and 2.4.6.8). The use of probabilities in impact
assessments, presented as proof-of-concept examples in the TAR
(Mearns et al., 2001), is now more firmly established (see
examples in Section 2.4.8). Some other notable advances in
impact assessment include: a reassessment of bioclimatic niche-
based modelling, meta-analyses summarising a range of
assessments, and new dynamic methods of analysing economic
damages. Nevertheless, the climate-sensitive resources of many
regions and sectors, especially in developing countries, have not
yet been subject to detailed impact assessments.

Recent observational evidence of climatic warming, along
with the availability of digital species distribution maps and
greatly extended computer power has emboldened a new
generation of bioclimatic niche-based modellers to predict
changes in species distribution and prevalence under a warming
climate using correlative methods (e.g., Bakkenes et al., 2002;
Thomas et al., 2004; see also Chapter 4, Section 4.4.11).
However, the application of alternative statistical techniques to
the same data sets has also exposed significant variations in
model performance that have recently been the subject of
intensive debate (Pearson and Dawson, 2003; Thuiller et al.,
2004; Luoto et al., 2005; Araújo and Rahbek, 2006) and should
promote a more cautious application of these models for
projecting future biodiversity.

A global-scale, meta-analysis of a range of studies for
different sectors was conducted by Hitz and Smith (2004) to
evaluate the aggregate impacts at different levels of global mean
temperature. For some sectors and regions, such as agriculture

and the coastal zone, sufficient information was available to
summarise aggregated sectoral impacts as a function of global
warming. For other sectors, such as marine biodiversity and
energy, limited information allowed only broad conclusions of
low confidence.

Dynamic methods are superseding statistical methods in some
economic assessments. Recent studies account, for example, for
the role of world markets in influencing climate change impacts
on global agriculture (Fischer et al., 2002), the effect on damage
from sea-level rise when assuming optimal adaptation measures
(Neumann et al., 2000; Nicholls and Tol, 2006), the added costs
for adapting to high temperatures due to uncertainties in projected
climate (Hallegatte et al., 2007), and increasing long-term costs of
natural disasters when explicitly accounting for altered extreme
event distributions (Hallegatte et al., 2006). The role of economic
dynamics has also been emphasised (Fankhauser and Tol, 2005;
Hallegatte, 2005; Hallegatte et al., 2006). Some new studies
suggest damage overestimations by previous assessments, while
others suggest underestimations, leading to the conclusion that
uncertainty is likely to be larger than suggested by the range of
previous estimates.

2.2.3 Advances in adaptation assessment

Significant advances in adaptation assessment have occurred,
shifting its emphasis from a research-driven activity to one
where stakeholders participate in order to improve decision-
making. The key advance is the incorporation of adaptation to
past and present climate. This has the advantage of anchoring
the assessment in what is already known, and can be used to
explore adaptation to climate variability and extremes, especially
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Approach
Impact Vulnerability Adaptation Integrated

Scientific
objectives

Impacts and risks under
future climate

Processes affecting
vulnerability to
climate change

Processes affecting
adaptation and
adaptive capacity

Interactions and feedbacks between
multiple drivers and impacts

Practical aims Actions to reduce risks Actions to reduce
vulnerability

Actions to improve
adaptation

Global policy options and costs

Research
methods

Standard approach to CCIAV
Drivers-pressure-state-

impact-response (DPSIR)
methods

Hazard-driven risk
assessment

Vulnerability indicators and profiles
Past and present climate risks

Livelihood analysis
Agent-based methods

Narrative methods
Risk perception including critical thresholds

Development/sustainability policy performance
Relationship of adaptive capacity to sustainable

development

Integrated assessment modelling
Cross-sectoral interactions
Integration of climate with other

drivers
Stakeholder discussions Linking

models across types and scales
Combining assessment

approaches/methods

Spatial
domains

Top-down
Global -› Local

Bottom-up
Local -› Regional

(macro-economic approaches are top-down)

Linking scales
Commonly global/regional
Often grid-based

Scenario types Exploratory scenarios of
climate and other factors
(e.g., SRES)

Normative scenarios (e.g.,
stabilisation)

Socio-economic conditions
Scenarios or inverse

methods

Baseline adaptation
Adaptation analogues

from history, other
locations, other activities

Exploratory scenarios: exogenous
and often endogenous (including
feedbacks)

Normative pathways

Motivation Research-driven Research-/stakeholder-driven Stakeholder-/research-
driven

Research-/stakeholder-driven

Table 2.1. Some characteristics of different approaches to CCIAV assessment. Note that vulnerability and adaptation-based approaches are highly
complementary.



if scenarios of future variability are uncertain or unavailable
(Mirza, 2003b; UNDP, 2005). As such, adaptation assessment
has accommodated a wide range of methods used in mainstream
policy and planning. Chapter 17 of this volume discusses
adaptation practices, the processes and determinants of adaptive
capacity, and limits to adaptation, highlighting the difficulty of
establishing a general methodology for adaptation assessment
due to the great diversity of analytical methods employed. These
include the following approaches and methods.

• The scenario-based approach (e.g., IPCC, 1994; see also
Section 2.2.1), where most impact assessments consider
future adaptation as an output.

• Normative policy frameworks, exploring which adaptations
are socially and environmentally beneficial, and applying
diverse methods, such as vulnerability analysis, scenarios,
cost-benefit analysis, multi-criteria analysis and technology
risk assessments (UNDP, 2005).

• Indicators, employing models of specific hypothesised
components of adaptive capacity (e.g., Moss et al., 2001;
Yohe and Tol, 2002; Brooks et al., 2005; Haddad, 2005).

• Economic modelling, anthropological and sociological
methods for identifying learning in individuals and
organisations (Patt and Gwata, 2002; Tompkins, 2005;
Berkhout et al., 2006).

• Scenarios and technology assessments, for exploring what
kinds of adaptation are likely in the future (Dessai and
Hulme, 2004; Dessai et al., 2005a; Klein et al., 2005).

• Risk assessments combining current risks to climate
variability and extremes with projected future changes,
utilising cost-benefit analysis to assess adaptation (e.g.,
ADB, 2005).

Guidance regarding methods and tools to use in prioritising
adaptation options include the Compendium of Decision Tools
(UNFCCC, 2004), the Handbook on Methods for Climate
Change Impact Assessment and Adaptation Strategies (Feenstra
et al., 1998), and Costing the Impacts of Climate Change
(Metroeconomica, 2004). A range of different methods can also
be used with stakeholders (see Section 2.3.2).

The financing of adaptation has received minimal attention.
Bouwer and Vellinga (2005) suggest applying more structured
decision-making to future disaster management and adaptation
to climate change, sharing the risk between private and public
sources. Quiggin and Horowitz (2003) argue that the economic
costs will be dominated by the costs of adaptation, which depend
on the rate of climate change, especially the occurrence of
climate extremes, and that many existing analyses overlook
these costs (see also Section 2.2.2).

2.2.4 Advances in vulnerability assessment

Since the TAR, the IPCC definition of vulnerability3 has been
challenged, both to account for an expanded remit by including
social vulnerability (O’Brien et al., 2004a) and to reconcile it
with risk assessment (Downing and Patwardhan, 2005).

Different states of vulnerability under climate risks include:
vulnerability to current climate, vulnerability to climate change
in the absence of adaptation and mitigation measures, and
residual vulnerability, where adaptive and mitigative capacities
have been exhausted (e.g., Jones et al., 2007). A key
vulnerability has the potential for significant adverse affects on
both natural and human systems, as outlined in the United
Nations Framework Convention on Climate Change
(UNFCCC), thus contributing to dangerous anthropogenic
interference with the climate system (see Chapter 19). Füssel
and Klein (2006) review and summarise these developments.

Vulnerability is highly dependent on context and scale, and
care should be taken to clearly describe its derivation and
meaning (Downing and Patwardhan, 2005) and to address the
uncertainties inherent in vulnerability assessments (Patt et al.,
2005). Frameworks should also be able to integrate the social
and biophysical dimensions of vulnerability to climate change
(Klein and Nicholls, 1999; Polsky et al., 2003; Turner et al.,
2003a). Formal methods for vulnerability assessment have also
been proposed (Ionescu et al., 2005; Metzger and Schröter,
2006) but are very preliminary.

The methods and frameworks for assessing vulnerability
must also address the determinants of adaptive capacity (Turner
et al., 2003a; Schröter et al., 2005a; O’Brien and Vogel, 2006;
see also Chapter 17, Section 17.3.1) in order to examine the
potential responses of a system to climate variability and change.
Many studies endeavour to do this in the context of human
development, by aiming to understand the underlying causes of
vulnerability and to further strengthen adaptive capacities (e.g.,
World Bank, 2006). In some quantitative approaches, the
indicators used are related to adaptive capacity, such as national
economic capacity, human resources, and environmental
capacities (Moss et al., 2001; see also Section 2.2.3). Other
studies include indicators that can provide information related to
the conditions, processes and structures that promote or
constrain adaptive capacity (Eriksen et al., 2005).

Vulnerability assessment offers a framework for policy
measures that focus on social aspects, including poverty
reduction, diversification of livelihoods, protection of common
property resources and strengthening of collective action
(O’Brien et al., 2004b). Such measures enhance the ability to
respond to stressors and secure livelihoods under present
conditions, which can also reduce vulnerability to future climate
change. Community-based interactive approaches for
identifying coping potentials provide insights into the underlying
causes and structures that shape vulnerability (O’Brien et al.,
2004b). Other methods employed in recent regional
vulnerability studies include stakeholder elicitation and survey
(Eakin et al., 2006; Pulhin et al., 2006), and multi-criteria
modelling (Wehbe et al., 2006).

Traditional knowledge of local communities represents an
important, yet currently largely under-used resource for CCIAV
assessment (Huntington and Fox, 2005). Empirical knowledge
from past experience in dealing with climate-related natural
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disasters such as droughts and floods (Osman-Elasha et al.,
2006), health crises (Wandiga et al., 2006), as well as longer-
term trends in mean conditions (Huntington and Fox, 2005;
McCarthy and Long Martello, 2005), can be particularly helpful
in understanding the coping strategies and adaptive capacity of
indigenous and other communities relying on oral traditions.

2.2.5 Advances in integrated assessment

Integrated assessment represents complex interactions across
spatial and temporal scales, processes and activities. Integrated
assessments can involve one or more mathematical models, but
may also represent an integrated process of assessment, linking
different disciplines and groups of people. Managing uncertainty
in integrated assessments can utilise models ranging from simple
models linking large-scale processes, through models of
intermediate complexity, to the complex, physically explicit
representation of Earth systems. This structure is characterised
by trade-offs between realism and flexibility, where simple
models are more flexible but less detailed, and complex models
offer more detail and a greater range of output. No single theory
describes and explains dynamic behaviour across scales in socio-
economic and ecological systems (Rotmans and Rothman,
2003), nor can a single model represent all the interactions
within a single entity, or provide responses to questions in a
rapid turn-around time (Schellnhuber et al., 2004). Therefore,
integration at different scales and across scales is required in
order to comprehensively assess CCIAV. Some specific
advances are outlined here; integration to assess climate policy
benefits is considered in Section 2.2.6.

Cross-sectoral integration is required for purposes such as
national assessments, analysis of economic and trade effects,
and joint population and climate studies. National assessments
can utilise nationally integrated models (e.g., Izaurralde et al.,
2003; Rosenberg et al., 2003; Hurd et al., 2004), or can
synthesise a number of disparate studies for policy-makers (e.g.,
West and Gawith, 2005). Markets and trade can have significant
effects on outcomes. For example, a study assessing the global
impacts of climate change on forests and forest products showed
that trade can affect efforts to stabilise atmospheric carbon
dioxide (CO2) and also affected regional welfare, with adverse
effects on those regions with high production costs (Perez-
Garcia et al., 2002). New economic assessments of aggregated
climate change damages have also been produced for multiple
sectors (Tol, 2002a, b; Mendelsohn and Williams, 2004;
Nordhaus, 2006). These have highlighted potentially large
regional disparities in vulnerability to impacts. Using an
integrated assessment general equilibrium model, Kemfert
(2002) found that interactions between sectors acted to amplify
the global costs of climate change, compared with single-sector
analysis.

Integration yields results that cannot be produced in isolation.
For example, the Millennium Ecosystem Assessment assessed
the impact of a broad range of stresses on ecosystem services, of
which climate change was only one (Millennium Ecosystem
Assessment, 2005). Linked impact and vulnerability
assessments can also benefit from a multiple stressors approach.
For instance, the AIR-CLIM Project integrated climate and air

pollution impacts in Europe between 1995 and 2100, concluding
that that while the physical impacts were weakly coupled, the
costs of air pollution and climate change were strongly coupled.
The indirect effects of climate policies stimulated cost reductions
in air pollution control of more than 50% (Alcamo et al., 2002).
Some of the joint effects of extreme weather and air pollution
events on human health are described in Chapter 8, Section
8.2.6.

Earth system models of intermediate complexity that link the
atmosphere, oceans, cryosphere, land system, and biosphere are
being developed to assess impacts (particularly global-scale,
singular events that may be considered dangerous) within a risk
and vulnerability framework (Rial et al., 2004; see also Section
2.4.7). Global climate models are also moving towards a more
complete representation of the Earth system. Recent simulations
integrating the atmosphere with the biosphere via a complete
carbon cycle show the potential of the Amazon rainforest to
suffer dieback (Cox et al., 2004), leading to a positive feedback
that decreases the carbon sink and increases atmospheric CO2
concentrations (Friedlingstein et al., 2006; Denman et al., 2007).

2.2.6 Development of risk-management
frameworks

Risk management is defined as the culture, processes and
structures directed towards realising potential opportunities
whilst managing adverse effects (AS/NZS, 2004). Risk is
generally measured as a combination of the probability of an
event and its consequences (ISO/IEC, 2002; see also Figure 2.1),
with several ways of combining these two factors being possible.
There may be more than one event, consequences can range
from positive to negative, and risk can be measured qualitatively
or quantitatively.

To date, most CCIAV studies have assessed climate change
without specific regard to how mitigation policy will influence
those impacts. However, the certainty that some climate change
will occur (and is already occurring – see Chapter 1) is driving
adaptation assessment beyond the limits of what scenario-driven
methods can provide. The issues to be addressed include
assessing current adaptations to climate variability and extremes
before assessing adaptive responses to future climate, assessing
the limits of adaptation, linking adaptation to sustainable
development, engaging stakeholders, and decision-making
under uncertainty. Risk management has been identified as a
framework that can deal with all of these issues in a manner that
incorporates existing methodologies and that can also
accommodate other sources of risk (Jones, 2001; Willows and
Connell, 2003; UNDP, 2005) in a process known as
mainstreaming.

The two major forms of climate risk management are the
mitigation of climate change through the abatement of GHG
emissions and GHG sequestration, and adaptation to the
consequences of a changing climate (Figure 2.1). Mitigation
reduces the rate and magnitude of changing climate hazards;
adaptation reduces the consequences of those hazards (Jones,
2004). Mitigation also reduces the upper bounds of the range of
potential climate change, while adaptation copes with the lower
bounds (Yohe and Toth, 2000). Hence they are complementary

Chapter 2 New assessment methods and the characterisation of future conditions

139



processes, but the benefits will accumulate over different time-
scales and, in many cases, they can be assessed and implemented
separately (Klein et al., 2005). These complementarities and
differences are discussed in Section 18.4 of this volume, while
integrated assessment methods utilising a risk-management
approach are summarised by Nakićenović et al. (2007).

Some of the standard elements within the risk-management
process that can be adapted to assess CCIAV are as follows.

• A scoping exercise, where the context of the assessment is
established. This identifies the overall approach to be used.

• Risk identification, where what is at risk, who is at risk, the
main climate and non-climate stresses contributing to the
risk, and levels of acceptable risk are identified. This step
also identifies the scenarios required for further assessment.

• Risk analysis, where the consequences and their likelihood
are analysed. This is the most developed area, with a range
of methods used in mainstream risk assessment and CCIAV
assessment being available.

• Risk evaluation, where adaptation and/or mitigation
measures are prioritised.

• Risk treatment, where selected adaptation and/or mitigation
measures are applied, with follow-up monitoring and review.

Two overarching activities are communication and consultation
with stakeholders, and monitoring and review. These activities

co-ordinate the management of uncertainty and ensure that
clarity and transparency surround the assumptions and concepts
being used. Other essential components of risk management
include investment in obtaining improved information and
building capacity for decision-making (adaptive governance: see
Dietz et al., 2003).

Rather than being research-driven, risk management is
oriented towards decision-making; e.g., on policy, planning, and
management options. Several frameworks have been developed
for managing risk, which use a variety of approaches as outlined
in Table 2.1. The UNDP Adaptation Policy Framework (UNDP,
2005) describes risk-assessment methods that follow both the
standard impact and human development approaches focusing
on vulnerability and adaptation (also see Füssel and Klein,
2006). National frameworks constructed to deliver national
adaptation strategies include those of the UK (Willows and
Connell, 2003) and Australia (Australian Greenhouse Office,
2006). The World Bank is pursuing methods for hazard and risk
management that focus on financing adaptation to climate
change (van Aalst, 2006) and mainstreaming climate change into
natural-hazard risk management (Burton and van Aalst, 2004;
Mathur et al., 2004; Bettencourt et al., 2006).

Therefore, risk management is an approach that is being
pursued for the management of climate change risks at a range
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Figure 2.1. Synthesis of risk-management approaches to global warming. The left side shows the projected range of global warming from the TAR
(bold lines) with zones of maximum benefit for adaptation and mitigation depicted schematically. The right side shows likelihood based on
threshold exceedance as a function of global warming and the consequences of global warming reaching that particular level based on results
from the TAR. Risk is a function of probability and consequence. The primary time horizons of approaches to CCIAV assessment are also shown
(modified from Jones, 2004).



of scales; from the global (mitigation to achieve ‘safe’ levels of
GHG emissions and concentrations, thus avoiding dangerous
anthropogenic interference), to the local (adaptation at the scale
of impact), to mainstreaming risk with a multitude of other
activities.

2.2.7 Managing uncertainties and confidence levels

CCIAV assessments aim to understand and manage as much
of the full range of uncertainty, extending from emissions through
to vulnerability (Ahmad et al., 2001), as is practicable, in order
to improve the decision-making process. At the same time, a
primary aim of scientific investigations is to reduce uncertainty
through improved knowledge. However, such investigations do
not necessarily reduce the uncertainty range as used by CCIAV
assessments. A phenomenon or process is usually described
qualitatively before it can be quantified with any confidence;
some, such as aspects of socio-economic futures, may never be
well quantified (Morgan and Henrion, 1990). Often a scientific
advance will expand a bounded range of uncertainty as a new
process is quantified and incorporated into the chain of
consequences contributing to that range. Examples include an
expanded range of future global warming due to positive CO2
feedbacks, from the response of vegetation to climate change (see
Section 2.2.5; WG I SPM), and a widened range of future impacts
that can be incurred by incorporating development futures in
integrated impact assessments, particularly if adaptation is
included (see Section 2.4.6.4). In such cases, although uncertainty
appears to be expanding, this is largely because the underlying
process is becoming better understood.

The variety of different approaches developed and applied
since the TAR all have their strengths and weaknesses. The
impact assessment approach is particularly susceptible to
ballooning uncertainties because of the limits of prediction (e.g.,
Jones 2001). Probabilistic methods and the use of thresholds are
two ways in which these uncertainties are being managed (Jones
and Mearns, 2005; see also Section 2.4.8). Another way to
manage uncertainties is through participatory approaches,
resulting in learning-by-observation and learning-by-doing, a
particular strength of vulnerability and adaptation approaches
(e.g., Tompkins and Adger, 2005; UNDP, 2005). Stakeholder
participation establishes credibility and stakeholders are more
likely to ‘own’ the results, increasing the likelihood of successful
adaptation (McKenzie Hedger et al., 2006).

2.3 Development in methods

2.3.1 Thresholds and criteria for risk

The risks of climate change for a given exposure unit can be
defined by criteria that link climate impacts to potential
outcomes. This allows a risk to be analysed and management
options to be evaluated, prioritised, and implemented. Criteria
are usually specified using thresholds that denote some limit of
tolerable risk. A threshold marks the point where stress on an
exposed system or activity, if exceeded, results in a non-linear

response in that system or activity. Two types of thresholds are
used in assessing change (Kenny et al., 2000; Jones 2001; see
also Chapter 19, Section 19.1.2.5):
1. a non-linear change in state, where a system shifts from one

identifiable set of conditions to another (systemic threshold);
2. a level of change in condition, measured on a linear scale,

regarded as ‘unacceptable’ and inviting some form of
response (impact threshold).

Thresholds used to assess risk are commonly value-laden, or
normative. A systemic threshold can often be objectively
measured; for example, a range of estimates of global mean
warming is reported in Meehl et al. (2007) defining the point at
which irreversible melting of the Greenland Ice Sheet would
commence. If a policy aim were to avoid its loss, selecting from
the given range a critical level of warming that is not to be
exceeded would require a value judgement. In the case of an
impact threshold, the response is the non-linear aspect; for
example, a management threshold (Kenny et al., 2000).
Exceeding a management threshold will result in a change of
legal, regulatory, economic, or cultural behaviour. Hence, both
cases introduce critical thresholds (IPCC, 1994; Parry et al.,
1996; Pittock and Jones, 2000), where criticality exceeds, in
risk-assessment terms, the level of tolerable risk. Critical
thresholds are used to define the coping range (see Section
2.3.3).

Thresholds derived with stakeholders avoid the pitfall of
researchers ascribing their own values to an assessment (Kenny
et al., 2000; Pittock and Jones, 2000; Conde and Lonsdale,
2005). Stakeholders thus become responsible for the
management of the uncertainties associated with that threshold
through ownership of the assessment process and its outcomes
(Jones, 2001). The probability of threshold exceedance is being
used in risk analyses (Jones, 2001, 2004) on local and global
scales. For example, probabilities of critical thresholds for coral
bleaching and mortality for sites in the Great Barrier Reef as a
function of global warming show that catastrophic bleaching
will occur biennially with a warming of about 2°C (Jones, 2004).
Further examples are given in Section 2.4.8. At a global scale,
the risk of exceeding critical thresholds has been estimated
within a Bayesian framework, by expressing global warming
and sea-level rise as cumulative distribution functions that are
much more likely to be exceeded at lower levels than higher
levels (Jones, 2004; Mastrandrea and Schneider, 2004; Yohe,
2004). However, although this may be achieved for key global
vulnerabilities, there is often no straightforward way to integrate
local critical thresholds into a ‘mass’ damage function of many
different metrics across a wide range of potential impacts
(Jacoby, 2004).

2.3.2 Stakeholder involvement

Stakeholder involvement is crucial to risk, adaptation, and
vulnerability assessments because it is the stakeholders who will
be most affected and thus may need to adapt (Burton et al., 2002;
Renn, 2004; UNDP, 2005). Stakeholders are characterised as
individuals or groups who have anything of value (both
monetary and non-monetary) that may be affected by climate
change or by the actions taken to manage anticipated climate
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risks. They might be policy-makers, scientists, communities,
and/or managers in the sectors and regions most at risk both now
and in the future (Rowe and Frewer, 2000; Conde and Lonsdale,
2005).

Individual and institutional knowledge and expertise
comprise the principal resources for adapting to the impacts of
climate change. Adaptive capacity is developed if people have
time to strengthen networks, knowledge, and resources, and the
willingness to find solutions (Cohen, 1997; Cebon et al., 1999;
Ivey et al., 2004). Kasperson (2006) argues that the success of
stakeholder involvement lies not only in informing interested
and affected people, but also in empowering them to act on the
enlarged knowledge. Through an ongoing process of negotiation
and modification, stakeholders can assess the viability of
adaptive measures by integrating scientific information into their
own social, economic, cultural, and environmental context (van
Asselt and Rotmans, 2002; see also Chapter 18, Section 18.5).
However, stakeholder involvement may occur in a context where
political differences, inequalities, or conflicts may be raised;
researchers must accept that it is not their role to solve those
conflicts, unless they want to be part of them (Conde and
Lonsdale, 2005). Approaches to stakeholder engagement vary
from passive interactions, where the stakeholders only provide
information, to a level where the stakeholders themselves initiate
and design the process (Figure 2.2).

Current adaptation practices for climate risks are being
developed by communities, governments, Non-Governmental
Organisations (NGOs), and other organised stakeholders to
increase their adaptive capacity (Ford and Smit, 2004; Thomalla
et al., 2005; Conde et al., 2006). Indigenous knowledge studies
are a valuable source of information for CCIAV assessments,
especially where formally collected and recorded data are sparse
(Huntington and Fox, 2005). Stakeholders have a part to play in

scenario development (Lorenzoni et al., 2000; Bärlund and
Carter, 2002) and participatory modelling (e.g., Welp, 2001; van
Asselt and Rijkens-Klomp, 2002).

Stakeholders are also central in assessing future needs for
developing policies and measures to adapt (Nadarajah and
Rankin, 2005). These needs have been recognised in regional
and national approaches to assessing climate impacts and
adaptation, including the UK Climate Impacts Programme
(UKCIP) (West and Gawith, 2005), the US National Assessment
(National Assessment Synthesis Team 2000; Parson et al., 2003),
the Arctic Climate Impact Assessment (ACIA, 2005), the
Finnish National Climate Change Adaptation Strategy (Marttila
et al., 2005) and the related FINADAPT research consortium
(Kankaanpää et al., 2005), and the Mackenzie Basin Impact
Study (Cohen, 1997).

2.3.3 Defining coping ranges

The coping range of climate (Hewitt and Burton, 1971) is
described in the TAR as the capacity of systems to accommodate
variations in climatic conditions (Smith et al., 2001), and thus
serves as a suitable template for understanding the relationship
between changing climate hazards and society. The concept of
the coping range has since been expanded to incorporate
concepts of current and future adaptation, planning and policy
horizons, and likelihood (Yohe and Tol, 2002; Willows and
Connell, 2003; UNDP, 2005). It can therefore serve as a
conceptual model (Morgan et al., 2001) which can be used to
integrate analytical techniques with a broader understanding of
climate-society relationships (Jones and Mearns, 2005).

The coping range is used to link the understanding of current
adaptation to climate with adaptation needs under climate
change. It is a useful mental model to use with stakeholders –
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Figure 2.2. Ladder of stakeholder participation (based on Pretty et al., 1995; Conde and Lonsdale, 2005).



who often have an intuitive understanding of which risks can be
coped with and which cannot – that can subsequently be
developed into a quantitative model (Jones and Boer, 2005). It
can be depicted as one or more climatic or climate-related
variables upon which socio-economic responses are mapped
(Figure 2.3). The core of the coping range contains beneficial
outcomes. Towards one or both edges of the coping range,
outcomes become negative but tolerable. Beyond the coping
range, the damages or losses are no longer tolerable and denote
a vulnerable state, the limits of tolerance describing a critical
threshold (left side of Figure 2.3). A coping range is usually
specific to an activity, group, and/or sector, although society-
wide coping ranges have been proposed (Yohe and Tol, 2002).

Risk is assessed by calculating how often the coping range is
exceeded under given conditions. Climate change may increase
the risk of threshold exceedance but adaptation can ameliorate
the adverse effects by widening the coping range (right side of
Figure 2.3). For example, Jones (2001) constructed critical
thresholds for the Macquarie River catchment in Australia for
irrigation allocation and environmental flows. The probability
of exceeding these thresholds was a function of both natural
climate variability and climate change. Yohe and Tol (2002)
explored hypothetical upper and lower critical thresholds for the
River Nile using current and historical streamflow data. The
upper threshold denoted serious flooding, and the lower
threshold the minimum flow required to supply water demand.
Historical frequency of exceedance served as a baseline from
which to measure changing risks using a range of climate
scenarios.

2.3.4 Communicating uncertainty and risk

Communicating risk and uncertainty is a vital part of helping
people respond to climate change. However, people often rely on
intuitive decision-making processes, or heuristics, in solving
complicated problems of judgement and decision-making
(Tversky and Kahneman, 1974). In many cases, these heuristics
are surprisingly successful in leading to successful decisions

under information and time constraints (Gigerenzer, 2000;
Muramatsu and Hanich, 2005). In other cases, heuristics can
lead to predictable inconsistencies or errors of judgement (Slovic
et al., 2004). For example, people consistently overestimate the
likelihood of low-probability events (Kahneman and Tversky,
1979; Kammen et al., 1994), resulting in choices that may
increase their exposure to harm (Thaler and Johnson, 1990).
These deficiencies in human judgement in the face of
uncertainty are discussed at length in the TAR (Ahmad et al.,
2001).

Participatory approaches establish a dialogue between
stakeholders and experts, where the experts can explain the
uncertainties and the ways they are likely to be misinterpreted,
the stakeholders can explain their decision-making criteria, and
the two parties can work together to design a risk-management
strategy (Fischoff, 1996; Jacobs, 2002; NRC, 2002). Because
stakeholders are often the decision-makers themselves (Kelly
and Adger, 2000), the communication of impact, adaptation, and
vulnerability assessment has become more important (Jacobs,
2002; Dempsey and Fisher, 2005; Füssel and Klein, 2006).
Adaptation decisions also depend on changes occurring outside
the climate change arena (Turner et al., 2003b).

If the factors that give rise to the uncertainties are described
(Willows and Connell, 2003), stakeholders may view that
information as more credible because they can make their own
judgements about its quality and accuracy (Funtowicz and
Ravetz, 1990). People will remember and use uncertainty
assessments when they can mentally link the uncertainty and
events in the world with which they are familiar; assessments of
climate change uncertainty are more memorable, and hence
more influential, when they fit into people’s pre-existing mental
maps of experience of climate variability, or when sufficient
detail is provided to help people to form new mental models
(Hansen, 2004). This can be aided by the development of visual
tools that can communicate impacts, adaptation, and
vulnerability to stakeholders while representing uncertainty in
an appropriate manner (e.g., Discovery Software, 2003;
Aggarwal et al., 2006).
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Figure 2.3. Idealised version of a coping range showing the relationship between climate change and threshold exceedance, and how adaptation
can establish a new critical threshold, reducing vulnerability to climate change (modified from Jones and Mearns, 2005).



2.3.5 Data needs for assessment

Although considerable advances have been made in the
development of methods and tools for CCIAV assessment (see
previous sections), their application has been constrained by
limited availability and access to good-quality data (e.g.,
Briassoulis, 2001; UNFCCC, 2005; see also Chapter 3, Section
3.8; Chapter 6, Section 6.6; Chapter 7, Section 7.8; Chapter 8,
Section, 8.8; Chapter 9, Section 9.5; Chapter 10, Section 10.8;
Chapter 12, Section 12.8; Chapter 13, Section 13.5; Chapter 15,
Section 15.4; Chapter 16, Section 16.7).

In their initial national communications to the UNFCCC, a
large number of non-Annex I countries reported on the lack of
appropriate institutions and infrastructure to conduct systematic
data collection, and poor co-ordination within and/or between
different government departments and agencies (UNFCCC,
2005). Significant gaps exist in the geographical coverage and
management of existing global and regional Earth-observing
systems and in the efforts to retrieve the available historical data.
These are especially acute in developing-country regions such as
Africa, where lack of funds for modern equipment and
infrastructure, inadequate training of staff, high maintenance
costs, and issues related to political instability and conflict are
major constraints (IRI, 2006). As a result, in some regions,
observation systems have been in decline (e.g., GCOS, 2003;
see also Chapter 16, Section 16.7).

Major deficiencies in data provision for socio-economic and
human systems indicators have been reported as a key barrier to
a better understanding of nature-society dynamics in both
developed and developing countries (Wilbanks et al., 2003; but
see Nordhaus, 2006). Recognising the importance of data and
information for policy decisions and risk management under a
changing climate, new programmes and initiatives have been put
in place to improve the provision of data across disciplines and
scales. Prominent among these, the Global Earth Observation
System of Systems (GEOSS) plan (Group on Earth Observations,
2005) was launched in 2006, with a mission to help all 61
involved countries produce and manage Earth observational data.
The Centre for International Earth Science Information Network
(CIESIN) provides a wide range of environmental and socio-
economic data products.4 In addition, the IPCC Data Distribution
Centre (DDC), overseen by the IPCC Task Group on Data and
Scenario Support for Impact and Climate Analysis (TGICA),
hosts various sets of outputs from coupled Atmosphere-Ocean
General Circulation Models (AOGCMs), along with
environmental and socio-economic data for CCIAV assessments
(Parry, 2002). New sources of data from remote sensing are also
becoming available (e.g., Justice et al., 2002), which could fill the
gaps where no ground-based data are available but which require
resourcing to obtain access. New and updated observational data
sets and their deficiencies are also detailed in the WG I report for
climate (Trenberth et al., 2007) and sea level (Bindoff et al., 2007).

Efforts are also being made to record human-environment
interactions in moderated online databases. For instance, the

DesInventar database5 records climatic disasters of the recent
past in Latin America, documenting not only the adverse
climatic events themselves, but also the consequences of these
events and the parties affected. Information on local coping
strategies applied by different communities and sectors is being
recorded by the UNFCCC.6

Many assessments are now obtaining data through
stakeholder elicitation and survey methods. For example, in
many traditional societies a large number of social interactions
may not be recorded by bureaucratic processes, but knowledge
of how societies adapt to climate change, perceive risk, and
measure their vulnerability is held by community members (e.g.,
Cohen, 1997; ACIA, 2005; see also Section 2.3.2). Even in data-
rich situations, it is likely that some additional data from
stakeholders will be required. However, this also requires
adequate resourcing.

2.4 Characterising the future

2.4.1 Why and how do we characterise future
conditions?

Evaluations of future climate change impacts, adaptation, and
vulnerability require assumptions, whether explicit or implicit,
about how future socio-economic and biophysical conditions will
develop. The literature on methods of characterising the future
has grown in tandem with the literature on CCIAV, but these
methods have not been defined consistently across different
research communities. Box 2.1 presents a consistent typology of
characterisations that expands on the definitions presented in the
TAR (Carter et al., 2001), for the purpose of clarifying the use of
this terminology in this chapter. Although they may overlap,
different types of characterisations of the future can be usefully
distinguished in terms of their plausibility and ascription of
likelihood, on the one hand, and the comprehensiveness of their
representation, on the other (see Box 2.1 for definitions). Since
the TAR, comprehensiveness has increased and ascriptions of
likelihood have become more common. The following sections
make use of the typology in Box 2.1 to address notable advances
in methods of characterising the future.

2.4.2 Artificial experiments

The most significant advance in artificial experiments since the
TAR is the development of a new set of commitment runs by
AOGCMs. These are climate change projections that assume that
the radiative forcing at a particular point in time (often the current
forcing) is held constant into the future (Meehl et al., 2007). The
projections demonstrate the time-lags in the climate response to
changes in radiative forcing (due to the delayed penetration of
heat into the oceans), and of sea level to warming. Recent
experiments estimate a global mean warming commitment

New assessment methods and the characterisation of future conditions Chapter 2

144

4 http://www.ciesin.org/index.html
5 http://www.desinventar.org/desinventar.html
6 http://maindb.unfccc.int/public/adaptation



Chapter 2 New assessment methods and the characterisation of future conditions

145

Box 2.1. Definitions of future characterisations

Figure 2.4 illustrates the relationships among the categories of future characterisations most commonly used in CCIAV studies.
Because definitions vary across different fields, we present a single consistent typology for use in this chapter. Categories are
distinguished according to comprehensiveness and plausibility.

Comprehensiveness indicates the degree to which a characterisation of the future captures the various aspects of the socio-
economic/biophysical system it aims to represent. Secondarily, it indicates the detail with which any single element is characterised.

Plausibility is a subjective measure of whether a
characterisation of the future is possible.
Implausible futures are assumed to have zero or
negligible likelihood. Plausible futures can be
further distinguished by whether a specific
likelihood is ascribed or not.

Artificial experiment. A characterisation of the
future constructed without regard to plausibility
(and hence often implausible) that follows a
coherent logic in order to study a process or
communicate an insight. Artificial experiments
range in comprehensiveness from simple thought
experiments to detailed integrated modelling
studies.

Sensitivity analysis. Sensitivity analyses employ
characterisations that involve arbitrary or
graduated adjustments of one or several
variables relative to a reference case. These

adjustments may be plausible (e.g., changes are of a realistic magnitude) or implausible (e.g., interactions between the adjusted
variables are ignored), but the main aim is to explore model sensitivity to inputs, and possibly uncertainty in outputs.

Analogues. Analogues are based on recorded conditions that are considered to adequately represent future conditions in a study
region.These records can be of past conditions (temporal analogues) or from another region (spatial analogues). Their selection is
guided by information from sources such as AOGCMs; they are used to generate detailed scenarios which could not be realistically
obtained by other means. Analogues are plausible in that they reflect a real situation, but may be implausible because no two places
or periods of time are identical in all respects.

Scenarios. A scenario is a coherent, internally consistent, and plausible description of a possible future state of the world (IPCC, 1994;
Nakićenović et al., 2000; Raskin et al., 2005). Scenarios are not predictions or forecasts (which indicate outcomes considered most
likely), but are alternative images without ascribed likelihoods of how the future might unfold. They may be qualitative, quantitative,
or both. An overarching logic often relates several components of a scenario, for example a storyline and/or projections of particular
elements of a system. Exploratory (or descriptive) scenarios describe the future according to known processes of change, or as
extrapolations of past trends (Carter et al., 2001). Normative (or prescriptive) scenarios describe a pre-specified future, either
optimistic, pessimistic, or neutral (Alcamo, 2001), and a set of actions that might be required to achieve (or avoid) it. Such scenarios
are often developed using an inverse modelling approach, by defining constraints and then diagnosing plausible combinations of
the underlying conditions that satisfy those constraints (see Nakićenović et al., 2007).

Storylines. Storylines are qualitative, internally consistent narratives of how the future may evolve. They describe the principal trends
in socio-political-economic drivers of change and the relationships between these drivers. Storylines may be stand-alone, but more
often underpin quantitative projections of future change that, together with the storyline, constitute a scenario.

Projection. A projection is generally regarded as any description of the future and the pathway leading to it. However, here we define
a projection as a model-derived estimate of future conditions related to one element of an integrated system (e.g., an emission, a
climate, or an economic growth projection). Projections are generally less comprehensive than scenarios, even if the projected
element is influenced by other elements. In addition, projections may be probabilistic, while scenarios do not ascribe likelihoods.

Probabilistic futures. Futures with ascribed likelihoods are probabilistic. The degree to which the future is characterised in
probabilistic terms can vary widely. For example, conditional probabilistic futures are subject to specific and stated assumptions about
how underlying assumptions are to be represented. Assigned probabilities may also be imprecise or qualitative.

Figure 2.4. Characterisations of the future.



associated with radiative forcing in 2000 of about 0.6°C by 2100
(Meehl et al., 2007). Sea-level rise due to thermal expansion of the
oceans responds much more slowly, on a time-scale of millennia;
committed sea-level rise is estimated at between 0.3 and 0.8 m
above present levels by 2300, assuming concentrations stabilised
at A1B levels in 2100 (Meehl et al., 2007). However, these
commitment runs are unrealistic because the instantaneous
stabilisation of radiative forcing is implausible, implying an
unrealistic change in emission rates (see Nakićenović et al., 2007).
They are therefore only suitable for setting a lower bound on
impacts seen as inevitable (Parry et al., 1998).

2.4.3 Sensitivity analysis

Sensitivity analysis (see Box 2.1) is commonly applied in many
model-based CCIAV studies to investigate the behaviour of a
system, assuming arbitrary, often regularly spaced, adjustments
in important driving variables. It has become a standard technique
in assessing sensitivity to climatic variations, enabling the
construction of impact response surfaces over multi-variate
climate space (e.g., van Minnen et al., 2000; Miller et al., 2003).
Response surfaces are increasingly constructed in combination
with probabilistic representations of future climate to assess risk
of impact (see Section 2.4.8). Sensitivity analysis sampling
uncertainties in emissions, natural climate variability, climate
change projections, and climate impacts has been used to evaluate
the robustness of proposed adaptation measures for water resource
management by Dessai (2005). Sensitivity analysis has also been
used as a device for studying land-use change, by applying
arbitrary adjustments to areas, such as +10% forest, −10%
cropland, where these area changes are either spatially explicit
(Shackley and Deanwood, 2003) or not (Ott and Uhlenbrook,
2004; van Beek and van Asch, 2004; Vaze et al., 2004).

2.4.4 Analogues

Temporal and spatial analogues are applied in a range of
CCIAV studies. The most common of recently reported temporal
analogues are historical extreme weather events. These types of
event may recur more frequently under anthropogenic climate
change, requiring some form of adaptation measure. The
suitability of a given climate condition for use as an analogue
requires specialist judgement of its utility (i.e., how well it
represents the key weather variables affecting vulnerability) and
its meteorological plausibility (i.e., how well it replicates
anticipated future climate conditions). Examples of extreme
events judged likely or very likely by the end of the century (see
Table 2.2) that might serve as analogues include the European
2003 heatwave (see Chapter 12, Section 12.6.1) and flooding
events related to intense summer precipitation in Bangladesh
(Mirza, 2003a) and Norway (Næss et al., 2005). Other extreme
events suggested as potential analogues, but about which the
likelihood of future changes is poorly known (Christensen et al.,
2007a), include El Niño-Southern Oscillation (ENSO)-related
events (Glantz, 2001; Heslop-Thomas et al., 2006) and intense
precipitation and flooding events in central Europe (Kundzewicz
et al., 2005). Note also that the suitability of such analogue
events should normally be considered along with information

on accompanying changes in mean climate, which may ease or
exacerbate vulnerability to extreme events.

Spatial analogues have also been applied in CCIAV analysis.
For example, model-simulated climates for 2071 to 2100 have
been analysed for selected European cities (Hallegatte et al.,
2007). Model grid boxes in Europe showing the closest match
between their present-day mean temperatures and seasonal
precipitation and those projected for the cities in the future were
identified as spatial analogues. These ‘displaced’ cities were then
used as a heuristic device for analysing economic impacts and
adaptation needs under a changing climate. A related approach is
to seek projected climates (e.g., using climate model simulations)
that have no present-day climatic analogues on Earth (‘novel’
climates) or regions where present-day climates are no longer to
be found in the future (‘disappearing’ climates: see Ohlemüller et
al., 2006; Williams et al., 2007). Results from such studies have
been linked to risks to ecological systems and biodiversity.

2.4.5 Storylines

Storylines for CCIAV studies (see Box 2.1) are increasingly
adopting a multi-sectoral and multi-stressor approach (Holman
et al., 2005a, b) over multiple scales (Alcamo et al., 2005; Lebel
et al., 2005; Kok et al., 2006a; Westhoek et al., 2006b) and are
utilising stakeholder elicitation (Kok et al., 2006b). As they have
become more comprehensive, the increased complexity and
richness of the information they contain has aided the
interpretation of adaptive capacity and vulnerability (Metzger et
al., 2006). Storyline development is also subjective, so more
comprehensive storylines can have alternative, but equally
plausible, interpretations (Rounsevell et al., 2006). The concept
of a ‘region’, for example, may be interpreted within a storyline
in different ways − as world regions, nation states, or sub-
national administrative units. This may have profound
implications for how storylines are characterised at a local scale,
limiting their reproducibility and credibility (Abildtrup et al.,
2006). The alternative is to link a locally sourced storyline,
regarded as credible at that scale, to a global scenario.

Storylines can be an endpoint in their own right (e.g.,
Rotmans et al., 2000), but often provide the basis for quantitative
scenarios. In the storyline and simulation (SAS) approach
(Alcamo, 2001), quantification is undertaken with models for
which the input parameters are estimated through interpretation
of the qualitative storylines. Parameter estimation is often
subjective, using expert judgement, although more objective
methods, such as pairwise comparison, have been used to
improve internal consistency (Abildtrup et al., 2006). Analogues
and stakeholder elicitation have also been used to estimate
model parameters (e.g., Rotmans et al., 2000; Berger and Bolte,
2004; Kok et al., 2006a). Moreover, participatory approaches
are important in reconciling long-term scenarios with the short-
term, policy-driven requirements of stakeholders (Velázquez et
al., 2001; Shackley and Deanwood, 2003; Lebel et al., 2005).

2.4.6 Scenarios

Advances in scenario development since the TAR address
issues of consistency and comparability between global drivers

New assessment methods and the characterisation of future conditions Chapter 2

146



of change, and regional scenarios required for CCIAV
assessment (for reviews, see Berkhout et al., 2002; Carter et al.,
2004; Parson et al., 2006). Numerous methods of downscaling
from global to sub-global scale are emerging, some relying on
the narrative storylines underpinning the global scenarios.

At the time of the TAR, most CCIAV studies utilised climate
scenarios (many based on the IS92 emissions scenarios), but
very few applied contemporaneous scenarios of socio-economic,
land-use, or other environmental changes. Those that did used a
range of sources to develop them. The IPCC Special Report on
Emissions Scenarios (SRES: see Nakićenović et al., 2000)
presented the opportunity to construct a range of mutually
consistent climate and non-climatic scenarios. Originally
developed to provide scenarios of future GHG emissions, the
SRES scenarios are also accompanied by storylines of social,
economic, and technological development that can be used in
CCIAV studies (Box 2.2).

There has been an increasing uptake of the SRES scenarios since
the TAR, and a substantial number of the impact studies assessed
in this volume that employed future characterisations made use of
them.7 For this reason, these scenarios are highlighted in a series of
boxed examples throughout Section 2.4. For some other studies,
especially empirical analyses of adaptation and vulnerability, the
scenarios were of limited relevance and were not adopted.

While the SRES scenarios were specifically developed to
address climate change, several other major global scenario-

building exercises have been designed to explore uncertainties and
risks related to global environmental change. Recent examples
include: the Millennium Ecosystem Assessment scenarios to 2100
(MA: see Alcamo et al., 2005), Global Scenarios Group scenarios
to 2050 (GSG: see Raskin et al., 2002), and Global Environment
Outlook scenarios to 2032 (GEO-3: see UNEP 2002). These
exercises were reviewed and compared by Raskin et al. (2005) and
Westhoek et al. (2006a), who observed that many applied similar
assumptions to those used in the SRES scenarios, in some cases
employing the same models to quantify the main drivers and
indicators. All the exercises adopted the storyline and simulation
(SAS) approach (introduced in Section 2.4.5). Furthermore, all
contain important features that can be useful for CCIAV studies;
with some exercises (e.g., MA and GEO-3) going one step further
than the original SRES scenarios by not only describing possible
emissions under differing socio-economic pathways but also
including imaginable outcomes for climate variables and their
impact on ecological and social systems. This helps to illustrate
risks and possible response strategies to deal with possible impacts.

Five classes of scenarios relevant to CCIAV analysis were
distinguished in the TAR: climate, socio-economic, land-use and
land-cover, other environmental (mainly atmospheric
composition), and sea-level scenarios (Carter et al., 2001). The
following sections describe recent progress in each of these classes
and in four additional categories: technology scenarios, adaptation
scenarios, mitigation scenarios, and scenario integration.
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7 Of 17 chapters surveyed, SRES-based scenarios were used by the majority of impact studies in 5 chapters, and by a large minority in 11
chapters. The most common usage is for climate scenarios, while examples of studies employing SRES-based socio-economic, environmental,
or land-use scenarios comprise a small but growing number. The remaining impact studies used either earlier IPCC scenarios (e.g., IS92) or
characterisations derived from other sources.

Box 2.2. The SRES global storylines and scenarios

SRES presented four narrative storylines, labelled A1, A2, B1, and
B2, describing the relationships between the forces driving GHG
and aerosol emissions and their evolution during the 21st century
for large world regions and globally (Figure 2.5). Each storyline
represents different demographic, social, economic,
technological, and environmental developments that diverge in
increasingly irreversible ways and result in different levels of GHG
emissions. The storylines assume that no specific climate policies
are implemented, and thus form a baseline against which
narratives with specific mitigation and adaptation measures can
be compared.

The SRES storylines formed the basis for the development of
quantitative scenarios using various numerical models that were
presented in the TAR. Emissions scenarios were converted to
projections of atmospheric GHG and aerosol concentrations,
radiative forcing of the climate, effects on regional climate, and
climatic effects on global sea level (IPCC, 2001a). However, little
regional detail of these projections and no CCIAV studies that
made use of them were available for the TAR. Many CCIAV
studies have applied SRES-based scenarios since then, and
some of these are described in Boxes 2.3 to 2.7 to illustrate
different scenario types.

Figure 2.5. Summary characteristics of the four SRES storylines

(based on Nakićenović et al., 2000).



2.4.6.1 Climate scenarios
The most recent climate projection methods and results are

extensively discussed in the WG I volume (especially
Christensen et al., 2007a; Meehl et al., 2007), and most of these
were not available to the CCIAV studies assessed in this
volume. Box 2.3 compares recent climate projections from
Atmosphere-Ocean General Circulation Models (AOGCMs)
with the earlier projections relied on throughout this volume.
While AOGCMs are the most common source of regional
climate scenarios, other methods and tools are also applied in
specific CCIAV studies. Numerous regionalisation techniques8

have been employed to obtain high-resolution, SRES-based
climate scenarios, nearly always using low-resolution General
Circulation Model (GCM) outputs as a starting point. Some of
these methods are also used to develop scenarios of extreme
weather events.

Scenarios from high-resolution models
The development and application of scenarios from high-

resolution regional climate models and global atmospheric
models (time-slices) since the TAR confirms that improved
resolution allows a more realistic representation of the response
of climate to fine-scale topographic features (e.g., lakes,
mountains, coastlines). Impact models will often produce
different results utilising high-resolution scenarios compared
with direct GCM outputs (e.g., Arnell et al., 2003; Mearns et
al., 2003; Stone et al., 2003; Leung et al., 2004; Wood et al.,
2004). However, most regional model experiments still rely on
only one driving AOGCM and scenarios are usually available
from only one or two regional climate models (RCMs).

More elaborate and extensive modelling designs have
facilitated the exploration of multiple uncertainties (across
different RCMs, AOGCMs, and emissions scenarios) and how
those uncertainties affect impacts. The PRUDENCE project in
Europe produced multiple RCM simulations based on the
ECHAM/OPYC AOGCM and HadAM3H AGCM simulations
for two different emissions scenarios (Christensen et al.,
2007b). Uncertainties due to the spatial scale of the scenarios
and stemming from the application of different RCMs versus
different GCMs (including models not used for regionalisation)
were elaborated on in a range of impact studies (e.g., Ekstrom
et al., 2007; Fronzek and Carter, 2007; Hingray et al., 2007;
Graham et al., 2007; Olesen et al., 2007). For example, Olesen
et al. (2007) found that the variation in simulated agricultural
impacts was smaller across scenarios from RCMs nested in a
single GCM than it was across different GCMs or across the
different emissions scenarios.

The construction of higher-resolution scenarios (now often
finer than 50 km), has encouraged new types of impact studies.
For example, studies examining the combined impacts of
increased heat stress and air pollution are now more feasible
because the resolution of regional climate models is converging
with that of air-quality models (e.g., Hogrefe et al., 2004).
Furthermore, scenarios developed from RCMs (e.g., UKMO,

2001) are now being used in many more regions of the world,
particularly the developing world (e.g., Arnell et al., 2003; Gao
et al., 2003; Anyah and Semazzi, 2004; Government of India,
2004; Rupa Kumar et al., 2006). Results of these regional
modelling experiments are reported in Christensen et al.
(2007a).

Statistical downscaling (SD)
Much additional work has been produced since the TAR

using methods of statistical downscaling (SD) for climate
scenario generation (Wilby et al., 2004b; also see Christensen
et al., 2007a). Various SD techniques have been used in
downscaling directly to (physically-based) impacts and to a
greater variety of climate variables than previously (e.g., wind
speed), including extremes of variables. For example, Wang et
al. (2004) and Caires and Sterl (2005) have developed extreme
value models for projecting changes in wave height.

While statistical downscaling has mostly been applied for
single locations, Hewitson (2003) developed empirical
downscaling for point-scale precipitation at numerous sites and
on a 0.1°-resolution grid over Africa. Finally, the wider
availability of statistical downscaling tools is being reflected in
wider application; for example, the Statistical Downscaling
Model (SDSM) tool of Wilby et al. (2002), which has been used
to produce scenarios for the River Thames basin (Wilby and
Harris, 2006). Statistical downscaling does have some
limitations; for example, it cannot take account of small-scale
processes with strong time-scale dependencies (e.g., land-cover
change). See Christensen et al. (2007a) for a complete
discussion of the strengths and weaknesses of both statistical
and dynamical downscaling.

Scenarios of extreme weather events
The improved availability of high-resolution scenarios has

facilitated new studies of event-driven impacts (e.g., fire risk –
Moriondo et al., 2006; low-temperature impacts on boreal
forests – Jönsson et al., 2004). Projected changes in extreme
weather events have been related to projected changes in local
mean climate, in the hope that robust relationships could allow
the prediction of extremes on the basis of changes in mean
climate alone. PRUDENCE RCM outputs showed non-linear
relationships between mean maximum temperature and indices
of drought and heatwave (Good et al., 2006), while changes in
maximum 1-day and 5-day precipitation amounts were
systematically enhanced relative to changes in seasonal mean
precipitation across many regions of Europe (Beniston et al.,
2007). In a comprehensive review (citing over 200 papers) of
the options available for developing scenarios of weather
extremes for use in Integrated Assessment Models (IAMs),
Goodess et al. (2003) list the advantages and disadvantages of
applying direct GCM outputs, direct RCM outputs, and SD
techniques. Streams of daily data are the outputs most
commonly used from these sources, and these may pose
computational difficulties for assessing impacts in IAMs (which
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8 Defined in the TAR as “techniques developed with the goal of enhancing the regional information provided by coupled AOGCMs and
providing fine-scale climate information” (Giorgi et al., 2001).
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Box 2.3. SRES-based climate scenarios assumed in this report

Not all of the impact studies reported in this assessment employed SRES-based climate scenarios. Earlier scenarios are
described in previous IPCC reports (IPCC, 1992, 1996; Greco et al., 1994). The remaining discussion focuses on SRES-based
climate projections, which are applied in most CCIAV studies currently undertaken.

In recent years, many simulations of the global climate response to the SRES emission scenarios have been completed with
AOGCMs, also providing regional detail on projected climate. Early AOGCM runs (labelled ‘pre-TAR’) were reported in the TAR
(Cubasch et al., 2001) and are available from the IPCC DDC. Many have been adopted in CCIAV studies reported in this volume.
A new generation of AOGCMs, some incorporating improved representations of climate system processes and land surface
forcing, are now utilising the SRES scenarios in addition to other emissions scenarios of relevance for impacts and policy. The
new models and their projections are evaluated in WG I (Christensen et al., 2007a; Meehl et al., 2007; Randall et al., 2007) and
compared with the pre-TAR results below. Projections of global mean annual temperature change for SRES and CO2-stabilisation
profiles are presented in Box 2.8.

Pre-TAR AOGCM results held at the DDC were included in a model intercomparison across the four SRES emissions scenarios
(B1, B2, A2, and A1FI) of seasonal mean temperature and precipitation change for thirty-two world regions (Ruosteenoja et al.,
2003).9 The inter-model range of changes by the end of the 21st century is summarised in Figure 2.6 for the A2 scenario,
expressed as rates of change per century. Recent A2 projections, reported in WG I, are also shown for the same regions for
comparison.

Almost all model-simulated temperature changes, but fewer precipitation changes, were statistically significant relative to 95%
confidence intervals calculated from 1,000-year unforced coupled AOGCM simulations (Ruosteenoja et al., 2003; see also Figure
2.6). Modelled surface air temperature increases in all regions and seasons, with most land areas warming more rapidly than the
global average (Giorgi et al., 2001; Ruosteenoja et al., 2003). Warming is especially pronounced in high northern-latitude regions
in the boreal winter and in southern Europe and parts of central and northern Asia in the boreal summer. Warming is less than
the global average in southern parts of Asia and South America, Southern Ocean areas (containing many small islands) and the
North Atlantic (Figure 2.6a).

For precipitation, both positive and negative changes are projected, but a regional precipitation increase is more common than
a decrease. All models simulate higher precipitation at high latitudes in both seasons, in northern mid-latitude regions in boreal
winter, and enhanced monsoon precipitation for southern and eastern Asia in boreal summer. Models also agree on precipitation
declines in Central America, southern Africa and southern Europe in certain seasons (Giorgi et al., 2001; Ruosteenoja et al.,
2003; see also Figure 2.6b).

Comparing TAR projections to recent projections
The WG I report provides an extensive intercomparison of recent regional projections from AOGCMs (Christensen et al., 2007a;
Meehl et al., 2007), focusing on those assuming the SRES A1B emissions scenario, for which the greatest number of simulations
(21) were available. It also contains numerous maps of projected regional climate change. In summary:

• The basic pattern of projected warming is little changed from previous assessments.
• The projected rate of warming by 2030 is insensitive to the choice of SRES scenarios.
• Averaged across the AOGCMs analysed, the global mean warming by 2090-2099 relative to 1980-1999 is projected to be

1.8, 2.8, and 3.4°C for the B1, A1B, and A2 scenarios, respectively. Local temperature responses in nearly all regions closely
follow the ratio of global temperature response.

• Model-average mean local precipitation responses also roughly scale with the global mean temperature response across
the emissions scenarios, though not as well as for temperature.

• The inter-model range of seasonal warming for the A2 scenario is smaller than the pre-TAR range at 2100 in most regions,
despite the larger number of models (compare the red and blue bars in Figure 2.6a)

• The direction and magnitude of seasonal precipitation changes for the A2 scenario are comparable to the pre-TAR changes
in most regions, while inter-model ranges are wider in some regions/seasons and narrower in others (Figure 2.6b).

• Confidence in regional projections is higher than in the TAR for most regions for temperature and for some regions for
precipitation.

9 Scatter diagrams are downloadable at: http://www.ipcc-data.org/sres/scatter_plots/scatterplots_region.html
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Figure 2.6. AOGCM projections of seasonal changes in (a) mean temperature (previous page) and (b) precipitation up to the end of the
21st century for 32 world regions. For each region two ranges between minimum and maximum are shown. Red bar: range from 15
recent AOGCM simulations for the A2 emissions scenario (data analysed for Christensen et al., 2007a). Blue bar: range from 7 pre-
TAR AOGCMs for the A2 emissions scenario (Ruosteenoja et al., 2003). Seasons: DJF (December–February); MAM (March–May); JJA
(June–August); SON (September–November). Regional definitions, plotted on the ECHAM4 model grid (resolution 2.8 × 2.8°), are
shown on the inset map (Ruosteenoja et al., 2003). Pre-TAR changes were originally computed for 1961-1990 to 2070-2099 and
recent changes for 1979-1998 to 2079-2098, and are converted here to rates per century for comparison; 95% confidence limits on
modelled 30-year natural variability are also shown based on millennial AOGCM control simulations with HadCM3 (mauve) and
CGCM2 (green) for constant forcing (Ruosteenoja et al., 2003). Numbers on precipitation plots show the number of recent A2 runs
giving negative/positive precipitation change. Percentage changes for the SAH region (Sahara) exceed 100% in JJA and SON due to
low present-day precipitation.
Key for (a) and (b):



commonly consider only large-scale, period-averaged climate),
requiring scenario analysis to be carried out offline.
Interpretation of impacts then becomes problematic, requiring
a method of relating the large-scale climate change represented
in the IAM to the impacts of associated changes in weather
extremes modelled offline. Goodess et al. suggest that a more
direct, but untested, approach could be to construct conditional
damage functions (cdfs), by identifying the statistical
relationships between the extreme events themselves (causing
damage) and large-scale predictor variables. Box 2.4 offers a
global overview of observed and projected changes in extreme
weather events.

2.4.6.2 Scenarios of atmospheric composition
Projections of atmospheric composition account for the

concurrent effects of air pollution and climate change, which can
be important for human health, agriculture and ecosystems.
Scenarios of CO2 concentration ([CO2]) are needed in some
CCIAV studies, as elevated [CO2] can affect the acidity of the
oceans (IPCC, 2007; Chapter 6, Section 6.3.2) and both the
growth and water use of many terrestrial plants (Chapter 4,
Section 4.4.1; Chapter 5, Section 5.4.1), with possible feedbacks
on regional hydrology (Gedney et al., 2006). CO2 is well mixed
in the atmosphere, so concentrations at a single observing site will
usually suffice to represent global conditions. Observed [CO2] in
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Box 2.4. SRES-based projections of climate variability and extremes

Possible changes in variability and the frequency/severity of extreme events are critical to undertaking realistic CCIAV
assessments. Past trends in extreme weather and climate events, their attribution to human influence, and projected (SRES-
forced) changes have been summarised globally by WG I (IPCC, 2007) and are reproduced in Table 2.2.

Table 2.2. Recent trends, assessment of human influence on the trend, and projections for extreme weather events for which there is an
observed late 20th century trend. Source: IPCC, 2007, Table SPM-2.

Notes:
a The assessed likelihood, using expert judgement, of an outcome or a result: Virtually certain >99% probability of occurrence, Extremely

likely >95%, Very likely >90%, Likely >66%, More likely than not >50%.
b Decreased frequency of cold days and nights (coldest 10%).
c Warming of the most extreme days and nights each year.
d Increased frequency of hot days and nights (hottest 10%).
e Magnitude of anthropogenic contributions not assessed. Attribution for these phenomena based on expert judgement rather than formal

attribution studies.
f Extreme high sea level depends on average sea level and on regional weather systems. It is defined here as the highest 1% of hourly values

of observed sea level at a station for a given reference period.
g Changes in observed extreme high sea level closely follow the changes in average sea level. It is very likely that anthropogenic activity

contributed to a rise in average sea level.
h In all scenarios, the projected global average sea level at 2100 is higher than in the reference period. The effect of changes in regional

weather systems on sea-level extremes has not been assessed.

Phenomenon and direction of
trend

Likelihooda that trend occurred
in late 20th century (typically

post-1960)

Likelihooda of a human
contribution to observed trend

Likelihooda of future trends
based on projections for 21st
century using SRES scenarios

Warmer and fewer cold days and
nights over most land areas

Very likelyb Likelyc Virtually certainc

Warmer and more frequent hot
days and nights over most land
areas

Very likelyd Likely (nights)c Virtually certainc

Warm spells/heatwaves.
Frequency increases over most
land areas

Likely More likely than note Very likely

Heavy precipitation events.
Frequency (or proportion of total
rainfall from heavy falls) increases
over most areas

Likely More likely than note Very likely

Area affected by droughts
increases

Likely in many regions since
1970s

More likely than not Likely

Intense tropical cyclone activity
increases

Likely in some regions since 1970 More likely than note Likely

Increased incidence of extreme
high sea level (excludes
tsunamis)f

Likely More likely than note,g Likelyh



2005 was about 379 ppm (Forster et al., 2007) and was projected
in the TAR using the Bern-CC model to rise by 2100 to reference,
low, and high estimates for the SRES marker scenarios of B1: 540
[486 to 681], A1T: 575 [506 to 735], B2: 611[544 to 769], A1B:
703 [617 to 918], A2: 836 [735 to 1080], and A1FI: 958 [824 to
1248] ppm (Appendix II in IPCC, 2001a). Values similar to these
reference levels are commonly adopted in SRES-based impact
studies; for example, Arnell et al. (2004) employed levels assumed
in HadCM3 AOGCM climate simulations, and Schröter et al.
(2005b) used levels generated by the IMAGE-2 integrated
assessment model. However, recent simulations with coupled
carbon cycle models indicate an enhanced rise in [CO2] for a given
emissions scenario, due to feedbacks from changing climate on
the carbon cycle, suggesting that the TAR reference estimates are
conservative (Meehl et al., 2007).

Elevated levels of ground-level ozone (O3) are toxic to many
plants (see Chapter 5, Box 5.2) and are strongly implicated in a
range of respiratory diseases (Chapter 8, Section 8.2.6). Increased
atmospheric concentrations of sulphur dioxide are detrimental to
plants, and wet and dry deposition of atmospheric sulphur and
nitrogen can lead to soil and surface water acidification, while
nitrogen deposition can also serve as a plant fertiliser (Carter et al.,
2001; see also Chapter 4, Section 4.4.1; Chapter 5, Section
5.4.3.1). Projections with global atmospheric chemistry models
for the high-emissions SRES A2 scenario indicate that global
mean tropospheric O3 concentrations could increase by 20 to 25%
between 2015 and 2050, and by 40 to 60% by 2100, primarily as
a result of emissions of NOx, CH4, CO2, and compounds from
fossil fuel combustion (Meehl et al., 2007). Stricter air pollution
standards, already being implemented in many regions, would
reduce, and could even reverse, this projected increase (Meehl et
al., 2007). Similarly, the range of recent scenarios of global
sulphur and NOx emissions that account for new abatement

policies has shifted downwards compared with the SRES
emissions scenarios (Smith et al., 2005; Nakićenović et al., 2007).

For the purposes of CCIAV assessment, global projections of
pollution are only indicative of local conditions. Levels are highly
variable in space and time, with the highest values typically
occurring over industrial regions and large cities. Although
projections are produced routinely for some regions in order to
support air pollution policy using high-resolution atmospheric
transport models (e.g., Syri et al., 2004), few models have been
run assuming an altered climate, and simulations commonly
assume emissions scenarios developed for air pollution policy
rather than climate policy (see Alcamo et al., 2002; Nakićenović
et al., 2007). Exceptions include regionally explicit global
scenarios of nitrogen deposition on a 0.5° latitude × 0.5° longitude
grid for studying biodiversity loss in the Millennium Ecosystem
Assessment (Alcamo et al., 2005) and simulations based on SRES
emissions for sulphur and nitrogen over Europe (Mayerhofer et
al., 2002) and Finland (Syri et al., 2004), and for surface ozone in
Finland (Laurila et al., 2004).

2.4.6.3 Sea-level scenarios
A principal impact projected under global warming is sea-

level rise. Some basic techniques for developing sea-level
scenarios were described in the TAR (Carter et al., 2001). Since
the TAR, methodological refinements now account more
effectively for regional and local factors affecting sea level and,
in so doing, produce scenarios that are more relevant for
planning purposes. Two main types of scenario are distinguished
here: regional sea level and storm surges. A third type,
characterising abrupt sea-level rise, is described in Section 2.4.7.
Analogue approaches have also been reported (e.g., Arenstam
Gibbons and Nicholls, 2006). More details on sea level and sea-
level scenarios can be found in Bindoff et al. (2007), Meehl et
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Box 2.5. SRES-based sea-level scenarios

At the global level, simple models representing the expansion of sea water and melting/sliding of land-based ice sheets and
glaciers were used in the TAR to obtain estimates of globally averaged mean sea-level rise across the SRES scenarios, yielding
a range of 0.09 to 0.88 m by 2100 relative to 1990 (Church et al., 2001). This range has been reassessed by WG I, yielding
projections relative to 1980-1999 for the six SRES marker scenarios of B1: 0.18 to 0.38 m, A1T: 0.20 to 0.45 m, B2: 0.20 to
0.43 m, A1B: 0.21 to 0.48 m, A2: 0.23 to 0.51 m, and A1FI: 0.26 to 0.59 m (Meehl et al., 2007). Thermal expansion contributes
about 60 to 70% to these estimates. Projections are smaller than given in the TAR, due mainly to improved estimates of ocean
heat uptake but also to smaller assessed uncertainties in glacier and ice cap changes. However, uncertainties in carbon cycle
feedbacks, ice flow processes, and recent observed ice discharge rates are not accounted for due to insufficient understanding
(Meehl et al., 2007).

A number of studies have made use of the TAR sea-level scenarios. In a global study of coastal flooding and wetland loss,
Nicholls (2004) used global mean sea-level rise estimates for the four SRES storylines by 2025, 2055, and 2085. These were
consistent with climate scenarios used in parallel studies (see Section 2.4.6.4). Two subsidence rates were also applied to obtain
relative sea level rise in countries already experiencing coastal subsidence. The United Kingdom Climate Impacts Programme
adopted the TAR global mean sea-level rise estimates in national scenarios out to the 2080s. Scenarios of high water levels were
also developed by combining mean sea-level changes with estimates of future storminess, using a storm surge model (Hulme
et al., 2002). SRES-based sea-level scenarios accounting for global mean sea level, local land uplift, and estimates of the water
balance of the Baltic Sea were estimated for the Finnish coast up to 2100 by Johansson et al. (2004), along with calculations of
uncertainties and extreme high water levels.



al. (2007) and Chapter 6 of this volume. Examples of SRES-
based sea-level scenarios are provided in Box 2.5.

Regional sea-level scenarios
Sea level does not change uniformly across the world under a

changing climate, due to variation in ocean density and circulation
changes. Moreover, long-term, non-climate-related trends, usually
associated with vertical land movements, may affect relative sea
level. To account for regional variations, Hulme et al. (2002)
recommend applying the range of global-mean scenarios ±50%
change. Alternative approaches utilise scenario generators. The
Dynamic Interactive Vulnerability Assessment (DIVA) model
computes relative sea-level rise scenarios using either global-mean
or regional patterns of sea-level rise scenarios from CLIMBER-2,
a climate model of intermediate complexity (Petoukhov et al.,
2000; Ganopolski et al., 2001). CLIMsystems (2005) have
developed a software tool that rapidly generates place-based future
scenarios of sea-level change during the 21st century, accounting
for global, regional, and local factors. Spatial patterns of sea-level
rise due to thermal expansion and ocean processes from AOGCM
simulations are combined with global-mean sea-level rise
projections from simple climate models through the pattern-
scaling technique (Santer et al., 1990). Users can specify a value
for the local sea-level trends to account for local land movements.

Storm surge scenarios
In many locations, the risk of extreme sea levels is poorly

characterised even under present-day climatic conditions, due to
sparse tide gauge networks and relatively short records of high
measurement frequency. Where such records do exist, detectable
trends are highly dependent on local conditions (Woodworth and
Blackman, 2004). Box 6.2 in Chapter 6 summarises several recent
studies that employ extreme water level scenarios. Two methods
were employed to develop these scenarios, one using a
combination of stochastic sampling and dynamic modelling, the
other using downscaled regional climate projections from global
climate models to drive barotropic storm surge models (Lowe and
Gregory, 2005).

2.4.6.4 Socio-economic scenarios
Socio-economic changes are key drivers of projected changes

in future emissions and climate, and are also key determinants of
most climate change impacts, potential adaptations and
vulnerability (Malone and La Rovere, 2005). Furthermore, they
also influence the policy options available for responding to
climate change. CCIAV studies increasingly include scenarios of
changing socio-economic conditions, which can substantially alter
assessments of the effects of future climate change (Parry, 2004;
Goklany, 2005; Hamilton et al., 2005; Schröter et al., 2005b;
Alcamo et al., 2006a). Typically these assessments need
information at the sub-national level, whereas many scenarios are
developed at a broader scale, requiring downscaling of aggregate
socio-economic scenario information.

Guidelines for the analysis of current and projected socio-
economic conditions are part of the UNDP Adaptation Policy
Framework (Malone and La Rovere, 2005). They advocate the use
of indicators to characterise socio-economic conditions and
prospects. Five categories of indicators are suggested: demographic,

economic, natural resource use, governance and policy, and cultural.
Most recent studies have focused on the first two of these.

The sensitivity of climate change effects to socio-economic
conditions was highlighted by a series of multi-sector impact
assessments (Parry et al., 1999, 2001; Parry, 2004; see Table
2.3). Two of these assessments relied on only a single
representation of future socio-economic conditions (IS92a),
comparing effects of mitigated versus unmitigated climate
change (Arnell et al., 2002; Nicholls and Lowe, 2004). The third
set considered four alternative SRES-based development
pathways (see Box 2.6), finding that these assumptions are often
a stronger determinant of impacts than climate change itself
(Arnell, 2004; Arnell et al., 2004; Levy et al., 2004; Nicholls,
2004; Parry et al., 2004; van Lieshout et al., 2004). Furthermore,
climate impacts can themselves depend on the development
pathway, emphasising the limited value of impact assessments of
human systems that overlook possible socio-economic changes.

The advantages of being able to link regional socio-economic
futures directly to global scenarios and storylines are now being
recognised. For example, the SRES scenarios have been used as
a basis for developing storylines and quantitative scenarios at
national (Carter et al., 2004, 2005; van Vuuren et al., 2007) and
sub-national (Berkhout et al., 2002; Shackley and Deanwood,
2003; Solecki and Oliveri, 2004; Heslop-Thomas et al., 2006)
scales. In contrast, most regional studies in the AIACC
(Assessments of Impacts and Adaptations to Climate Change in
Multiple Regions and Sectors) research programme adopted a
participatory, sometimes ad hoc, approach to socio-economic
scenario development, utilising current trends in key socio-
economic indicators and stakeholder consultation (e.g.,
Heslop-Thomas et al., 2006; Pulhin et al., 2006).

Methods for downscaling quantitative socio-economic
information have focused on population and gross domestic
product (GDP). The downscaling of population growth has
evolved beyond simple initial exercises that made the sometimes
unrealistic assumption that rates of population change are
uniform over an entire world region (Gaffin et al., 2004). New
techniques account for differing demographic conditions and
outlooks at the national level (Grübler et al., 2006; van Vuuren
et al., 2007). New methods of downscaling to the sub-national
level include simple rules for preferential growth in coastal areas
(Nicholls, 2004), extrapolation of recent trends at the local area
level (Hachadoorian et al., 2007), and algorithms leading to
preferential growth in urban areas (Grübler et al., 2006;
Reginster and Rounsevell, 2006).

Downscaling methods for GDP are also evolving. The first
downscaled SRES GDP assumptions applied regional growth
rates uniformly to all countries within the region (Gaffin et al.,
2004) without accounting for country-specific differences in
initial conditions and growth expectations. New methods assume
various degrees of convergence across countries, depending on
the scenario; a technique that avoids implausibly high growth
for rich countries in developing regions (Grübler et al., 2006;
van Vuuren et al., 2007). GDP scenarios have also been
downscaled to the sub-national level, either by assuming
constant shares of GDP in each grid cell (Gaffin et al., 2004; van
Vuuren et al., 2007) or through algorithms that differentiate
income across urban and rural areas (Grübler et al., 2006).
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2.4.6.5 Land-use scenarios
Many CCIAV studies need to account for future changes in

land use and land cover. This is especially important for regional
studies of agriculture and water resources (Barlage et al., 2002;
Klöcking et al., 2003), forestry (Bhadwal and Singh, 2002), and
ecosystems (Bennett et al., 2003; Dirnbock et al., 2003; Zebisch
et al., 2004; Cumming et al., 2005), but also has a large influence
on regional patterns of demography and economic activity
(Geurs and van Eck, 2003) and associated problems of
environmental degradation (Yang et al., 2003) and pollution
(Bathurst et al., 2005). Land-use and land-cover change

scenarios have also been used to analyse feedbacks to the
climate system (DeFries et al., 2002; Leemans et al., 2002;
Maynard and Royer, 2004) and sources and sinks of GHGs
(Fearnside, 2000; El-Fadel et al., 2002; Sands and Leimbach,
2003).

The TAR concluded that the use of Integrated Assessment
Models (IAMs) was the most appropriate method for developing
land-use change scenarios, and they continue to be the only
available tool for global-scale studies. Since the TAR, however,
a number of new models have emerged that provide fresh
insights into regional land-use change. These regional models
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Impacts of unmitigated emissions [a] Impacts of stabilisation of CO2
concentrations [b]

Impacts of SRES emissions scenarios
[c]

Emissions
scenarios

IS92a (1% per increase in CO2-equivalent
concentrations per year from 1990)

Stabilisation at 750 and 550 ppm Four SRES emissions scenarios: A1FI, A2,
B1, and B2

Climate
scenarios
(AOGCM-based)

Derived from four ensemble HadCM2
simulations and one HadCM3 simulation
forced with IS92a emissions scenarios

Derived from HadCM2 experiments
assuming stabilisation at 550 and
750 ppm; comparison with IS92a

Derived from HadCM3 ensemble
experiments (number of runs in brackets):
A1FI (1), A2 (3), B1 (1), and B2 (2)

Socio-economic
scenarios

IS92a-consistent GDPa and population
projections

IS92a-consistent GDPa and
population projections

SRES-based socio-economic projections

Table 2.3. Key features of scenarios underlying three global-scale, multi-sector assessments: [a] Parry et al. (1999); [b] Arnell et al. (2002); [c] Parry (2004).

a GDP = Gross Domestic Product.

Box 2.6. SRES-based socio-economic characterisations

SRES provides socio-economic information in the form of storylines and quantitative assumptions on population, gross
domestic product (GDP), and rates of technological progress for four large world regions (OECD-1990, Reforming Economies,
Africa + Latin America + Middle East, and Asia). Since the TAR, new information on several of the SRES driving forces has
been published (see also the discussion in Nakićenović et al., 2007). For example, the range of global population size
projections made by major demographic institutions has reduced by about 1−2 billion since the preparation of SRES (van
Vuuren and O’Neill, 2006). Nevertheless, most of the population assumptions used in SRES still lie within the range of current
projections, with the exception of some regions of the A2 scenario which now lie somewhat above it (van Vuuren and O’Neill,
2006). Researchers are now producing alternative interpretations of SRES population assumptions or new projections for use
in climate change studies (Hilderink, 2004; O’Neill, 2004; Fisher et al., 2006; Grübler et al., 2006).

SRES GDP growth assumptions for the ALM region (Africa, Latin America and Middle East) are generally higher than those
of more recent projections, particularly for the A1 and B1 scenarios (van Vuuren and O’Neill, 2006). The SRES GDP
assumptions are generally consistent with recent projections for other regions, including fast-growing regions in Asia and,
given the small share of the ALM region in global GDP, for the world as a whole.

For international comparison, economic data must be converted into a common unit; the most common choice is US$ based
on market exchange rates (MER). Purchasing-power-parity (PPP) estimates, in which a correction is made for differences in
price levels among countries, are considered a better alternative for comparing income levels across regions and countries.
Most models and economic projections, however, use MER-based estimates, partly due to a lack of consistent PPP-based
data sets. It has been suggested that the use of MER-based data results in inflated economic growth projections (Castles
and Henderson, 2003). In an ongoing debate, some researchers argue that PPP is indeed a better measure and that its use
will, in the context of scenarios of economic convergence, lead to lower economic growth and emissions paths for developing
countries. Others argue that consistent use of either PPP- or MER-based data and projections will lead to, at most, only small
changes in emissions. This debate is summarised by Nakićenović et al. (2007), who conclude that the impact on emissions
of the use of alternative GDP metrics is likely to be small, but indicating alternative positions as well (van Vuuren and Alfsen,
2006). The use of these alternative measures is also likely to affect CCIAV assessments (Tol, 2006), especially where
vulnerability and adaptive capacity are related to access to locally traded goods and services.



can generate very different land-use change scenarios from those
generated by IAMs (Busch, 2006), often with opposing
directions of change. However, the need to define outside
influences on land use in regional-scale models, such as global
trade, remains a challenge (e.g., Sands and Edmonds, 2005;
Alcamo et al., 2006b), so IAMs have an important role to play
in characterising the global boundary conditions for regional
land-use change assessments (van Meijl et al., 2006).

Regional-scale land-use models often adopt a two-phase
(nested scale) approach with an assessment of aggregate quantities
of land use for the entire region followed by ‘downscaling’
procedures to create regional land-use patterns (see Box 2.7 for
examples). Aggregate quantities are often based on IAMs or
economic models such as General Equilibrium Models (van Meijl
et al., 2006) or input-output approaches (Fischer and Sun, 2001).
Methods of downscaling vary considerably and include
proportional approaches to estimate regional from global
scenarios (Arnell et al., 2004), regional-scale economic models
(Fischer and Sun, 2001), spatial allocation procedures based on
rules (Rounsevell et al., 2006), micro-simulation with cellular
automata (de Nijs et al., 2004; Solecki and Oliveri, 2004), linear
programming models (Holman et al., 2005a, b), and empirical-
statistical techniques (de Koning et al., 1999; Verburg et al., 2002,
2006). In addressing climate change impacts on land use, Agent-
Based Models (ABMs: see Alcamo et al., 2006b) aim to provide
insight into the decision processes and social interactions that
underpin adaptation and vulnerability assessment (Acosta-Michlik
and Rounsevell, 2005).

Most land-use scenario assessments are based on gradual
changes in socio-economic and climatic conditions, although
responses to extreme weather events such as Hurricane Mitch
in Central America have also been assessed (Kok and Winograd,
2002). Probabilistic approaches are rare, with the exception
being the effects of uncertainty in alternative representations of
land-use change for hydrological variables (Eckhardt et al.,
2003). Not all land-use scenario exercises have addressed the
effects of climate change even though they consider time-frames
over which a changing climate would be important. This may
reflect a perceived lack of sensitivity to climate variables (e.g.,
studies on urban land use: see Allen and Lu, 2003; Barredo et al.,
2003, 2004; Loukopoulos and Scholz, 2004; Reginster and
Rounsevell, 2006), or may be an omission from the analysis
(Ahn et al., 2002; Berger and Bolte, 2004).

2.4.6.6 Technology scenarios
The importance of technology has been highlighted

specifically for land-use change (Ewert et al., 2005; Rounsevell
et al., 2005, 2006; Abildtrup et al., 2006) and for ecosystem
service changes, such as agricultural production, water
management, or climate regulation (Easterling et al., 2003;
Nelson et al., 2005). Technological change is also a principal
driver of GHG emissions. Since the TAR, scenarios addressing
different technology pathways for climate change mitigation and
adaptation have increased in number (see Nakićenović et al.,
2007). Technological change can be treated as an exogenous
factor to the economic system or be endogenously driven
through economic and political incentives. Recent modelling
exercises have represented theories on technical and institutional

innovation, such as the ‘Induced Innovation Theory’, in scenario
development (Grübler et al., 1999; Grubb et al., 2002), although
more work is needed to refine these methods.

For integrated global scenario exercises, the rate and
magnitude of technological development is often based on
expert judgements and mental models. Storyline assumptions
are then used to modify the input parameters of environmental
models (e.g., for ecosystems, land use, or climate) prior to
conducting model simulations (e.g., Millennium Ecosystem
Assessment, 2005; Ewert et al., 2005). Such an approach is
useful in demonstrating the relative sensitivity of different
systems to technological change, but the role of technology
remains a key uncertainty in characterisations of the future, with
some arguing that only simple models should be used in
constructing scenarios (Casman et al., 1999). In particular,
questions such as about the rates of uptake and diffusion of new
technologies deserve greater attention, especially as this affects
adaptation to climate change (Easterling et al., 2003). However,
only a few studies have tackled technology, suggesting an
imbalance in the treatment of environmental change drivers
within many CCIAV scenario studies, which future work should
seek to redress.

2.4.6.7 Adaptation scenarios
Limited attention has been paid to characterising alternative

pathways of future adaptation. Narrative information within
scenarios can assist in characterising potential adaptive
responses to climate change. For instance, the determinants of
adaptive capacity and their indicators have been identified for
Europe through questionnaire survey (Schröter et al., 2005b).
Empirical relationships between these indicators and population
and GDP from 1960 to 2000 were also established and applied
to downscaled, SRES-based GDP and population projections in
order to derive scenarios of adaptive capacity (see Section
2.4.6.4). The SRES storylines have also been interpreted using
GDP per capita scenarios to estimate, in one study, the exposure
of human populations under climate change to coastal flooding,
based on future standards of coastal defences (Nicholls, 2004)
and, in a second, access to safe water with respect to the
incidence of diarrhoea (Hijioka et al., 2002). The rate of
adaptation to climate change was analysed for the agriculture
sector using alternative scenarios of innovation uptake
(Easterling et al., 2003) by applying different maize yields,
representing adaptation scenarios ranging from no adaptation
through lagged adaptation rates and responses (following a
logistic curve) to perfect (clairvoyant) adaptation (Easterling et
al., 2003). This work showed the importance of implied
adaptation rates at the farm scale, indicating that clairvoyant
approaches to adaptation (most commonly used in CCIAV
studies) are likely to overestimate the capacity of individuals to
respond to climate change.

One adaptation strategy not considered by Easterling et al.
(2003) was land-use change, in the form of autonomous
adaptation to climate change driven by the decisions of
individual land users (Berry et al., 2006). The land-use change
scenarios reported previously can, therefore, be thought of as
adaptation scenarios. Future studies, following consultation with
key stakeholders, are more likely to include adaptation explicitly
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Box 2.7. SRES-based land-use and land-cover characterisations

Future land use was estimated by most of the IAMs used to characterise the SRES storylines, but estimates for any one
storyline are model-dependent, and therefore vary widely. For example, under the B2 storyline, the change in the global area
of grassland between 1990 and 2050 varies between −49 and +628 million ha (Mha), with the marker scenario giving a
change of +167 Mha (Nakićenović et al., 2000). The IAM used to characterise the A2 marker scenario did not include land-
cover change, so changes under the A1 scenario were assumed to apply also to A2. Given the differences in socio-economic
drivers between A1 and A2 that can affect land-use change, this assumption is not appropriate. Nor do the SRES land-cover
scenarios include the effect of climate change on future land cover. This lack of internal consistency will especially affect the
representation of agricultural land use, where changes in crop productivity play an important role (Ewert et al., 2005; Audsley
et al., 2006). A proportional approach to downscaling the SRES land-cover scenarios has been applied to global ecosystem
modelling (Arnell et al., 2004) by assuming uniform rates of change everywhere within an SRES macro-region. In practice,
however, land-cover change is likely to be greatest where population and population growth rates are greatest. A mismatch
was also found in some of the SRES storylines, and for some regions, between recent trends and projected trends for
cropland and forestry (Arnell et al., 2004).

More sophisticated downscaling of the SRES scenarios
has been undertaken at the regional scale within Europe
(Kankaanpää and Carter, 2004; Ewert et al., 2005;
Rounsevell et al., 2005, 2006; Abildtrup et al., 2006;
Audsley et al., 2006; van Meijl et al., 2006). These analyses
highlighted the potential role of non-climate change drivers
in future land-use change. Indeed, climate change was
shown in many examples to have a negligible effect on
land use compared with socio-economic change (Schröter
et al., 2005b). Technology, especially as it affects crop yield
development, is an important determinant of future
agricultural land use (and much more important than
climate change), contributing to declines in agricultural
areas of both cropland and grassland by as much as 50%
by 2080 under the A1FI and A2 scenarios (Rounsevell et
al., 2006). Such declines in land use did not occur within
the B2 scenario, which assumes more extensive
agricultural management, such as ‘organic’ production
systems, or the widespread substitution of agricultural
food and fibre production by bioenergy crops. This
highlights the role of policy decisions in moderating future
land-use change. However, broad-scale changes often
belie large potential differences in the spatial distribution
of land-use change that can occur at the sub-regional
scale (Schröter et al., 2005b; see also Figure 2.7), and
these spatial patterns may have greater effects on CCIAV
than the overall changes in land-use quantities (Metzger et
al., 2006; Reidsma et al., 2006).

Figure 2.7. Percentage change in cropland area (for food production)
by 2080, compared with the baseline in 2000 for the four SRES
storylines (A1FI, A2, B1, B2) with climate calculated by the HadCM3
AOGCM. From Schröter et al., 2005b. Reprinted with permission
from AAAS.



as part of socio-economic scenario development, hence offering
the possibility of gauging the effectiveness of adaptation options
in comparison to scenarios without adaptation (Holman et al.,
2005b).

2.4.6.8 Mitigation/stabilisation scenarios
Mitigation scenarios (also known as climate intervention or

climate policy scenarios) are defined in the TAR (Morita et al.,
2001), as scenarios that “(1) include explicit policies and/or
measures, the primary goal of which is to reduce GHG emissions
(e.g., carbon taxes) and/or (2) mention no climate policies and/or
measures, but assume temporal changes in GHG emission
sources or drivers required to achieve particular climate targets
(e.g., GHG emission levels, GHG concentration levels, radiative
forcing levels, temperature increase or sea level rise limits).”
Stabilisation scenarios are an important subset of inverse
mitigation scenarios, describing futures in which emissions
reductions are undertaken so that GHG concentrations, radiative
forcing, or global average temperature change do not exceed a
prescribed limit.

Although a wide variety of mitigation scenarios have been
developed, most focus on economic and technological aspects of
emissions reductions (see Morita et al., 2001; van Vuuren et al.,
2006; Nakićenović et al., 2007). The lack of detailed climate
change projections derived from mitigation scenarios has
hindered impact assessment. Simple climate models have been

used to explore the implications for global mean temperature
(see Box 2.8 and Nakićenović et al., 2007), but few AOGCM
runs have been undertaken (see Meehl et al., 2007, for recent
examples), with few direct applications in regional impact
assessments (e.g., Parry et al., 2001). An alternative approach
uses simple climate model projections of global warming under
stabilisation to scale AOGCM patterns of climate change
assuming unmitigated emissions, and then uses the resulting
scenarios to assess regional impacts (e.g., Bakkenes et al., 2006).

The scarcity of regional socio-economic, land-use and other
detail commensurate with a mitigated future has also hindered
impact assessment (see discussion in Arnell et al., 2002).
Alternative approaches include using SRES scenarios as
surrogates for some stabilisation scenarios (Swart et al., 2002;
see Table 2.4), for example to assess impacts on ecosystems
(Leemans and Eickhout, 2004) and coastal regions (Nicholls and
Lowe, 2004), demonstrating that socio-economic assumptions
are a key determinant of vulnerability. Note that WG I reports
AOGCM experiments forced by the SRES A1B and B1
emissions pathways up to 2100 followed by stabilisation of
concentrations at roughly 715 and 550 ppm CO2 (equated to 835
and 590 ppm equivalent CO2, accounting for other GHGs: see
Meehl et al., 2007).

A second approach associates impacts with particular levels
or rates of climate change and may also determine the emissions
and concentration paths that would avoid these outcomes.
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Box 2.8. CO2 stabilisation and global mean temperature response

Global mean annual temperature (GMAT) is the metric most commonly employed by the IPCC and adopted in the international
policy arena to summarise future changes in global climate and their likely impacts (see Chapter 19, Box 19.2). Projections of
global mean warming during the 21st century for the six SRES illustrative scenarios are presented by WG I (Meehl et al., 2007)
and summarised in Figure 2.8. These are baseline scenarios assuming no explicit climate policy (see Box 2.2). A large number
of impact studies reported by WG II have been conducted for projection periods centred on the 2020s, 2050s and 2080s10,
but only best estimates of GMAT change for these periods were available for three SRES scenarios based on AOGCMs
(coloured dots in the middle panel of Figure 2.8). Best estimates (red dots) and likely ranges (red bars) for all six SRES scenarios
are reported only for the period 2090-2099. Ranges are based on a hierarchy of models, observational constraints and expert
judgement (Meehl et al., 2007).

A more comprehensive set of projections for these earlier time periods as well as the 2090s is presented in the lower panel of
Figure 2.8. These are based on a simple climate model (SCM) and are also reported in WG I (Meehl et al., 2007, Figure 10.26).
Although SCM projections for 2090-2099 contributed to the composite information used to construct the likely ranges shown
in the middle panel, the projections shown in the middle and lower panels should not be compared directly as they were
constructed using different approaches. The SCM projections are included to assist the reader in interpreting how the timing
and range of uncertainty in projections of warming can vary according to emissions scenario. They indicate that the rate of
warming in the early 21st century is affected little by different emissions scenarios (brown bars in Figure 2.8), but by mid-
century the choice of emissions scenario becomes more important for the magnitude of warming (blue bars). By late century,
differences between scenarios are large (e.g. red bars in middle panel; orange and red bars in lower panel), and multi-model
mean warming for the lowest emissions scenario (B1) is more than 2°C lower than for the highest (A1FI).

GHG mitigation is expected to reduce GMAT change relative to baseline emissions, which in turn could avoid some adverse
impacts of climate change. To indicate the projected effect of mitigation on temperature during the 21st century, and in the

10 30-year averaging periods for model projections held at the IPCC Data Distribution Centre.
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absence of more recent, comparable estimates in the WG I report, results from the Third Assessment Report based on an
earlier version of the SCM are reproduced in the upper panel of Figure 2.8 from the Third Assessment Report. These portray
the GMAT response for four CO2-stabilisation scenarios by three dates in the early (2025), mid (2055), and late (2085) 21st
century. WG I does report estimates of equilibrium warming for CO2-equivalent stabilisation (Meehl et al., 2007)11. Note that
equilibrium temperatures would not be reached until decades or centuries after greenhouse gas stabilisation.

Figure 2.8. Projected ranges of global mean annual temperature change during the 21st century for CO2-stabilisation scenarios (upper
panel, based on the TAR) and for the six illustrative SRES scenarios (middle and lower panels, based on the WG I Fourth Assessment).
Different approaches have been used to obtain the estimates shown in the three panels, which are not therefore directly comparable.
Upper panel. Projections for four CO2-stabilisation profiles using a simple climate model (SCM) tuned to seven AOGCMs (IPCC, 2001c,
Figure SPM-6; IPCC, 2001a, Figure 9.17). Broken bars indicate the projected mean (tick mark) and range of warming across the AOGCM
tunings by the 2020s (brown), 2050s (blue) and 2080s (orange) relative to 1990. Time periods are based on calculations for 2025, 2055 and
2085. Approximate CO2-equivalent values – including non-CO2 greenhouse gases – at the time of CO2-stabilisation (ppm) are also shown.
Middle panel. Best estimates (red dots) and likely range (red bars) of warming by 2090-2099 relative to 1980-1999 for all six illustrative
SRES scenarios and best estimates (coloured dots) for SRES B1, A1B and A2 by 2020-2029, 2050-2059 and 2080-2089 (IPCC, 2007,
Figure SPM.5). Lower panel. Estimates based on an SCM tuned to 19 AOGCMs for 2025 (representing the 2020s), 2055 (2050s) and 2085
(2080s). Coloured dots represent the mean for the 19 model tunings and medium carbon cycle feedback settings. Coloured bars depict the
range between estimates calculated assuming low carbon cycle feedbacks (mean - 1 SD) and those assuming high carbon cycle feedbacks
(mean + 1 SD), approximating the range reported by Friedlingstein et al., 2006. Note that the ensemble average of the tuned versions of the
SCM gives about 10% greater warming over the 21st century than the mean of the corresponding AOGCMs. (Meehl et al., 2007, Figure
10.26 and Appendix 10.A.1). To express temperature changes relative to 1850-1899, add 0.5°C.

11 Best estimate and likely range of equilibrium warming for seven levels of CO2-equivalent stabilisation: 350 ppm, 1.0°C [0.6–1.4]; 450 ppm,
2.1°C [1.4–3.1]; 550 ppm, 2.9°C [1.9–4.4]; 650 ppm, 3.6°C [2.4–5.5]; 750 ppm, 4.3°C [2.8–6.4]; 1,000 ppm, 5.5°C [3.7–8.3] and 1,200 ppm,
6.3°C [4.2–9.4] (Meehl et al., 2007, Table 10.8).



Climate change and impact outcomes have been identified based
on criteria for dangerous interference with the climate system
(Mastrandrea and Schneider, 2004; O’Neill and Oppenheimer,
2004; Wigley, 2004; Harvey, 2007) or on meta-analysis of the
literature (Hitz and Smith, 2004). A limitation of these types of
analyses is that they are not based on consistent assumptions
about socio-economic conditions, adaptation and sectoral
interactions, and regional climate change.

A third approach constructs a single set of scenario
assumptions by drawing on information from a variety of
different sources. For example, one set of analyses combines
climate change projections from the HadCM2 model based on
the S750 and S550 CO2-stabilisation scenarios with socio-
economic information from the IS92a reference scenario in order
to assess coastal flooding and loss of coastal wetlands from long-
term sea level rise (Nicholls, 2004; Hall et al., 2005) and to
estimate global impacts on natural vegetation, water resources,
crop yield and food security, and malaria (Parry et al., 2001;
Arnell et al., 2002).

2.4.6.9 Scenario integration
The widespread adoption of SRES-based scenarios in studies

described in this report (see Boxes 2.2 to 2.7) acknowledges the
desirability of seeking consistent scenario application across
different studies and regions. For instance, SRES-based
downscaled socio-economic projections were used in
conjunction with SRES-derived climate scenarios in a set of
global impact studies (Arnell et al., 2004; see Section 2.4.6.4).
At a regional scale, multiple scenarios for the main global
change drivers (socio-economic factors, atmospheric CO2
concentration, climate factors, land use, and technology), were
developed for Europe, based on interpretations of the global
IPCC SRES storylines (Schröter et al., 2005b; see Box 2.7).

Nationally, scenarios of socio-economic development (Kaivo-
oja et al., 2004), climate (Jylhä et al., 2004), sea level (Johansson
et al., 2004), surface ozone exposure (Laurila et al., 2004), and
sulphur and nitrogen deposition (Syri et al., 2004) were developed
for Finland. Although the SRES driving factors were used as an
integrating framework, consistency between scenario types could
only be ensured by regional modelling, as simple downscaling
from the global scenarios ignored important regional
dependencies (e.g., between climate and air pollution and between
air pressure and sea level: see Carter et al., 2004). Similar
exercises have also been conducted in the east (Lorenzoni et al.,
2000) and north-west (Holman et al., 2005b) of England.

Integration across scales was emphasised in the scenarios
developed for the Millennium Ecosystem Assessment (MA),
carried out between 2001 and 2005 to assess the consequences of
ecosystem change for human well-being (Millennium Ecosystem
Assessment, 2005). An SAS approach (see Section 2.4.5) was
followed in developing scenarios at scales ranging from regional
through national, basin, and local (Lebel et al., 2005). Many
differed greatly from the set of global MA scenarios that were also
constructed (Alcamo et al., 2005). This is due, in part, to different
stakeholders being involved in the development of scenarios at
each scale, but also reflects an absence of feedbacks from the sub-
global to global scales (Lebel et al., 2005).

2.4.7 Large-scale singularities

Large-scale singularities are extreme, sometimes irreversible,
changes in the Earth system such as abrupt cessation of the
Atlantic Meridional Overturning Circulation (MOC) or melting
of ice sheets in Greenland or West Antarctica (see Meehl et al.,
2007; Randall et al., 2007; also Chapter 19, Section 19.3.5).
With few exceptions, such events are not taken into account in
socio-economic assessments of climate change. Shutdown of the
MOC is simulated in Earth system models of intermediate
complexity subject to large, rapid forcing (Meehl et al., 2007;
also Chapter 19, Section 19.3.5.3). Artificial ‘hosing’
experiments, assuming the injection of large amounts of
freshwater into the oceans at high latitudes, also have been
conducted using AOGCMs (e.g., Vellinga and Wood, 2002;
Wood et al., 2003) to induce an MOC shutdown. Substantial
reduction of greenhouse warming occurs in the Northern
Hemisphere, with a net cooling occurring mostly in the North
Atlantic region (Wood et al., 2003). Such scenarios have
subsequently been applied in impact studies (Higgins and
Vellinga, 2004; Higgins and Schneider, 2005; also see Chapter
19, Section 19.4.2.5)

Complete deglaciation of Greenland and the West Antarctica
Ice Sheet (WAIS) would raise sea level by 7 m and about 5 m,
respectively (Meehl et al., 2007; also Chapter 19, Section
19.3.5.2). One recent study assumed an extreme rate of sea level
rise, 5 m by 2100 (Nicholls et al., 2005), to test the limits of
adaptation and decision-making (Dawson et al., 2005; Tol et al.,
2006). A second study employed a scenario of rapid sea level
rise of 2.2 m by 2100 by adding an ice sheet contribution to the
highest TAR projection for the period, with the increase
continuing unabated after 2100 (Arnell et al., 2005). Both studies
describe the potential impacts of such a scenario in Europe,
based on expert assessments.

2.4.8 Probabilistic futures

Since the TAR, many studies have produced probabilistic
representations of future climate change and socio-economic
conditions suitable for use in impact assessment. The choices
faced in these studies include which components of socio-
economic and climate change models to treat probabilistically
and how to define the input probability density functions (pdfs)
for each component. Integrated approaches derive pdfs of
climate change from input pdfs for emissions and for key
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SRES illustrative
scenario

Description of
emissions

Surrogate stabilisation
scenario

A1FI High end of SRES range Does not stabilise

A1B Intermediate case 750 ppm

A1T Intermediate/low case 650 ppm

A2 High case Does not stabilise

B1 Low end of SRES range 550 ppm

B2 Intermediate/low case 650 ppm

Table 2.4. The six SRES illustrative scenarios and the stabilisation
scenarios (parts per million CO2) they most resemble (based on Swart
et al., 2002).



parameters in models of GHG cycles, radiative forcing, and the
climate system. The models then sample repeatedly from the
uncertainty distributions for inputs and model parameters, in
order to produce a pdf of outcomes, e.g., global temperature and
precipitation change. Either simple climate models (e.g., Wigley
and Raper, 2001) or climate models of intermediate complexity
(Forest et al., 2002) have been applied.

Alternative methods of developing pdfs for emissions are
described in Nakićenović et al. (2007), but they all require
subjective judgement in the weighting of different future
outcomes, which is a matter of considerable debate (Parson et
al., 2006). Some argue that this should be done by experts,
otherwise decision-makers will inevitably assign probabilities
themselves without the benefit of established techniques to
control well-known biases in subjective judgements (Schneider,
2001, 2002; Webster et al., 2002, 2003). Others argue that the
climate change issue is characterised by ‘deep uncertainty’ – i.e.,
system models, parameter values, and interactions are unknown
or contested – and therefore the elicited probabilities may not
accurately represent the nature of the uncertainties faced
(Grübler and Nakićenović, 2001; Lempert et al., 2004).

The most important uncertainties to be represented in pdfs of
regional climate change, the scale of greatest relevance for
impact assessments, are GHG emissions, climate sensitivity, and
inter-model differences in climatic variables at the regional
scale. Other important factors include downscaling techniques,
and regional forcings such as aerosols and land-cover change
(e.g., Dessai, 2005). A rapidly growing literature reporting pdfs
of climate sensitivity is providing a significant methodological
advance over the long-held IPCC estimate of 1.5°C to 4.5°C for
the (non-probabilistic) range of global mean annual temperature
change for a doubling of atmospheric CO2 (see Meehl et al.,
2007, for a detailed discussion). For regional change, recent
methods of applying different weighting schemes to multi-model
ensemble projections of climate are described in Christensen et
al. (2007a). Other work has examined the full chain of
uncertainties from emissions to regional climate. For example,
Dessai et al. (2005b) tested the sensitivity of probabilistic
regional climate changes to a range of uncertainty sources
including climate sensitivity, GCM simulations, and emissions
scenarios. The ENSEMBLES research project is modelling
various sources of uncertainty to produce regional probabilities
of climate change and its impacts for Europe (Hewitt and
Griggs, 2004).

Methods to translate probabilistic climate changes for use in
impact assessment (e.g., New and Hulme, 2000; Wilby and
Harris, 2006; Fowler et al., 2007) include those assessing
probabilities of impact threshold exceedance (e.g., Jones, 2000,
2004; Jones et al., 2007). Wilby and Harris (2006) combined
information from various sources of uncertainty (emissions
scenarios, GCMs, statistical downscaling, and hydrological
model parameters) to estimate probabilities of low flows in the
River Thames basin, finding the most important uncertainty to
be the differences between the GCMs, a conclusion supported in
water resources assessments in Australia (Jones and Page, 2001;
Jones et al., 2005). Scholze et al. (2006) quantified risks of
changes in key ecosystem processes on a global scale, by
grouping scenarios according to ranges of global mean

temperature change rather than considering probabilities of
individual emissions scenarios. Probabilistic impact studies
sampling across emissions, climate sensitivity, and regional
climate change uncertainties have been conducted for wheat
yield (Howden and Jones, 2004; Luo et al., 2005), coral
bleaching (Jones, 2004; Wooldridge et al., 2005), water
resources (Jones and Page, 2001; Jones et al., 2005), and
freshwater ecology (Preston, 2006).

2.5 Key conclusions and future directions

Climate change impact, adaptation and vulnerability
(CCIAV) assessment has now moved far beyond its early status
as a speculative, academic endeavour. As reported elsewhere in
this volume, climate change is already under way, impacts are
being felt, and some adaptation is occurring. This is propelling
CCIAV assessment from being an exclusively research-oriented
activity towards analytical frameworks that are designed for
practical decision-making. These comprise a limited set of
approaches (described in Section 2.2), within which a large
range of methods can be applied.

The aims of research and decision analysis differ somewhat
in their treatment of uncertainty. Research aims to understand
and reduce uncertainty, whereas decision analysis seeks to
manage uncertainty in order to prioritise and implement actions.
Therefore, while improved scientific understanding may have led
to a narrowing of the range of uncertainty in some cases (e.g.,
increased consensus among GCM projections of regional climate
change) and a widening in others (e.g., an expanded range of
estimates of adaptive capacity and vulnerability obtained after
accounting for alternative pathways of socio-economic and
technological development), these results are largely a
manifestation of advances in methods for treating uncertainty.

Decision makers are increasingly calling upon the research
community to provide:

• good-quality information on what impacts are occurring
now, their location and the groups or systems most affected,

• reliable estimates of the impacts to be expected under
projected climate change,

• early warning of potentially alarming or irreversible impacts,
• estimation of different risks and opportunities associated

with a changing climate,
• effective approaches for identifying and evaluating both

existing and prospective adaptation measures and strategies,
• credible methods of costing different outcomes and response

measures,
• an adequate basis to compare and prioritise alternative

response measures, including both adaptation and mitigation.

To meet these demands, future research efforts need to address
a set of methodological, technical and information gaps that call
for certain actions.

• Continued development of risk-management techniques.
Methods and tools should be designed both to address
specific climate change problems and to introduce them into
mainstream policy and planning decision-making.
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• New methods and tools appropriate for regional and local
application. An increasing focus on adaptation to climate
change at local scales requires new methods, scenarios, and
models to address emerging issues. New approaches are also
reconciling scale issues in scenario development; for
example by improving methods of interpreting and
quantifying regional storylines, and through the nesting of
scenarios at different scales.

• Cross-sectoral assessments. Limited by data and technical
complexity, most CCIAV assessments have so far focused
on single sectors. However, impacts of climate change on
one sector will have implications, directly and/or indirectly,
for others – some adverse and some beneficial. To be more
policy-relevant, future analyses need to account for the
interactions between different sectors, particularly at national
level but also through global trade and financial flows.

• Collection of empirical knowledge from past experience.
Experience gained in dealing with climate-related natural
disasters, documented using both modern methods and
traditional knowledge, can assist in understanding the coping
strategies and adaptive capacity of vulnerable communities,
and in defining critical thresholds of impact to be avoided.

• Enhanced observation networks and improved access to
existing data. CCIAV studies have increasing requirements
for data describing present-day environmental and socio-
economic conditions. Some regions, especially in developing
countries, have limited access to existing data, and urgent
attention is required to arrest the decline of observation
networks. Integrated monitoring systems are needed for
observing human-environment interactions.

• Consistent approaches in relation to scenarios in other
assessments. Integration of climate-related scenarios with
those widely accepted and used by other international bodies
is desirable (i.e., mainstreaming). The exchange of ideas and
information between the research and policy communities
will greatly improve scenario quality, usage, and acceptance.

• Improved scenarios for poorly specified indicators. CCIAV
outcomes are highly sensitive to assumptions about factors
such as future technology and adaptive capacity that at
present are poorly understood. For instance, the theories and
processes of technological innovation and its relationship
with other indicators such as education, wealth, and
governance require closer attention, as do studies of the
processes and costs of adaptation.

• Integrated scenarios. There are shortcomings in how
interactions between key drivers of change are represented in
scenarios. Moreover, socio-economic and technological
scenarios need to account for the costs and other ancillary
effects of both mitigation and adaptation actions, which at
present are rarely considered.

• Provision of improved climate predictions for near-term
planning horizons. Many of the most severe impacts of
climate change are manifest through extreme weather and
climate events. Resource planners increasingly need reliable
information, years to decades ahead, on the risks of adverse
weather events at the scales of river catchments and
communities.

• Effective communication of the risks and uncertainties of
climate change. To gain trust and improve decisions,
awareness-building and dialogue is necessary between those
stakeholders with knowledge to share (including researchers)
and with the wider public.
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Executive summary

The impacts of climate change on freshwater systems and
their management are mainly due to the observed and
projected increases in temperature, sea level and
precipitation variability (very high confidence).
More than one-sixth of the world’s population live in glacier- or
snowmelt-fed river basins and will be affected by the seasonal
shift in streamflow, an increase in the ratio of winter to annual
flows, and possibly the reduction in low flows caused by
decreased glacier extent or snow water storage (high confidence)
[3.4.1, 3.4.3]. Sea-level rise will extend areas of salinisation of
groundwater and estuaries, resulting in a decrease in freshwater
availability for humans and ecosystems in coastal areas (very
high confidence) [3.2, 3.4.2]. Increased precipitation intensity
and variability is projected to increase the risks of flooding and
drought in many areas (high confidence) [3.3.1].

Semi-arid and arid areas are particularly exposed to the
impacts of climate change on freshwater (high confidence).
Many of these areas (e.g., Mediterranean basin, western USA,
southern Africa, and north-eastern Brazil) will suffer a decrease
in water resources due to climate change (very high confidence)
[3.4, 3.7]. Efforts to offset declining surface water availability
due to increasing precipitation variability will be hampered by
the fact that groundwater recharge will decrease considerably in
some already water-stressed regions (high confidence) [3.2,
3.4.2], where vulnerability is often exacerbated by the rapid
increase in population and water demand (very high confidence)
[3.5.1].

Higher water temperatures, increased precipitation
intensity, and longer periods of low flows exacerbate many
forms of water pollution, with impacts on ecosystems,
human health, water system reliability and operating costs
(high confidence).
These pollutants include sediments, nutrients, dissolved organic
carbon, pathogens, pesticides, salt, and thermal pollution [3.2,
3.4.4, 3.4.5].

Climate change affects the function and operation of
existing water infrastructure as well as water management
practices (very high confidence).
Adverse effects of climate on freshwater systems aggravate the
impacts of other stresses, such as population growth, changing
economic activity, land-use change, and urbanisation (very high
confidence) [3.3.2, 3.5]. Globally, water demand will grow in
the coming decades, primarily due to population growth and
increased affluence; regionally, large changes in irrigation water
demand as a result of climate change are likely (high confidence)
[3.5.1]. Current water management practices are very likely to be
inadequate to reduce the negative impacts of climate change on
water supply reliability, flood risk, health, energy, and aquatic
ecosystems (very high confidence) [3.4, 3.5]. Improved
incorporation of current climate variability into water-related
management would make adaptation to future climate change
easier (very high confidence) [3.6].

Adaptation procedures and risk management practices for
the water sector are being developed in some countries and
regions (e.g., Caribbean, Canada, Australia, Netherlands,
UK, USA, Germany) that have recognised projected
hydrological changes with related uncertainties (very high
confidence).
Since the IPCC Third Assessment, uncertainties have been
evaluated, their interpretation has improved, and new methods
(e.g., ensemble-based approaches) are being developed for their
characterisation (very high confidence) [3.4, 3.5]. Nevertheless,
quantitative projections of changes in precipitation, river flows,
and water levels at the river-basin scale remain uncertain (very
high confidence) [3.3.1, 3.4].

The negative impacts of climate change on freshwater
systems outweigh its benefits (high confidence).
All IPCC regions (see Chapters 3–16) show an overall net
negative impact of climate change on water resources and
freshwater ecosystems (high confidence). Areas in which runoff
is projected to decline are likely to face a reduction in the value
of the services provided by water resources (very high
confidence) [3.4, 3.5]. The beneficial impacts of increased
annual runoff in other areas will be tempered by the negative
effects of increased precipitation variability and seasonal runoff
shifts on water supply, water quality, and flood risks (high
confidence) [3.4, 3.5].

3.1 Introduction

Water is indispensable for all forms of life. It is needed in
almost all human activities. Access to safe freshwater is now
regarded as a universal human right (United Nations Committee
on Economic, Social and Cultural Rights, 2003), and the
Millennium Development Goals include the extended access to
safe drinking water and sanitation (UNDP, 2006). Sustainable
management of freshwater resources has gained importance at
regional (e.g., European Union, 2000) and global scales (United
Nations, 2002, 2006; World Water Council, 2006), and
‘Integrated Water Resources Management’ has become the
corresponding scientific paradigm.

Figure 3.1 shows schematically how human activities affect
freshwater resources (both quantity and quality) and their
management. Anthropogenic climate change is only one of many
pressures on freshwater systems. Climate and freshwater
systems are interconnected in complex ways. Any change in one

Figure 3.1. Impact of human activities on freshwater resources and
their management, with climate change being only one of multiple
pressures (modified after Oki, 2005).
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of these systems induces a change in the other. For example, the
draining of large wetlands may cause changes in moisture
recycling and a decrease of precipitation in particular months,
when local boundary conditions dominate over the large-scale
circulation (Kanae et al., 2001). Conversely, climate change
affects freshwater quantity and quality with respect to both mean
states and variability (e.g., water availability as well as floods
and droughts). Water use is impacted by climate change, and
also, more importantly, by changes in population, lifestyle,
economy, and technology; in particular by food demand, which
drives irrigated agriculture, globally the largest water-use sector.
Significant changes in water use or the hydrological cycle
(affecting water supply and floods) require adaptation in the
management of water resources.

In the Working Group II Third Assessment Report (TAR;
IPCC, 2001), the state of knowledge of climate change impacts
on hydrology and water resources was presented in the light of
literature up to the year 2000 (Arnell et al., 2001). These findings
are summarised as follows.

• There are apparent trends in streamflow volume, both
increases and decreases, in many regions.

• The effect of climate change on streamflow and groundwater
recharge varies regionally and between scenarios, largely
following projected changes in precipitation.

• Peak streamflow is likely to move from spring to winter in
many areas due to early snowmelt, with lower flows in
summer and autumn.

• Glacier retreat is likely to continue, and many small glaciers
may disappear.

• Generally, water quality is likely to be degraded by higher
water temperatures.

• Flood magnitude and frequency are likely to increase in most
regions, and volumes of low flows are likely to decrease in
many regions.

• Globally, demand for water is increasing as a result of
population growth and economic development, but is falling
in some countries, due to greater water-use efficiency.

• The impact of climate change on water resources also
depends on system characteristics, changing pressures on the
system, how the management of the system evolves, and
what adaptations to climate change are implemented.

• Unmanaged systems are likely to be most vulnerable to
climate change.

• Climate change challenges existing water resource
management practices by causing trends not previously
experienced and adding new uncertainty.

• Adaptive capacity is distributed very unevenly across the
world.

These findings have been confirmed by the current assessment.
Some of them are further developed, and new findings have been
added. This chapter gives an overview of the future impacts of
climate change on freshwater resources and their management,
mainly based on research published after the Third Assessment
Report. Socio-economic aspects, adaptation issues, implications
for sustainable development, as well as uncertainties and
research priorities, are also covered. The focus is on terrestrial
water in liquid form, due to its importance for freshwater
management. Various aspects of climate change impacts on

water resources and related vulnerabilities are presented (Section
3.4) as well as the impacts on water-use sectors (Section 3.5).
Please refer to Chapter 1 for further information on observed
trends, to Chapter 15 (Sections 15.3 and 15.4.1) for freshwater
in cold regions and to Chapter 10 of the Working Group I Fourth
Assessment Report (Meehl et al., 2007) - Section 10.3.3 for the
cryosphere, and Section 10.3.2.3 for impacts on precipitation,
evapotranspiration and soil moisture. While the impacts of
increased water temperatures on aquatic ecosystems are
discussed in this volume in Chapter 4 (Section 4.4.8), findings
with respect to the effect of changed flow conditions on aquatic
ecosystems are presented here in Section 3.5. The health effects
of changes in water quality and quantity are covered in Chapter
8, while regional vulnerabilities related to freshwater are
discussed in Chapters 9–16.

3.2 Current sensitivity/vulnerability

With higher temperatures, the water-holding capacity of the
atmosphere and evaporation into the atmosphere increase, and this
favours increased climate variability, with more intense
precipitation and more droughts (Trenberth et al., 2003). The
hydrological cycle accelerates (Huntington, 2006). While
temperatures are expected to increase everywhere over land and
during all seasons of the year, although by different increments,
precipitation is expected to increase globally and in many river
basins, but to decrease in many others. In addition, as shown in the
Working Group I Fourth Assessment Report, Chapter 10, Section
10.3.2.3 (Meehl et al., 2007), precipitation may increase in one
season and decrease in another. These climatic changes lead to
changes in all components of the global freshwater system.

Climate-related trends of some components during the last
decades have already been observed (see Table 3.1). For a
number of components, for example groundwater, the lack of
data makes it impossible to determine whether their state has
changed in the recent past due to climate change. During recent
decades, non-climatic drivers (Figure 3.1) have exerted strong
pressure on freshwater systems. This has resulted in water
pollution, damming of rivers, wetland drainage, reduction in
streamflow, and lowering of the groundwater table (mainly due
to irrigation). In comparison, climate-related changes have been
small, although this is likely to be different in the future as the
climate change signal becomes more evident.

Current vulnerabilities to climate are strongly correlated with
climate variability, in particular precipitation variability. These
vulnerabilities are largest in semi-arid and arid low-income
countries, where precipitation and streamflow are concentrated
over a few months, and where year-to-year variations are high
(Lenton, 2004). In such regions a lack of deep groundwater wells
or reservoirs (i.e., storage) leads to a high level of vulnerability to
climate variability, and to the climate changes that are likely to
further increase climate variability in future. In addition, river
basins that are stressed due to non-climatic drivers are likely to
be vulnerable to climate change. However, vulnerability to climate
change exists everywhere, as water infrastructure (e.g., dikes and
pipelines) has been designed for stationary climatic conditions,
and water resources management has only just started to take into
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account the uncertainties related to climate change (see Section
3.6). In the following paragraphs, the current sensitivities of
components of the global freshwater system are discussed, and
example regions, whose vulnerabilities are likely to be
exacerbated by climate change, are highlighted (Figure 3.2).

Surface waters and runoff generation
Changes in river flows as well as lake and wetland levels due

to climate change depend on changes in the volume, timing and
intensity of precipitation (Chiew, 2007), snowmelt and whether
precipitation falls as snow or rain. Changes in temperature,
radiation, atmospheric humidity, and wind speed affect potential
evapotranspiration, and this can offset small increases in
precipitation and exaggerate further the effect of decreased
precipitation on surface waters. In addition, increased atmospheric
CO2 concentration directly alters plant physiology, thus affecting
evapotranspiration. Many experimental (e.g., Triggs et al., 2004)
and global modelling studies (e.g., Leipprand and Gerten, 2006;
Betts et al., 2007) show reduced evapotranspiration, with only part
of this reduction being offset by increased plant growth due to
increased CO2 concentrations. Gedney et al. (2006) attributed an
observed 3% rise in global river discharges over the 20th century
to CO2-induced reductions in plant evapotranspiration (by 5%)
which were offset by climate change (which by itself would have
decreased discharges by 2%). However, this attribution is highly
uncertain, among other reasons due to the high uncertainty of
observed precipitation time series.

Different catchments respond differently to the same change
in climate drivers, depending largely on catchment
physiogeographical and hydrogeological characteristics and the
amount of lake or groundwater storage in the catchment.

A number of lakes worldwide have decreased in size during
the last decades, mainly due to human water use. For some,
declining precipitation was also a significant cause; e.g., in the
case of Lake Chad, where both decreased precipitation and
increased human water use account for the observed decrease in
lake area since the 1960s (Coe and Foley, 2001). For the many
lakes, rivers and wetlands that have shrunk mainly due to human
water use and drainage, with negative impacts on ecosystems,
climate change is likely to exacerbate the situation if it results in
reduced net water availability (precipitation minus
evapotranspiration).

Groundwater
Groundwater systems generally respond more slowly to

climate change than surface water systems. Groundwater levels
correlate more strongly with precipitation than with temperature,
but temperature becomes more important for shallow aquifers
and in warm periods.

Floods and droughts
Disaster losses, mostly weather- and water-related, have

grown much more rapidly than population or economic growth,
suggesting a negative impact of climate change (Mills, 2005).
However, there is no clear evidence for a climate-related trend
in floods during the last decades (Table 3.1; Kundzewicz et al.,
2005; Schiermeier, 2006). However, the observed increase in
precipitation intensity (Table 3.1) and other observed climate
changes, e.g., an increase in westerly weather patterns during
winter over Europe, leading to very rainy low-pressure systems
that often trigger floods (Kron and Bertz, 2007), indicate that
climate might already have had an impact on floods. Globally,

Table 3.1. Climate-related observed trends of various components of the global freshwater system. Reference is given to Chapters 1 and 15 of this
volume and to the Working Group I Fourth Assessment Report (WGI AR4) Chapter 3 (Trenberth et al., 2007) and Chapter 4 (Lemke et al., 2007).

Observed climate-related trends
Precipitation Increasing over land north of 30°N over the period 1901–2005.

Decreasing over land between 10°S and 30°N after the 1970s (WGI AR4, Chapter 3, Executive summary).
Increasing intensity of precipitation (WGI AR4, Chapter 3, Executive summary).

Cryosphere

Snow cover Decreasing in most regions, especially in spring (WGI AR4, Chapter 4, Executive summary).
Glaciers Decreasing almost everywhere (WGI AR4, Chapter 4, Section 4.5).
Permafrost Thawing between 0.02 m/yr (Alaska) and 0.4 m/yr (Tibetan Plateau) (WGI AR4 Chapter 4 Executive summary; this report,

Chapter 15, Section 15.2).
Surface waters
Streamflow Increasing in Eurasian Arctic, significant increases or decreases in some river basins (this report, Chapter 1, Section 1.3.2).

Earlier spring peak flows and increased winter base flows in Northern America and Eurasia (this report, Chapter 1,
Section 1.3.2).

Evapotranspiration Increased actual evapotranspiration in some areas (WGI AR4, Chapter 3, Section 3.3.3).
Lakes Warming, significant increases or decreases of some lake levels, and reduction in ice cover (this report, Chapter 1,

Section 1.3.2).
Groundwater No evidence for ubiquitous climate-related trend (this report, Chapter 1, Section 1.3.2).
Floods and droughts
Floods No evidence for climate-related trend (this report, Chapter 1, Section 1.3.2), but flood damages are increasing (this section).
Droughts Intensified droughts in some drier regions since the 1970s (this report, Chapter 1, Section 1.3.2; WGI AR4, Chapter 3,

Executive summary).
Water quality No evidence for climate-related trend (this report, Chapter 1, Section 1.3.2).
Erosion and sediment
transport

No evidence for climate-related trend (this section).

Irrigation water
demand

No evidence for climate-related trend (this section).



the number of great inland flood catastrophes during the last
10 years (between 1996 and 2005) is twice as large, per decade,
as between 1950 and 1980, while economic losses have
increased by a factor of five (Kron and Bertz, 2007). The
dominant drivers of the upward trend in flood damage are socio-
economic factors, such as increased population and wealth in
vulnerable areas, and land-use change. Floods have been the
most reported natural disaster events in Africa, Asia and Europe,
and have affected more people across the globe (140 million/yr
on average) than all other natural disasters (WDR, 2003, 2004).
In Bangladesh, three extreme floods have occurred in the last
two decades, and in 1998 about 70% of the country’s area was
inundated (Mirza, 2003; Clarke and King, 2004). In some river
basins, e.g., the Elbe river basin in Germany, increasing flood
risk drives the strengthening of flood protection systems by
structural means, with detrimental effects on riparian and aquatic
ecosystems (Wechsung et al., 2005).

Droughts affect rain-fed agricultural production as well as
water supply for domestic, industrial, and agricultural purposes.
Some semi-arid and sub-humid regions of the globe, e.g.,
Australia (see Chapter 11, Section 11.2.1), western USA and
southern Canada (see Chapter 14, Section 14.2.1), and the Sahel
(Nicholson, 2005), have suffered from more intense and multi-
annual droughts, highlighting the vulnerability of these regions
to the increased drought occurrence that is expected in the future
due to climate change.

Water quality
In lakes and reservoirs, climate change effects are mainly due

to water temperature variations, which result directly from climate
change or indirectly through an increase in thermal pollution as a
result of higher demands for cooling water in the energy sector.
This affects oxygen regimes, redox potentials,1 lake stratification,
mixing rates, and biota development, as they all depend on
temperature (see Chapter 4). Increasing water temperature affects
the self-purification capacity of rivers by reducing the amount of
oxygen that can be dissolved and used for biodegradation. A trend
has been detected in water temperature in the Fraser River in
British Columbia, Canada, for longer river sections reaching a
temperature over 20°C, which is considered the threshold beyond
which salmon habitats are degraded (Morrison et al., 2002).
Furthermore, increases in intense rainfall result in more nutrients,
pathogens, and toxins being washed into water bodies. Chang et
al. (2001) reported increased nitrogen loads from rivers of up to
50% in the Chesapeake and Delaware Bay regions due to
enhanced precipitation.

Numerous diseases linked to climate variations can be
transmitted via water, either by drinking it or by consuming crops
irrigated with polluted water (Chapter 8, Section 8.2.5). The
presence of pathogens in water supplies has been related to
extreme rainfall events (Yarze and Chase, 2000; Curriero et al.,
2001; Fayer et al., 2002; Cox et al., 2003; Hunter, 2003). In
aquifers, a possible relation between virus content and extreme

Figure 3.2. Examples of current vulnerabilities of freshwater resources and their management; in the background, a water stress map based on
Alcamo et al. (2003a). See text for relation to climate change.
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1 A change in the redox potential of the environment will mean a change in the reactions taking place in it, moving, for example, from an oxidising (aerobic) to a
reducing (anaerobic) system.
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rainfall has been identified (Hunter, 2003). In the USA, 20 to 40%
of water-borne disease outbreaks can be related to extreme
precipitation (Rose et al., 2000). Effects of dry periods on water
quality have not been adequately studied (Takahashi et al., 2001),
although lower water availability clearly reduces dilution.

At the global scale, health problems due to arsenic and fluoride
in groundwater are more important than those due to other
chemicals (United Nations, 2006). Affected regions include India,
Bangladesh, China, North Africa, Mexico, and Argentina, with
more than 100 million people suffering from arsenic poisoning
and fluorosis (a disease of the teeth or bones caused by excessive
consumption of fluoride) (United Nations, 2003; Clarke and King,
2004; see also Chapter 13, Section 13.2.3).

One-quarter of the global population lives in coastal regions;
these are water-scarce (less than 10% of the global renewable
water supply) (Small and Nicholls, 2003; Millennium Ecosystem
Assessment, 2005b) and are undergoing rapid population growth.
Saline intrusion due to excessive water withdrawals from aquifers
is expected to be exacerbated by the effect of sea-level rise,
leading to even higher salinisation and reduction of freshwater
availability (Klein and Nicholls, 1999; Sherif and Singh, 1999;
Essink, 2001; Peirson et al., 2001; Beach, 2002; Beuhler, 2003).
Salinisation affects estuaries and rivers (Knighton et al., 1992;
Mulrennan and Woodroffe, 1998; Burkett et al., 2002; see also
Chapter 13). Groundwater salinisation caused by a reduction in
groundwater recharge is also observed in inland aquifers, e.g., in
Manitoba, Canada (Chen et al., 2004).

Water quality problems and their effects are different in type
and magnitude in developed and developing countries,
particularly those stemming from microbial and pathogen
content (Lipp et al., 2001; Jiménez, 2003). In developed
countries, flood-related water-borne diseases are usually
contained by well-maintained water and sanitation services
(McMichael et al., 2003) but this does not apply in developing
countries (Wisner and Adams, 2002). Regretfully, with the
exception of cholera and salmonella, studies of the relationship
between climate change and micro-organism content in water
and wastewater do not focus on pathogens of interest in
developing countries, such as specific protozoa or parasitic
worms (Yarze and Chase, 2000; Rose et al., 2000; Fayer et al.,
2002; Cox et al., 2003; Scott et al., 2004). One-third of urban
water supplies in Africa, Latin America and the Caribbean, and
more than half in Asia, are operating intermittently during
periods of drought (WHO/UNICEF, 2000). This adversely
affects water quality in the supply system.

Erosion and sediment transport
Rainfall amounts and intensities are the most important

factors controlling climate change impacts on water erosion
(Nearing et al., 2005), and they affect many geomorphologic
processes, including slope stability, channel change, and
sediment transport (Rumsby and Macklin, 1994; Rosso et al.,
2006). There is no evidence for a climate-related trend in erosion
and sediment transport in the past, as data are poor and climate
is not the only driver of erosion and sediment transport.
Examples of vulnerable areas can be found in north-eastern
Brazil, where the sedimentation of reservoirs is significantly
decreasing water storage and thus water supply (De Araujo et

al., 2006); increased erosion due to increased precipitation
intensities would exacerbate this problem. Human settlements
on steep hill slopes, in particular informal settlements in
metropolitan areas of developing countries (United Nations,
2006), are vulnerable to increased water erosion and landslides.

Water use, availability and stress
Human water use is dominated by irrigation, which accounts

for almost 70% of global water withdrawals and for more than
90% of global consumptive water use, i.e., the water volume that
is not available for reuse downstream (Shiklomanov and Rodda,
2003). In most countries of the world, except in a few
industrialised nations, water use has increased over the last
decades due to demographic and economic growth, changes in
lifestyle, and expanded water supply systems. Water use, in
particular irrigation water use, generally increases with
temperature and decreases with precipitation. There is no
evidence for a climate-related trend in water use in the past. This
is due to the fact that water use is mainly driven by non-climatic
factors and to the poor quality of water-use data in general and
time series in particular.

Water availability from surface sources or shallow groundwater
wells depends on the seasonality and interannual variability of
streamflow, and safe water supply is determined by seasonal low
flows. In snow-dominated basins, higher temperatures lead to
reduced streamflow and thus decreased water supply in summer
(Barnett et al., 2005), for example in South American river basins
along the Andes, where glaciers are shrinking (Coudrain et al.,
2005). In semi-arid areas, climate change may extend the dry
season of no or very low flows, which particularly affects water
users unable to rely on reservoirs or deep groundwater wells
(Giertz et al., 2006)

Currently, human beings and natural ecosystems in many river
basins suffer from a lack of water. In global-scale assessments,
basins with water stress are defined either as having a per capita
water availability below 1,000 m3/yr (based on long-term average
runoff) or as having a ratio of withdrawals to long-term average
annual runoff above 0.4. These basins are located in Africa, the
Mediterranean region, the Near East, South Asia, Northern China,
Australia, the USA, Mexico, north-eastern Brazil, and the western
coast of South America (Figure 3.2). Estimates of the population
living in such severely stressed basins range from 1.4 billion to
2.1 billion (Vörösmarty et al., 2000; Alcamo et al., 2003a, b; Oki
et al., 2003a; Arnell, 2004b). In water-scarce areas, people and
ecosystems are particularly vulnerable to decreasing and more
variable precipitation due to climate change. For example, in the
Huanghe River basin in China (Yang et al., 2004), the combination
of increasing irrigation water consumption facilitated by
reservoirs, and decreasing precipitation associated with global El
Niño-Southern Oscillation (ENSO) events over the past half
century, has resulted in water scarcity (Wang et al., 2006). The
irrigation-dominated Murray-Darling Basin in Australia suffers
from decreased water inflows to wetlands and high salinity due to
irrigation water use, which affects aquatic ecosystems (Goss,
2003; see also Chapter 11, Section 11.7).

Current adaptation
At the Fourth World Water Forum held in Mexico City in 2006,



many of the involved groups requested the inclusion of climate
change in Integrated Water Resources Management (World Water
Council, 2006). In some countries (e.g., Caribbean, Canada,
Australia, Netherlands, UK, USA and Germany), adaptation
procedures and risk management practices for the water sector
have already been developed that take into account climate change
impacts on freshwater systems (compare with Section 3.6).

3.3 Assumptions about future trends

In Chapter 2, scenarios of the main drivers of climate change
and their impacts are presented. This section describes how the
driving forces of freshwater systems are assumed to develop in
the future, with a focus on the dominant drivers during the 21st
century. Climate-related and non-climatic drivers are
distinguished. Assumptions about future trends in non-climatic
drivers are necessary in order to assess the vulnerability of
freshwater systems to climate change, and to compare the
relative importance of climate change impacts and impacts due
to changes in non-climatic drivers.

3.3.1 Climatic drivers

Projections for the future
The most dominant climatic drivers for water availability are

precipitation, temperature, and evaporative demand (determined
by net radiation at ground level, atmospheric humidity, wind
speed, and temperature). Temperature is particularly important
in snow-dominated basins and in coastal areas (due to the impact
of temperature on sea level).

The following summary of future climate change is taken
from the Working Group I Fourth Assessment Report (WGI
AR4), Chapter 10 (Meehl et al., 2007). The most likely global
average surface temperature increase by the 2020s is around 1°C
relative to the pre-industrial period, based on all the IPCC
Special Report on Emissions Scenarios (SRES; Nakićenović and
Swart, 2000) scenarios. By the end of the 21st century, the most
likely increases are 3 to 4°C for the A2 emissions scenario and
around 2°C for B1 (Figure 10.8). Geographical patterns of
projected warming show the greatest temperature increases at
high northern latitudes and over land (roughly twice the global
average temperature increase) (Chapter 10, Executive summary,
see also Figure 10.9). Temperature increases are projected to be
stronger in summer than in winter except for Arctic latitudes
(Figure 10.9). Evaporative demand is likely to increase almost
everywhere (Figures 10.9 and 10.12). Global mean sea-level rise
is expected to reach between 14 and 44 cm within this century
(Chapter 10, Executive summary). Globally, mean precipitation
will increase due to climate change. Current climate models tend
to project increasing precipitation at high latitudes and in the
tropics (e.g., the south-east monsoon region and over the tropical
Pacific) and decreasing precipitation in the sub-tropics (e.g.,
over much of North Africa and the northern Sahara) (Figure
10.9).

While temperatures are expected to increase during all
seasons of the year, although with different increments,
precipitation may increase in one season and decrease in another.

A robust finding is that precipitation variability will increase in
the future (Trenberth et al., 2003). Recent studies of changes in
precipitation extremes in Europe (Giorgi et al., 2004; Räisänen
et al., 2004) agree that the intensity of daily precipitation events
will predominantly increase, also over many areas where means
are likely to decrease (Christensen and Christensen, 2003,
Kundzewicz et al., 2006). The number of wet days in Europe is
projected to decrease (Giorgi et al., 2004), which leads to longer
dry periods except in the winters of western and central Europe.
An increase in the number of days with intense precipitation has
been projected across most of Europe, except for the south
(Kundzewicz et al., 2006). Multi-model simulations with nine
global climate models for the SRES A1B, A2, and B1 scenarios
show precipitation intensity (defined as annual precipitation
divided by number of wet days) increasing strongly for A1B and
A2, and slightly less strongly for B1, while the annual maximum
number of consecutive dry days is expected to increase for A1B
and A2 only (WGI AR4, Figure 10.18).

Uncertainties
Uncertainties in climate change projections increase with the

length of the time horizon. In the near term (e.g., the 2020s),
climate model uncertainties play the most important role; while
over longer time horizons, uncertainties due to the selection of
emissions scenario become increasingly significant (Jenkins and
Lowe, 2003).

General Circulation Models (GCMs) are powerful tools
accounting for the complex set of processes which will produce
future climate change (Karl and Trenberth, 2003). However, GCM
projections are currently subject to significant uncertainties in the
modelling process (Mearns et al., 2001; Allen and Ingram, 2002;
Forest et al., 2002; Stott and Kettleborough, 2002), so that climate
projections are not easy to incorporate into hydrological impact
studies (Allen and Ingram, 2002). The Coupled Model
Intercomparison Project analysed outputs of eighteen GCMs
(Covey et al., 2003). Whereas most GCMs had difficulty
producing precipitation simulations consistent with observations,
the temperature simulations generally agreed well. Such
uncertainties produce biases in the simulation of river flows when
using direct GCM outputs representative of the current time
horizon (Prudhomme, 2006).

For the same emissions scenario, different GCMs produce
different geographical patterns of change, particularly with
respect to precipitation, which is the most important driver for
freshwater resources. As shown by Meehl et al. (2007), the
agreement with respect to projected changes of temperature is
much higher than with respect to changes in precipitation (WGI
AR4, Chapter 10, Figure 10.9). For precipitation changes by the
end of the 21st century, the multi-model ensemble mean exceeds
the inter-model standard deviation only at high latitudes. Over
several regions, models disagree in the sign of the precipitation
change (Murphy et al., 2004). To reduce uncertainties, the use of
numerous runs from different GCMs with varying model
parameters i.e., multi-ensemble runs (see Murphy et al., 2004),
or thousands of runs from a single GCM (as from the
climateprediction.net experiment; see Stainforth et al., 2005), is
often recommended. This allows the construction of conditional
probability scenarios of future changes (e.g., Palmer and
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Räisänen, 2002; Murphy et al., 2004). However, such large
ensembles are difficult to use in practice when undertaking an
impact study on freshwater resources. Thus, ensemble means
are often used instead, despite the failure of such scenarios to
accurately reproduce the range of simulated regional changes,
particularly for sea-level pressure and precipitation (Murphy et
al., 2004). An alternative is to consider a few outputs from
several GCMs (e.g. Arnell (2004b) at the global scale, and Jasper
et al. (2004) at the river basin scale).

Uncertainties in climate change impacts on water resources
are mainly due to the uncertainty in precipitation inputs and less
due to the uncertainties in greenhouse gas emissions (Döll et al.,
2003; Arnell, 2004b), in climate sensitivities (Prudhomme et al.,
2003), or in hydrological models themselves (Kaspar, 2003).
The comparison of different sources of uncertainty in flood
statistics in two UK catchments (Kay et al., 2006a) led to the
conclusion that GCM structure is the largest source of
uncertainty, next are the emissions scenarios, and finally
hydrological modelling. Similar conclusions were drawn by
Prudhomme and Davies (2007) regarding mean monthly flows
and low flow statistics in Britain.

Incorporation of changing climatic drivers in freshwater
impact studies

Most climate change impact studies for freshwater consider
only changes in precipitation and temperature, based on changes
in the averages of long-term monthly values, e.g., as available
from the IPCC Data Distribution Centre (www.ipcc-data.org).
In many impact studies, time series of observed climate values
are adjusted with the computed change in climate variables to
obtain scenarios that are consistent with present-day conditions.
These adjustments aim to minimise the error in GCMs under the
assumption that the biases in climate modelling are of similar
magnitude for current and future time horizons. This is
particularly important for precipitation projections, where
differences between the observed values and those computed by
climate models for the present day are substantial. Model
outputs can be biased, and changes in runoff can be
underestimated (e.g., Arnell et al. (2003) in Africa and
Prudhomme (2006) in Britain). Changes in interannual or daily
variability of climate variables are often not taken into account
in hydrological impact studies. This leads to an underestimation
of future floods, droughts, and irrigation water requirements.

Another problem in the use of GCM outputs is the mismatch
of spatial grid scales between GCMs (typically a few hundred
kilometres) and hydrological processes. Moreover, the resolution
of global models precludes their simulation of realistic
circulation patterns that lead to extreme events (Christensen and
Christensen, 2003; Jones et al., 2004). To overcome these
problems, techniques that downscale GCM outputs to a finer
spatial (and temporal) resolution have been developed (Giorgi et
al., 2001). These are: dynamical downscaling techniques, based
on physical/dynamical links between the climate at large and at
smaller scales (e.g., high resolution Regional Climate Models;
RCMs) and statistical downscaling methods using empirical
relationships between large-scale atmospheric variables and
observed daily local weather variables. The main assumption in
statistical downscaling is that the statistical relationships

identified for the current climate will remain valid under changes
in future conditions. Downscaling techniques may allow
modellers to incorporate future changes in daily variability (e.g.,
Diaz-Nieto and Wilby, 2005) and to apply a probabilistic
framework to produce information on future river flows for
water resource planning (Wilby and Harris, 2006). These
approaches help to quantify the relative significance of different
sources of uncertainty affecting water resource projections.

3.3.2 Non-climatic drivers

Many non-climatic drivers affect freshwater resources at the
global scale (United Nations, 2003). Water resources, both in
quantity and quality, are influenced by land-use change, the
construction and management of reservoirs, pollutant emissions,
and water and wastewater treatment. Water use is driven by
changes in population, food consumption, economic policy
(including water pricing), technology, lifestyle, and society’s
views of the value of freshwater ecosystems. Vulnerability of
freshwater systems to climate change also depends on water
management. It can be expected that the paradigm of Integrated
Water Resources Management will be increasingly followed
around the world (United Nations, 2002; World Bank, 2003;
World Water Council, 2006), which will move water, as a
resource and a habitat, into the centre of policy making. This is
likely to decrease the vulnerability of freshwater systems to
climate change.

Chapter 2 (this volume) provides an overview of the future
development of non-climatic drivers, including: population,
economic activity, land cover, land use, and sea level, and
focuses on the SRES scenarios. In this section, assumptions
about key freshwater-specific drivers for the 21st century are
discussed: reservoir construction and decommissioning,
wastewater reuse, desalination, pollutant emissions, wastewater
treatment, irrigation, and other water-use drivers.

In developing countries, new reservoirs will be built in the
future, even though their number is likely to be small compared
with the existing 45,000 large dams (World Commission on
Dams, 2000; Scudder, 2005). In developed countries, the
number of dams is very likely to remain stable. Furthermore, the
issue of dam decommissioning is being discussed in a few
developed countries, and some dams have already been removed
in France and the USA (Gleick, 2000; Howard, 2000).
Consideration of environmental flow requirements may lead to
modified reservoir operations so that the human use of the water
resources might be restricted.

Increased future wastewater use and desalination are likely
mechanisms for increasing water supply in semi-arid and arid
regions (Ragab and Prudhomme, 2002; Abufayed et al., 2003).
The cost of desalination has been declining, and desalination has
been considered as a water supply option for inland towns (Zhou
and Tol, 2005). However, there are unresolved concerns about
the environmental impacts of impingement and entrainment of
marine organisms, the safe disposal of highly concentrated
brines that can also contain other chemicals used in the
desalination process, and high energy consumption. These have
negative impacts on costs and the carbon footprint, and may
hamper the expansion of desalination (Cooley et al., 2006).



Wastewater treatment is an important driver of water quality,
and an increase in wastewater treatment in both developed and
developing countries could improve water quality in the future.
In the EU, for example, more efficient wastewater treatment, as
required by the Urban Wastewater Directive and the European
Water Framework Directive, should lead to a reduction in point-
source nutrient inputs to rivers. However, organic
micro-pollutants (e.g., endocrine substances) are expected to
occur in increasing concentrations in surface waters and
groundwater. This is because the production and consumption
of chemicals are likely to increase in the future in both
developed and developing countries (Daughton, 2004), and
several of these pollutants are not removed by current
wastewater treatment technology. In developing countries,
increases in point emissions of nutrients, heavy metals, and
organic micro-pollutants are expected. With heavier rainfall,
non-point pollution could increase in all countries.

Global-scale quantitative scenarios of pollutant emissions
tend to focus on nitrogen, and the range of plausible futures is
large. The scenarios of the Millennium Ecosystem Assessment
expect global nitrogen fertiliser use to reach 110 to 140 Mt by
2050 as compared to 90 Mt in 2000 (Millennium Ecosystem
Assessment, 2005a). In three of the four scenarios, total nitrogen
load increases at the global scale, while in the fourth,
TechnoGarden, scenario (similar to the SRES B1 scenario), there
is a reduction of atmospheric nitrogen deposition as compared to
today, so that the total nitrogen load to the freshwater system
would decrease. Diffuse emissions of nutrients and pesticides
from agriculture are likely to continue to be an important water
quality issue in developed countries, and are very likely to
increase in developing countries, thus critically affecting water
quality.

The most important drivers of water use are population and
economic development, and also changing societal views on the
value of water. The latter refers to such issues as the
prioritisation of domestic and industrial water supply over
irrigation water supply, and the extent to which water-saving
technologies and water pricing are adopted. In all four
Millennium Ecosystems Assessment scenarios, per capita
domestic water use in 2050 is rather similar in all world regions,
around 100 m3/yr, i.e., the European average in 2000
(Millennium Ecosystem Assessment, 2005b). This assumes a
very strong increase in usage in Sub-Saharan Africa (by a factor
of five) and smaller increases elsewhere, except for developed
countries (OECD), where per capita domestic water use is
expected to decline further (Gleick, 2003). In addition to these
scenarios, many other plausible scenarios of future domestic and
industrial water use exist which can differ strongly (Seckler et
al., 1998; Alcamo et al., 2000, 2003b; Vörösmarty et al., 2000).

The future extent of irrigated areas is the dominant driver of
future irrigation water use, together with cropping intensity and
irrigation water-use efficiency. According to the Food and
Agriculture Organization (FAO) agriculture projections,
developing countries (with 75% of the global irrigated area) are
likely to expand their irrigated area until 2030 by 0.6%/yr, while
the cropping intensity of irrigated land will increase from 1.27
to 1.41 crops/yr, and irrigation water-use efficiency will increase
slightly (Bruinsma, 2003). These estimates do not take into

account climate change. Most of this expansion is projected to
occur in already water-stressed areas, such as southern Asia,
northern China, the Near East, and North Africa. A much smaller
expansion of irrigated areas, however, is assumed in all four
scenarios of the Millennium Ecosystem Assessment, with global
growth rates of only 0 to 0.18%/yr until 2050. After 2050, the
irrigated area is assumed to stabilise or to slightly decline in all
scenarios except Global Orchestration (similar to the SRES A1
scenario) (Millennium Ecosystem Assessment, 2005a).

3.4 Key future impacts and vulnerabilities

3.4.1 Surface waters

Since the TAR, over 100 studies of climate change effects
on river flows have been published in scientific journals, and
many more have been reported in internal reports. However,
studies still tend to be heavily focused on Europe, North
America, and Australasia. Virtually all studies use a
hydrological model driven by scenarios based on climate model
simulations, with a number of them using SRES-based
scenarios (e.g., Hayhoe et al., 2004; Zierl and Bugmann, 2005;
Kay et al., 2006a). A number of global-scale assessments (e.g.,
Manabe et al., 2004a, b; Milly et al., 2005, Nohara et al., 2006)
directly use climate model simulations of river runoff, but the
reliability of estimated changes is dependent on the rather poor
ability of the climate model to simulate 20th century runoff
reliably.

Methodological advances since the TAR have focused on
exploring the effects of different ways of downscaling from
the climate model scale to the catchment scale (e.g., Wood et
al., 2004), the use of regional climate models to create
scenarios or drive hydrological models (e.g., Arnell et al.,
2003; Shabalova et al., 2003; Andreasson et al., 2004;
Meleshko et al., 2004; Payne et al., 2004; Kay et al., 2006b;
Fowler et al., 2007; Graham et al., 2007a, b; Prudhomme and
Davies, 2007), ways of applying scenarios to observed climate
data (Drogue et al., 2004), and the effect of hydrological model
uncertainty on estimated impacts of climate change (Arnell,
2005). In general, these studies have shown that different ways
of creating scenarios from the same source (a global-scale
climate model) can lead to substantial differences in the
estimated effect of climate change, but that hydrological model
uncertainty may be smaller than errors in the modelling
procedure or differences in climate scenarios (Jha et al., 2004;
Arnell, 2005; Wilby, 2005; Kay et al., 2006a, b). However, the
largest contribution to uncertainty in future river flows comes
from the variations between the GCMs used to derive the
scenarios.

Figure 3.3 provides an indication of the effects of future
climate change on long-term average annual river runoff by
the 2050s, across the world, under the A2 emissions scenario
and different climate models used in the TAR (Arnell, 2003a).
Obviously, even for large river basins, climate change
scenarios from different climate models may result in very
different projections of future runoff change (e.g., in Australia,
South America, and Southern Africa).
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Figure 3.4 shows the mean runoff change until 2050 for the
SRES A1B scenario from an ensemble of twenty-four climate
model runs (from twelve different GCMs) (Milly et al., 2005).
Almost all model runs agree at least with respect to the direction
of runoff change in the high latitudes of North America and
Eurasia, with increases of 10 to 40%. This is in agreement with
results from a similar study of Nohara et al. (2006), which
showed that the ensemble mean runoff change until the end of
the 21st century (from nineteen GCMs) is smaller than the
standard deviation everywhere except at northern high latitudes.
With higher uncertainty, runoff can be expected to increase in
the wet tropics. Prominent regions, with a rather strong

agreement between models, of decreasing runoff (by 10 to 30%)
include the Mediterranean, southern Africa, and western
USA/northern Mexico. In general, between the late 20th
century and 2050, the areas of decreased runoff expand (Milly
et al., 2005).

A very robust finding of hydrological impact studies is that
warming leads to changes in the seasonality of river flows
where much winter precipitation currently falls as snow
(Barnett et al., 2005). This has been found in projections for the
European Alps (Eckhardt and Ulbrich, 2003; Jasper et al., 2004;
Zierl and Bugmann, 2005), the Himalayas (Singh, 2003; Singh
and Bengtsson, 2004), western North America (Loukas et al.,

Figure 3.3. Change in average annual runoff by the 2050s under the SRES A2 emissions scenario and different climate models (Arnell, 2003a).



2002a, b; Christensen et al., 2004; Dettinger et al., 2004;
Hayhoe et al., 2004; Knowles and Cayan, 2004; Leung et al.,
2004; Payne et al., 2004; Stewart et al., 2004; VanRheenen et
al., 2004; Kim, 2005; Maurer and Duffy, 2005), central North
America (Stone et al., 2001; Jha et al., 2004), eastern North
America (Frei et al., 2002; Chang, 2003; Dibike and Coulibaly,
2005), the entire Russian territory (Shiklomanov and
Georgievsky, 2002; Bedritsky et al., 2007), and Scandinavia
and Baltic regions (Bergström et al., 2001; Andreasson et al.,
2004; Graham, 2004). The effect is greatest at lower elevations
(where snowfall is more marginal) (Jasper et al., 2004; Knowles
and Cayan, 2004), and in many cases peak flow would occur at
least a month earlier. Winter flows increase and summer flows
decrease.

Many rivers draining glaciated regions, particularly in the
Hindu Kush-Himalaya and the South-American Andes, are
sustained by glacier melt during the summer season (Singh and
Kumar, 1997; Mark and Seltzer, 2003; Singh, 2003; Barnett et
al., 2005). Higher temperatures generate increased glacier melt.
Schneeberger et al. (2003) simulated reductions in the mass of
a sample of Northern Hemisphere glaciers of up to 60% by
2050. As these glaciers retreat due to global warming (see
Chapter 1), river flows are increased in the short term, but the
contribution of glacier melt will gradually decrease over the
next few decades.

In regions with little or no snowfall, changes in runoff are
dependent much more on changes in rainfall than on changes in
temperature. A general conclusion from studies in many rain-
dominated catchments (Burlando and Rosso, 2002; Evans and
Schreider, 2002; Menzel and Burger, 2002; Arnell, 2003b,
2004a; Boorman, 2003a; Booij, 2005) is that flow seasonality
increases, with higher flows in the peak flow season and either
lower flows during the low flow season or extended dry
periods. In most case-studies there is little change in the timing
of peak or low flows, although an earlier onset in the East Asian
monsoon would bring forward the season of peak flows in
China (Bueh et al., 2003).

Changes in lake levels are determined primarily by changes
in river inflows and precipitation onto and evaporation from the
lake. Impact assessments of the Great Lakes of North America
show changes in water levels of between −1.38 m and +0.35 m
by the end of the 21st century (Lofgren et al., 2002; Schwartz
et al., 2004). Shiklomanov and Vasiliev (2004) suggest that the
level of the Caspian Sea will change in the range of 0.5 to 1.0 m.
In another study by Elguindi and Giorgi (2006), the levels in
the Caspian Sea are estimated to drop by around 9 m by the end
of the 21st century, due largely to increases in evaporation.
Levels in some lakes represent a changing balance between
inputs and outputs and, under one transient scenario, levels in
Lake Victoria would initially fall as increases in evaporation
offset changes in precipitation, but subsequently rise as the
effects of increased precipitation overtake the effects of higher
evaporation (Tate et al., 2004).

Increasing winter temperature considerably changes the ice
regime of water bodies in northern regions. Studies made at the
State Hydrological Institute, Russia, comparing the horizon of
2010 to 2015 with the control period 1950 to 1979, show that
ice cover duration on the rivers in Siberia would be shorter by
15 to 27 days and maximum ice cover would be thinner by 20
to 40% (Vuglinsky and Gronskaya, 2005).

Model studies show that land-use changes have a small effect
on annual runoff as compared to climate change in the Rhine
basin (Pfister et al., 2004), south-east Michigan (Barlage et al.,
2002), Pennsylvania (Chang, 2003), and central Ethiopia
(Legesse et al., 2003). In other areas, however, such as south-
east Australia (Herron et al., 2002) and southern India (Wilk
and Hughes, 2002), land-use and climate-change effects may
be more similar. In the Australian example, climate change has
the potential to exacerbate considerably the reductions in runoff
caused by afforestation.

Carbon dioxide enrichment of the atmosphere has two
potential competing implications for evapotranspiration, and
hence water balance and runoff. First, higher CO2
concentrations can lead to reduced evaporation, as the stomata,
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Figure 3.4. Change in annual runoff by 2041-60 relative to 1900-70, in percent, under the SRES A1B emissions scenario and based on an ensemble
of 12 climate models. Reprinted by permission from Macmillan Publishers Ltd. [Nature] (Milly et al., 2005), copyright 2005.
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through which evaporation from plants takes place, conduct less
water. Second, higher CO2 concentrations can lead to increased
plant growth and thus leaf area, and hence a greater total
evapotranspiration from the area. The relative magnitudes of
these two effects, however, vary between plant types and also
depend on other influences such as the availability of nutrients
and the effects of changes in temperature and water availability.
Accounting for the effects of CO2 enrichment on runoff
requires the incorporation of a dynamic vegetation model into
a hydrological model. A small number of models now do this
(Rosenberg et al., 2003; Gerten et al., 2004; Gordon and
Famiglietti, 2004; Betts et al., 2007), but are usually at the
GCM (and not catchment) scale. Although studies with
equilibrium vegetation models suggest that increased leaf area
may offset stomatal closure (Betts et al., 1997; Kergoat et al.,
2002), studies with dynamic global vegetation models indicate
that stomatal responses dominate the effects of leaf area
increase. Taking into account CO2-induced changes in
vegetation, global mean runoff under a 2×CO2 climate has been
simulated to increase by approximately 5% as a result of
reduced evapotranspiration due to CO2enrichment alone
(‘physiological forcing’) (Betts et al., 2007; Leipprand and
Gerten, 2006). This may be compared to (often much larger)
changes at the river basin scale (Figures 3.3, 3.4, and 3.7), and
global values of runoff change. For example, global mean
runoff has been simulated to increase by 5%-17% due to
climate change alone in an ensemble of 143 2×CO2 GCM
simulations (Betts et al., 2006).

3.4.2 Groundwater

The demand for groundwater is likely to increase in the
future, the main reason being increased water use globally.
Another reason may be the need to offset declining surface
water availability due to increasing precipitation variability in
general and reduced summer low flows in snow-dominated
basins (see Section 3.4.3).

Climate change will affect groundwater recharge rates, i.e.,
the renewable groundwater resource, and groundwater levels.
However, even knowledge of current recharge and levels in
both developed and developing countries is poor. There has
been very little research on the impact of climate change on
groundwater, including the question of how climate change
will affect the relationship between surface waters and aquifers
that are hydraulically connected (Alley, 2001). Under certain
circumstances (good hydraulic connection of river and aquifer,
low groundwater recharge rates), changes in river level
influence groundwater levels much more than changes in
groundwater recharge (Allen et al., 2003). As a result of
climate change, in many aquifers of the world the spring
recharge shifts towards winter, and summer recharge declines.
In high latitudes, thawing of permafrost will cause changes in
groundwater level and quality. Climate change may lead to
vegetation changes which also affect groundwater recharge.
Also, with increased frequency and magnitude of floods,
groundwater recharge may increase, in particular in semi-arid
and arid areas where heavy rainfalls and floods are the major
sources of groundwater recharge. Bedrock aquifers in semi-

arid regions are replenished by direct infiltration of
precipitation into fractures and dissolution channels, and
alluvial aquifers are mainly recharged by floods (Al-Sefry et
al., 2004). Accordingly, an assessment of climate change
impact on groundwater recharge should include the effects of
changed precipitation variability and inundation areas
(Khiyami et al., 2005).

According to the results of a global hydrological model,
groundwater recharge (when averaged globally) increases less
than total runoff (Döll and Flörke, 2005). While total runoff
(groundwater recharge plus fast surface and sub-surface
runoff) was computed to increase by 9% between the reference
climate normal 1961 to 1990 and the 2050s (for the ECHAM4
interpretation of the SRES A2 scenario), groundwater recharge
increases by only 2%. For the four climate scenarios
investigated, computed groundwater recharge decreases
dramatically by more than 70% in north-eastern Brazil, south-
west Africa and along the southern rim of the Mediterranean
Sea (Figure 3.5). In these areas of decreasing total runoff, the
percentage decrease of groundwater recharge is higher than
that of total runoff, which is due to the model assumption that
in semi-arid areas groundwater recharge only occurs if daily
precipitation exceeds a certain threshold. However, increased
variability of daily precipitation was not taken into account in
this study. Regions with groundwater recharge increases of
more than 30% by the 2050s include the Sahel, the Near East,
northern China, Siberia, and the western USA. Although rising
watertables in dry areas are usually beneficial, they might
cause problems, e.g., in towns or agricultural areas (soil
salinisation, wet soils). A comparison of the four scenarios in
Figure 3.5 shows that lower emissions do not lead to
significant changes in groundwater recharge, and that in some
regions, e.g., Spain and Australia, the differences due to the
two climate models are larger than the differences due to the
two emissions scenarios.

The few studies of climate impacts on groundwater for
various aquifers show very site-specific results. Future
decreases of groundwater recharge and groundwater levels
were projected for various climate scenarios which predict less
summer and more winter precipitation, using a coupled
groundwater and soil model for a groundwater basin in
Belgium (Brouyere et al., 2004). The impacts of climate
change on a chalk aquifer in eastern England appear to be
similar. In summer, groundwater recharge and streamflow are
projected to decrease by as much as 50%, potentially leading
to water quality problems and groundwater withdrawal
restrictions (Eckhardt and Ulbrich, 2003). Based on a historical
analysis of precipitation, temperature and groundwater levels
in a confined chalk aquifer in southern Canada, the correlation
of groundwater levels with precipitation was found to be
stronger than the correlation with temperature. However, with
increasing temperature, the sensitivity of groundwater levels
to temperature increases (Chen et al., 2004), particularly where
the confining layer is thin. In higher latitudes, the sensitivity of
groundwater and runoff to increasing temperature is greater
because of increasing biomass and leaf area index (improved
growth conditions and increased evapotranspiration). For an
unconfined aquifer located in humid north-eastern USA,



climate change was computed to lead by 2030 and 2100 to a
variety of impacts on groundwater recharge and levels,
wetlands, water supply potential, and low flows, the sign and
magnitude of which strongly depend on the climate model used
to compute the groundwater model input (Kirshen, 2002).

Climate change is likely to have a strong impact on saltwater
intrusion into aquifers as well as on the salinisation of
groundwater due to increased evapotranspiration. Sea level rise
leads to intrusion of saline water into the fresh groundwater in
coastal aquifers and thus adversely affects groundwater
resources. For two small, flat coral islands off the coast of India,
the thickness of the freshwater lens was computed to decrease
from 25 m to 10 m and from 36 m to 28 m for a sea-level rise of
only 0.1 m (Bobba et al., 2000). Any decrease in groundwater
recharge will exacerbate the effect of sea-level rise. In inland
aquifers, a decrease in groundwater recharge can lead to
saltwater intrusion of neighbouring saline aquifers (Chen et al.,
2004), and increased evapotranspiration in semi-arid and arid
regions may lead to the salinisation of shallow aquifers.

3.4.3 Floods and droughts

A warmer climate, with its increased climate variability, will
increase the risk of both floods and droughts (Wetherald and
Manabe, 2002; Table SPM2 in IPCC, 2007). As there are a
number of climatic and non-climatic drivers influencing flood and
drought impacts, the realisation of risks depends on several
factors. Floods include river floods, flash floods, urban floods and
sewer floods, and can be caused by intense and/or long-lasting
precipitation, snowmelt, dam break, or reduced conveyance due to
ice jams or landslides. Floods depend on precipitation intensity,
volume, timing, antecedent conditions of rivers and their drainage
basins (e.g., presence of snow and ice, soil character, wetness,
urbanisation, and existence of dikes, dams, or reservoirs). Human
encroachment into flood plains and lack of flood response plans
increase the damage potential.

The term drought may refer to meteorological drought
(precipitation well below average), hydrological drought (low
river flows and water levels in rivers, lakes and groundwater),
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Figure 3.5. Simulated impact of climate change on long-term average annual diffuse groundwater recharge. Percentage changes of 30 year averages
groundwater recharge between present-day (1961 to 1990) and the 2050s (2041 to 2070), as computed by the global hydrological model WGHM,
applying four different climate change scenarios (climate scenarios computed by the climate models ECHAM4 and HadCM3), each interpreting the
two IPCC greenhouse gas emissions scenarios A2 and B2 (Döll and Flörke, 2005).
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agricultural drought (low soil moisture), and environmental
drought (a combination of the above). The socio-economic
impacts of droughts may arise from the interaction between
natural conditions and human factors, such as changes in land use
and land cover, water demand and use. Excessive water
withdrawals can exacerbate the impact of drought.

A robust result, consistent across climate model projections, is
that higher precipitation extremes in warmer climates are very
likely to occur (see Section 3.3.1). Precipitation intensity increases
almost everywhere, but particularly at mid- and high latitudes
where mean precipitation also increases (Meehl et al., 2005, WGI
AR4, Chapter 10, Section 10.3.6.1). This directly affects the risk
of flash flooding and urban flooding. Storm drainage systems have
to be adapted to accommodate increasing rainfall intensity
resulting from climate change (Waters et al., 2003). An increase
of droughts over low latitudes and mid-latitude continental
interiors in summer is likely (WGI AR4, Summary for
Policymakers, Table SPM.2), but sensitive to model land-surface
formulation. Projections for the 2090s made by Burke et al.
(2006), using the HadCM3 GCM and the SRES A2 scenario,
show regions of strong wetting and drying with a net overall
global drying trend. For example, the proportion of the land
surface in extreme drought, globally, is predicted to increase by
the a factor of 10 to 30; from 1-3 % for the present day to 30% by
the 2090s. The number of extreme drought events per 100 years
and mean drought duration are likely to increase by factors of two
and six, respectively, by the 2090s (Burke et al., 2006). A decrease
in summer precipitation in southern Europe, accompanied by
rising temperatures, which enhance evaporative demand, would
inevitably lead to reduced summer soil moisture (Douville et al.,
2002) and more frequent and more intense droughts.

As temperatures rise, the likelihood of precipitation falling as
rain rather than snow increases, especially in areas with
temperatures near to 0°C in autumn and spring (WGI AR4,
Summary for Policymakers). Snowmelt is projected to be earlier
and less abundant in the melt period, and this may lead to an
increased risk of droughts in snowmelt-fed basins in summer and
autumn, when demand is highest (Barnett et al., 2005).

With more than one-sixth of the Earth’s population relying
on melt water from glaciers and seasonal snow packs for their
water supply, the consequences of projected changes for future
water availability, predicted with high confidence and already
diagnosed in some regions, will be adverse and severe. Drought
problems are projected for regions which depend heavily on
glacial melt water for their main dry-season water supply
(Barnett et al., 2005). In the Andes, glacial melt water supports
river flow and water supply for tens of millions of people during
the long dry season. Many small glaciers, e.g., in Bolivia,
Ecuador, and Peru (Coudrain et al., 2005), will disappear within
the next few decades, adversely affecting people and
ecosystems. Rapid melting of glaciers can lead to flooding of
rivers and to the formation of glacial melt-water lakes, which
may pose a serious threat of outburst floods (Coudrain et al.,
2005). The entire Hindu Kush-Himalaya ice mass has decreased
in the last two decades. Hence, water supply in areas fed by
glacial melt water from the Hindu Kush and Himalayas, on
which hundreds of millions of people in China and India depend,
will be negatively affected (Barnett et al., 2005).

Under the IPCC IS92a emissions scenario (IPCC, 1992), which
is similar to the SRES A1 scenario, significant changes in flood or
drought risk are expected in many parts of Europe (Lehner et al.,
2005b). The regions most prone to a rise in flood frequencies are
northern and north-eastern Europe, while southern and south-
eastern Europe show significant increases in drought frequencies.
This is the case for climate change as computed by both the
ECHAM4 and HadCM3 GCMs. Both models agree in their
estimates that by the 2070s, a 100-year drought of today’s
magnitude would return, on average, more frequently than every
10 years in parts of Spain and Portugal, western France, the Vistula
Basin in Poland, and western Turkey (Figure 3.6). Studies indicate
a decrease in peak snowmelt floods by the 2080s in parts of the
UK (Kay et al., 2006b) despite an overall increase in rainfall.

Results of a recent study (Reynard et al., 2004) show that
estimates of future changes in flood frequency across the UK
are now noticeably different than in earlier (pre-TAR)
assessments, when increasing frequencies under all scenarios
were projected. Depending on which GCM is used, and on the
importance of snowmelt contribution and catchment
characteristics and location, the impact of climate change on the
flood regime (magnitude and frequency) can be both positive or
negative, highlighting the uncertainty still remaining in climate
change impacts (Reynard et al., 2004).

A sensitivity study by Cunderlik and Simonovic (2005) for a
catchment in Ontario, Canada, projected a decrease in snowmelt-
induced floods, while an increase in rain-induced floods is
anticipated. The variability of annual maximum flow is projected
to increase.

Palmer and Räisänen (2002) analysed GCM-modelled
differences in winter precipitation between the control run and
around the time of CO2 doubling. A considerable increase in the
risk of a very wet winter in Europe and a very wet monsoon
season in Asia was found. The probability of total boreal winter
precipitation exceeding two standard deviations above normal
is projected to increase considerably (even five- to seven-fold)
over large areas of Europe, with likely consequences for winter
flood hazard.

Milly et al. (2002) demonstrated that, for fifteen out of sixteen
large basins worldwide, the control 100-year peak volumes (at
the monthly time-scale) are projected to be exceeded more
frequently as a result of CO2 quadrupling. In some areas, what
is given as a 100-year flood now (in the control run), is projected
to occur much more frequently, even every 2 to 5 years, albeit
with a large uncertainty in these projections. Yet, in many
temperate regions, the snowmelt contribution to spring floods is
likely to decline on average (Zhang et al., 2005). Future changes
in the joint probability of extremes have been considered, such
as soil moisture and flood risk (Sivapalan et al., 2005), and
fluvial flooding and tidal surge (Svensson and Jones, 2005).

Impacts of extremes on human welfare are likely to occur
disproportionately in countries with low adaptation capacity
(Manabe et al., 2004a). The flooded area in Bangladesh is
projected to increase at least by 23-29% with a global
temperature rise of 2°C (Mirza, 2003). Up to 20% of the world’s
population live in river basins that are likely to be affected by
increased flood hazard by the 2080s in the course of global
warming (Kleinen and Petschel-Held, 2007).



3.4.4 Water quality

Higher water temperature and variations in runoff are likely
to produce adverse changes in water quality affecting human
health, ecosystems, and water use (Patz, 2001; Lehman, 2002;
O’Reilly et al., 2003; Hurd et al., 2004). Lowering of the water
levels in rivers and lakes will lead to the re-suspension of bottom
sediments and liberating compounds, with negative effects on
water supplies (Atkinson et al., 1999). More intense rainfall will
lead to an increase in suspended solids (turbidity) in lakes and
reservoirs due to soil fluvial erosion (Leemans and Kleidon,
2002), and pollutants will be introduced (Mimikou et al., 2000;
Neff et al., 2000; Bouraoui et al., 2004).

Higher surface water temperatures will promote algal blooms
(Hall et al., 2002; Kumagai et al., 2003) and increase the bacteria
and fungi content (Environment Canada, 2001). This may lead
to a bad odour and taste in chlorinated drinking water and the
occurrence of toxins (Moulton and Cuthbert, 2000; Robarts et
al., 2005). Moreover, even with enhanced phosphorus removal

in wastewater treatment plants, algal growth may increase with
warming over the long term (Wade et al., 2002). Due to the high
cost and the intermittent nature of algal blooms, water utilities
will be unable to solve this problem with the available
technology (Environment Canada, 2001). Increasing nutrients
and sediments due to higher runoff, coupled with lower water
levels, will negatively affect water quality (Hamilton et al.,
2001), possibly rendering a source unusable unless special
treatment is introduced (Environment Canada, 2004).
Furthermore, higher water temperatures will enhance the
transfer of volatile and semi-volatile compounds (e.g., ammonia,
mercury, dioxins, pesticides) from surface water bodies to the
atmosphere (Schindler, 2001).

In regions where intense rainfall is expected to increase,
pollutants (pesticides, organic matter, heavy metals, etc.) will be
increasingly washed from soils to water bodies (Fisher, 2000;
Boorman, 2003b; Environment Canada, 2004). Higher runoff is
expected to mobilise fertilisers and pesticides to water bodies in
regions where their application time and low vegetation growth
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Figure 3.6. Change in the recurrence of 100-year droughts, based on comparisons between climate and water use in 1961 to 1990 and simulations
for the 2020s and 2070s (based on the ECHAM4 and HadCM3 GCMs, the IS92a emissions scenario and a business-as-usual water-use scenario).
Values calculated with the model WaterGAP 2.1 (Lehner et al., 2005b).
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coincide with an increase in runoff (Soil and Water Conservation
Society, 2003). Also, acidification in rivers and lakes is expected
to increase as a result of acidic atmospheric deposition (Ferrier
and Edwards, 2002; Gilvear et al., 2002; Soulsby et al., 2002).

In estuaries and inland reaches with decreasing streamflow,
salinity will increase (Bell and Heaney, 2001; Williams, 2001;
Beare and Heaney, 2002; Robarts et al., 2005). Pittock (2003)
projected the salt concentration in the tributary rivers above
irrigation areas in the Murray-Darling Basin in Australia to
increase by 13-19% by 2050 and by 21-72% by 2100. Secondary
salinisation of water (due to human disturbance of the natural salt
cycle) will also threaten a large number of people relying on water
bodies already suffering from primary salinisation. In areas where
the climate becomes hotter and drier, human activities to
counteract the increased aridity (e.g., more irrigation, diversions
and impoundments) will exacerbate secondary salinisation
(Williams, 2001). Water salinisation is expected to be a major
problem in small islands suffering from coastal sea water
intrusion, and in semi-arid and arid areas with decreasing runoff
(Han et al., 1999; Bobba et al., 2000; Ministry for the
Environment, 2001;Williams, 2001; Loáiciga, 2003; Chen et al.,
2004; Ragab, 2005). Due to sea-level rise, groundwater
salinisation will very likely increase.

Water-borne diseases will rise with increases in extreme rainfall
(Hall et al., 2002; Hijioka et al., 2002; D’Souza et al., 2004; see
also Chapter 8). In regions suffering from droughts, a greater
incidence of diarrhoeal and other water-related diseases will
mirror the deterioration in water quality (Patz, 2001; Environment
Canada, 2004).

In developing countries, the biological quality of water is poor
due to the lack of sanitation and proper potabilisation methods
and poor health conditions (Lipp et al., 2001; Jiménez, 2003;
Maya et al., 2003; WHO, 2004). Hence, climate change will be an
additional stress factor that will be difficult to overcome
(Magadza, 2000; Kashyap, 2004; Pachauri, 2004). Regrettably,
there are no studies analysing the impact of climate change on
biological water quality from the developing countries’
perspective, i.e., considering organisms typical for developing
countries; the effect of using wastewater to produce food; and
Helminthiases diseases, endemic only in developing countries,
where low-quality water is used for irrigation (WHO/UNICEF,
2000).

Even in places where water and wastewater treatment plants
already exist, the greater presence of a wider variety of micro-
organisms will pose a threat because the facilities are not designed
to deal with them. As an example, Cryptosporidium outbreaks
following intense rainfall events have forced some developed
countries to adopt an additional filtration step in drinking-water
plants, representing a 20 to 30% increase in operating costs
(AWWA, 2006), but this is not universal practice.

Water quality modifications may also be observed in future as
a result of:

• more water impoundments for hydropower (Kennish, 2002;
Environment Canada, 2004),

• storm water drainage operation and sewage disposal
disturbances in coastal areas due to sea-level rise (Haines et al.,
2000),

• increasing water withdrawals from low-quality sources,

• greater pollutant loads due to increased infiltration rates to
aquifers or higher runoff to surface waters (as result of high
precipitation),

• water infrastructure malfunctioning during floods (GEO-LAC,
2003; DFID, 2004),

• overloading the capacity of water and wastewater treatment
plants during extreme rainfall (Environment Canada, 2001),

• increased amounts of polluted storm water.
In areas where amounts of surface water and groundwater
recharge are projected to decrease, water quality will also decrease
due to lower dilution (Environment Canada, 2004). Unfortunately,
in some regions the use of such water may be necessary, even if
water quality problems already exist (see Section 3.2). For
example, in regions where water with arsenic or fluorine is
consumed, due to a lack of alternatives, it may still be necessary
to consume the water even if the quality worsens.

It is estimated that at least one-tenth of the world’s population
consumes crops irrigated with wastewater (Smit and Nasr, 1992),
mostly in developing countries in Africa, Asia, and Latin America
(DFID, 2004). This number will increase with growing
populations and wealth, and it will become imperative to use
water more efficiently (including reuse). While recognising the
convenience of recycling nutrients (Jiménez and Garduño, 2001),
it is essential to be aware of the health and environmental risks
caused by reusing low-quality water.

In developing countries, vulnerabilities are related to a lack of
relevant information, institutional weakness in responding to a
changing environment, and the need to mobilise resources. For
the world as a whole, vulnerabilities are related to the need to
respond proactively to environmental changes under uncertainty.
Effluent disposal strategies (under conditions of lower self-
purification in warmer water), the design of water and wastewater
treatment plants to work efficiently even during extreme climatic
conditions, and ways of reusing and recycling water, will need to
be reconsidered (Luketina and Bender, 2002; Environment
Canada, 2004; Patrinos and Bamzai, 2005).

3.4.5 Erosion and sediment transport

Changes in water balance terms affect many geomorphic
processes including erosion, slope stability, channel change, and
sediment transport (Rumsby and Macklin, 1994). There are also
indirect consequences of geomorphic change for water quality
(Dennis et al., 2003). Furthermore, hydromorphology is an
influential factor in freshwater habitats.

All studies on soil erosion have suggested that increased
rainfall amounts and intensities will lead to greater rates of erosion
unless protection measures are taken. Soil erosion rates are
expected to change in response to changes in climate for a variety
of reasons. The most direct is the change in the erosive power of
rainfall. Other reasons include:

• changes in plant canopy caused by shifts in plant biomass
production associated with moisture regime;

• changes in litter cover on the ground caused by changes in
plant residue decomposition rates driven by temperature, in
moisture-dependent soil microbial activity, and in plant
biomass production rates;

• changes in soil moisture due to shifting precipitation regimes



and evapotranspiration rates, which changes infiltration and
runoff ratios;

• soil erodibility changes due to a decrease in soil organic matter
concentrations (which lead to a soil structure that is more
susceptible to erosion) and to increased runoff (due to
increased soil surface sealing and crusting);

• a shift in winter precipitation from non-erosive snow to erosive
rainfall due to increasing winter temperatures;

• melting of permafrost, which induces an erodible soil state
from a previously non-erodible one;

• shifts in land use made necessary to accommodate new
climatic regimes.

Nearing (2001) used output from two GCMs (HadCM3 and the
Canadian Centre for Climate Modelling and Analysis CGCM1)
and relationships between monthly precipitation and rainfall
erosivity (the power of rain to cause soil erosion) to assess
potential changes in rainfall erosivity in the USA. The predicted
changes were significant, and in many cases very large, but results
between models differed both in magnitude and regional
distributions. Zhang et al. (2005) used HadCM3 to assess potential
changes in rainfall erosivity in the Huanghe River Basin of China.
Increases in rainfall erosivity by as much as 11 to 22% by the year
2050 were projected across the region.

Michael et al. (2005) projected potential increases in erosion of
the order of 20 to 60% over the next five decades for two sites in
Saxony, Germany. These results are arguably based on significant
simplifications with regard to the array of interactions involved
in this type of assessment (e.g., biomass production with changing
climate). Pruski and Nearing (2002a) simulated erosion for the
21st century at eight locations in the USA using the HadCM3
GCM, and taking into account the primary physical and biological
mechanisms affecting erosion. The simulated cropping systems
were maize and wheat. The results indicated a complex set of
interactions between the several factors that affect the erosion
process. Overall, where precipitation increases were projected,
estimated erosion increased by 15 to 100%. Where precipitation
decreases were projected, the results were more complex due
largely to interactions between plant biomass, runoff, and erosion,
and either increases or decreases in overall erosion could occur.

A significant potential impact of climate change on soil erosion
and sediment generation is associated with the change from
snowfall to rainfall. The potential impact may be particularly
important in northern climates. Warmer winter temperatures
would bring an increasing amount of winter precipitation as rain
instead of snow, and erosion by storm runoff would increase. The
results described above which use a process-based approach
incorporated the effect of a shift from snow to rain due to
warming, but the studies did not delineate this specific effect from
the general results. Changes in soil surface conditions, such as
surface roughness, sealing and crusting, may change with shifts in
climate, and hence affect erosion rates.

Zhang and Nearing (2005) evaluated the potential impacts of
climate change on soil erosion in central Oklahoma. Monthly
projections were used from the HadCM3 GCM, using the SRES
A2 and B2 scenarios and GGa1 (a scenario in which greenhouse
gases increase by 1%/yr), for the periods 1950 to 1999 and 2070
to 2099. While the HadCM3-projected mean annual precipitation
during 2070 to 2099 at El Reno, Oklahoma, decreased by 13.6%,

7.2%, and 6.2% for A2, B2, and GGa1, respectively, the predicted
erosion (except for the no-till conservation practice scenario)
increased by 18-30% for A2, remained similar for B2, and
increased by 67-82% for GGa1. The greater increases in erosion
in the GGa1 scenario was attributed to greater variability in
monthly precipitation and an increased frequency of large storms
in the model simulation. Results indicated that no-till (or
conservation tillage) systems can be effective in reducing soil
erosion under projected climates.

A more complex, but potentially dominant, factor is the
potential for shifts in land use necessary to accommodate a new
climatic regime (O’Neal et al., 2005). As farmers adapt cropping
systems, the susceptibility of the soil to erosive forces will change.
Farmer adaptation may range from shifts in planting, cultivation
and harvest dates, to changes in crop type (Southworth et al.,
2000; Pfeifer and Habeck, 2002). Modelling results for the upper
Midwest U.S. suggest that erosion will increase as a function of
future land-use changes, largely because of a general shift away
from wheat and maize towards soybean production. For ten out of
eleven regions in the study area, predicted runoff increased from
+10% to +310%, and soil loss increased from +33% to +274%, in
2040–2059 relative to 1990–1999 (O’Neal et al., 2005). Other
land-use scenarios would lead to different results. For example,
improved conservation practices can greatly reduce erosion rates
(Souchere et al., 2005), while clear-cutting a forest during a ‘slash-
and-burn’ operation has a huge negative impact on susceptibility
to runoff and erosion.

Little work has been done on the expected impacts of climate
change on sediment loads in rivers and streams. Bouraoui et al.
(2004) showed, for southern Finland, that the observed increase in
precipitation and temperature was responsible for a decrease in
snow cover and increase in winter runoff, which resulted in an
increase in modelled suspended sediment loads. Kostaschuk et al.
(2002) measured suspended sediment loads associated with
tropical cyclones in Fiji, which generated very high (around 5%
by volume) concentrations of sediment in the measured flows.
The authors hypothesized that an increase in intensity of tropical
cyclones brought about by a change in El Niño patterns could
increase associated sediment loads in Fiji and across the South
Pacific.

In terms of the implications of climate change for soil
conservation efforts, a significant realisation from recent scientific
efforts is that conservation measures must be targeted at the
extreme events more than ever before (Soil and Water
Conservation Society, 2003). Intense rainfall events contribute a
disproportionate amount of erosion relative to the total rainfall
contribution, and this effect will only be exacerbated in the future
if the frequency of such storms increases.

3.5 Costs and other socio-economic aspects

Impacts of climate change will entail social and economic
costs and benefits, which are difficult to determine. These
include the costs of damages and the costs of adaptation (to
reduce or avoid damages), as well as benefits that could result
from improved water availability in some areas. In addition to
uncertainties about the impacts of future climate change on
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freshwater systems, there are other compounding factors,
including demographic, societal, and economic developments,
that should be considered when evaluating the costs of climate
change. Costs and benefits of climate change may take several
forms, including increases or decreases in monetary costs, and
human and ecosystem impacts, e.g., displacement of households
due to flooding, and loss of aquatic species. So far, very few of
these costs have been estimated in monetary terms. Efforts to
quantify the economic impacts of climate-related changes in
water resources are hampered by a lack of data and by the fact
that the estimates are highly sensitive to different estimation
methods and to different assumptions regarding how changes in
water availability will be allocated across various types of water
uses, e.g., between agricultural, urban, or in-stream uses
(Changnon, 2005; Schlenker et al., 2005; Young, 2005).

With respect to water supply, it is very likely that the costs of
climate change will outweigh the benefits. One reason is that
precipitation variability is very likely to increase. The impacts of
floods and droughts could be tempered by appropriate
infrastructure investments, and by changes in water and land-
use management, but all of these responses entail costs (US
Global Change Research Program, 2000). Another reason is that
water infrastructure, use patterns, and institutions have
developed in the context of current conditions (Conway, 2005).
Any substantial change in the frequency of floods and droughts
or in the quantity and quality or seasonal timing of water
availability will require adjustments that may be costly not only
in monetary terms, but also in terms of societal impacts,
including the need to manage potential conflicts among different
interest groups (Miller et al., 1997).

Hydrological changes may have impacts that are positive in
some aspects and negative in others. For example, increased
annual runoff may produce benefits for a variety of instream and
out-of-stream water users by increasing renewable water
resources, but may simultaneously generate harm by increasing
flood risk. In recent decades, a trend to wetter conditions in parts
of southern South America has increased the area inundated by
floods, but has also improved crop yields in the Pampa region of
Argentina, and has provided new commercial fishing
opportunities (Magrin et al., 2005; also see Chapter 13).
Increased runoff could also damage areas with a shallow
watertable. In such areas, a watertable rise will disturb
agricultural use and damage buildings in urban areas. For
Russia, for example, the current annual damage caused by
shallow watertables is estimated to be US$5-6 billion (Kharkina,
2004) and is likely to increase in the future. In addition, an
increase in annual runoff may not lead to a beneficial increase in
readily available water resources if the additional runoff is
concentrated during the high-flow season.

3.5.1 How will climate change affect the balance of
water demand and water availability?

To evaluate how climate change will affect the balance
between water demand and water availability, it is necessary to
consider the entire suite of socially valued water uses and how
the allocation of water across those uses is likely to change.
Water is valuable not only for domestic uses, but also for its role

in supporting aquatic ecosystems and environmental amenities,
including recreational opportunities, and as a factor of
production in irrigated agriculture, hydropower production, and
other industrial uses (Young, 2005). The social costs or benefits
of any change in water availability would depend on how the
change affects each of these potentially competing human water
demands. Changes in water availability will depend on changes
in the volume, variability, and seasonality of runoff, as modified
by the operation of existing water control infrastructure and
investments in new infrastructure. The institutions that govern
water allocation will play a large role in determining the overall
social impacts of a change in water availability, as well as the
distribution of gains and losses across different sectors of
society. Institutional settings differ significantly both within and
between countries, often resulting in substantial differences in
the efficiency, equity, and flexibility of water use and
infrastructure development (Wichelns et al., 2002; Easter and
Renwick, 2004; Orr and Colby, 2004; Saleth and Dinar, 2004;
Svendsen, 2005).

In addition, quantity of water is not the only important
variable. Changes in water quality and temperature can also have
substantial impacts on urban, industrial, and agricultural use
values, as well as on aquatic ecosystems. For urban water uses,
degraded water quality can add substantially to purification
costs. Increased precipitation intensity may periodically result
in increased turbidity and increased nutrient and pathogen
content of surface water sources. The water utility serving New
York City has identified heavy precipitation events as one of its
major climate-change-related concerns because such events can
raise turbidity levels in some of the city’s main reservoirs up to
100 times the legal limit for source quality at the utility’s intake,
requiring substantial additional treatment and monitoring costs
(Miller and Yates, 2006).

Water demand
There are many different types of water demand. Some of

these compete directly with one another in that the water
consumed by one sector is no longer available for other uses. In
other cases, a given unit of water may be used and reused several
times as it travels through a river basin, for example, providing
benefits to instream fisheries, hydropower generators, and
domestic users in succession. Sectoral water demands can be
expected to change over time in response to changes in
population, settlement patterns, wealth, industrial activity, and
technology. For example, rapid urbanization can lead to
substantial localised growth in water demand, often making it
difficult to meet goals for the provision of a safe, affordable,
domestic water supply, particularly in arid regions (e.g., Faruqui
et al., 2001). In addition, climate change will probably alter the
desired uses of water (demands) as well as actual uses (demands
in each sector that are actually met). If climate change results in
greater water scarcity relative to demand, adaptation may
include technical changes that improve water-use efficiency,
demand management (e.g., through metering and pricing), and
institutional changes that improve the tradability of water rights.
It takes time to implement such changes, so they are likely to
become more effective as time passes. Because the availability
of water for each type of use may be affected by other competing



uses of the resource, a complete analysis of the effects of climate
change on human water uses should consider cross-sector
interactions, including the impacts of changes in water-use
efficiency and intentional transfers of the use of water from one
sector to another. For example, voluntary water transfers,
including short-term water leasing as well as permanent sales of
water rights, generally from agricultural to urban or
environmental uses, are becoming increasingly common in the
western USA. These water-market transactions can be expected
to play a role in facilitating adaptation to climate change (Miller
et al., 1997; Easter et al., 1998; Brookshire et al., 2004; Colby et
al., 2004).

Irrigation water withdrawals account for almost 70% of
global water withdrawals and 90% of global consumptive water
use (the water fraction that evapotranspires during use)
(Shiklomanov and Rodda, 2003). Given the dominant role of
irrigated agriculture in global water use, management practices
that increase the productivity of irrigation water use (defined
as crop output per unit of consumptive water use) can greatly
increase the availability of water for other human and
environmental uses (Tiwari and Dinar, 2002). Of all sectoral
water demands, the irrigation sector will be affected most
strongly by climate change, as well as by changes in the
effectiveness of irrigation methods. In areas facing water
scarcity, changes in irrigation water use will be driven by the
combined effects of changes in irrigation water demand,
changes in demands for higher value uses (e.g., for urban areas),
future management changes, and changes in availability.

Higher temperatures and increased variability of
precipitation would, in general, lead to an increased irrigation
water demand, even if the total precipitation during the growing
season remains the same. As a result of increased atmospheric
CO2 concentrations, water-use efficiency for some types of
plants would increase, which would increase the ratio of crop
yield to unit of water input (water productivity – ‘more crop
per drop’). However, in hot regions, such as Egypt, the ratio
may even decline as yields decrease due to heat stress (see
Chapter 5).

There are no global-scale studies that attempt to quantify the
influence of climate-change-related factors on irrigation water
use; only the impact of climate change on optimal growing
periods and yield-maximising irrigation water use has been
modelled, assuming no change in irrigated area and climate
variability (Döll, 2002; Döll et al., 2003). Applying the SRES
A2 and B2 scenarios as interpreted by two climate models,
these authors found that the optimal growing periods could shift
in many irrigated areas. Net irrigation requirements of China
and India, the countries with the largest irrigated areas
worldwide, change by +2% to +15% and by −6% to +5% for
the year 2020, respectively, depending on emissions scenario
and climate model. Different climate models project different
worldwide changes in net irrigation requirements, with
estimated increases ranging from 1 to 3% by the 2020s and 2 to
7% by the 2070s. The largest global-scale increases in net
irrigation requirements result from a climate scenario based on
the B2 emissions scenario.

At the national scale, some integrative studies exist; two
modelling studies on adaptation of the agricultural sector to

climate change in the USA (i.e., shifts between irrigated and
rain-fed production) foresee a decrease in irrigated areas and
withdrawals beyond 2030 for various climate scenarios (Reilly
et al., 2003; Thomson et al., 2005b). This result is related to a
declining yield gap between irrigated and rain-fed agriculture
caused by yield reductions of irrigated crops due to higher
temperatures, or yield increases of rain-fed crops due to more
precipitation. These studies did not take into account the
increasing variability of daily precipitation, such that rain-fed
yields are probably overestimated. In a study of maize irrigation
in Illinois under profit-maximising conditions, it was found that
a 25% decrease of annual precipitation had the same effect on
irrigation profitability as a 15% decrease combined with a
doubling of the standard deviation of daily precipitation (Eheart
and Tornil, 1999). This study also showed that profit-
maximising irrigation water use responds more strongly to
changes in precipitation than does yield-maximising water use,
and that a doubling of atmospheric CO2 has only a small effect.

According to an FAO study in which the climate change
impact was not considered (Bruinsma, 2003), an increase in
irrigation water withdrawals of 14% is foreseen by 2030 for
developing countries. In the four Millennium Ecosystem
Assessment scenarios, however, increases at the global scale
are much less, as irrigated areas are assumed to increase only
between 0% and 6% by 2030 and between 0% and 10% by
2050. The overwhelming water use increases are likely to occur
in the domestic and industrial sectors, with increases of water
withdrawals by 14-83% by 2050 (Millennium Ecosystem
Assessment, 2005a, b). This is based on the idea that the value
of water would be much higher for domestic and industrial uses
(particularly true under conditions of water stress).

The increase in household water demand (e.g., for garden
watering) and industrial water demand due to climate change is
likely to be rather small, e.g., less than 5% by the 2050s at
selected locations (Mote et al., 1999; Downing et al., 2003). An
indirect but small secondary effect on water demand would be
the increased electricity demand for cooling of buildings, which
would tend to increase water withdrawals for cooling of thermal
power plants (see Chapter 7). A statistical analysis of water use
in New York City showed that above 25°C, daily per capita
water use increases by 11 litres/1°C (roughly 2% of current
daily per capita use) (Protopapas et al., 2000).

Water availability for aquatic ecosystems
Of all ecosystems, freshwater ecosystems will have the

highest proportion of species threatened with extinction due to
climate change (Millennium Ecosystem Assessment, 2005b).
In cold or snow-dominated river basins, atmospheric
temperature increases do not only affect freshwater ecosystems
via the warming of water (see Chapter 4) but also by causing
water-flow alterations. In northern Alberta, Canada, for
example, a decrease in ice-jam flooding will lead to the loss of
aquatic habitat (Beltaos et al., 2006). Where river discharges
decrease seasonally, negative impacts on both freshwater
ecosystems and coastal marine ecosystems can be expected.
Atlantic salmon in north-west England will be affected
negatively by climate change because suitable flow depths
during spawning time (which now occur all the time) will,
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under the SRES A2 scenario, only exist for 94% of the time in
the 2080s (Walsh and Kilsby, 2007). Such changes will have
implications for ecological flow management and compliance
with environmental legislation such as the EU Habitats
Directive. In the case of decreased discharge in the western
USA, by 2050 the Sacramento and Colorado River deltas could
experience a dramatic increase in salinity and subsequent
ecosystem disruption and, in the Columbia River system,
managers will be faced with the choice of either spring and
summer releases for salmon runs, or summer and autumn
hydroelectric power production. Extinction of some salmon
species due to climate change in the Pacific Northwest may take
place regardless of water policy (Barnett et al., 2005).

Changed freshwater inflows into the ocean will lead to
changes in turbidity, salinity, stratification, and nutrient
availability, all of which affect estuarine and coastal ecosystems
(Justic et al., 2005). While increased river discharge of the
Mississippi would increase the frequency of hypoxia (shortage
of oxygen) events in the Gulf of Mexico, increased river
discharge into the Hudson Bay would lead to the opposite
(Justic et al., 2005). The frequency of bird-breeding events in
the Macquarie Marshes in the Murray-Darling Basin in
Australia is predicted to decrease with reduced streamflow, as
the breeding of colonially nesting water-birds requires a certain
minimum annual flow. Climate change and reforestation can
contribute to a decrease in river discharge, but before 2070 the
largest impact can be expected from a shift in rainfall due to
decadal-scale climate variability (Herron et al., 2002).

Water availability for socio-economic activities
Climate change is likely to alter river discharge, resulting in

important impacts on water availability for instream and out-
of-stream uses. Instream uses include hydropower, navigation,
fisheries, and recreation. Hydropower impacts for Europe have
been estimated using a macro-scale hydrological model. The
results indicate that, by the 2070s, under the IS92a emissions
scenario, the electricity production potential of hydropower
plants existing at the end of the 20th century will increase, by
15-30% in Scandinavia and northern Russia, where between
19% (Finland) and almost 100% (Norway) of the electricity is
produced by hydropower (Lehner et al., 2005a). Decreases by
20-50% or more are computed for Portugal, Spain, Ukraine,
Bulgaria, and Turkey, where between 10% (Ukraine, Bulgaria)
and 39% of the electricity is produced by hydropower (Lehner
et al., 2005a). For the whole of Europe (with a 20% hydropower
fraction), hydropower potential shows a decrease of 7-12% by
the 2070s. In North America, potential reductions in the outflow
of the Great Lakes could result in significant economic losses
as a result of reduced hydropower generation at Niagara and on
the St. Lawrence River (Lofgren et al., 2002). For a CGCM1
model projection with 2°C global warming, Ontario’s Niagara
and St. Lawrence hydropower generation would decline by 25-
35%, resulting in annual losses of Canadian $240 million to
$350 million (2002 prices) (Buttle et al., 2004). With the
HadCM2 climate model, however, a small gain in hydropower
potential (+ 3%) was computed, worth approximately Canadian
$25 million/yr. Another study that examined a range of climate
model scenarios found that a 2°C global warming could reduce

hydropower-generating capacity on the St. Lawrence River by
1% to 17% (LOSLR, 2006). Increased flood periods in the
future will disrupt navigation more often, and low flow
conditions that restrict the loading of ships may increase, for
the Rhine river, from 19 days under current climate conditions
to 26-34 days in the 2050s (Middelkoop et al., 2001).

Out-of-stream uses include irrigation, domestic, municipal,
and industrial withdrawals, including cooling water for thermal
electricity generation. Water availability for withdrawal is a
function of runoff, aquifer conditions, and technical water
supply infrastructure (reservoirs, pumping wells, distribution
networks, etc.). Safe access to drinking water depends more on
the level of technical water supply infrastructure than on the
level of runoff. However, the goal of improved safe access to
drinking water will be harder to achieve in regions where runoff
decreases as a result of climate change. Also, climate change
leads to additional costs for the water supply sector, e.g., due to
changing water levels affecting water supply infrastructure,
which might hamper the extension of water supply services to
more people.

Climate-change-induced changes of the seasonal runoff
regime and interannual runoff variability can be as important
for water availability as changes in the long-term average
annual runoff amount if water is not withdrawn from large
groundwater bodies or reservoirs (US Global Change Research
Program, 2000). People living in snowmelt-fed basins
experiencing decreasing snow storage in winter may be
negatively affected by decreased river flows in the summer and
autumn (Barnett et al., 2005). The Rhine, for example, might
suffer from a 5 to 12% reduction in summer low flows by the
2050s, which will negatively affect water supply, in particular
for thermal power plants (Middelkoop et al., 2001). Studies for
the Elbe River Basin have shown that actual evapotranspiration
is projected to increase by 2050 (Krysanova and Wechsung,
2002), while river flow, groundwater recharge, crop yield, and
diffuse-source pollution are likely to decrease (Krysanova et
al., 2005). Investment and operation costs for additional wells
and reservoirs which are required to guarantee reliable water
supply under climate change have been estimated for China.
This cost is low in basins where the current water stress is low
(e.g., Changjiang), and high where it is high (e.g., Huanghe
River) (Kirshen et al., 2005a). Furthermore, the impact of
climate change on water supply costs will increase in the future,
not only because of increasing climate change but also due to
increasing demand.

A number of global-scale (Alcamo and Henrichs, 2002;
Arnell, 2004b), national-scale (Thomson et al., 2005a), and
basin-scale assessments (Barnett et al., 2004) show that semi-
arid and arid basins are the most vulnerable basins on the globe
with respect to water stress. If precipitation decreases, irrigation
water demands, which dominate water use in most semi-arid
river basins, would increase, and it may become impossible to
satisfy all demands. In the case of the Sacramento-Joaquin
River and the Colorado River basins in the western USA, for
example, streamflow changes (as computed by basin-scale
hydrological models driven by output from a downscaled GCM
– the PCM model from the National Center for Atmospheric
Research) are so strong that, beyond 2020, not all the present-
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day water demands (including environmental targets) could be
fulfilled even with adapted reservoir management (Barnett et
al., 2004). Furthermore, if irrigation use is allowed to increase
in response to increased demands, that would amplify the
decreases in runoff and streamflow downstream (Eheart and
Tornil, 1999). Huffaker (2005) notes that some policies aimed
at rewarding improvements in irrigation efficiency allow
irrigators to spread a given diversion right to a larger land area.
The unintended consequence could be increased consumptive
water use that deprives downstream areas of water that would
have re-entered the stream as return flow. Such policies could
make irrigation no longer feasible in the lower reaches of basins
that experience reduced streamflow.

A case study from a semi-arid basin in Canada shows how
the balance between water supply and irrigation water demand
may be altered due to climate change (see Box 3.1), and how
the costs of this alteration can be assessed.

In western China, earlier spring snowmelt and declining
glaciers are likely to reduce water availability for irrigated
agriculture (see Chapter 10). For an aquifer in Texas, the net
income of farmers is projected to decrease by 16-30% by the
2030s and by 30-45% by the 2090s due to decreased irrigation
water supply and increased irrigation water demand, but net total
welfare due to water use, which is dominated by municipal and
industrial use, decreases by less than 2% (Chen et al., 2001). If
freshwater supply has to be replaced by desalinated water due to
climate change, then the cost of climate change includes the cost
of desalination, which is currently around US$1/m3 for seawater
and US$0.6/m3 for brackish water (Zhou and Tol, 2005),
compared to the chlorination cost of freshwater of US$0.02/m3

and costs between US$0.35 and US$1.9/m3 for additional supply
in a case study in Canada (see Box 3.1). In densely populated
coastal areas of Egypt, China, Bangladesh, India, and Southeast
Asia (FAO, 2003), desalination costs may be prohibitive.

Most semi-arid river basins in developing countries are more
vulnerable to climate change than basins in developed
countries, as population, and thus water demand, is expected to
grow rapidly in the future and the coping capacity is low
(Millennium Ecosystem Assessment, 2005b). Coping capacity
is particularly low in rural populations without access to reliable
water supply from large reservoirs or deep wells. Inhabitants of
rural areas are affected directly by changes in the volume and
timing of river discharge and groundwater recharge. Thus, even
in semi-arid areas where water resources are not overused,
increased climate variability may have a strong negative impact.
In humid river basins, people are likely to cope more easily with
the impact of climate change on water demand and availability,
although they might be less prepared for coping with droughts
than people in dry basins (Wilhite, 2001).

Global estimates of the number of people living in areas with
high water stress differ significantly among studies (Vörösmarty
et al., 2000; Alcamo et al., 2003a, b, 2007; Oki et al., 2003a;
Arnell, 2004b). Climate change is only one factor that influences
future water stress, while demographic, socio-economic, and
technological changes may play a more important role in most
time horizons and regions. In the 2050s, differences in the
population projections of the four SRES scenarios would have a
greater impact on the number of people living in water-stressed

river basins (defined as basins with per capita water resources of
less than 1,000 m3/year) than the differences in the emissions
scenarios (Arnell, 2004b). The number of people living in
severely stressed river basins would increase significantly (Table
3.2). The population at risk of increasing water stress for the full
range of SRES scenarios is projected to be: 0.4 to 1.7 billion, 1.0
to 2.0 billion, and 1.1 to 3.2 billion, in the 2020s, 2050s, and
2080s, respectively (Arnell, 2004b). In the 2050s (SRES A2
scenario), 262-983 million people would move into the water-
stressed category (Arnell, 2004b). However, using the per capita
water availability indicator, climate change would appear to
reduce global water stress. This is because increases in runoff are
heavily concentrated in the most populous parts of the world,
mainly in East and South-East Asia, and mainly occur during
high flow seasons (Arnell, 2004b). Therefore, they may not
alleviate dry season problems if the extra water is not stored and
would not ease water stress in other regions of the world.

If water stress is not only assessed as a function of population
and climate change, but also of changing water use, the
importance of non-climatic drivers (income, water-use
efficiency, water productivity, industrial production) increases
(Alcamo et al., 2007). Income growth has a much larger impact
than population growth on increasing water use and water stress
(expressed as the water withdrawal-to-water resources ratio).
Water stress is modelled to decrease by the 2050s on 20 to 29%
of the global land area (considering two climate models and the
SRES A2 and B2 scenarios) and to increase on 62 to 76% of
the global land area. The principal cause of decreasing water
stress is the greater availability of water due to increased
precipitation, while the principal cause of increasing water
stress is growing water withdrawals. Growth of domestic water
use as stimulated by income growth was found to be dominant
(Alcamo et al., 2007).

The change in the number of people under high water stress
after the 2050s greatly depends on emissions scenario:
substantial increase is projected for the A2 scenario; the speed
of increase will be slower for the A1 and B1 emissions
scenarios because of the global increase of renewable
freshwater resources and the slight decrease in population (Oki
and Kanae, 2006). Nevertheless, changes in seasonal patterns
and the increasing probability of extreme events may offset
these effects.

Estimated millions of people
From Arnell, 2004b From Alcamo et al., 2007

Baseline (1995) 1,368 1,601
2050: A2 emissions
scenario

4,351 to 5,747 6,432 to 6,920

2050: B2 emissions
scenario

2,766 to 3,958 4,909 to 5,166

Table 3.2. Impact of population growth and climate change on the
number of people (in millions) living in water-stressed river basins
(defined as per capita renewable water resources of less than 1,000
m3/yr) around 2050 (Arnell, 2004b; Alcamo et al., 2007).

Estimates are based on emissions scenarios for several climate model
runs. The range is due to the various climate models and model runs
that were used to translate emissions scenarios into climate scenarios.
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Box 3.1. Costs of climate change in Okanagan, Canada

The Okanagan region in British Columbia, Canada, is a semi-arid watershed of 8,200 km2 area. The region’s water resources will
be unable to support an increase in demand due to projected climate change and population growth, so a broad portfolio of
adaptive measures will be needed (Cohen and Neale, 2006; Cohen et al., 2006). Irrigation accounts for 78% of the total basin
licensed water allocation.

Figure 3.7 illustrates, from a suite of six GCM scenarios, the worst-case and least-impact scenario changes in annual water
supply and crop water demand for Trout Creek compared with a drought supply threshold of 30 million m3/yr (36% of average
annual present-day flow) and observed maximum demand of 10 million m3/yr (Neilsen et al., 2004). For flows below the drought
threshold, local water authorities currently restrict water use. High-risk outcomes are defined as years in which water supply is
below the drought threshold and water demand above the demand threshold. For all six scenarios, demand is expected to
increase and supply is projected to decline. Estimated crop water demand increases most strongly in the HadCM3 A2 emissions
scenario in which, by the 2080s, demand exceeds the current observed maximum in every year. For HadCM3 A2, high-risk
outcomes occur in 1 out of 6 years in the 2050s, and in 1 out of 3 years in the 2080s. High-risk outcomes occur more often under
A2 than under the B2 emissions scenario due to higher crop water demands in the warmer A2 world.

Table 3.3 illustrates the range of costs of adaptive measures currently available in the region, that could either decrease water
demand or increase water supply. These costs are expressed by comparison with the least-cost option, irrigation scheduling on
large holdings, which is equivalent to US$0.35/m3 (at 2006 prices) of supplied water. The most expensive options per unit of
water saved or stored are metering and lake pumping to higher elevations. However, water treatment requirements will lead to
additional costs for new supply options (Hrasko and McNeill, 2006). No single option is expected to be sufficient on its own.

Adaptation option Application Relative unit cost Water saved or supplied in %
of the current supply

Irrigation scheduling Large holdings to small holdings 1.0 to 1.7 10%

Public education Large and medium communities 1.7 10%

Storage Low to high cost 1.2 to 3.0 Limited (most sites already
developed)

Lake pumping Low (no balancing reservoirs) to
high cost (with balancing reservoirs)

1.3 to 5.4 0 to 100%

Trickle irrigation High to medium demand areas 3.0 to 3.3 30%

Leak detection Average cost 3.1 10 to 15%

Metering Low to high cost 3.8 to 5.4 20 to 30%

Table 3.3. Relative costs per unit of water saved or supplied in the Okanagan region, British Columbia (adapted from MacNeil, 2004).

Figure 3.7. Annual crop water demand and water supply for Trout Creek, Okanagan region, Canada, modelled for 1961 to 1990 (historic) and
three 30-year time slices in the future. Each dot represents one year. Drought supply threshold is represented by the vertical line, maximum
observed demand is shown as the horizontal line (Neilsen et al., 2004).
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3.5.2 How will climate change affect flood damages?

Future flood damages will depend heavily on settlement
patterns, land-use decisions, the quality of flood forecasting,
warning and response systems, and the value of structures and
other property located in vulnerable areas (Mileti, 1999; Pielke and
Downton, 2000; Changnon, 2005), as well as on climatic changes
per se (Schiermeier, 2006). Choi and Fisher (2003) estimated the
expected change in flood damages for selected USA regions under
two climate-change scenarios in which mean annual precipitation
increased by 13.5% and 21.5%, respectively, with the standard
deviation of annual precipitation either remaining unchanged or
increasing proportionally. They used a structural econometric
(regression) model based on time series of flood damage, and
population, wealth indicator, and annual precipitation as predictors.
They found that the mean and standard deviation of flood damage
are projected to increase by more than 140% if the mean and
standard deviation of annual precipitation increase by 13.5%. The
estimates suggest that flood losses are related to exposure because
the explanatory power of population and wealth is 82%, while
adding precipitation increases the explanatory power to 89%.
Another study examined the potential flood damage impacts of
changes in extreme precipitation events using the Canadian
Climate Centre model and the IS92a emissions scenario for the
metropolitan Boston area in the north-eastern USA (Kirshen et al.,
2005b). They found that, without adaptation investments, both the
number of properties damaged by floods and the overall cost of
flood damage would double by 2100 relative to what might be
expected with no climate change, and that flood-related
transportation delays would become an increasingly significant
nuisance over the course of the century. The study concluded that
the likely economic magnitude of these damages is sufficiently
high to justify large expenditures on adaptation strategies such as
universal flood-proofing for all flood plains.

This finding is supported by a scenario study of the damage due
to river and coastal flooding in England and Wales in the 2080s
(Hall et al., 2005), which combined four emissions scenarios with
four scenarios of socio-economic change in an SRES-like
framework. In all scenarios, flood damages are predicted to
increase unless current flood management policies, practices and
infrastructure are changed. For a 2°C temperature increase in a B1-
type world, by the 2080s annual damage is estimated to be
£5 billion as compared to £1 billion today, while with
approximately the same climate change, damage is only
£1.5 billion in a B2-type world. In an A1-type world, with a
temperature increase of 2°C, the annual damage would amount to
£15 billion by the 2050s and £21 billion by the 2080s (Hall et al.,
2005; Evans et al., 2004).

The impact of climate change on flood damages can be
estimated from modelled changes in the recurrence interval of
present-day 20- or 100-year floods, and estimates of the damages
of present-day floods as determined from stage-discharge relations
(between gauge height (stage) and volume of water per unit of time
(discharge)), and detailed property data. With such a methodology,
the average annual direct flood damage for three Australian
drainage basins was projected to increase by a factor of four to ten
under conditions of doubled atmospheric CO2 concentrations
(Schreider et al., 2000).

3.6 Adaptation: practices, options and
constraints

3.6.1 The context for adaptation

Adaptation to changing conditions in water availability and
demand has always been at the core of water management.
Historically, water management has concentrated on meeting the
increasing demand for water. Except where land-use change
occurs, it has conventionally been assumed that the natural
resource base is constant. Traditionally, hydrological design
rules have been based on the assumption of stationary
hydrology, tantamount to the principle that the past is the key to
the future. This assumption is no longer valid. The current
procedures for designing water-related infrastructures therefore
have to be revised. Otherwise, systems would be over- or under-
designed, resulting in either excessive costs or poor
performance.

Changing to meet altered conditions and new ways of
managing water are autonomous adaptations which are not
deliberately designed to adjust with climate change. Drought-
related stresses, flood events, water quality problems, and
growing water demands are creating the impetus for both
infrastructure investment and institutional changes in many parts
of the world (e.g., Wilhite, 2000; Faruqui et al., 2001; Giansante
et al., 2002; Galaz, 2005). On the other hand, planned
adaptations take climate change specifically into account. In
doing so, water planners need to recognise that it is not possible
to resolve all uncertainties, so it would not be wise to base
decisions on only one, or a few, climate model scenarios. Rather,
making use of probabilistic assessments of future hydrological
changes may allow planners to better evaluate risks and response
options (Tebaldi et al., 2004, 2005, 2006; Dettinger, 2005).

Integrated Water Resources Management should be an
instrument to explore adaptation measures to climate change,
but so far is in its infancy. Successful integrated water
management strategies include, among others: capturing
society’s views, reshaping planning processes, coordinating land
and water resources management, recognizing water quantity
and quality linkages, conjunctive use of surface water and
groundwater, protecting and restoring natural systems, and
including consideration of climate change. In addition,
integrated strategies explicitly address impediments to the flow
of information. A fully integrated approach is not always needed
but, rather, the appropriate scale for integration will depend on
the extent to which it facilitates effective action in response to
specific needs (Moench et al., 2003). In particular, an integrated
approach to water management could help to resolve conflicts
among competing water users. In several places in the western
USA, water managers and various interest groups have been
experimenting with methods to promote consensus-based
decision making. These efforts include local watershed
initiatives and state-led or federally-sponsored efforts to
incorporate stakeholder involvement in planning processes (e.g.,
US Department of the Interior, 2005). Such initiatives can
facilitate negotiations among competing interests to achieve
mutually satisfactory problem-solving that considers a wide
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range of factors. In the case of large watersheds, such as the
Colorado River Basin, these factors cross several time- and
space-scales (Table 3.4).

Lately, some initiatives such as the Dialogue on Water and
Climate (DWC) (see Box 3.2) have been launched in order to
raise awareness of climate change adaptation in the water sector.
The main conclusion out of the DWC initiative is that the
dialogue model provides an important mechanism for
developing adaptation strategies with stakeholders (Kabat and
van Schaik, 2003).

3.6.2 Adaptation options in principle

The TAR drew a distinction between ‘supply-side’ and
‘demand-side’ adaptation options, which are applicable to a
range of systems. Table 3.5 summarises some adaptation options
for water resources, designed to ensure supplies during average
and drought conditions.

Each option, whether supply-side or demand-side, has a range
of advantages and disadvantages, and the relative benefits of
different options depend on local circumstances. In general terms,

Temporal scale Issue

Indeterminate Flow necessary to protect endangered species
Long-term Inter-basin allocation and allocation among basin states

Decadal Upper basin delivery obligation

Year Lake Powell fill obligations to achieve equalisation with Lake Mead storage

Seasonal Peak heating and cooling months

Daily to monthly Flood control operations

Hourly Western Area Power Administration’s power generation

Spatial Scale
Global Climate influences, Grand Canyon National Park
Regional Prior appropriation (e.g., Upper Colorado River Commission)

State Different agreements on water marketing within and out of state water district
Municipal and Communities Watering schedules, treatment, domestic use

Table 3.4. Cross-scale issues in the integrated water management of the Colorado River Basin (Pulwarty and Melis, 2001).

Box 3.2. Lessons from the ‘Dialogue on Water and Climate’

• The aim of the Dialogue on Water and Climate (DWC) was to raise awareness of climate implications in the water sector. The
DWC initiated eighteen stakeholder dialogues, at the levels of a river basin (Lena, Aral Sea, Yellow River, San Pedro, San Juan,
Thukela, Murray-Darling, and Nagoya), a nation (Netherlands and Bangladesh), and a region (Central America, Caribbean
Islands, Small Valleys, West Africa, Southern Africa, Mediterranean, South Asia, South-east Asia, and Pacific Islands), to
prepare for actions that reduce vulnerability to climate change. The Dialogues were located in both developed and developing
countries and addressed a wide range of vulnerability issues related to water and climate. Participants included water
professionals, community representatives, local and national governments, NGOs, and researchers.

• The results have been substantial and the strong message going out of these Dialogues to governments, donors, and disaster
relief agencies is that it is on the ground, in the river basins and in the communities, that adaptation actions have to be taken.
The Dialogues in Bangladesh and the Small Valleys in Central America have shown that villagers are well aware that climate
extremes are becoming more frequent and more intense. The Dialogues also showed that adaptation actions in Bangladesh,
the Netherlands, Nagoya, Murray-Darling, and Small Valleys are under way. In other areas, adaptation actions are in the
planning stages (Western Africa, Mekong) and others are still in the initial awareness-raising stages (Southern Africa, Aral Sea,
Lena Basin).

• The DWC demonstrated that the Dialogue model provides a promising mechanism for developing adaptation strategies with
stakeholders.

Supply-side Demand-side
Prospecting and extraction of groundwater Improvement of water-use efficiency by recycling water
Increasing storage capacity by building reservoirs and dams Reduction in water demand for irrigation by changing the cropping calendar,

crop mix, irrigation method, and area planted

Desalination of sea water Reduction in water demand for irrigation by importing agricultural products,
i.e., virtual water

Expansion of rain-water storage Promotion of indigenous practices for sustainable water use

Removal of invasive non-native vegetation from riparian areas Expanded use of water markets to reallocate water to highly valued uses

Water transfer Expanded use of economic incentives including metering and pricing to
encourage water conservation

Table 3.5. Some adaptation options for water supply and demand (the list is not exhaustive).



however, supply-side options, involving increases in storage
capacity or abstraction from water courses, tend to have adverse
environmental consequences (which can in many cases be
alleviated). Conversely, the practical effectiveness of some
demand-side measures is uncertain, because they often depend on
the cumulative actions of individuals. There is also a link between
measures to adapt water resources and policies to reduce energy
use. Some adaptation options, such as desalination or measures
which involve pumping large volumes of water, use large amounts
of energy and may be inconsistent with mitigation policy.
Decreasing water demand in a country by importing virtual water
(Allan, 1998; Oki et al., 2003b), in particular in the form of
agricultural products, may be an adaptation option only under
certain economic and social conditions (e.g., financial means to
pay for imports, alternative income possibilities for farmers).

These do not exhaust the range of possibilities. Information,
including basic geophysical, hydrometeorological, and
environmental data as well as information about social, cultural
and economic values and ecosystem needs, is also critically
important for effective adaptation. Programmes to collect these
data, and use them for effective monitoring and early warning
systems, would constitute an important first step for adaptation.

In the western USA, water-market transactions and other
negotiated transfers of water from agricultural to urban or
environmental uses are increasingly being used to accommodate
long-term changes in demand (e.g., due to population growth) as
well as short-term needs arising from drought emergencies
(Miller, 2000; Loomis et al., 2003; Brookshire et al., 2004; Colby
et al., 2004). Water markets have also developed in Chile (Bauer,
2004), Australia (Bjornlund, 2004), and parts of Canada
(Horbulyk, 2006), and some types of informal and often
unregulated water marketing occur in the Middle East, southern
Asia and North Africa (Faruqui et al., 2001). Countries and sub-
national jurisdictions differ considerably in the extent to which
their laws, administrative procedures, and documentation of
water rights facilitate market-based water transfers, while
protecting other water users and environmental values (Miller,
2000; Faruqui et al., 2001; Bauer, 2004; Matthews, 2004; Howe,
2005). Where feasible, short-term transfers can provide flexibility
and increased security for highly valued water uses such as urban
supply, and in some circumstances may prove more beneficial
than constructing additional storage reservoirs (Goodman, 2000).

Some major urban water utilities are already incorporating
various water-market arrangements in their strategic planning
for coping with potential effects of climate change. This is true
for the Metropolitan Water District of Southern California
(Metropolitan), which supplies wholesale water to urban water
utilities in Los Angeles, Orange, San Diego, Riverside, San
Bernardino, and Ventura counties. Metropolitan recently
concluded a 35-year option contract with Palo Verde Irrigation
District. Under the arrangement, the district’s landowners have
agreed not to irrigate up to 29% of the valley’s farm land at
Metropolitan’s request, thereby creating a water supply of up to
137 Mm3 for Metropolitan. In exchange, landowners receive a
one-time payment per hectare allocated, and additional annual
payments for each hectare not irrigated under the programme in
that year. The contract also provides funding for community
improvement programmes (Miller and Yates, 2006).

Options to counteract an increasing risk of floods can be
divided into two categories: either modify the floodwater, for
example, via a water conveyance system; or modify the system’s
susceptibility to flood damage. In recent years, flood
management policy in many countries has shifted from
protection towards enhancing society’s ability to live with floods
(Kundzewicz and Takeuchi, 1999). This may include
implementing protection measures, but as part of a package
including measures such as enhanced flood forecasting and
warning, regulations, zoning, insurance, and relocation. Each
measure has advantages and disadvantages, and the choice is
site-specific: there is no single one-fits-all measure (Kundzewicz
et al., 2002).

3.6.3 Adaptation options in practice

Since the TAR, a number of studies have explicitly examined
adaptation in real water management systems. Some have sought
to identify the need for adaptation in specific catchments or
water-management systems, without explicitly considering what
adaptation options would be feasible. For example, changes to
flow regimes in California would “fundamentally alter
California’s water rights system” (Hayhoe et al., 2004), the
changing seasonal distribution of flows across much of the USA
would mean that “additional investment may be required” (Hurd
et al., 2004), changing streamflow regimes would “pose
significant challenges” to the managers of the Columbia River
(Mote et al., 2003), and an increased frequency of flooding in
southern Quebec would mean that “important management
decisions will have to be taken” (Roy et al., 2001).

A number of studies have explored the physical feasibility
and effectiveness of specific adaptation options in specific
circumstances. For example, improved seasonal forecasting was
shown to offset the effects of climate change on hydropower
generation from Folsom Lake, California (Yao and
Georgakakos, 2001). In contrast, none of the adaptation options
explored in the Columbia River basin in the USA continued to
meet all current demands (Payne et al., 2004), and the balance
between maintaining power production and maintaining
instream flows for fish would have to be renegotiated. Similarly,
a study of the Sacramento-San Joaquin basin, California,
concluded that “maintaining status quo system performance in
the future would not be possible”, without changes in demands
or expectations (VanRheenen et al., 2004). A review of the
implications of climate change for water management in
California as a whole (Tanaka et al., 2006) concluded that
California’s water supply system appears physically capable of
adapting to significant changes in climate and population, but
that adaptation would be costly, entail significant transfers of
water among users, and require some adoption of new
technologies. The feasibility of specific adaptation options varies
with context: a study of water pricing in the Okanagan
catchment in Canada, for example, showed differences in likely
success between residential and agricultural areas (Shepherd et
al., 2006).

Comprehensive studies into the feasibility of different
adaptation options have been conducted in the Netherlands and
the Rhine basin (Tol et al., 2003; Middelkoop et al., 2004). It
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was found that the ability to protect physically against flooding
depends on geographical context (Tol et al., 2003). In some cases
it is technically feasible to construct flood embankments; in
others, high embankments already exist or geotechnical
conditions make physical protection difficult. Radical flood
management measures, such as the creation of a new flood
overflow route for the River Rhine, able to reduce the physical
flood risk to the Rhine delta in the Netherlands, would be
extremely difficult politically to implement (Tol et al., 2003).

3.6.4 Limits to adaptation and adaptive capacity

Adaptation in the water sector involves measures to alter
hydrological characteristics to suit human demands, and
measures to alter demands to fit conditions of water availability.
It is possible to identify four different types of limits on
adaptation to changes in water quantity and quality (Arnell and
Delaney, 2006).

• The first is a physical limit: it may not be possible to prevent
adverse effects through technical or institutional procedures.
For example, it may be impossible to reduce demands for
water further without seriously threatening health or
livelihoods, it may physically be very difficult to react to the
water quality problems associated with higher water
temperatures, and in the extreme case it will be impossible to
adapt where rivers dry up completely.

• Second, whilst it may be physically feasible to adapt, there
may be economic constraints to what is affordable.

• Third, there may be political or social limits to the
implementation of adaptation measures. In many countries,
for example, it is difficult for water supply agencies to
construct new reservoirs, and it may be politically very
difficult to adapt to reduced reliability of supplies by
reducing standards of service.

• Finally, the capacity of water management agencies and the
water management system as a whole may act as a limit on
which adaptation measures (if any) can be implemented. The
low priority given to water management, lack of
coordination between agencies, tensions between national,
regional and local scales, ineffective water governance and
uncertainty over future climate change impacts constrain the
ability of organisations to adapt to changes in water supply
and flood risk (Ivey et al., 2004; Naess et al., 2005; Crabbe
and Robin, 2006).

These factors together influence the adaptive capacity of water-
management systems as well as other determinants such as
sensitivities to change, internal characteristics of the system
(e.g., education and access to knowledge) and external
conditions such as the role of regulation or the market.

3.6.5 Uncertainty and risk: decision-making under
uncertainty

Climate change poses a major conceptual challenge to water
managers, in addition to the challenges caused by population
and land-use change. It is no longer appropriate to assume that
past hydrological conditions will continue into the future (the
traditional assumption) and, due to climate change uncertainty,

managers can no longer have confidence in single projections
of the future. It will also be difficult to detect a clear climate-
change effect within the next couple of decades, even with an
underlying trend (Wilby, 2006). This sub-section covers three
issues: developments in the conceptual understanding of sources
of uncertainty and how to characterise them; examples of how
water managers, in practice, are making climate change
decisions under uncertainty; and an assessment of different ways
of managing resources under uncertainty.

The vast majority of published water resources impact
assessments have used just a small number of scenarios. These
have demonstrated that impacts vary among scenarios, although
temperature-based impacts, such as changes in the timing and
volume of ice-melt-related streamflows, tend to be more robust
(Maurer and Duffy, 2005), and the use of a scenario-based
approach to water management in the face of climate change is
therefore widely recommended (Beuhler, 2003; Simonovic and
Li, 2003). There are, however, two problems. First, the large
range for different climate-model-based scenarios suggests that
adaptive planning should not be based on only a few scenarios
(Prudhomme et al., 2003; Nawaz and Adeloye, 2006): there is no
guarantee that the range simulated represents the full range.
Second, it is difficult to evaluate the credibility of individual
scenarios. By making assumptions about the probability
distributions of the different drivers of climate change, however,
it is possible to construct probability distributions of
hydrological outcomes (e.g., Wilby and Harris, 2006), although
the resulting probability distributions will be influenced by the
assumed initial probability distributions. Jones and Page (2001)
constructed probability distributions for water storage,
environmental flows and irrigation allocations in the Macquarie
River catchment, Australia, showing that the estimated
distributions were, in fact, little affected by assumptions about
probability distributions of drivers of change.

Water managers in a few countries, including the
Netherlands, Australia, the UK, and the USA, have begun to
consider the implications of climate change explicitly in flood
and water supply management. In the UK, for example, design
flood magnitudes can be increased by 20% to reflect the possible
effects of climate change (Richardson, 2002). The figure of 20%
was based on early impact assessments, and methods are under
review following the publication of new scenarios (Hawkes et
al., 2003). Measures to cope with the increase of the design
discharge for the Rhine in the Netherlands from 15,000 to
16,000 m3/s must be implemented by 2015, and it is planned to
increase the design discharge to 18,000 m3/s in the longer term,
due to climate change (Klijn et al., 2001). Water supply
companies in England and Wales used four climate scenarios in
their 2004 review of future resource requirements, using a
formalised procedure developed by the environmental and
economic regulators (Arnell and Delaney, 2006). This procedure
basically involved the companies estimating when climate
change might impact upon the reliability of supply and,
depending on the implementation of different actions, when
these impacts would be felt (in most cases estimated effects were
too far into the future to cause any changes in practice now, but
in some instances the impacts would be soon enough to
necessitate undertaking more detailed investigations now).



Dessai et al. (2005) describe an example where water supply
managers in Australia were given information on the likelihood
of drought conditions continuing, under different assumptions
about the magnitude of climate change. They used this
information to decide whether to invoke contingency plans to
add temporary supplies or to tighten restrictions on water use.

A rather different way of coping with the uncertainty
associated with estimates of future climate change is to adopt
management measures that are robust to uncertainty (Stakhiv,
1998). Integrated Water Resources Management, for example, is
based around the concepts of flexibility and adaptability, using
measures which can be easily altered or are robust to changing
conditions. These tools, including water conservation,
reclamation, conjunctive use of surface and groundwater, and
desalination of brackish water, have been advocated as a means
of reacting to climate change threats to water supply in
California (e.g., Beuhler, 2003). Similarly, resilient strategies for
flood management, such as allowing rivers to temporarily flood
and reducing exposure to flood damage, are preferable to
traditional ‘resistance’ (protection) strategies in the face of
uncertainty (Klijn et al., 2004; Olsen, 2006).

3.7 Conclusions: implications for
sustainable development

Most of the seven Millennium Development Goals (MDGs)
are related directly or indirectly to water management and
climate change, although climate change is not directly
addressed in the MDGs. Some major concerns are presented in
Table 3.6 (UNDP, 2006).

In many regions of the globe, climate change impacts on
freshwater resources may affect sustainable development and
put at risk, for example, the reduction of poverty and child
mortality. Even with optimal water management, it is very likely
that negative impacts on sustainable development cannot be
avoided. Figure 3.8 shows some key cases around the world
where freshwater-related climate change impacts are a threat to
the sustainable development of the affected regions.

‘Sustainable’ water resources management is generally
sought to be achieved by Integrated Water Resources
Management. However, the precise interpretation of this term
varies considerably. All definitions broadly include the concept
of maintaining and enhancing the environment, and in particular
the water environment, taking into account competing users,
instream ecosystems, and wetlands. Also, wider environmental
implications of water management policies, such as implications
for land management, or the implications of land management
policies for the water environment, are considered. Water and
land governance are important components of managing water
in order to achieve sustainable water resources for a range of
political, socio-economic and administrative systems (GWP,
2002; Eakin and Lemos, 2006).

Energy, equity, health, and water governance are key issues
when linking climate change and sustainable development.
However, few studies on sustainability have explicitly
incorporated the issue of climate change (Kashyap, 2004). Some
studies have taken into account the carbon footprint attributable
to the water sector. For example, desalination can be regarded as
a sustainable water management measure if solar energy is used.
Many water management actions and adaptations, particularly
those involving pumping or treating water, are very energy-

Freshwater resources and their management Chapter 3

200

Goals Direct relation to water Indirect relation to water
Goal 1:
Eradicate extreme poverty
and hunger

Water as a factor in many production activities (e.g.,
agriculture, animal husbandry, cottage industry)
Sustainable production of fish, tree crops and other food
brought together in common property resources

Reduced ecosystem degradation improves local-level
sustainable development
Reduced urban hunger by means of cheaper food
from more reliable water supplies

Goal 2:
Achieve universal education

Improved school attendance through improved health
and reduced water-carrying burdens, especially for
girls

Goal 3:
Promote gender equity and
empower women

Development of gender sensitive water management
programmes

Reduce time wasted and health burdens from
improved water service leading to more time for
income earning and more balanced gender roles

Goal 4:
Reduce child mortality

Improved access to drinking water of more adequate
quantity and better quality, and improved sanitation reduce
the main factors of morbidity and mortality of young
children

Goal 6:
Combat HIV/AIDS, malaria
and
other diseases

Improved access to water and sanitation support
HIV/AIDS-affected households and may improve the
impact of health care programmes
Better water management reduces mosquito habitats and
the risk of malaria transmission

Goal 7:
Ensure environmental
sustainability

Improved water management reduces water consumption
and recycles nutrients and organics
Actions to ensure access to improved and, possibly,
productive eco-sanitation for poor households
Actions to improve water supply and sanitation services for
poor communities
Actions to reduce wastewater discharge and improve
environmental health in slum areas

Develop operation, maintenance, and cost recovery
system to ensure sustainability of service delivery

Table 3.6. Potential contribution of the water sector to attain the MDGs.
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intensive. Their implementation would affect energy-related
greenhouse gas emissions, and energy policy could affect their
implementation (Mata and Budhooram, 2007). Examples of
potential inequities occur where people benefit differently from
an adaptation option (such as publicly funded flood protection)
or where people are displaced or otherwise adversely impacted
in order to implement an adaptation option (e.g., building a new
reservoir).

Mitigation measures that reduce greenhouse gas emissions
lessen the impacts of climate change on water resources. The
number of people exposed to floods or water shortage and
potentially affected is scenario-dependent. For example,
stabilisation at 550 ppm (resulting in a temperature increase
relative to pre-industrial levels of nearly 2°C) only reduces the
number of people adversely affected by climate change by 30-
50% (Arnell, 2006).

3.8 Key uncertainties and research priorities

There are major uncertainties in quantitative projections of
changes in hydrological characteristics for a drainage basin.
Precipitation, a principal input signal to water systems, is not
reliably simulated in present climate models. However, it is well
established that precipitation variability increases due to climate
change, and projections of future temperatures, which affect
snowmelt, are more consistent, such that useful conclusions are
possible for snow-dominated basins.

Uncertainty has two implications. First, adaptation
procedures need to be developed which do not rely on precise
projections of changes in river discharge, groundwater, etc.
Second, based on the studies completed so far, it is difficult to
assess in a reliable way the water-related consequences of
climate policies and emission pathways. Research on methods of
adaptation in the face of these uncertainties is needed. Whereas
it is difficult to make concrete projections, it is known that
hydrological characteristics will change in the future. Water
managers in some countries are already considering explicitly
how to incorporate the potential effects of climate change into
policies and specific designs.

Research into the water–climate interface is required:
• to improve understanding and estimation, in quantitative

terms, of climate change impacts on freshwater resources
and their management,

• to fulfil the pragmatic information needs of water managers
who are responsible for adaptation.

Among the research issues related to the climate–water interface,
developments are needed in the following.

• It is necessary to improve the understanding of sources of
uncertainty in order to improve the credibility of projections.

• There is a scale mismatch between the large-scale climatic
models and the catchment scale, which needs further
resolution. Water is managed at the catchment scale and
adaptation is local, while global climate models work on
large spatial grids. Increasing the resolution of adequately
validated regional climate models and statistical downscaling

Figure 3.8. Illustrative map of future climate change impacts on freshwater which are a threat to the sustainable development of the affected regions.
1: Bobba et al. (2000), 2: Barnett et al. (2004), 3: Döll and Flörke (2005), 4: Mirza et al. (2003) 5: Lehner et al. (2005a) 6: Kistemann et al. (2002).
Background map: Ensemble mean change of annual runoff, in percent, between present (1981 to 2000) and 2081 to 2100 for the SRES A1B
emissions scenario (after Nohara et al., 2006).



can produce information of more relevance to water
management.

• Impacts of changes in climate variability need to be
integrated into impact modelling efforts.

• Improvements in coupling climate models with the land-use
change, including vegetation change and anthropogenic
activity such as irrigation, are necessary.

• Climate change impacts on water quality are poorly
understood. There is a strong need for enhancing research in
this area, with particular reference to the impacts of extreme
events, and covering the needs of both developed and
developing countries.

• Relatively few results are available on the economic aspects
of climate change impacts and adaptation options related to
water resources, which are of great practical importance.

• Research into human-dimension indicators of climate change
impacts on freshwater is in its infancy and vigorous
expansion is necessary.

• Impacts of climate change on aquatic ecosystems (not only
temperatures, but also altered flow regimes, water levels, and
ice cover) are not adequately understood.

• Detection and attribution of observed changes in freshwater
resources, with particular reference to characteristics of
extremes, is a challenging research priority, and methods for
attribution of causes of changes in water systems need
refinement.

• There are challenges and opportunities posed by the advent
of probabilistic climate change scenarios for water resources
management.

• Despite its significance, groundwater has received little
attention from climate change impact assessments, compared
to surface water resources.

• Water resources management clearly impacts on many other
policy areas (e.g., energy projections, nature conservation).
Hence there is an opportunity to align adaptation measures
across different sectors (Holman et al., 2005a, b). There is
also a need to identify what additional tools are required to
facilitate the appraisal of adaptation options across multiple
water-dependent sectors.

Progress in research depends on improvements in data
availability, calling for enhancement of monitoring endeavours
worldwide, addressing the challenges posed by projected climate
change to freshwater resources, and reversing the tendency of
shrinking observation networks. Broadening access to available
observation data is a prerequisite to improving understanding of
the ongoing changes. Relatively short hydrometric records can
underplay the full extent of natural variability and confound
detection studies, while long-term river flow reconstruction can
place recent trends and extremes in a broader context. Data on
water use, water quality, and sediment transport are even less
readily available.
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Executive summary

During the course of this century the resilience of many
ecosystems (their ability to adapt naturally) is likely to be
exceeded by an unprecedented combination of change in
climate, associated disturbances (e.g., flooding, drought,
wildfire, insects, ocean acidification) and in other global
change drivers (especially land-use change, pollution and
over-exploitation of resources), if greenhouse gas emissions
and other changes continue at or above current rates (high
confidence).
By 2100, ecosystems will be exposed to atmospheric CO2 levels
substantially higher than in the past 650,000 years, and global
temperatures at least among the highest of those experienced in
the past 740,000 years (very high confidence) [4.2, 4.4.10,
4.4.11; Jansen et al., 2007]. This will alter the structure, reduce
biodiversity and perturb functioning of most ecosystems, and
compromise the services they currently provide (high
confidence) [4.2, 4.4.1, 4.4.2-4.4.9, 4.4.10, 4.4.11, Figure 4.4,
Table 4.1]. Present and future land-use change and associated
landscape fragmentation are very likely to impede species’
migration and thus impair natural adaptation via geographical
range shifts (very high confidence) [4.1.2, 4.2.2, 4.4.5, 4.4.10].

Several major carbon stocks in terrestrial ecosystems are
vulnerable to current climate change and/or land-use
impacts and are at a high degree of risk from projected
unmitigated climate and land-use changes (high
confidence).
Several terrestrial ecosystems individually sequester as much
carbon as is currently in the atmosphere (very high confidence)
[4.4.1, 4.4.6, 4.4.8, 4.4.10, 4.4.11]. The terrestrial biosphere is
likely to become a net source of carbon during the course of this
century (medium confidence), possibly earlier than projected by
the IPCC Third Assessment Report (TAR) (low confidence) [4.1,
Figure 4.2]. Methane emissions from tundra frozen loess
(‘yedoma’, comprising about 500 Pg C) and permafrost
(comprising about 400 Pg C) have accelerated in the past two
decades, and are likely to accelerate further (high confidence)
[4.4.6]. At current anthropogenic emission rates, the ongoing
positive trends in the terrestrial carbon sink will peak before
mid-century, then begin diminishing, even without accounting
for tropical deforestation trends and biosphere feedback, tending
strongly towards a net carbon source before 2100, assuming
continued greenhouse gas emissions and land-use change trends
at or above current rates (high confidence) [Figure 4.2, 4.4.1,
4.4.10, Figure 4.3, 4.4.11], while the buffering capacity of the
oceans will begin to saturate [Denman et al., 2007, e.g., Section
7.3.5.4]. While some impacts may include primary productivity
gains with low levels of climate change (less than around 2°C
mean global change above pre-industrial levels), synergistic
interactions are likely to be detrimental, e.g., increased risk of
irreversible extinctions (very high confidence) [4.4.1, Figure 4.2,
4.4.10, Figure 4.3, 4.4.11].

Approximately 20 to 30% of plant and animal species
assessed so far (in an unbiased sample) are likely to be at

increasingly high risk of extinction as global mean
temperatures exceed a warming of 2 to 3°C above pre-
industrial levels (medium confidence) [4.4.10, 4.4.11, Figure
4.4, Table 4.1].
Projected impacts on biodiversity are significant and of key
relevance, since global losses in biodiversity are irreversible
(very high confidence) [4.4.10, 4.4.11, Figure 4.4, Table 4.1].
Endemic species richness is highest where regional
palaeoclimatic changes have been muted, providing
circumstantial evidence of their vulnerability to projected
climate change (medium confidence) [4.2.1]. With global
average temperature changes of 2°C above pre-industrial levels,
many terrestrial, freshwater and marine species (particularly
endemics across the globe) are at a far greater risk of extinction
than in the recent geological past (medium confidence) [4.4.5,
4.4.11, Figure 4.4, Table 4.1]. Globally about 20% to 30% of
species (global uncertainty range from 10% to 40%, but varying
among regional biota from as low as 1% to as high as 80%) will
be at increasingly high risk of extinction, possibly by 2100, as
global mean temperatures exceed 2 to 3°C above pre-industrial
levels [4.2, 4.4.10, 4.4.11, Figure 4.4, Table 4.1]. Current
conservation practices are generally poorly prepared to adapt to
this level of change, and effective adaptation responses are likely
to be costly to implement (high confidence) [4.4.11, Table 4.1,
4.6.1].

Substantial changes in structure and functioning of
terrestrial ecosystems are very likely to occur with a global
warming of more than 2 to 3°C above pre-industrial levels
(high confidence).
Between about 25% (IPCC SRES B1 emissions scenario; 3.2°C
warming) and about 40% (SRES A2 scenario; 4.4°C warming)
of extant ecosystems will reveal appreciable changes by 2100,
with some positive impacts especially in Africa and the Southern
Hemisphere arid regions, but extensive forest and woodland
decline in mid- to high latitudes and in the tropics, associated
particularly with changing disturbance regimes (especially
through wildfire and insects) [4.4.2, 4.4.3, 4.4.5, 4.4.10, 4.4.11,
Figure 4.3].

Substantial changes in structure and functioning of marine
and other aquatic ecosystems are very likely to occur with
a mean global warming of more than 2 to 3°C above pre-
industrial levels and the associated increased atmospheric
CO2 levels (high confidence).
Climate change (very high confidence) and ocean acidification
(medium confidence) will impair a wide range of planktonic and
shallow benthic marine organisms that use aragonite to make
their shells or skeletons, such as corals and marine snails
(pteropods), with significant impacts particularly in the Southern
Ocean, where cold-water corals are likely to show large
reductions in geographical range this century [4.4.9, Box 4.4].
Substantial loss of sea ice will reduce habitat for dependant
species (e.g., polar bears) (very high confidence) [4.4.9, 4.4.6,
Box 4.3, 4.4.10, Figure 4.4, Table 4.1, 15.4.3, 15.4.5]. Terrestrial
tropical and sub-tropical aquatic systems are at significant risk
under at least SRES A2 scenarios; negative impacts across about
25% of Africa by 2100 (especially southern and western Africa)
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will cause a decline in both water quality and ecosystem goods
and services (high confidence) [4.4.8].

Ecosystems and species are very likely to show a wide
range of vulnerabilities to climate change, depending on
imminence of exposure to ecosystem-specific, critical
thresholds (very high confidence).
Most vulnerable ecosystems include coral reefs, the sea-ice
biome and other high-latitude ecosystems (e.g., boreal forests),
mountain ecosystems and mediterranean-climate ecosystems
(high confidence) [Figure 4.4, Table 4.1, 4.4.9, Box 4.4, 4.4.5,
4.4.6, Box 4.3, 4.4.7, 4.4.4, 4.4.10, 4.4.11]. Least vulnerable
ecosystems include savannas and species-poor deserts, but this
assessment is especially subject to uncertainty relating to the
CO2-fertilisation effect and disturbance regimes such as fire (low
confidence) [Box 4.1, 4.4.1, 4.4.2, Box 4.2, 4.4.3, 4.4.10,
4.4.11].

4.1 Introduction

An ecosystem can be practically defined as a dynamic
complex of plant, animal and micro-organism communities, and
the non-living environment, interacting as a functional unit
(Millennium Ecosystem Assessment, Reid et al., 2005).
Ecosystems may be usefully identified through having strong
interactions between components within their boundaries and
weak interactions across boundaries (Reid et al., 2005, part 2).
Ecosystems are well recognised as critical in supporting human
well-being (Reid et al., 2005), and the importance of their
preservation under anthropogenic climate change is explicitly
highlighted in Article 2 (The Objective) of the United Nations
Framework Convention on Climate Change (UNFCCC).

In this chapter the focus is on the properties, goods and
services of non-intensively managed and unmanaged
ecosystems and their components (as grouped by widely
accepted functional and structural classifications, Figure 4.1),
and their potential vulnerability to climate change as based on
scenarios mainly from IPCC (see Chapter 2 and IPCC, 2007).
Certain ecosystem goods and services are treated in detail in
other sectoral chapters (this volume): chapters 3 (water), 5 (food,
fibre, fisheries), 6 (coasts) and 8 (health). Key findings from this
chapter are further developed in the synthesis chapters 17 to 20
(this volume). Region-specific aspects of ecosystems are
discussed in chapters 9 to 16 (this volume). This chapter is based
on work published since the Third Assessment Report of the
IPCC (TAR) (Gitay et al., 2001). We do not summarise TAR
findings here, but refer back to relevant TAR results, where
appropriate, to indicate confirmation or revision of major
findings.

Projecting the impacts of climate change on ecosystems is
complicated by an uneven understanding of the interlinked
temporal and spatial scales of ecosystem responses. Processes
at large spatial scales, i.e., the biosphere at the global scale, are
generally characterised by slow response times on the order of
centuries, and even up to millennia (Jansen et al., 2007).
However, it is also important to note that some large-scale

responses in the palaeorecord (Jansen et al., 2007) and to current
climate anomalies such as El Niño events may emerge at much
shorter time-scales (Holmgren et al., 2001; Sarmiento and
Gruber, 2002; Stenseth et al., 2002; van der Werf et al., 2004).
At continental scales, biomes (see Glossary) respond at decadal
to millennial time-scales (e.g., Davis, 1989; Prentice et al., 1991;
Lischke et al., 2002; Neilson et al., 2005), and groups of
organisms forming ecological communities at the regional scale
have shorter response times of years to centuries. Responses of
populations (i.e., interbreeding individuals of the same species)
occur at intermediate temporal scales of months to centuries, and
underpin changes in biodiversity. These include changes at the
genetic level that may be adaptive, as demonstrated for example
for trees (Jump et al., 2006) and corals (Coles and Brown, 2003).
Fast physiological response times (i.e., seconds, hours, days,
months) of micro-organisms, plants and animals operate at small
scales from a leaf or organ to the cellular level; they underlie
organism responses to environmental conditions, and are
assessed here if they scale up to have a significant impact at
broader spatial scales, or where the mechanistic understanding
assists in assessing key thresholds in higher level responses.

The spatial distribution of ecosystems at biome scale has
traditionally been explained only in terms of climate control
(Schimper, 1903), but it is increasingly apparent that disturbance
regimes such as fire or insects may strongly influence vegetation
structure somewhat independently of climate (e.g., Andrew and
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Figure 4.1. Major ecosystems addressed in this report, with their
global areal extent (lower panel, Mkm2), transformed by land use in
yellow, untransformed in purple, from Hassan et al. (2005), except for
mediterranean-climate ecosystems, where transformation impact is
from Myers et al. (2000), and total carbon stores (upper panel, PgC) in
plant biomass (green), soil (brown), yedoma/permafrost (light blue). D =
deserts, G&S(tr) = tropical grasslands and savannas, G(te) = temperate
grasslands, ME = mediterranean ecosystems, F(tr) = tropical forests,
F(te) = temperate forests, F(b) = boreal forests, T = tundra, FW =
freshwater lakes and wetlands, C = croplands, O = oceans. Data are
from Sabine et al. (2004, Table 2.2, p. 23), except for carbon content of
yedoma permafrost and permafrost (light blue columns, left and right,
respectively, Zimov et al., 2006), ocean organic carbon content
(dissolved plus particulate organic; Denman et al., 2007, Section
7.3.4.1), and ocean surface area from Hassan et al. (2005, Summary,
Table C2, p. 15, inserted as a number). Figures here update the TAR
(Prentice et al., 2001), especially through considering soil C to 3 m
depth (Jobbagy and Jackson, 2000), as opposed to 1 m. Approximate
carbon content of the atmosphere (PgC) is indicated by the dotted
lines for last glacial maximum (LGM), pre-industrial (P-IND) and current
(about 2000).
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Hughes, 2005; Bond et al., 2005). Biomes are differentially
sensitive to climatic change (e.g., Kirschbaum and Fischlin,
1996; Sala et al., 2000; Gitay et al., 2001), with temperature-
limited biomes prone to impacts of warming, and water-limited
biomes prone to increasing levels of drought. Some, such as fire-
dependent biomes, may be in a meta-stable state that can change
rapidly under climate and other environmental changes (Scheffer
et al., 2001; Sankaran et al., 2005). Marine biome responses, too,
have been shown at decadal scales (Beaugrand et al., 2002), with
more rapid regime shifts within decades (Edwards et al., 2002;
Richardson and Schoeman, 2004; Edwards et al., 2006). Biomes
therefore provide a useful level of ecological organisation at
which to summarise climate change impacts, being of large
enough extent to conduct a global synthesis, yet having a
response time relevant to anthropogenic climate change.

4.1.1 Ecosystem goods and services

Ecosystems provide many goods and services that are of vital
importance for the functioning of the biosphere, and provide the
basis for the delivery of tangible benefits to human society.
Hassan et al. (2005) define these to include supporting,
provisioning, regulating and cultural services. In this chapter we
divide services into four categories.

i. Supporting services, such as primary and secondary
production, and biodiversity, a resource that is increasingly
recognised to sustain many of the goods and services that
humans enjoy from ecosystems. These provide a basis for
three higher-level categories of services.

ii. Provisioning services, such as products (cf. Gitay et al.,
2001), i.e., food (including game, roots, seeds, nuts and other
fruit, spices, fodder), fibre (including wood, textiles) and
medicinal and cosmetic products (including aromatic plants,
pigments; see Chapter 5).

iii. Regulating services, which are of paramount importance for
human society such as (a) carbon sequestration, (b) climate
and water regulation, (c) protection from natural hazards
such as floods, avalanches or rock-fall, (d) water and air
purification, and (e) disease and pest regulation.

iv. Cultural services, which satisfy human spiritual and
aesthetic appreciation of ecosystems and their components.

4.1.2 Key issues

Based on new findings for ecosystems since the TAR, we
highlight here five overarching key issues pertinent to assessing
the vulnerability of ecosystems to anthropogenic climate change,
and related adaptation responses.

Firstly, ecosystems are expected to tolerate some level of
future climate change and, in some form or another, will
continue to persist (e.g., Kirschbaum and Fischlin, 1996; Gitay
et al., 2001), as they have done repeatedly with palaeoclimatic
changes (Jansen et al., 2007). A primary key issue, however, is
whether ecosystem resilience (understood as the disturbance an
ecosystem can tolerate before it shifts into a different state, e.g.,
Scheffer et al., 2001; Cropp and Gabrica, 2002; Folke et al.,
2004) inferred from these responses (e.g., Harrison and Prentice,
2003) will be sufficient to tolerate future anthropogenic climate

change (e.g., Chapin et al., 2004; Jump and Peñuelas, 2005). The
implications of possibly transient increases in productivity for
resilience are also very relevant. These may occur in certain
terrestrial ecosystems through likely atmospheric CO2-
fertilisation effects and/or modest warming (e.g., Baker et al.,
2004; Lewis et al., 2004b; Malhi and Phillips, 2004), and
demonstrated consequences of increased radiation due to
reduced tropical cloudiness (Nemani et al., 2003). Ecosystem
resilience thus seems usefully equivalent to the critical
ecosystem property highlighted in Article 2 of the UNFCCC,
i.e., an “ability to adapt naturally”.

Secondly, ecosystems are increasingly being subjected to
other human-induced pressures, such as extractive use of goods,
and increasing fragmentation and degradation of natural habitats
(e.g., Bush et al., 2004). In the medium term (i.e., decades)
especially, climate change will increasingly exacerbate these
human-induced pressures, causing a progressive decline in
biodiversity (Lovejoy and Hannah, 2005). However, this is
likely to be a complex relationship that may also include some
region-specific reductions in land-use pressures on ecosystems
(e.g., Goklany, 2005; Rounsevell et al., 2006).

A third key issue involves exceeding critical thresholds and
triggering non-linear responses in the biosphere that could lead via
positive feedback to novel states that are poorly understood.
Projected future climate change and other human-induced
pressures are virtually certain to be unprecedented (Forster et al.,
2007) compared with the past several hundred millennia (e.g., Petit
et al., 1999; Augustin et al., 2004; Siegenthaler et al., 2005).

Fourthly, the understanding of time-lags in ecosystem
responses is still developing, including, for example, broad-scale
biospheric responses or shifting species geographical ranges.
Many ecosystems may take several centuries (vegetation) or
even possibly millennia (where soil formation is involved)
before responses to a changed climate are played out (e.g.,
Lischke et al., 2002). A better understanding of transient
responses and the functioning of ecosystems under continuously
changing conditions is needed to narrow uncertainties about
critical effects and to develop effective adaptation responses at
the time-scale of interest to human society.

A fifth key issue relates to species extinctions, and especially
global extinction as distinct from local extinctions, since the
former represents irreversible change. This is crucial, especially
because of a very likely link between biodiversity and ecosystem
functioning in the maintenance of ecosystem services
(Duraiappah et al., 2005; Hooper et al., 2005; Diaz et al., 2006;
Worm et al., 2006), and thus extinctions critical for ecosystem
functioning, be they global or local, are virtually certain to
reduce societal options for adaptation responses.

4.2 Current sensitivities

4.2.1 Climatic variability and extremes
The biosphere has been exposed to large variability and

extremes of CO2 and climate throughout geological history
(Augustin et al., 2004; Siegenthaler et al., 2005; Jansen et al.,
2007), and this provides some insight into the current
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sensitivities of ecosystems even though it is not possible to
match past climate analogues precisely with future warming,
due to differences in forcing factors (Overpeck et al., 2006),
dominant ecosystems, and species (e.g., Velichko et al., 2002).
What can be learned is that, firstly, significant biological changes
including species extinctions have accompanied large climate
perturbations of the past (e.g., Overpeck et al., 2005). Secondly,
endemic biodiversity is concentrated in regions that have
experienced lower variability during the Pleistocene (from about
2 million years ago) (Jansson, 2003), during which glacial and
inter-glacial conditions have alternated for roughly the past
2 million years. Thirdly, range shifts have been a major species
response (Lovejoy and Hannah, 2005), although genetic and
physiological responses (Davis and Shaw, 2001) have also
occurred, which can be broadly defined as ‘natural adaptation’
at species level, and by aggregation, at the ecosystem level.

While earlier IPCC reports described several ecosystems to
be resilient to warming up to 1°C (e.g., Kirschbaum and
Fischlin, 1996), recent studies provide a more differentiated
view of ecosystem sensitivity (e.g., Walther et al., 2002) that
includes understanding of the role of climatic variability and
extremes. Knowledge about climate variability and natural
ecosystems has improved with better understanding of the
behaviour of decadal-scale climatic oscillations and their
impacts, including ENSO (El Niño/Southern Oscillation) and
the NAO (North Atlantic Oscillation) (Trenberth et al., 2007,
Section 3.6). These low-frequency phenomena indirectly
determine vegetation responses, notably through shifts in major
controls (temperature, precipitation, snow cover). For example,
the European Alps show changes in regional climates that can
partly be attributed to NAO variability (Hurrell and van Loon,
1997; Serreze et al., 1997; Wanner et al., 1997; Beniston and
Jungo, 2002) such as the lack of snow in the late 1980s and early
1990s (Beniston, 2003). Disruptions of precipitation regimes in
the Pacific region and beyond during ENSO events can disrupt
vegetation through drought, heat stress, spread of parasites and
disease, and more frequent fire (e.g., Diaz and Markgraf, 1992).
Similar effects have been reported for NAO (Edwards and
Richardson, 2004; Sims et al., 2004; Balzter et al., 2005). Sea
surface temperature increases associated with ENSO events
have been implicated in reproductive failure in seabirds
(Wingfield et al., 1999), reduced survival and reduced size in
iguanas (Wikelski and Thom, 2000) and major shifts in island
food webs (Stapp et al., 1999).

Many significant impacts of climate change may emerge
through shifts in the intensity and the frequency of extreme
weather events. Extreme events can cause mass mortality of
individuals and contribute significantly to determining which
species occur in ecosystems (Parmesan et al., 2000). Drought
plays an important role in forest dynamics, driving pulses of tree
mortality in the Argentinean Andes (Villalba and Veblen, 1997),
North American woodlands (Breshears and Allen, 2002;
Breshears et al., 2005), and in the eastern Mediterranean (Körner
et al., 2005b). In both the Canadian Rockies (Luckman, 1994)
and European Alps (Bugmann and Pfister, 2000) extreme cold
through a period of cold summers from 1696 to 1701 caused
extensive tree mortality. Heatwaves such as the recent 2003
event in Europe (Beniston, 2004; Schär et al., 2004; Box 4.1)

have both short-term and long-term implications for vegetation,
particularly if accompanied by drought conditions.

Hurricanes can cause widespread mortality of wild organisms,
and their aftermath may cause declines due to the loss of resources
required for foraging and breeding (Wiley and Wunderle, 1994).
The December 1999 ‘storm-of-the-century’ that affected western
and central Europe destroyed trees at a rate of up to ten times the
background rate (Anonymous, 2001). Loss of habitat due to
hurricanes can also lead to greater conflict with humans. For
example, fruit bats (Pteropus spp.) declined recently on American
Samoa due to a combination of direct mortality events and
increased hunting pressure (Craig et al., 1994). Greater storminess
and higher return of extreme events will also alter disturbance
regimes in coastal ecosystems, leading to changes in diversity and
hence ecosystem functioning. Saltmarshes, mangroves and coral
reefs are likely to be particularly vulnerable (e.g. Bertness and
Ewanchuk, 2002; Hughes et al., 2003).

Assessment of the impacts of climate variability, their trends,
and the development of early warning systems has been strongly
advanced since the TAR by satellite-based remote sensing
efforts. Notable contributions have included insights into
phenological shifts in response to warming (e.g., Badeck et al.,
2004) and other environmental trends (e.g., Nemani et al., 2003),
complex Sahelian vegetation changes (e.g., Prince et al., 1998;
Rasmussen et al., 2001; Anyamba and Tucker, 2005; Hein and
Ridder, 2006), wildfire impacts (e.g., Isaev et al., 2002; Barbosa
et al., 2003; Hicke et al., 2003; Kasischke et al., 2003), coral
bleaching events (e.g., Yamano and Tamura, 2004), cryosphere
changes (Walsh, 1995; Lemke et al., 2007), ecotone (see
Glossary) responses to climate (e.g., Masek, 2001), deforestation
(e.g., Asner et al., 2005), and even feedbacks to regional climate
(e.g., Durieux et al., 2003), the impacts of extreme climate
events (e.g., Gobron et al., 2005; Lobo and Maisongrande, 2006)
and monitoring of soil water (Wagner et al., 2003).

4.2.2 Other ecosystem change drivers

Ecosystems are sensitive not only to changes in climate and
atmospheric trace gas concentrations but also to other
anthropogenic changes such as land use, nitrogen deposition,
pollution and invasive species (Vitousek et al., 1997; Mack et
al., 2000; Sala et al., 2000; Hansen et al., 2001; Lelieveld et al.,
2002; Körner, 2003b; Lambin et al., 2003; Reid et al., 2005). In
the recent past, these pressures have significantly increased due
to human activity (Gitay et al., 2001). Natural disturbance
regimes (e.g., wildfire and insect outbreaks) are also important
climate-sensitive drivers of ecosystem change. Projecting the
impacts of the synergistic effects of these drivers presents a
major challenge, due to the potential for non-linear, rapid,
threshold-type responses in ecological systems (Burkett et al.,
2005).

Land-use change represents the anthropogenic replacement
of one land use type by another, e.g., forest to cultivated land
(or the reverse), as well as subtle changes of management
practices within a given land use type, e.g., intensification of
agricultural practices, both of which are affecting 40% of the
terrestrial surface (reviewed by Foley et al., 2005). Land-use
change and related habitat loss and fragmentation have long
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been recognised as important drivers of past and present
ecosystem change, particularly of biodiversity (Heywood and
Watson, 1995; Fahrig, 2003).

Fire influences community structure by favouring species that
tolerate fire or even enhance fire spread, resulting in a
relationship between the relative flammability of a species and
its relative abundance in a particular community (Bond and
Keeley, 2005). As a result, many vegetation types are far from
the maximum biomass predicted by regional climate alone
(Bond et al., 2005). Geographical shifts in key species or fire
may therefore cause fundamental community shifts (Brooks et
al., 2004; Schumacher and Bugmann, 2006). Fire-prone
vegetation types cover a total of 40% of the world’s land surface
(Chapin et al., 2002), and are common in tropical and sub-
tropical regions (Bond et al., 2005), and the boreal region

(Harden et al., 2000) in particular. Intensified wildfire regimes
driven at least partly by 20th century climate change (Gillett et
al., 2004; Westerling et al., 2006), appear to be changing
vegetation structure and composition with shifts from Picea- to
Pinus-dominated communities and 75-95% reductions in tree
densities observed in forest-tundra transition in eastern Canada
(Lavoie and Sirois, 1998). By contrast, in Quebec, fire frequency
appears to have dropped during the 20th century (Bergeron et
al., 2001), a trend projected to continue (see Section 4.4.5;
Bergeron et al., 2004). Across the entire North American boreal
region, however, total burned area from fires increased by a
factor of 2.5 between the 1960s and 1990s, while the area burned
from human-ignited fires remained constant (Kasischke and
Turetsky, 2006). In South-East Asia, by contrast, human
activities have significantly altered fire regimes in ways that may
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Box 4.1. Ecological impacts of the European heatwave 2003

Anomalous hot and dry conditions affected Europe between June and mid-August, 2003 (Fink et al., 2004; Luterbacher et
al., 2004; Schär et al., 2004). Since similarly warm summers may occur at least every second year by 2080 in a Special
Report on Emissions Scenario (SRES; Nakićenović et al, 2000) A2 world, for example (Beniston, 2004; Schär et al., 2004),
effects on ecosystems observed in 2003 provide a conservative analogue of future impacts. The major effects of the 2003
heatwave on vegetation and ecosystems appear to have been through heat and drought stress, and wildfires.

Drought stress impacts on vegetation (Gobron et al., 2005; Lobo and Maisongrande, 2006) reduced gross primary production
(GPP) in Europe by 30% and respiration to a lesser degree, overall resulting in a net carbon source of 0.5 PgC/yr (Ciais et
al., 2005). However, vegetation responses to the heat varied along environmental gradients such as altitude, e.g., by
prolonging the growing season at high elevations (Jolly et al., 2005). Some vegetation types, as monitored by remote sensing,
were found to recover to a normal state by 2004 (e.g., Gobron et al., 2005), but enhanced crown damage of dominant forest
trees in 2004, for example, indicates complex delayed impacts (Fischer, 2005). Freshwater ecosystems experienced
prolonged depletion of oxygen in deeper layers of lakes during the heatwave (Jankowski et al., 2006), and there was a
significant decline and subsequent poor recovery in species richness of molluscs in the River Saône (Mouthon and Daufresne,
2006). Taken together, this suggests quite variable resilience across ecosystems of different types, with very likely progressive
impairment of ecosystem composition and function if such events increase in frequency (e.g., Lloret et al., 2004; Rebetez and
Dobbertin, 2004; Jolly et al., 2005; Fuhrer et al., 2006).

High temperatures and greater dry spell durations increase vegetation flammability (e.g., Burgan et al., 1997), and during the
2003 heatwave a record-breaking incidence of spatially extensive wildfires was observed in European countries (Barbosa et
al., 2003), with roughly 650,000 ha of forest burned across the continent (De Bono et al., 2004). Fire extent (area burned),
although not fire incidence, was exceptional in Europe in 2003, as found for the extraordinary 2000 fire season in the USA
(Brown and Hall, 2001), and noted as an increasing trend in the USA since the 1980s (Westerling et al., 2006). In Portugal,
area burned was more than twice the previous extreme (1998) and four times the 1980-2004 average (Trigo et al., 2005,
2006). Over 5% of the total forest area of Portugal burned, with an economic impact exceeding €1 billion (De Bono et al.,
2004).

Long-term impacts of more frequent similar events are very likely to cause changes in biome type, particularly by promoting
highly flammable, shrubby vegetation that burns more frequently than less flammable vegetation types such as forests (Nunes
et al., 2005), and as seen in the tendency of burned woodlands to reburn at shorter intervals (Vazquez and Moreno, 2001;
Salvador et al., 2005). The conversion of vegetation structure in this way on a large enough scale may even cause accelerated
climate change through losses of carbon from biospheric stocks (Cox et al., 2000). Future projections for Europe suggest
significant reductions in species richness even under mean climate change conditions (Thuiller et al., 2005b), and an increased
frequency of such extremes (as indicated e.g., by Schär et al., 2004) is likely to exacerbate overall biodiversity losses (Thuiller
et al., 2005b).



be detrimental to the affected ecosystems (Murdiyarso and
Lebel, 2007).

Drought facilitated the spread of human-caused fire in
tropical regions during the 1997/98 El Niño (Randerson et al.,
2005), affecting atmospheric trace gas concentrations such as
CO, CH4 and H2 (Langenfelds et al., 2002; Novelli et al., 2003;
Kasischke et al., 2005), and CO2 emissions (van der Werf et al.,
2004) at hemispheric and global scales. Drought conditions
increase Amazon forest flammability (Nepstad et al., 2004).
Tropical forest fires are becoming more common (Cochrane,
2003), and have strong negative effects on Amazonian
vegetation (Cochrane and Laurance, 2002; Haugaasen et al.,
2003), possibly even intensifying rainfall events (Andreae et al.,
2004, but see Sections 4.4.1 and 4.4.5 on forest productivity
trends).

Significant progress on globally applicable models of fire has
been made since the TAR (Thonicke et al., 2001). Modelling
suggests increases in wildfire impacts (see Sections 4.4.1 and
4.4.5) during the 21st century under a wide range of scenarios
(e.g., Scholze et al., 2006). The implications of the regional and
global importance of fire are manifold (Bond et al., 2005).
Firstly, fire suppression strategies often have limited impact
(Keeley, 2002; Schoennagel et al., 2004; Van Wilgen et al.,
2004), and the enhancement of vegetation flammability through
more prevalent fire weather (Brown et al., 2004) and the
resulting big wildfires threatens human settlements,
infrastructure and livelihoods (e.g., Allen Consulting Group,
2005). Secondly, in some ecosystems, including islands, human-
caused fires have transformed forests into more flammable
shrublands and grasslands (Ogden et al., 1998). Thirdly, the
drivers of flammability, such as ecosystem productivity, fuel
accumulation and environmental fire risk conditions, are all
influenced by climate change (Williams et al., 2001; see Sections
4.4.3, 4.4.4 and 4.4.5).

The spatial impact of insect damage is significant and exceeds
that of fire in some ecosystems, but especially in boreal forests
(Logan et al., 2003). Spruce bud worm (SBW), for example,
defoliated over 20 times the area burned in eastern Ontario
between 1941 and 1996 (Fleming et al., 2002). Furthermore,
fires tended to occur 3 to 9 years after a SBW outbreak (Fleming
et al., 2002), suggesting a greater interaction between these
disturbances with further warming. Disturbance by forest tent
caterpillar has also increased in western Canada in the past
25 years (Timoney, 2003). In the Mediterranean region, the
defoliation of Scots Pine shows a significant association with
previous warm winters, implying that future climatic warming
may intensify insect damage (Hodar and Zamora, 2004; see
Section 4.4.5).

Invasive alien species (IAS) (Chornesky and Randall, 2003)
represent a major threat to endemic or native biodiversity in
terrestrial and aquatic systems (Sala et al., 2000; Scavia et al.,
2002; Occhipinti-Ambrogi and Savini, 2003). Causes of
biological invasions are multiple and complex (Dukes and
Mooney, 1999), yet some simple models have been developed
(Crawley, 1989; Deutschewitz et al., 2003; Chytry et al., 2005;
Facon et al., 2006). Alien species invasions also interact with
other drivers, sometimes resulting in some unexpected outcomes
(Chapuis et al., 2004). Changes in biotic and/or abiotic

disturbance regimes are recognised as primary drivers of IAS
(Le Maitre et al., 2004), with communities often becoming more
susceptible to invasion following extreme events (Smith and
Knapp, 1999), such as are projected under future climate change.
IAS can also change disturbance regimes through increasing
vegetation flammability (Brooks et al., 2004). Overall, ongoing
shifts in human-mediated disturbances, insect pests, IAS and fire
regimes are very likely to be important in altering regional
ecosystem structure, diversity and function (e.g., Timoney,
2003).

4.3 Assumptions about future trends

The work reviewed in this chapter is dependent on
assumptions of various types that are important in assessing the
level of confidence that can be associated with its results (Moss
and Schneider, 2000), but can be challenging to quantify and
aggregate. Assumptions and uncertainties associated with
climate scenarios (Randall et al., 2007) are not considered here,
other than to identify the greenhouse gas emission trends or
socio-economic development pathways (e.g., SRES,
Nakićenović et al., 2000) assumed in the literature we review
(see also Table 4.1, especially scaling methodology and
associated uncertainties). Since the TAR, many global or
regional scenarios have become available to quantify future
impacts (Christensen et al., 2002, 2007; Meehl et al., 2007), and
confidence in future climate projections has increased recently
(Nakićenović et al., 2000; Randall et al., 2007). However, many
assumptions must be made, due to imperfect knowledge, in
order to project ecosystem responses to climate scenarios. We
provide here a brief outline and guide to the literature of those
that are most relevant.

To project impacts of climate change on ecosystems there are
basically three approaches: (i) correlative, (ii) mechanistic, and
(iii) analogue approaches. For the correlative and mechanistic
approaches, studies and insights from the present give rise to the
assumption that the same relationships will hold in the future.
Three modelling approaches in particular have provided relevant
results since the TAR. Firstly, correlative models use knowledge
of the spatial distribution of species to derive functions (Guisan
and Thuiller, 2005) or algorithms (Pearson et al., 2004) that
relate the probability of their occurrence to climatic and other
factors (Guisan and Zimmermann, 2000). Criticised for
assumptions of equilibrium between species and current climate,
an inability to account for species interactions, lack of a
physiological mechanism, and inability to account for
population processes and migration (see Pearson and Dawson,
2003; Pearson, 2006), these methods have nonetheless proved
capable of simulating known species range shifts in the distant
(Martinez-Meyer et al., 2004) and recent (Araújo et al., 2005)
past, and provide a pragmatic first-cut assessment of risk to
species decline and extinction (Thomas et al., 2004a). Secondly,
mechanistic models include the modelling of terrestrial
ecosystem structure and function. They are based on current
understanding of energy, biomass, carbon, nutrient and water
relations, and their interacting dynamics with and among species
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such as primary producers. Such approaches generate
projections of future vegetation structure, e.g., as the likely
balance of plant functional types (PFTs) after permitting
competitive interaction and accounting for wildfire (Woodward
and Lomas, 2004b; Lucht et al., 2006; Prentice et al., 2007; but
see Betts and Shugart, 2005, for a more complete discussion).
Extrapolated to global scale, these are termed Dynamic Global
Vegetation Models (DGVMs, see Glossary). An equivalent
approach for oceans is lacking (but see Field et al., 1998).
Thirdly, Earth system models have begun to incorporate more
realistic and dynamic vegetation components, which quantify
positive and negative biotic feedbacks by coupling a dynamic
biosphere to atmospheric circulations with a focus on the global
carbon cycle (Friedlingstein et al., 2003, 2006; Cox et al., 2004,
2006).

Ecosystem- and species-based models are typically applied
at scales much finer than are resolved or reliably represented in
global climate models. The requisite downscaling techniques of
various types (statistical, dynamic) have matured and are
increasingly used to provide the necessary spatio-temporal detail
(IPCC-TGCIA, 1999; Mearns et al., 2003; Wilby et al., 2004;
Christensen et al., 2007). Physically consistent bioclimatic
scenarios can now be derived for almost any region, including
developing countries (e.g., Jones et al., 2005) and complex,
mountainous terrain (e.g., Gyalistras and Fischlin, 1999; Hayhoe
et al., 2004). However, major uncertainties relating to
downscaling remain in the impact projections presented in this
chapter, centring mainly on soil water balance and weather
extremes which are key to many ecosystem impacts, yet suffer
from low confidence in scenarios for precipitation and climate
variability, despite recent improvements (Randall et al., 2007).

Despite the recognised importance of multiple drivers of
ecosystem change, they are rarely all included in current climate
and ecosystem models used for assessing climate change
impacts on ecosystems (Hansen et al., 2001; Levy et al., 2004;
Zebisch et al., 2004; Feddema et al., 2005; Holman et al., 2005b;
Pielke, 2005). The explicit inclusion of non-climatic drivers and
their associated interactions in analyses of future climate change
impacts could lead to unexpected outcomes (Hansen et al., 2001;
Sala, 2005). Consequently, many impact studies of climate
change that ignore land-use and other global change trends (see
also Section 4.2.2) may represent inadequate estimates of
projected ecosystem responses.

4.4 Key future impacts and vulnerabilities

The scope of this section satisfies that required by the IPCC
plenary in relation to future impacts on properties, goods and
services of major ecosystems and on biodiversity. However, to
assess ecosystem goods and services more completely, issues
relating to biogeochemical cycling and other supporting or
regulating services are also deemed appropriate for
consideration under this heading. Following reviews of impacts
on individual ecosystems, impacts that cut across ecosystems
(such as large-scale vegetation shifts and migratory species) are
elaborated. Finally the overall implications for biodiversity are

highlighted in a global synthesis. Within the relevant sub-
sections, we describe briefly ecosystem properties, goods and
services, we summarise key vulnerabilities as identified by the
TAR, and then review what new information is available on
impacts, focusing on supporting and regulating services (for
provisioning services see Chapters 3, 5 and 6).

4.4.1 Biogeochemical cycles and biotic feedback

The cycling of chemical elements and compounds sustains
the function of the biosphere and links ecosystems and climate
by regulating chemical concentrations in soil, biota, atmosphere
and ocean. Substantial progress has been made since the TAR in
understanding the interactive responses of terrestrial ecosystems
and the climate system, as determined by plant physiological
responses, interactions with the soil, and their scaled-up effects
on regional and global biogeochemical cycles (Buchmann, 2002;
Cox et al., 2006; Friedlingstein et al., 2006; Gedney et al., 2006).
Interactions between ocean and atmosphere and land and oceans
are also critical for the future evolution of climate (see Section
4.4.9, but mainly Denman et al., 2007, e.g., Section 7.3.5.4).

Among the most advanced tools to achieve scaling-up of
terrestrial systems to the global scale are Dynamic Global
Vegetation Models (DGVMs), which simulate time-dependent
changes in vegetation distribution and properties, and allow
mapping of changes in ecosystem function and services
(Schröter et al., 2005; Metzger et al., 2006). Testing at
hierarchical levels from leaf to biome and over relevant time-
scales has shown encouraging agreement with observations
(Lucht et al., 2002; Bachelet et al., 2003; Harrison and Prentice,
2003; Gerten et al., 2004; Joos and Prentice, 2004; Kohler et al.,
2005; Peylin et al., 2005), and validation is ongoing (e.g.,
Woodward and Lomas, 2004b; Prentice et al., 2007). Recently,
full coupling between DGVMs and climate models has
progressed from earlier work (e.g., Woodward and Lomas, 2001)
to explore feedback effects between biosphere and atmospheric
processes (Cox et al., 2006; Friedlingstein et al., 2006), that were
initially reported as having significant implications for the
carbon cycle (Cox et al., 2000).

Key vulnerabilities
Ecosystems are likely to respond to increasing external

forcing in a non-linear manner. Most initial ecosystem responses
appear to dampen change (Aber et al., 2001), but amplify it if
thresholds in magnitude or rate of change are surpassed.
Transitions between states may be triggered, or the ecosystem
may even ‘collapse’ i.e., show a rapid transition to a much less
productive and/or species-poor assemblage with lower biomass
and other impairments such as degrading soils (e.g., Scheffer et
al., 2001; Rietkerk et al., 2004; Schröder et al., 2005). Changing
fire regimes provide an important example (see Section 4.2.2
for a more complete treatment), as these are of significant
concern for the terrestrial carbon balance (Schimel and Baker,
2002; van der Werf et al., 2004; Westerling et al., 2006),
especially because they can be self-reinforcing (Bond and
Keeley, 2005). However, even less extreme responses of
ecosystems are likely to have important ramifications for the
biosphere because of their spatial extent.
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Based on early versions of DGVMs (equilibrium
biogeography models or global biogeochemical models –
Neilson et al., 1998), the world’s terrestrial ecosystems were
projected to continue as a net carbon sink for a number of
decades and possibly throughout the 21st century, with an
initially ‘greening’ world due to longer growing seasons, more
precipitation and CO2-fertilisation benefits. Substantial
structural changes in biomes were projected towards 2100, with
ecosystem shifts towards higher latitudes and altitudes. A
reversal of initial carbon sequestration gains was projected
during the 21st century, as CO2-fertilisation benefits approach
saturation and temperature effects on respiration and
transpiration increase, potentially resulting in net global
ecosystem carbon losses relative to today (e.g., Cramer et al.,
2001). With feedback from the global carbon cycle to the
atmosphere accounted for, dieback of much of the Amazon
rainforest due to desiccation was an identified major
vulnerability, but with a high degree of uncertainty (Cox et al.,
2000). The TAR concluded that the net global terrestrial carbon
exchange would be between −6.7 PgC/yr (uptake 1 PgC) and
+0.4 PgC/yr, and that anthropogenic CO2 emissions would
remain the dominant determinant of atmospheric CO2
concentration during the 21st century. Key ecosystem
forecasting needs identified in the TAR were for spatially and
temporally dynamic models to simulate processes that produce
inertia and lags in ecosystem responses. Progress on this issue
has now allowed initial assessments of the potential for
feedbacks from ecosystems to atmospheric composition and
climate change.

Impacts
Observations for global net primary productivity (NPP) from

1982 to 1999 show an increase of 6%, concentrated in the tropics
and due virtually certainly to greater solar radiation with reduced
cloud cover (Nemani et al., 2003), broadly concurring with the
projection in the TAR of an increasing biospheric sink in the
initial stages of climate change. Scaled-up effects of direct
atmospheric CO2 enrichment on plant and ecosystem biomass
accumulation (CO2-fertilisation) are largely responsible for the
projected continued enhancement of NPP in current global
models (Leemans et al., 2002). By contrast, impacts in oceans,
especially through acidification, have been largely negative (see
Section 4.4.9).

Despite improved experiments, the magnitude of the
terrestrial CO2-fertilisation effect remains uncertain, although
improved simulation of major vegetation types (particularly
forests and savannas) at the last glacial maximum by
incorporating CO2 effects (Harrison and Prentice, 2003) are
encouraging. The three main constraints that have been observed
to limit the fertilisation effect are element stoichiometry (nutrient
balance), forest tree dynamics, and secondary effects of CO2 on
water relations and biodiversity. Trends in some empirical data
suggest caution when estimating future carbon sequestration
potentials of the biosphere as a contribution to mitigating climate
change, in particular as these benefits may be smaller than the
counteracting impacts of land-use change. Persistent grassland
responses to elevated CO2, which range from 0 to 40% biomass
gain per season, mainly reflect CO2-induced water savings

induced by scaled-up impacts of reduced stomatal conductance
(Morgan et al., 2004; Gerten et al., 2005), and thus rely on
current moisture regimes and lack the realistic atmospheric
feedback of the future that may negate this benefit. The only
replicated test of multiple CO2 × climate/environment
interactions (water, temperature, nutrient supply) yielded no
overall CO2 biomass signal in a grassland system (Shaw et al.,
2002), highlighting the significant influence of co-limiting
environmental variables.

Similar trends are emerging for forests, although the
interpretation is complicated by time-lags in biomass response
to the artifactual step-change when initiating CO2 treatments,
requiring longer observation periods before a new steady state
(e.g., in terms of leaf area index, fine root dynamics and nutrient
cycling) is reached. Three tall forest test systems, loblolly pine
plantation (Oren et al., 2001; Schäfer et al., 2003), sweet gum
plantation (Norby et al., 2002; Norby and Luo, 2004), and mixed
deciduous forest (Körner et al., 2005a) exhibit significant initial
biomass stimulation that diminishes with time except for one of
the four pairs of test plots (treatment versus control) in the joint
Duke pine experiments (Schäfer et al., 2003). A European boreal
forest system also showed smaller CO2 growth stimulation in
mature trees under field conditions than expected from results
for saplings (Rasmussen et al., 2002). A recent analysis (Norby
et al., 2005) suggests that the NPP response of trees to elevated
CO2 is relatively predictable across a broad range of sites, with
a stimulation of 23 ± 2% at a median CO2 of double the pre-
industrial level. The logarithmic biotic growth factor derived
from this is 0.60 (β-factor, expressing the response as a function
of the relative CO2 increase). Nonetheless, it is uncertain
whether test systems with mostly young growing trees provide
valid analogies for biomass responses in mature forests with a
steady state nutrient cycle and many other factors moderating
the response to elevated CO2 concentrations (e.g., Karnosky,
2003).

It has been suggested that greatest CO2-fertilisation impacts
may be seen in savanna systems post-fire (Bond and Midgley,
2000; Bond et al., 2003), especially where nutrients are less
limiting and in systems in which trees require carbon reserves to
re-establish after fire (see Section 4.2.2). Scrub oak in Florida
shows diminishing CO2 responses as treatment proceeds
(Hungate et al., 2006), even though this is a post-fire
regenerating system. For tropical forests, the planet’s single
largest biomass carbon reservoir, post-industrial atmospheric
CO2 enrichment seems to have enhanced growth dynamics
(Phillips et al., 2002; Laurance et al., 2004; Wright et al., 2004).
A more dynamic forest might ultimately store less rather than
more carbon in future if long-term species compositional
changes are realised (Laurance et al., 2004; Malhi et al., 2006),
especially given the exceptional CO2 responsiveness of tropical
lianas that may increase tree mortalities and population turnover
(Körner, 2004).

Based on experimental data, best estimates of instantaneous
CO2-induced water savings due to reduced stomatal aperture
range from 5 to 15% (Wullschleger and Norby, 2001; Cech et al.,
2003) for humid conditions, diminishing with drying soils.
Desert shrub systems increase production in elevated CO2 only
during exceptional wet periods and not in dry periods (Nowak et
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al., 2004), contrasting with earlier expectations (Morgan et al.,
2004). Evapotranspiration data for temperate zone ecosystems
under future CO2 scenarios suggest that this may be reduced by
less than 10% across all weather conditions. Water savings
through elevated CO2 hold limited benefits for trees during
drought, because nutrient availability in drying top soil becomes
interrupted, and initial water savings are exhausted (Leuzinger
et al., 2005). Repeated drought with high temperatures (e.g.,
Europe in 2003, Box 4.1) may reduce landscape-wide carbon
stocks (Ciais et al., 2005). Studies using a land-surface model
indicate at least for the past century a hydrological response up
to the global scale of increasing runoff (e.g., Gedney et al., 2006)
that is consistent with expected stomatal responses to rising CO2
(e.g., Hetherington and Woodward, 2003; Gedney et al., 2006).

Soil nitrogen availability is key to predicting future carbon
sequestration by terrestrial ecosystems (Reich et al., 2006),
especially in light of global nitrogen-deposition trends (2-10 fold
increase in some industrialised areas – Matson et al., 2002). The
future ability of ecosystems overall to sequester additional
carbon is very likely to be constrained by levels of nitrogen
availability and fixation, and other key nutrients such as
phosphorus that may also become increasingly limiting
(Hungate et al., 2003). Carbon accumulation and sequestration
in critical soil stocks (see Figure 4.1) has been found to be
strongly nitrogen-constrained, both because levels well above
typical atmospheric inputs are needed to stimulate soil C-
sequestration, and because natural N2-fixation appears to be
particularly strongly limited by key nutrients (van Groenigen et
al., 2006).

Results from a loblolly pine forest (Lichter et al., 2005) and
grassland experiments (Van Kessel et al., 2000) suggest a
reduced likelihood for CO2-fertilisation-driven carbon
accumulation in soils, probably because carbon sequestration to
humus is more nutrient-demanding (not only nitrogen), than is
wood formation, for example (Hungate et al., 2006). Carbon
accretion in soil is therefore itself likely to exert negative
feedback on plant growth by immobilising soil nutrients (in
addition to cation depletion by acidic precipitation), contributing
to a faster diminishing of the biospheric sink (see Figure 4.2;
Reich et al., 2006) than implemented in model projections (e.g.,
Scholze et al., 2006; see Figure 4.2).

Accumulation of seasonally transitory soil carbon pools such
as in fine roots has been found at elevated ambient CO2
concentrations, but the general validity of such enhanced C-
fluxes and what fraction of these might be sequestered to
recalcitrant (see Glossary) soil carbon stocks remains unresolved
(Norby et al., 2004). Soil warming may enhance carbon
emissions, especially by reducing labile soil organic carbon
pools (Davidson and Janssens, 2006). This results in the
commonly observed short-term (less than decadal) loss of
carbon in warming experiments, followed by the re-
establishment of a new equilibrium between inputs and losses of
soil carbon (e.g., Eliasson et al., 2005; Knorr et al., 2005).
Recent observations indeed show widespread carbon losses from
soils (Bellamy et al., 2005; Schulze and Freibauer, 2005) that
are consistent with this formulation. However, in regions with
thawing permafrost, a decay of historically accumulated soil
carbon stocks (yedoma, >10,000 years old, Figure 4.1) due to

warming (Zimov et al., 2006) and nutrient deposition (Blodau,
2002; Mack et al., 2004) could release large amounts of carbon
to the atmosphere (see also Section 4.4.6). Increased NPP (but
see Angert et al., 2005) and vegetation change (see Section 4.4.5
and, e.g., Sturm et al., 2001) may partly counterbalance this
carbon release (see Section 4.4.6 and Sitch et al., 2007), thus
complicating projections (Blodau, 2002; for a full discussion see
Section 4.4.6).

Ecosystem changes associated with land-use and land-cover
change (see Section 4.2.2) are complex, involving a number of
feedbacks (Lepers et al., 2005; Reid et al., 2005). For example,
conversion of natural vegetation to agricultural land drives
climate change by altering regional albedo and latent heat flux,
causing additional summer warming in key regions in the boreal
and Amazon regions, and winter cooling in the Asian boreal
zone (Chapin et al., 2005b; Feddema et al., 2005), by releasing
CO2 via losses of biomass and soil carbon (Gitz and Ciais, 2003;
Canadell et al., 2004; Levy et al., 2004) and through a ‘land-use
amplifier effect’ (Gitz and Ciais, 2003). In contrast,
reforestation, and other land-use or land-management changes
such as modifications of agricultural practices, can work to
mitigate climate change through carbon sequestration (Lal,
2003, 2004; Jones and Donnelly, 2004; King et al., 2004a; Wang
et al., 2004a; de Koning et al., 2005; Nabuurs et al., 2007). This
mitigation potential is probably limited to reducing the ultimate
atmospheric CO2 increase by 2100 by between 40 and 70 ppm
(House et al., 2002), and by approximately century-long time-
lags until mature forests are established (see Sections 4.4.5, 4.4.6
and 4.4.10), and is probably offset by regional warming effects
of lower albedo with poleward boreal forest expansion (e.g.,
Betts, 2000; for a full discussion see Section 4.4.6).

The sequestration and cycling of carbon in terrestrial
ecosystems is a key vulnerability, given the above drivers, their
generally global extent, their potential irreversibility, and the
likely existence of threshold-type impacts. The extent to which
the recently discovered methane release from plant foliage
(Keppler et al., 2006) can be scaled to biome level is under
debate (Houweling et al., 2006), and highlights the currently
limited understanding of the methane cycle, and its exclusion
from Earth system models (e.g., Betts and Shugart, 2005).
Nonetheless, recent work especially with DGVM approaches,
has begun to elucidate the likelihood of occurrence of important
thresholds, and positive feedback to the atmosphere through
diminishing CO2 sequestration or even net carbon release from
ecosystems, thus amplifying climate change (e.g., Friedlingstein
et al., 2006; Lucht et al., 2006; Scholze et al., 2006).

Global estimates (IS92a, HACM2-SUL – Cramer et al., 2001)
suggest a reduced global sink relative to that expected under
CO2-fertilisation alone, both in 2000 (0.6±3.0 PgCy-1) and 2100
(0.3±6.6 PgCy-1) as a result of climate change impacts on Net
Biome Productivity (NBP) of tropical and Southern Hemisphere
ecosystems. According to these models, the rate of NBP increase
slows by around 2030 as CO2-fertilisation itself saturates, and in
four of six models shows further, climate-induced, NBP
declines, due to increased heterotrophic respiration and declining
tropical NPP after 2050. These trends are projected to continue
until mid-century, even with stabilised atmospheric CO2
concentration and instantaneously stabilised climate beyond
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2100 (Woodward and Lomas, 2004b; see also next paragraph,
Figure 4.2). More recent modelling based on projected
deforestation and climate change (for the IS92a emissions
scenario and the CGCM1, CSIRO, ECHAM, HadCM3 climate
models) in the tropics alone suggests an additional release of
101 to 367 PgC, adding between 29 and 129 ppm to global
atmospheric CO2 by 2100, mainly due to deforestation (Cramer
et al., 2004).

Climate scenario uncertainty provides a substantial variance
in global terrestrial C balance by 2100, even under a single CO2
emissions scenario (IS92a, projected to reach 703 ppm
atmospheric CO2 concentration by 2100, excluding vegetation
feedback). Using five General Circulation Models (GCMs) to
drive DGVMs, global terrestrial C-sequestration is estimated at
between −106 and +201 PgC (Schaphoff et al., 2006), though in
four out of five, the sink service decreased well before 2060. A
risk assessment for terrestrial biomes and biogeochemical
cycling shows that a terrestrial carbon source is predicted in
almost half of 52 GCM × emissions scenario combinations, and
that wildfire frequency increases dramatically even for a
warming of <2°C by 2100 (Scholze et al., 2006). Here we show
model results for the most recent version of the DGVM Lund-
Potsdam-Jena Model (LPJ) (Schaphoff et al., 2006) highlighting
changes in biome structure (relative cover of dominant growth
forms) and the terrestrial carbon sink under more recent IPCC
emissions scenarios SRES A2 and B1 (Nakićenović et al., 2000).
This supports projections of diminishing terrestrial C-
sequestration as early as 2030 (Figure 4.2) – earlier than
suggested in the TAR (Prentice et al., 2001, Figure 3.10) – and
substantial shifts in biome structure (Figure 4.3); discussed more
fully in Sections 4.4.10 and 4.4.11.

Projections from modelling that dynamically link the physical
climate system and vegetation, using Ocean-Atmosphere
General Circulation Models (OAGCMs, e.g., Cox et al., 2000),
suggest a terrestrial C source that will exacerbate both climate
and further vegetation change to at least some degree (e.g.,
Sarmiento, 2000; Dufresne et al., 2002; Canadell et al., 2004).
Impacts include the collapse of the Amazon forest (e.g., White
et al., 2000a; Cox et al., 2004), and an overall C source from the
tropics that exceeds the boreal C sink (Berthelot et al., 2002),
leading to an 18% (Dufresne et al., 2002), 5 to 30%
(Friedlingstein et al., 2006), and 40% (Cox et al., 2000) higher
atmospheric CO2 concentration by 2100. Carbon and water
cycling, at least, are also affected by shifting biogeographical
zones (Gerten et al., 2005) which will be lagged by migration
constraints that are not yet incorporated in DGVM approaches
(see also Sections 4.4.5 and 4.4.6), leading to a potential
overestimation of vegetation C-sequestration potential. This is
especially so for boreal regions, due to unrealistically high
projections of in-migration rates of trees and shrubs (Neilson et
al., 2005).

Changes in air-sea fluxes of dimethyl sulphide (DMS) from
−15% to 30% caused by global warming of about 2°C are
projected to have a regional radiative and related climatic impact
(Bopp et al., 2003, 2004), as DMS is a significant source of
cloud condensation nuclei. DMS is produced by
coccolithophores, which are sensitive to high sea-water CO2
(Riebesell et al., 2000). As the largest producers of calcite on
the planet (Holligan et al., 1993), reduced calcification by these
organisms may also influence the global carbon cycle (Raven et
al., 2005) and global albedo (Tyrrell et al., 1999). N2O of marine
origin contributes about 33% of total input to the atmosphere
(Enhalt and Prather, 2001). Changes to the concentration and
distribution of oxygen in the oceans, either through increased
stratification of the surface waters (Sarmiento et al., 1998) or
through a decrease in the strength of the thermohaline circulation
(IPCC, 2001), will impact the ocean nitrogen cycling, especially
the processes of nitrification and denitrification which promote
N2O production.

4.4.2 Deserts

Properties, goods and services
One of the largest terrestrial biomes, deserts cover

27.7 Mkm2, comprising extra-polar regions with mean annual
precipitation <250 mm and an unfavourable precipitation to
potential evaporation ratio (Nicholson, 2002; Warner, 2004;
Reid et al., 2005). Deserts support on the order of 10 people per
km2, in sparse populations with among the lowest gross domestic
product (GDP) of all ecoregions (Reid et al., 2005). Recent
estimates suggest that between 10 and 20% of deserts and
drylands are degraded due to an imbalance between demand for
and supply of ecosystem services (Adeel et al., 2005). Critical
provisioning goods and services include wild food sources,
forage and rangeland grazing, fuel, building materials, and water
for humans and livestock, for irrigation and for sanitation, and
genetic resources, especially of arid-adapted species (Adeel et
al., 2005; Hassan et al., 2005). Regulating services include air
quality, atmosphere composition and climate regulation (Hassan
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Figure 4.2. Net carbon exchange of all terrestrial ecosystems as
simulated by the DGVM LPJ (Sitch et al., 2003; Gerten et al., 2004 –
negative values mean a carbon sink, positive values carbon losses to
the atmosphere). Past century data are based on observations and
climate model data were normalised to be in accord with these
observations for the 1961-1990 data (CRU-PIK). Transient future
projections are for the SRES A2 and B1 emissions scenarios
(Nakićenović et al., 2000), forcing the climate models HadCM3 and
ECHAM5, respectively (cf. Lucht et al., 2006; Schaphoff et al., 2006).
In contrast to previous global projections (Prentice et al., 2001 –
Figure 3.10), the world’s ecosystems sink service saturates earlier
(about 2030) and the terrestrial biosphere tends to become a carbon
source earlier (about 2070) and more consistently, corroborating other
projections of increased forcing from biogenic terrestrial sources (e.g.,
Cox et al., 2000, 2004; White et al., 2000a; Lucht et al., 2006;
Schaphoff et al., 2006; Scholze et al., 2006; see Figure 4.3 for maps on
underlying ecosystem changes). Note that these projections assume
an effective CO2-fertilisation (see Section 4.4.1).



et al., 2005), especially through wind-blown dust and desert
albedo influences on regional rainfall, and biogeochemistry of
remote terrestrial and marine ecosystems (Warner, 2004).

Key vulnerabilities
The TAR noted several vulnerabilities in drylands (Gitay et

al., 2001, p. 239) but chiefly that human overuse and land
degradation, exacerbated by an overall lack of infrastructure and
investment in resource management, would be very likely to
overwhelm climate change impacts, with the exception of
impacts of increased dry and wet extremes due to ENSO
frequency increase, and negative impacts of projected warming
and drying in high biodiversity regions. On the other hand,
evidence for region-specific increases in productivity and even
community compositional change due to rising atmospheric CO2
was reported, with associated increased biomass and soil organic
matter. Overall impacts of elevated CO2 were reported as
comparable, though usually opposite in sign, to climate change
projections. Since the TAR, further work shows that desert
biodiversity is likely to be vulnerable to climate change (Reid et
al., 2005), with winter-rainfall desert vegetation and plant and
animal species especially vulnerable to drier and warmer
conditions (Lenihan et al., 2003; Simmons et al., 2004; Musil et
al., 2005; Malcolm et al., 2006), and continental deserts
vulnerable to desiccation and even soil mobilisation, especially
with human land-use pressures (Thomas and Leason, 2005).
However, the potentially positive impact of rising atmospheric
CO2 remains a significant uncertainty, especially because it is
likely to increase plant productivity, particularly of C3 plants
(Thuiller et al., 2006b) and, together with rainfall change, could
even induce wildfires (Bachelet et al., 2001; Hardy, 2003;
Duraiappah et al., 2005). The uncertain impact of elevated CO2
on vegetation productivity and biogeochemical cycling in deserts
is an important source of contrasting projections of impacts and
vulnerability for different desert regions and vegetation types.
Climate change and direct human land-use pressure are likely to
have synergistic impacts on desert ecosystems and species that
may be offset, at least partly, by vegetation productivity and
carbon sequestration gains due to rising atmospheric CO2. The
net effect of these trends is very likely to be region-specific.

Impacts
Deserts are likely to experience more episodic climate events,

and interannual variability may increase in future, though there
is substantial disagreement between GCM projections and across
different regions (Smith et al., 2000; Duraiappah et al., 2005).
Continental deserts could experience more severe, persistent
droughts (Lioubimtseva and Adams, 2004; Schwinning and Sala,
2004). Vulnerability to desertification will be enhanced due to
the indicated increase in the incidence of severe drought globally
(Burke et al., 2006). In the Americas, temperate deserts are
projected to expand substantially under doubled CO2 climate
scenarios (Lauenroth et al., 2004). However, dry-spell duration
and warming trend effects on vegetation productivity may be at
least partly offset by rising atmospheric CO2 effects on plants
(Bachelet et al., 2001; Thuiller et al., 2006b), leading to
sometimes contrasting projections for deserts that are based on

different modelling techniques that either incorporate or ignore
CO2-fertilisation effects.

Elevated CO2 has been projected to have significant potential
impacts on plant growth and productivity in drylands
(Lioubimtseva and Adams, 2004). This projection has been
confirmed for cool desert shrub species (Hamerlynck et al.,
2002), and both desert shrubs and invasive (but not indigenous)
grasses in wet years only (Smith et al., 2000). On the whole,
evidence for CO2-fertilisation effects in deserts is conflicting,
and species-specific (Lioubimtseva and Adams, 2004; Morgan
et al., 2004). In the south-western USA the total area covered by
deserts may decline by up to 60% if CO2-fertilisation effects are
realised (Bachelet et al., 2001). Limited direct impacts of
atmospheric CO2 on nitrogen-fixation have been found in soil
biological crusts (Billings et al., 2003), but soil microbial
activity beneath shrubs has been observed to increase, thus
reducing plant-available nitrogen (Billings et al., 2002).

Soil vulnerability to climate change is indicated by shallow
desert substrates with high soluble salts and the slow
recolonisation of disturbed soil surfaces by different algae
components (Evans and Belnap, 1999; Johansen, 2001;
Duraiappah et al., 2005). Very low biomass (a drop below a 14%
cover threshold) is very likely to make the Kalahari desert dune
system in southern Africa susceptible to aeolian erosion
(Thomas and Leason, 2005) and, with regional warming of
between 2.5 and 3.5°C, most dune fields could be reactivated
by 2100 (Thomas and Leason, 2005). Increased dust flux may
increase aridity and suppress rainfall outside deserts, with
opposite effects under wetting scenarios (Bachelet et al., 2001;
Hardy, 2003; Prospero and Lamb, 2003; Lioubimtseva and
Adams, 2004), leading to indirect effects on the vulnerability of
remote regions to climate change. About one-third of the Sahel
was projected to aridify with warming of 1.5 to 2°C by about
2050, with a general equatorward shift of vegetation zones (van
den Born et al., 2004; Box 4.2). Alternative climate scenarios
show less pronounced changes (van den Born et al., 2004).

Episodic wet periods may increase vulnerability to invasive
alien species and subsequent fire outbreaks and this, combined
with land overuse, will increase vulnerability to degradation and
desertification (Dukes and Mooney, 1999; Dube and Pickup,
2001; Holmgren and Scheffer, 2001; Brooks et al., 2004; Geist
and Lambin, 2004; Lioubimtseva and Adams, 2004). Wet spells
with elevated humidity and warmer temperatures will increase
the prevalence of plant diseases (Harvell et al., 2002).

Desert biodiversity is likely to be vulnerable to climate
change (Reid et al., 2005), especially in so-called ‘biodiversity
hotspots’ (Myers et al., 2000). In the Succulent Karoo biome of
South Africa, 2,800 plant species face potential extinction as
bioclimatically suitable habitat is reduced by 80% with a global
warming of 1.5-2.7°C above pre-industrial levels (see Table 4.1).
Daytime in situwarming experiments suggest high vulnerability
of endemic succulent (see Glossary) growth forms of the
Succulent Karoo to high-end warming scenarios for 2100 (mean
5.5°C above current ambient temperatures), inducing
appreciable mortality in some (but not all) succulent species
tested within only a few months (Musil et al., 2005). Desert
species that depend on rainfall events to initiate breeding, such
as resident birds, and migratory birds whose routes cross deserts,
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will be severely affected (Dukes and Mooney, 1999; Hardy,
2003; Box 4.5). The Mountain Wheatear in South Africa was
projected to lose 51% of its bioclimatic range by 2050 under an
SRES A2 emissions scenario (Simmons et al., 2004). In contrast,
desert reptile species could be favoured by warming, depending
on rainfall scenario (Currie, 2001).

4.4.3 Grasslands and savannas

Properties, goods and services
Dominated by a spatially and temporally variable mix of

grass and tree-growth forms (Sankaran et al., 2005), grasslands
and savannas include tropical C4 grasslands and savannas (C4

grass-dominated with 10-50% tree cover, about 28 Mkm2) and
temperate C4 and/or C3-grass and herb-dominated grasslands
(15 million km2; Bonan, 2002). Generally rich in grazing,
browsing and other fauna (especially but not only in Africa),
these systems are strongly controlled by fire (Bond et al., 2005)
and/or grazing regimes (Scholes and Archer, 1997; Fuhlendorf
et al., 2001). Disturbance regimes are often managed (e.g.,
Sankaran, 2005), although fire regimes depend also on
seasonality of ignition events and rainfall-dependent
accumulation of flammable material (Brown et al., 2005b).
Temperate and tropical systems provide somewhat distinct
goods and services. Temperate grasslands contain a substantial
soil carbon pool, are important for maintaining soil stability and
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Box 4.2. Vegetation response to rainfall variability in the Sahel

The Sahel falls roughly between the 100-200 mm/year (northern boundary) and 400-600 mm/year rainfall isohyets (southern
boundary), and supports dry savanna vegetation forming transition zones with the Sahara and humid tropical savanna
(Nicholson, 2000; Hiernaux and Turner, 2002; Anyamba and Tucker, 2005). These transition zones have historically fluctuated
in response to rainfall changes (Hiernaux and Turner, 2002), in the clearest example of multi-decadal variability measured
during the past century (Hulme, 2001). Ecosystem responses to past rainfall variability in the Sahel are potentially useful as
an analogue of future climate change impacts, in the light of projections that extreme drought-affected terrestrial areas will
increase from 1% to about 30% globally by the 2090s (Burke et al., 2006).

During the mid-Holocene, conditions supporting mesic vegetation and abundant wildlife deteriorated rapidly (ECF, 2004;
Foley et al., 2003), highlighting the Sahel’s sensitivity to forcing effects. The Sahel has shown the largest negative trends in
annual rainfall observed globally in the past century, though these reversed somewhat after the late 1970s (Trenberth et al.,
2007). Since about 1900, multi-decadal-scale rainfall variability persisted, with drying trends between around 1930-1950
and 1960-1985 (Hulme, 2001; Nicholson, 2001). Conditions apparently improved between 1950 and 1960, with limited
evidence suggesting increased human and livestock numbers (Reij et al., 2005). Severe drought prevailed in the early 1980s
(Hulme, 2001; Trenberth et al., 2007), and groundwater levels declined, species-specific woody plant mortality increased
(mainly of smaller plants), and even dominant perennial C4 grasses with high water-use efficiency declined. Exposed soil
caused increased atmospheric dust loads (Nicholson, 2000, 2001). These events stimulated the concept of desertification
and subsequent debates on its causes (Herrmann and Hutchinson, 2005).

The persistence of drought during the latter part of the 20th century prompted suggestions that land-cover change had
exerted a positive feedback to reinforce drought conditions, but the modelled vegetation change necessary to induce this
effect does not reflect reality (Hulme, 2001). During relatively wet periods (Nicholson et al., 2000; Anyamba and Tucker, 2005;
Trenberth et al., 2007) spatially variable regeneration in both the herbaceous and the woody layer have been observed
(Gonzalez, 2001; Rasmussen et al., 2001; Hiernaux and Turner, 2002). Remote sensing shows the resilience of Sahelian
vegetation to drought, with no directional change in either desert transition zone position or vegetation cover (Nicholson et
al., 1998). Sahel green-up between the years 1982 and 1998 (Prince et al., 1998; Hickler et al., 2005) and between 1994 and
2003 (Anyamba and Tucker, 2005) has been noted, but this interpretation has recently been challenged (Hein and Ridder,
2006).

Drivers of Sahel vegetation change remain uncertain (Hutchinson et al., 2005), especially because the correlation between
rainfall and Normalised Difference Vegetation Index (NDVI) appear weak, signalling that greening cannot be fully explained
by increasing rainfall (Olsson et al., 2005), and greening may not comprise a return to the initial species composition, cover
and surface soil conditions (Warren, 2005). Inconclusive interpretations of vegetation dynamics in the Sahel may reflect
complex combined effects of human land use and climate variability on arid environments (Rasmussen et al., 2001). It is far
from clear how the interactive effect of climate change, land-use activities and rising CO2 will influence the Sahel in future.
Green-up, or desert amelioration (Figure 4.3, vegetation class 4) due to rising CO2 and enhanced water-use efficiency (as
observed by Herrmann et al., 2005) may accrue only in wet years (Morgan et al., 2004).



provide fodder for wild and domestic animals. Tropical savanna
systems possess significant wild faunal diversity that supports
nature-based tourism revenue (both extractive and non-
extractive) and subsistence livelihoods (food, medicinal plants,
and construction material), in addition to cultural, regulating and
supporting services.

Key vulnerabilities
The structure, productivity and carbon balance of these

systems appear more sensitive than indicated in the TAR to
variability of, and changes in, major climate change drivers. The
direct CO2-fertilisation impact and warming effect of rising
atmospheric CO2 have contrasting effects on their dominant
functional types (trees and C3 grasses may benefit from rising
CO2 but not from warming; C4 grasses may benefit from
warming, but not from CO2-fertilisation), with uncertain, non-
linear and rapid changes in ecosystem structure and carbon
stocks likely. Carbon stocks are very likely to be strongly
reduced under more frequent disturbance, especially by fire, and
disturbance and drought impacts on cover may exert regional
feedback effects. On balance, savannas and grasslands are likely
to show reduced carbon sequestration due to enhanced soil
respiratory losses through warming, fire regime changes and
increased rainfall variability, but possible regional gains in
woody cover through direct CO2-fertilisation, and increased
plant carbon stocks, cannot be excluded. Scientific predictive
skill is currently limited by very few field-based, multi-factorial
experiments, especially in tropical systems. Projected range
shifts of mammal species will be limited by fragmented habitats
and human pressures, as suggested in the TAR, with declines in
species richness likely, especially in protected areas. Because of
the important control by disturbance, management options exist
to develop adaptive strategies for carbon sequestration and
species conservation goals.

Impacts
Ecosystem function and species composition of grasslands

and savanna are likely to respond mainly to precipitation change
and warming in temperate systems but, in tropical systems, CO2-
fertilisation and emergent responses of herbivory and fire regime
will also exert strong control. Very few experimental approaches
have assessed ecosystem responses to multi-factorial treatments
such as listed above (Norby and Luo, 2004), and experiments
on warming, rainfall change or atmospheric CO2 level are
virtually absent in savannas, with many ecosystem studies
confined mainly to temperate grasslands (Rustad et al., 2001).

Rainfall change and variability is very likely to affect
vegetation in tropical grassland and savanna systems with, for
example, a reduction in cover and productivity simulated along
an aridity gradient in southern African savanna in response to
the observed drying trend of about 8 mm/yr since 1970
(Woodward and Lomas, 2004a). Sahelian woody plants, for
example, have shown drought-induced mass mortality and
subsequent regeneration during wetter periods (Hiernaux and
Turner, 2002). Large-scale changes in savanna vegetation cover
may also feed back to regional rainfall patterns. Modelled
removal of savannas from global vegetation cover has larger
effects on global precipitation than for any other biome (Snyder

et al., 2004) and, in four out of five savannas studied globally,
modelled savanna-grassland conversion resulted in 10% lower
rainfall, suggesting positive feedback between human impacts
and changing climate (Hoffmann and Jackson, 2000). At the
continental scale, modelled forest-savanna conversion reduced
rainfall in tropical African regions, but increased it in central
southern Africa (Semazzi and Song, 2001).

Changing amounts and variability of rainfall may also strongly
control temperate grassland responses to future climate change
(Novick et al., 2004; Zha et al., 2005). A Canadian grassland fixed
roughly five times as much carbon in a year with 30% higher
rainfall, while a 15% rainfall reduction led to a net carbon loss
(Flanagan et al., 2002). Similarly, Mongolian steppe grassland
switched from carbon sink to source in response to seasonal water
stress, although carbon balance was neutral on an annual basis (Li
et al., 2005). Non-linear responses to increasing rainfall variability
may be expected, as ecosystem models of mixed C3/C4 grasslands
show initially positive NPP relationships with increasing rainfall
variability, but greater variability ultimately reduces both NPP and
ecosystem stability even if the rainfall total is kept constant
(Mitchell and Csillag, 2001). Empirical results for C4 grasslands
confirm a similar monotonic (hump-backed) relationship between
NPP and rainfall variability (Nippert et al., 2006). Increased
rainfall variability was more significant than rainfall amount for
tall-grass prairie productivity (Fay et al., 2000, 2002), with a 50%
increase in dry-spell duration causing 10% reduction in NPP (Fay
et al., 2003) and a 13% reduction in soil respiration (Harper et al.,
2005).

The CO2-fertilisation and warming effect of rising
atmospheric CO2 have generally opposite effects on savanna-
and grassland-dominant functional types, with CO2-fertilisation
favouring woody C3 plants (Ainsworth and Long, 2005), and
warming favouring C4 herbaceous types (Epstein et al., 2002).
Simulated heat-wave events increased C4 dominance in a mixed
C3/C4 New Zealand grassland within a single growing season,
but reduced productivity by over 60% where C4 plants were
absent (White et al., 2000b). Some African savanna trees are
sensitive to seasonal high air temperature extremes (Chidumayo,
2001). North American forest vegetation types could spread with
up to 4°C warming; but with greater warming, forest cover could
be reduced by savanna expansion of up to 50%, partly due to
the impacts of fire (Bachelet et al., 2001).

Elevated CO2 has important effects on production and soil
water balance in most grassland types, mediated strongly by
reduced stomatal conductance and resulting increases in soil
water (Leakey et al., 2006) in many grassland types (Nelson et
al., 2004; Niklaus and Körner, 2004; Stock et al., 2005). In short-
grass prairie, elevated CO2 and 2.6°C warming increased
production by 26-47% , regardless of grass photosynthetic type
(Morgan et al., 2001a). In C4 tropical grassland, no relative
increase in herbaceous C3 success occurred in double-ambient
CO2 (Stock et al., 2005). Regional climate modelling indicates
that CO2-fertilisation effects on grasslands may scale-up to affect
regional climate (Eastman et al., 2001).

Differential effects of rising atmospheric CO2 on woody
relative to herbaceous growth forms are very likely (Bond and
Midgley, 2000). Trees and shrubs show higher CO2
responsiveness than do herbaceous forms (Ainsworth and Long,
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2005). Savannas may thus be shifting towards greater tree
dominance as atmospheric CO2 rises, with diminishing grass
suppression of faster-growing tree saplings (Bond et al., 2003).
Simulations suggest that rising CO2 may favour C3 forms at the
expense of African C4 grasses (Thuiller et al., 2006b), even
under projected warming. Continuing atmospheric CO2 rise
could increase the resilience of Sahelian systems to drought
(Wang and Eltahir, 2002). However, without definitive tests of
the CO2-fertilisation effect on savanna trees, other factors can
be invoked to explain widely observed woody plant
encroachment in grassland systems (Van Auken, 2000).

Above-ground carbon stocks in savannas are strongly
contingent on disturbance regimes. Australian savanna systems
are currently a net carbon sink of 1-3 t C/ha/yr, depending on
fire frequency and extent (Williams et al., 2004b). Fire exclusion
can transform savannas to forests (e.g., Bowman et al., 2001),
with an upper (albeit technically unfeasible) global estimate of
potential doubling of closed forest cover (Bond et al., 2005).
Thus savanna structure and carbon stocks are very likely to be
responsive to both individual and interactive effects of the
disturbance regime (Bond et al., 2003; Sankaran et al., 2005)
and atmospheric CO2 change (Bond and Midgley, 2000).

There are few factorial experiments on multiple changing
factors, but they suggest interactions that are not predictable from
single factor experiments – such as the dampening effect of
elevated CO2 on California C3 grassland responses to increased
rainfall, nitrate and air temperature (Shaw et al., 2002). Increasing
temperature and rainfall changes are seen to override the potential
benefits of rising CO2 for C3 relative to C4 grasses (Winslow et al.,
2003), and European C3 grassland showed minor responses to a
3°C rise in temperature, possibly due to concomitant drying
impacts (Gielen et al., 2005). Elevated CO2 impacts on grassland
carbon sequestration also seem to be dependent on management
practices (Harmens et al., 2004; Jones and Donnelly, 2004), and
are complicated by being species- but not functional-type specific
(Niklaus et al., 2001; Hanley et al., 2004).

Soil-mediated responses are important in biogeochemical
controls of vegetation response. Long-term CO2 enrichment of
southern African C4 grassland revealed limited impacts on
nitrogen cycling and soil C sequestration (Stock et al., 2005), in
contrast to greater C sequestration in short-term studies of
grassland ecosystems (e.g., Williams et al., 2004a). Likewise,
elevated CO2 impacts on litter decomposition and soil fauna
seem species-specific and relatively minor (Ross et al., 2002;
Hungate et al., 2000). Warming of a tall-grass prairie showed
increased plant growth that supported enhanced soil fungal
success (Zhang et al., 2005). However, complex interactions
between plants and fungal symbionts showed potential impacts
on soil structure that may predispose them to accelerated erosion
(Rillig et al., 2002). Soil respiration shows approximately 20%
increase in response to about 2.4°C warming (Norby et al.,
2007), although acclimatisation of soil respiration (Luo et al.,
2001) and root growth (Edwards et al., 2004) to moderate
warming has also been observed. Soil carbon loss from UK soils,
many in grasslands, confirm carbon losses of about 2% per
annum in carbon-rich soils, probably related to regional climate
change (Bellamy et al., 2005). In an African savanna system,
rainfall after a dry spell generates substantial soil respiration

activity and soil respiratory carbon losses (Veenendaal et al.,
2004), suggesting strong sensitivity to rainfall variability.

Climate change impact studies for savanna and grassland
fauna are few. The proportion of threatened mammal species
may increase to between 10 and 40% between 2050 and 2080
(Thuiller et al., 2006a). Changing migration routes especially
threaten migratory African ungulates and their predators
(Thirgood et al., 2004). Observed population declines in three
African savanna ungulates suggest that summer rainfall
reductions could result in their local extirpation if regional
climate change trends are sustained (Ogutu and Owen-Smith,
2003). For an African arid savanna raptor, population declines
have been simulated for drier, more variable rainfall scenarios
(Wichmann et al., 2003). A 4 to 98% species range reduction for
about 80% of mainly savanna and grassland animal species in
South Africa is projected under an IS92a emissions scenario
(Erasmus et al., 2002).

4.4.4 Mediterranean ecosystems

Properties, goods and services
Mediterranean-type ecosystems (MTEs) are located in mid-

latitudes on all continents (covering about 3.4 Mkm2), often on
nutrient-poor soils and in coastal regions. These biodiverse
systems (Cowling et al., 1996) are climatically distinct, with
generally wet winters and dry summers (Cowling et al., 2005),
and are thus fire-prone (Montenegro et al., 2004). Vegetation
structure is mainly shrub-dominated, but woodlands, forests and
even grasslands occur in limited regions. Heavily utilised
landscapes are dominated by grasses, herbs and annual plant
species (Lavorel, 1999). MTEs are valuable for high biodiversity
overall (Myers et al., 2000) and thus favour nature-based
tourism, but many extractive uses include wildflower harvesting
in South Africa and Australia, medicinal herbs and spices, and
grazing in the Mediterranean Basin and Chile. Water yield for
human consumption and agriculture is critical in South Africa,
and these systems provide overall soil-protection services on
generally unproductive nutrient-poor soils.

Key vulnerabilities
Mediterranean-type ecosystems were not explicitly reviewed

in the TAR, but threats from desertification were projected due
to expansion of adjacent semi-arid and arid systems under
relatively minor warming and drying scenarios. Warming and
drying trends are likely to induce substantial species-range
shifts, and imply a need for migration rates that will exceed the
capacity of many endemic species. Land use, habitat
fragmentation and intense human pressures will further limit
natural adaptation responses, and fire-regime shifts may threaten
specific species and plant functional types. Vegetation structural
change driven by dominant, common or invasive species may
also threaten rare species. Overall, a loss of biodiversity and
carbon sequestration services may be realised over much of
these regions.

Impacts
These systems may be among the most impacted by global

change drivers (Sala et al., 2000). Diverse Californian vegetation
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types may show substantial cover change for temperature
increases greater than about 2°C, including desert and grassland
expansion at the expense of shrublands, and mixed deciduous
forest expansion at the expense of evergreen conifer forest
(Hayhoe et al., 2004). The bioclimatic zone of the Cape Fynbos
biome could lose 65% of its area under warming of 1.8°C
relative to 1961-1990 (2.3°C, pre-industrial), with ultimate
species extinction of 23% resulting in the long term (Thomas et
al., 2004b). For Europe, only minor biome-level shifts are
projected for Mediterranean vegetation types (Parry, 2000),
contrasting with between 60 and 80% of current species
projected not to persist in the southern European Mediterranean
region (global mean temperature increase of 1.8°C – Bakkenes
et al., 2002). Inclusion of hypothetical and uncertain CO2-
fertilisation effects in biome-level modelling may partly explain
this contrast. Land abandonment trends facilitate ongoing forest
recovery (Mouillot et al., 2003) in the Mediterranean Basin,
complicating projections. In south-western Australia, substantial
vegetation shifts are projected under double CO2 scenarios
(Malcolm et al., 2002b).

Climate change is likely to increase fire frequency and fire
extent. Greater fire frequencies are noted in Mediterranean Basin
regions (Pausas and Abdel Malak, 2004) with some exceptions
(Mouillot et al., 2003). Double CO2 climate scenarios increase
wildfire events by 40-50% in California (Fried et al., 2004), and
double fire risk in Cape Fynbos (Midgley et al., 2005), favouring
re-sprouting plants in Fynbos (Bond and Midgley, 2003), fire-
tolerant shrub dominance in the Mediterranean Basin (Mouillot
et al., 2002), and vegetation structural change in California
(needle-leaved to broad-leaved trees, trees to grasses) and
reducing productivity and carbon sequestration (Lenihan et al.,
2003).

Projected rainfall changes are spatially complex (e.g., Sumner
et al., 2003; Sanchez et al., 2004; Vicente-Serrano et al., 2004).
Rainfall frequency reductions projected for some Mediterranean
regions (e.g., Cheddadi et al., 2001) will exacerbate drought
conditions, and have now been observed in the eastern
Mediterranean (Körner et al., 2005b). Soil water content controls
ecosystem water and CO2 flux in the Mediterranean Basin
system (Rambal et al., 2003), and reductions are very likely to
reduce ecosystem carbon and water flux (Reichstein et al.,
2002). The 2003 European drought had major physiological
impacts on Mediterranean vegetation and ecosystems, but most
appeared to have recovered from drought by 2004 (Gobron et
al., 2005; Box 4.1).

Many MTE species show apparently limited benefits from
rising atmospheric CO2 (Dukes et al., 2005), with constrained
increases in above-ground productivity (e.g., Blaschke et al.,
2001; Maroco et al., 2002). Yet modelling suggests that under all
but extremely dry conditions, CO2 increases over the past
century have already increased NPP and leaf area index (see
Glossary) in the Mediterranean Basin, despite warming and
drying trends (Osborne et al., 2000). Rising atmospheric CO2
appears increasingly unlikely to have a major impact in MTEs
over the next decades, especially because of consistent
projections of reduced rainfall. Elevated CO2 is projected to
facilitate forest expansion and greater carbon storage in
California if precipitation increases (Bachelet et al., 2001). In

the Mediterranean Basin, CO2-fertilisation impacts such as
increased forest success in the eastern Mediterranean and Turkey
and increased shrub cover in northern Africa are simulated if
rainfall does not decrease (Cheddadi et al., 2001). There is
currently insufficient evidence to project elevated CO2-induced
shifts in ecosystem carbon stocks in MTE, but nutrient-limited
systems appear relatively unaffected (de Graaff et al., 2006).
Established Pinus halepensis (Borghetti et al., 1998) show high
drought resistance, but Ponderosa pine forests had reduced
productivity and water flux during a 1997 heatwave, and did not
recover for the rest of the season, indicating threshold responses
to extreme events (Goldstein et al., 2000). Mediterranean Basin
pines (Martinez-Vilalta and Pinol, 2002) and other woody
species (Peñuelas et al., 2001) showed species-specific drought
tolerance under field conditions. Experimental drying
differentially reduced productivity of Mediterranean Basin shrub
species (Llorens et al., 2003, 2004; Ogaya and Peñuelas, 2004)
and tree species (Ogaya and Peñuelas, 2003), but delayed
flowering and reduced flower production of Mediterranean
Basin shrub species (Llorens and Peñuelas, 2005), suggesting
complex changes in species relative success under drying
scenarios. Drought may also act indirectly on plants by reducing
the availability of soil phosphorus (Sardans and Peñuelas, 2004).

Bioclimatic niche-based modelling studies project reduced
endemic species’ geographical ranges and species richness in
the Cape Floristic region (Midgley et al., 2002, 2003, 2006).
Ranges of trees and shrubs may shift unpredictably, and
fragment, under IS92a emissions scenarios (Shafer et al., 2001).
In southern Europe, species composition change may be high
under a range of scenarios (Thuiller et al., 2005b). Range size
reductions increase species’ extinction risks, with up to 30 to
40% facing increased extinction probabilities beyond 2050
(Thomas et al., 2004a). Species of lowland plains may be at
higher risk than montane species both in California (Peterson,
2003) and the Cape Floristic region (Midgley et al., 2003),
although in the Mediterranean Basin, montane species show
high risk (Thuiller et al., 2005b).

4.4.5 Forests and woodlands

Properties, goods and services
Forests are ecosystems with a dense tree canopy (woodlands

have a largely open canopy), covering a total of 41.6 Mkm2

(about 30% of all land) with 42% in the tropics, 25% in the
temperate, and 33% in the boreal zone (Figure 4.1, e.g., Sabine
et al., 2004). Forests require relatively favourable environmental
conditions and are among the most productive terrestrial
ecosystems (Figure 4.1). This makes them attractive both for
climate change mitigation (Watson et al., 2000; Nabuurs et al.,
2007) and agricultural uses. The latter underlies the currently
high deforestation and degradation rates in tropical and sub-
tropical regions (Hassan et al., 2005), leading to about
one-quarter of anthropogenic CO2 emissions (e.g., Houghton,
2003a). Nevertheless, forests sequester the largest fraction of
terrestrial ecosystem carbon stocks, recently estimated at
1,640 PgC (Sabine et al., 2004; Figure 4.1), equivalent to about
220% of atmospheric carbon. In addition to commercial timber
goods (see Chapter 5; Shvidenko et al., 2005, Section 21.5,
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p. 600-607) forests provide numerous non-timber forest
products, important for subsistence livelihoods (Gitay et al.,
2001; Shvidenko et al., 2005). Key ecosystem services include
habitat provision for an increasing fraction of biodiversity (in
particular where subject to land-use pressures – Hassan et al.,
2005; Duraiappah et al., 2005), carbon sequestration, climate
regulation, soil and water protection or purification (>75% of
globally usable freshwater supplies come from forested
catchments – Shvidenko et al., 2005), and recreational, cultural
and spiritual benefits (Millennium Ecosystem Assessment, 2005;
Reid et al., 2005).

Key vulnerabilities
Forests, especially in the boreal region, have been identified

as having a high potential vulnerability to climate change in the
long term (Kirschbaum and Fischlin, 1996), but more
immediately if disturbance regimes (drought, insects, fire),
partly due to climate change, cross critical thresholds (Gitay et
al., 2001). Since the TAR, most DGVM models based on A2
emissions scenarios show significant forest dieback towards the
end of this century and beyond in tropical, boreal and mountain
areas, with a concomitant loss of key services (Figure 4.3).
Species-based approaches suggest losses of diversity, in
particular in tropical forest diversity hotspots (e.g., north-eastern
Amazonia – Miles, 2002) and tropical Africa (McClean et al.,
2005), with medium confidence. Mountain forests are
increasingly encroached upon from adjacent lowlands, while
simultaneously losing high-altitude habitats due to warming (see
also Section 4.4.7).

Impacts
Projections for some forests currently limited by their

minimum climatic requirements indicate gains from climate
change (Figure 4.3, vegetation changes 1 and 2), but many may
be impacted detrimentally (Figure 4.3, vegetation change 6),
notably for strong warming and its concomitant effects on water
availability (Bachelet et al., 2001, 2003; Bergengren et al., 2001;
Ostendorf et al., 2001; Smith and Lazo, 2001; Xu and Yan, 2001;
Arnell et al., 2002; Enquist, 2002; Iverson and Prasad, 2002;
Lauenroth et al., 2004; Levy et al., 2004; Matsui et al., 2004;
Izaurralde et al., 2005; Fuhrer et al., 2006; Lucht et al., 2006;
Schaphoff et al., 2006; Scholze et al., 2006; cf. Figure 4.3a
versus b, vegetation change 6). Productivity gains may result
through three mechanisms: (i) CO2-fertilisation (although the
magnitude of this effect remains uncertain in these long-lived
systems, see Section 4.4.1); (ii) warming in cold climates, given
concomitant precipitation increases to compensate for possibly
increasing water vapour pressure deficits; and (iii) precipitation
increases under water-limited conditions.

There is growing evidence (see Chapter 5, Section 5.4.1.1)
that several factors may moderate direct CO2 or climate-change
effects on net ecosystem productivity in particular, namely
nutrient dynamics (e.g., either enrichment or leaching resulting
from N deposition), species composition, dynamic age structure
effects, pollution and biotic interactions, particularly via soil
organisms, (e.g., Karnosky et al., 2003; King et al., 2004b; Heath
et al., 2005; Körner et al., 2005a; Section 4.4.1). Climate change
impacts on forests will result not only through changes in mean

climate, but also through changes in seasonal and diurnal rainfall
and temperature patterns (as influenced by the hydrologically
relevant surroundings of a forest stand, e.g., Zierl and Bugmann,
2005). Recently observed moderate climatic changes have
induced forest productivity gains globally (reviewed in
Boisvenue and Running, 2006) and possibly enhanced carbon
sequestration, especially in tropical forests (Baker et al., 2004;
Lewis et al., 2004a, 2004b; Malhi and Phillips, 2004; Phillips et
al., 2004), where these are not reduced by water limitations (e.g.,
Boisvenue and Running, 2006) or offset by deforestation or
novel fire regimes (Nepstad et al., 1999, 2004; Alencar et al.,
2006) or by hotter and drier summers at mid- and high latitudes
(Angert et al., 2005).

Potential increases in drought conditions have been
quantitatively projected for several regions (e.g., Amazon,
Europe) during the critical growing phase, due to increasing
summer temperatures and precipitation declines (e.g., Cox et al.,
2004; Schaphoff et al., 2006; Scholze et al., 2006; Figure 4.3,
vegetation change 6). Since all these responses potentially
influence forest net ecosystem productivity (NEP), substantive
biotic feedbacks may result, either through carbon releases or
influences on regional climate, contributing to further major
uncertainties (e.g., Betts et al., 2000; Peng and Apps, 2000;
Bergengren et al., 2001; Semazzi and Song, 2001; Leemans et
al., 2002; Körner, 2003c; Canadell et al., 2004; Cox et al., 2004;
Gruber et al., 2004; Heath et al., 2005; Section 4.4.1). Effects of
drought on forests include mortality, a potential reduction in
resilience (e.g., Lloret et al., 2004; Hogg and Wein, 2005) and
can cause major biotic feedbacks (e.g., Ciais et al., 2005;
Box 4.1). However, these effects remain incompletely understood
and vary from site to site (e.g., Reichstein et al., 2002; Betts et al.,
2004). For example, drought impacts can be offset by fertile soils
(Hanson and Weltzin, 2000), or if due to a heatwave, drought
may even be accompanied by enhanced tree growth at cooler
high elevation sites due to a longer growing season and enhanced
photosynthetic activity (Jolly et al., 2005; Box 4.1).

Drought conditions further interact with disturbances such as
insects (Hanson and Weltzin, 2000; Fleming et al., 2002; Logan
et al., 2003; Schlyter et al., 2006; Box 4.1) or fire (Flannigan et
al., 2000). Tree-defoliating insects, especially in boreal forests,
periodically cause substantial damage (e.g., Gitay et al., 2001,
Box 5-10; Logan et al., 2003). Insect pests were found to be at
least partly responsible for the decline and ultimate extirpation
of stands at the southern margins of the range of their hosts,
subjected to warmer and drier conditions (Volney and Fleming,
2000; see also Section 4.2.2). At the poleward ecotone (see
Glossary), frosts and general low temperatures appear to limit
insect outbreaks (Virtanen et al., 1996; Volney and Fleming,
2000); thus outbreaks currently constrained from northern
ranges could become more frequent in the future (Carroll et al.,
2004). If climate warms and this ecotone becomes exposed to
more droughts, insect outbreaks will become a major factor
(Logan et al., 2003; Gan, 2004). With A2 and B2 emissions
scenarios downscaled to regional level in northern Europe,
projected climate extremes by 2070-2100 will increase the
susceptibility of Norway spruce to secondary damage through
pests and pathogens, matched by an accelerated life cycle of
spruce bark beetle populations (Schlyter et al., 2006).
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Climate change is known to alter the likelihood of increased
wildfire sizes and frequencies (e.g., Stocks et al., 1998; Podur et
al., 2002; Brown et al., 2004; Gillett et al., 2004), while also
inducing stress on trees that indirectly exacerbate disturbances
(Dale et al., 2000; Fleming et al., 2002; Schlyter et al., 2006).
This suggests an increasing likelihood of more prevalent fire
disturbances, as has recently been observed (Gillett et al., 2004;
van der Werf et al., 2004; Westerling et al., 2006; Section 4.2.2).

Considerable progress has been made since the TAR in
understanding fire regimes and related processes (Kasischke and
Stocks, 2000; Skinner et al., 2002; Stocks et al., 2002; Hicke et
al., 2003; Podur et al., 2003; Gillett et al., 2004) enabling
improved projections of future fire regimes (Flannigan et al.,
2000; Li et al., 2000; de Groot et al., 2003; Brown et al., 2004;
Fried et al., 2004). Some argue (e.g., Harden et al., 2000) that the
role of fire regimes in the boreal region has previously been
underestimated. About 10% of the 2002/2003 global carbon
emission anomaly can be ascribed to Siberian fires by inverse
modelling (van der Werf et al., 2004), as supported by remote
sensing (Balzter et al., 2005). Climate changes including El Niño
events alter fire regimes in fire-prone regions such as Australia
(Hughes, 2003; Williams et al., 2004b; Allen Consulting Group,
2005), the Mediterranean region (e.g., Mouillot et al., 2002; see
also Section 4.4.4), Indonesia and Alaska (Hess et al., 2001), but
also introduce fire into regions where it was previously absent
(e.g., Schumacher et al., 2006). Intensified fire regimes are likely
to impact boreal forests at least as much as climate change itself
(Flannigan et al., 2000), and may accelerate transitions, e.g.,
between taiga and tundra, through facilitating the invasion of
pioneering trees and shrubs into tundra (Landhäusser and Wein,
1993; Johnstone and Chapin, 2006).

Will forest expansions be realised as suggested by DGVMs
(Figure 4.3)? Vegetation models project that forest might
eventually replace between 11 and 50% of tundra with a doubling
of atmospheric CO2 (White et al., 2000b; Harding et al., 2002;
Kaplan et al., 2003; Callaghan et al., 2005; Figure 4.3, vegetation
change 1). However, such transitions are likely to be moderated
in reality by many processes not yet considered in the models
(e.g., Gamache and Payette, 2005; see below). Other studies
using a wide range of GCMs and forcing scenarios indicate that
forests globally face the risk of major change (non-forested to
forested and vice-versawithin at least 10% of non-cultivated land
area) in more than 40% of simulated scenarios if global mean
warming remains below 2°C relative to pre-industrial, and in
almost 90% of simulated scenarios if global mean warming
exceeds 3°C over pre-industrial (Scholze et al., 2006). Those
risks have been estimated as especially high for the boreal zone
(44% and 88%, respectively) whereas they were estimated as
smaller for tropical forests in Latin America (19% and 38%,
respectively; see also Figure 4.3).

One key process controlling such shifts is migration (e.g.,
Higgins and Harte, 2006). Estimates for migration rates of tree
species from palaeoecological records are on average 200-
300 m/yr, which is a rate significantly below that required in
response to anticipated future climate change (≥1 km/yr, Gitay et
al., 2001, Box 5-2). However, considerable uncertainties remain:

• although not completely quantified, many species can
achieve rapid large-scale migrations (Reid’s paradox (see

Glossary), e.g., Clark, 1998), but estimates at the low
extreme imply a considerable range of lagged responses
(Clark et al., 2001; e.g., lag 0-20 years, Tinner and Lotter,
2001; lag several millennia, Johnstone and Chapin, 2003);

• recent genetic analysis (<100 m/yr, McLachlan et al., 2005)
indicates that commonly inferred estimates from pollen have
overestimated dispersal rates, explaining observed pollen
records by multi-front recolonisation from low-density
refugees (Pearson, 2006);

• future landscapes will differ substantially from past climate
change situations and landscape fragmentation creates major
obstacles to migration (e.g., Collingham and Huntley, 2000);

• processes moderating migration such as competition,
herbivory and soil formation (land use – Vlassova, 2002;
paludification – Crawford et al., 2003; herbivory – Cairns
and Moen, 2004; Juday, 2005; pathogens – Moorcroft et al.,
2006; Section 4.4.6);

• tree species do not only respond to a changing climate by
migration, but also by local adaptation, including genetic
adaptation (Davis and Shaw, 2001; Davis et al., 2005).

Modelling studies reconstructing past (e.g., Lischke et al., 2002)
or projecting future (Malcolm et al., 2002b; Iverson et al., 2004;
Neilson et al., 2005) dispersal all indicate that more realistic
migration rates will result in lagged northward shifts of taiga
(lag length 150-250 years, Chapin and Starfield, 1997; Skre et
al., 2002). While shrubs and the tree line (see Glossary) were
found to have advanced polewards in response to recent
warming (Sturm et al., 2001; Lloyd, 2005; Tape et al., 2006;
Chapter 1), the expected slow encroachment of taiga into tundra
is confirmed by satellite data showing no expansion of boreal
forest stands (Masek, 2001) indicating century-long time-lags
for the forest limit (see Glossary) to move northward (Lloyd,
2005). All these findings suggest considerable uncertainties in
how fast forests will shift northwards (e.g., Clark et al., 2003;
Higgins et al., 2003; Chapin et al., 2004; Jasinski and Payette,
2005; McGuire et al., 2007) and in the resulting consequences
for the climate system (discussed in Section 4.4.6). Lower rates
for the majority of species are probably realistic, also because
future conditions comprise both unprecedented climate
characteristics, including rapid rates of change (Sections 4.2.1
and 4.4.11), and a combination of impediments to local
adaptation and migration (with the exception of some
generalists).

Compared to the TAR (Gitay et al., 2001), the net global loss
due to land-use change in forest cover appears to have slowed
further (Stokstad, 2001; FAO, 2001), but in some tropical and
sub-tropical regions, notably South-East Asia and similarly the
Amazon (e.g., Nepstad et al., 1999), deforestation rates are still
high (0.01-2.01%/yr, Lepers et al., 2005; Alcamo et al., 2006),
while in some northern regions such as Siberia, degradation rates
are increasing largely due to unsustainable logging (Lepers et
al., 2005). Though uncertainties in rate estimates are
considerable (e.g., FAO, 2001; Houghton, 2003b; Lepers et al.,
2005), current trends in pressures (Nelson, 2005) will clearly
lead to continued deforestation and degradation in critical areas
(historically accumulated loss of 182-199 PgC – Canadell et al.,
2004; expected releases in the 21st century of 40-100 PgC –
Gruber et al., 2004; Shvidenko et al., 2005) with concomitant
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implications for biodiversity (Duraiappah et al., 2005) and other
supporting services (Hassan et al., 2005). In most industrialised
countries, forest areas are expected to increase (e.g., European
forests by 2080 up to 6% for the SRES B2 scenario –
Karjalainen et al., 2002; Sitch et al., 2005) partly due to
intensified agricultural management and climate change.

Although land-use changes may dominate impacts in some
areas, climate change generally exacerbates biodiversity risks,
especially in biodiversity hotspots and particularly for the first
half of the 21st century (montane cloud forests – Foster, 2001;
Hawaii – Benning et al., 2002; Costa Rica – Enquist, 2002;
Amazonia – Miles, 2002; Australia – Williams et al., 2003). In
tropical montane cloud forests, extinctions of amphibian species
have been attributed to recent climate change (Pounds et al.,
2006; see Section 4.4.7 and Table 4.1, No. 2). In a few
exceptions, climate change may increase diversity locally or
regionally (Kienast et al., 1998) but in most cases extinction
risks are projected to increase.

4.4.6 Tundra and Arctic/Antarctic ecosystems

Properties, goods and services
Tundra denotes vegetation and ecosystems north of the closed

boreal forest tree line, covering an area of about 5.6 million km2,
but here we also include ecosystems at circumpolar latitudes,
notably the sea-ice biome in both hemispheres (e.g., Arrigo and
Thomas, 2004; Section 4.4.9), and sub-Antarctic islands (but see
also Chapter 15). Ecosystem services include carbon
sequestration, climate regulation, biodiversity and cultural
maintenance, fuel, and food and fibre production (Chapin et al.,
2005a, p. 721-728). Climate regulation is likely to be dominated
by positive feedbacks between climate and albedo changes
through diminishing snow cover and, eventually, expanding
forests (Chapin et al., 2005b) and net emissions of greenhouse
gasses, notably methane. The Arctic significantly contributes to
global biodiversity (Chapin et al., 2005a; Usher et al., 2005).
Local mixed economies of cash and subsistence depend strongly
on the harvest of local resources, food preparation, storage,
distribution and consumption. This forms a unique body of
cultural knowledge traditionally transmitted from generation to
generation (Hassol, 2004a).

Key vulnerabilities
Arctic and sub-Arctic ecosystems (particularly ombrotrophic

bog communities, see Glossary) above permafrost were
considered likely to be most vulnerable to climatic changes,
since impacts may turn Arctic regions from a net carbon sink to
a net source (Gitay et al., 2001). Literature since the TAR
suggests that changes in albedo and an increased release of
methane from carbon stocks (e.g., Christensen et al., 2004),
whose magnitudes were previously substantially
underestimated, will lead to positive radiative climate forcing
throughout the Arctic region (Camill, 2005; Lelieveld, 2006;
Walter et al., 2006; Zimov et al., 2006). Adverse impacts,
including pollution (see also Chapter 15), were projected for
species such as marine birds, seals, polar bears, tundra birds and
tundra ungulates (Gitay et al., 2001). Unique endemic
biodiversity (e.g., polar bears, Box 4.3) as well as tundra-

dependent species such as migratory birds (e.g., waterfowl,
Box 4.5, 4.4.8, Table 4.1) have been confirmed to be facing
increasing extinction risks, with concomitant threats to the
livelihoods and food security for indigenous peoples.

Impacts
Global warming is projected to be most pronounced at high

latitudes (Phoenix and Lee, 2004; Meehl et al., 2007;
Christensen et al., 2007). Ongoing rapid climatic changes will
force tundra polewards at unprecedented rates (Velichko, 2002),
causing lagged responses in its slow-growing plant communities
(Camill and Clark, 2000; Chapin et al., 2000; Callaghan et al.,
2004a, 2004c; Velichko et al., 2004). Movements of some
species of habitat-creating plants (edificators) require large
spread rates exceeding their migrational capacity (Callaghan et
al., 2005). Poleward taiga encroachment into tundra is also likely
to lag these changes (see Section 4.4.5 and e.g., Callaghan et al.,
2004b). Projections of vegetation changes in the northern Arctic
suggest that by about 2080, 17.6% (range 14-23%) replacement
of the current polar desert by tundra vegetation will have begun
(Callaghan et al., 2005). An eventual replacement of dwarf shrub
tundra by shrub tundra is projected for the Canadian Arctic by
2100 (Kaplan et al., 2003). Experimental manipulations of air
temperature at eleven locations across the tundra also show that
tundra plant communities change substantially through shifts in
species dominance, canopy height and diversity (Walker et al.,
2006), with cryptogams being particularly vulnerable
(Cornelissen et al., 2001; van Wijk et al., 2004). A warming of
1-3°C caused a short-term diversity decrease, but generalisations
are unwarranted because of insufficiently long experimentation
time (Graglia et al., 2001; Dormann and Woodin, 2002; van Wijk
et al., 2004; Walker et al., 2006).

The thermally stable oceanic climate of the sub-Antarctic
Marion Island appears to be changing, with a rise in annual mean
surface air temperature of 1.2°C between 1969 and 1999. Annual
precipitation decreased more or less simultaneously, and the
1990s was the driest in the island’s five decades with records
(Smith, 2002). These changes may be linked to a shift in phase
of the semi-annual oscillation in the Southern Hemisphere after
about 1980 (Rouault et al., 2005). Climatic change will directly
affect the indigenous biota of sub-Antarctic islands (Smith,
2002; Barnes et al., 2006). Experimental drying of the keystone
cushion plant species Azorella selago on Marion Island revealed
measurable negative impacts after only a few months (Le Roux
et al., 2005).

While summer food availability may increase for some
vertebrates (Hinzman et al., 2005), formation of ice-crust at
critical winter times may reduce abundance of food below snow
(Yoccoz and Ims, 1999; Aanes et al., 2002; Inkley et al., 2004).
Tundra wetland habitat for migrant birds may dry progressively
(Hinzman et al., 2005; Smith et al., 2005). Many species of
Arctic-breeding shorebirds and waterfowl are projected to
undergo major population declines as tundra habitat shrinks
(Box 4.5, Table 4.1). In contrast, northern range expansions of
more southern species are expected, e.g., moose and red fox
(Callaghan et al., 2005). Some colonisers might ultimately need
to be considered ‘invasive’ species (e.g., North American Mink
– Neuvonen, 2004), such as presently-restricted populations of
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southern shrub species that are likely to spread in a warmer
climate (Forbes, 1995) leading to possibly increased carbon
sequestration (Sturm et al., 2001; Tape et al., 2006; for a
discussion of overall consequences for climate, see end of
Section 4.4.6). For arctic species such as the polar bear,
increasing risks of extinction are associated with the projected
large decrease in the extent of the sea-ice biome and sea-ice
cover (Box 4.3).

Significant changes in tundra are of two main types (Velichko
et al., 2005), namely in vegetation structure (and related albedo),
and in below-ground processes related to a combined increase in
temperature, increase in depth of the active layer (see Glossary),
and moisture content. These will promote paludification (see
Glossary; Crawford et al., 2003), thermokarst processes (see
Glossary), and increase the dryness of raised areas. Moisture
supply substantially influences the state of permafrost, one of
the most important components of the tundra landscape
(Anisimov et al., 2002a, 2002b). Increasing active layer
instability causes greater mixing and shifting of the soil’s
mineral matrix, damaging plant roots. Generally this will favour
moisture-loving species (e.g., sedges), while the peat-bog
vegetation over permafrost could experience drier conditions
(Camill, 2005).

Substantial recent upward revisions (Zimov et al., 2006) of
carbon stocks (Figure 4.1) in permafrost and yedoma (see
Glossary), and measurements of methane releases from north

Siberian thaw lakes (Walter et al., 2006), Scandinavian mires
(Christensen et al., 2004) and Canadian permafrost (Camill,
2005) now show tundra to be a significantly larger atmospheric
methane source than previously recognised. Current estimates
of northern wetland methane emissions increase by 10-63%
based on northern Siberian estimates alone. This methane source
comprises a positive feedback to climate change, as thaw lakes
(Walter et al., 2006) and mires (Christensen et al., 2004) are
expanding in response to warming. While thermokarst-derived
emissions are currently modest relative to anthropogenic
sources, a potential stock of about 500 Pg of labile carbon in
yedoma permafrost (Figure 4.1) could greatly intensify the
positive feedback to high-latitude warming trends that are
currently projected (Sazonova et al., 2004; Mack et al., 2004;
Lelieveld, 2006; Zimov et al., 2006).

Changes in albedo associated with snow cover loss, and
eventual invasion of tundra vegetation by evergreen coniferous
trees, is likely to decrease regional albedo significantly and lead
to a warming effect greater than the cooling projected from the
increased carbon uptake by advancing trees (Section 4.4.5) and
shrubs (Betts, 2000; Sturm et al., 2001, 2005; Chapin et al.,
2005b; McGuire and Chapin, 2006; McGuire et al., 2007).
Remote sensing already shows that tundra has greened over the
past 20 years (Sitch et al., 2007). However, the potential for CO2
sequestration varies from region to region (Callaghan et al.,
2005) and model uncertainties are high (Sitch et al., 2007), since
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Box 4.3. Polar bears – a species in peril?

There are an estimated 20,000 to 25,000 polar bears (Ursus maritimus) worldwide, mostly inhabiting the annual sea ice over
the continental shelves and inter-island archipelagos of the circumpolar Arctic, where they may wander for thousands of
kilometres per year. They are specialised predators on ice-breeding seals and are therefore dependent on sea ice for survival.
Female bears require nourishment after emerging in spring from a 5 to 7 month fast in nursing dens (Ramsay and Stirling,
1988), and are thus very dependent on close proximity between land and sea ice before it breaks up. Continuous access to
sea ice allows bears to hunt throughout the year, but in areas where the sea ice melts completely each summer, they are
forced to spend several months in tundra fasting on stored fat reserves until freeze-up.

Polar bears face great challenges from the effects of climatic warming (Stirling and Derocher, 1993; Stirling et al., 1999;
Derocher et al., 2004), as projected reductions in sea ice will drastically shrink marine habitat for polar bears, ice-inhabiting
seals and other animals (Hassol, 2004b). Break-up of the sea ice on the western Hudson Bay, Canada, already occurs about
3 weeks earlier than in the early 1970s, resulting in polar bears in this area coming ashore earlier with reduced fat reserves
(a 15% decline in body condition), fasting for longer periods of time and having reduced productivity (Stirling et al., 1999).
Preliminary estimates suggest that the Western Hudson Bay population has declined from 1,200 bears in 1987 to fewer than
950 in 2004. Although these changes are specific to one sub-population, similar impacts on other sub-populations of polar
bears can be reasonably expected. In 2005, the IUCN Polar Bear Specialist Group concluded that the IUCN Red List
classification of the polar bear should be upgraded from Least Concern to Vulnerable based on the likelihood of an overall
decline in the size of the total population of more than 30% within the next 35 to 50 years. The U.S. Fish and Wildlife Service
is also considering a petition to list the polar bear as a threatened species based in part on future risks to the species from
climate change. If sea ice declines according to some projections (Meehl et al., 2007, Figure 10.13; Figure 4.4, Table 4.1) polar
bears will face a high risk of extinction with warming of 2.8°C above pre-industrial (range 2.5-3.0°C, Table 4.1, No. 42). Similar
consequences are facing other ice-dependent species, not only in the Arctic but also in the Antarctic (Chapter 1; Barbraud
and Weimerskirch, 2001; Croxall et al., 2002).



migration rates (Section 4.4.5), changes in hydrology, fire, insect
pest outbreaks and human impacts relevant to the carbon cycle
are poorly represented (see also Sections 4.4.1 and 4.4.5).

4.4.7 Mountains

Properties, goods and services
Mountain regions (circa 20-24% of all land, scattered

throughout the globe) exhibit many climate types corresponding
to widely separated latitudinal belts within short horizontal
distances. Consequently, although species richness decreases
with elevation, mountain regions support many different
ecosystems and have among the highest species richness
globally (e.g., Väre et al., 2003; Moser et al., 2005; Spehn and
Körner, 2005). Mountain ecosystems have a significant role in
biospheric carbon storage and carbon sequestration, particularly
in semi-arid and arid areas (e.g., the western U.S., – Schimel
et al., 2002; Tibetan plateau – Piao et al., 2006). Mountain
ecosystem services such as water purification and climate
regulation extend beyond their geographical boundaries and
affect all continental mainlands (e.g., Woodwell, 2004). Local
key services allow habitability of mountain areas, e.g. through
slope stabilisation and protection from natural disasters such as
avalanches and rockfall. Mountains increasingly serve as
refuges from direct human impacts for many endemic species.
They provide many goods for subsistence livelihoods, are home
to many indigenous peoples, and are attractive for recreational
activities and tourism. Critically, mountains harbour a
significant fraction of biospheric carbon (28% of forests are in
mountains).

Key vulnerabilities
The TAR identified mountain regions as having experienced

above-average warming in the 20th century, a trend likely to
continue (Beniston et al., 1997; Liu and Chen, 2000). Related
impacts included an earlier and shortened snow-melt period,
with rapid water release and downstream floods which, in
combination with reduced glacier extent, could cause water
shortage during the growing season. The TAR suggested that
these impacts may be exacerbated by ecosystem degradation
pressures such as land-use changes, over-grazing, trampling,
pollution, vegetation destabilisation and soil losses, in particular
in highly diverse regions such as the Caucasus and Himalayas
(Gitay et al., 2001). While adaptive capacities were generally
considered limited, high vulnerability was attributed to the many
highly endemic alpine biota (Pauli et al., 2003). Since the TAR,
the literature has confirmed a disproportionately high risk of
extinction for many endemic species in various mountain
ecosystems, such as tropical montane cloud forests or forests in
other tropical regions on several continents (Williams et al.,
2003; Pounds and Puschendorf, 2004; Andreone et al., 2005;
Pounds et al., 2006), and globally where habitat loss due to
warming threatens endemic species (Pauli et al., 2003; Thuiller
et al., 2005b).

Impacts
Because temperature decreases with altitude by 5-10°C/km,

relatively short-distanced upward migration is required for

persistence (e.g., MacArthur, 1972; Beniston, 2000; Theurillat and
Guisan, 2001). However, this is only possible for the warmer
climatic and ecological zones below mountain peaks (Gitay et al.,
2001; Peñuelas and Boada, 2003). Mountain ridges, by contrast,
represent considerable obstacles to dispersal for many species
which tends to constrain movements to slope upward migration
(e.g., Foster, 2001; Lischke et al., 2002; Neilson et al., 2005;
Pounds et al., 2006). The latter necessarily reduces a species’
geographical range (mountain tops are smaller than their bases).
This is expected to reduce genetic diversity within species and to
increase the risk of stochastic extinction due to ancillary stresses
(Peters and Darling, 1985; Gottfried et al., 1999), a hypothesis
confirmed by recent genetic analysis showing gene drift effects
from past climate changes (e.g., Alsos et al., 2005; Bonin et al.,
2006). A reshuffling of species on altitude gradients is to be
expected as a consequence of individualistic species responses
that are mediated by varying longevities and survival rates. These
in turn are the result of a high degree of evolutionary specialisation
to harsh mountain climates (e.g., Theurillat et al., 1998; Gottfried
et al., 1999; Theurillat and Guisan, 2001; Dullinger et al., 2005;
Klanderud, 2005; Klanderud and Totland, 2005; Huelber et al.,
2006), and in some cases they include effects induced by invading
alien species (e.g., Dukes and Mooney, 1999; Mack et al., 2000).
Genetic evidence for Fagus sylvatica, e.g., suggests that
populations may show some capacity for an in situ adaptive
response to climate change (Jump et al., 2006). However, ongoing
distributional changes (Peñuelas and Boada, 2003) show that this
response will not necessarily allow this species to persist
throughout its range.

Upper tree lines, which represent the interface between sub-
alpine forests and low-stature alpine meadows, have long been
thought to be partly controlled by carbon balance (Stevens and
Fox, 1991). This hypothesis has been challenged (Hoch and
Körner, 2003; Körner, 2003a). Worldwide, cold tree lines appear
to be characterised by seasonal mean air temperatures of circa
6°C (Körner, 1998; Körner, 2003a; Grace et al., 2002; Körner
and Paulsen, 2004; Millar et al., 2004; Lara et al., 2005; Zha et
al., 2005). In many mountains, the upper tree line is located
below its potential climatic position because of grazing, or
disturbances such as wind or fire. In other regions such as the
Himalaya, deforestation of past decades has transformed much
of the environment and has led to fragmented ecosystems
(Becker and Bugmann, 2001). Although temperature control
may be a dominant determinant of geographical range, tree
species may be unable to migrate and keep pace with changing
temperature zones (Shiyatov, 2003; Dullinger et al., 2004;
Wilmking et al., 2004).

Where warmer and drier conditions are projected, mountain
vegetation is expected to be subject to increased
evapotranspiration (Ogaya et al., 2003; Jasper et al., 2004;
Rebetez and Dobbertin, 2004; Stampfli and Zeiter, 2004; Jolly
et al., 2005; Zierl and Bugmann, 2005; Pederson et al., 2006).
This leads to increased drought, which has been projected to
induce forest dieback in continental climates, particularly in the
interior of mountain ranges (e.g., Fischlin and Gyalistras, 1997;
Lischke et al., 1998; Lexer et al., 2000; Bugmann et al., 2005),
and mediterranean areas. Even in humid tropical regions, plants
and animals have been shown to be sensitive to water stress on
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mountains (e.g., Borneo – Kitayama, 1996; Costa Rica – Still et
al., 1999). There is very high confidence that warming is a driver
of amphibian mass extinctions at many highland localities, by
creating increasingly favourable conditions for the pathogenic
Batrachochytrium fungus (Pounds et al., 2006).

The duration and depth of snow cover, often correlated with
mean temperature and precipitation (Keller et al., 2005; Monson
et al., 2006), is a key factor in many alpine ecosystems (Körner,
2003c; Daimaru and Taoda, 2004). A lack of snow cover exposes
plants and animals to frost and influences water supply in spring
(Keller et al., 2005). If animal movements are disrupted by
changing snow patterns, as has been found in Colorado (Inouye
et al., 2000), increased wildlife mortality may result. At higher
altitudes, the increased winter precipitation likely to accompany
warming leads to greater snowfall, so that earlier arriving
altitudinal migrants are confronted with delayed snowmelt
(Inouye et al., 2000).

Disturbances such as avalanches, rockfall, fire, wind and
herbivore damage interact and are strongly dependent on climate
(e.g., Peñuelas and Boada, 2003; Whitlock et al., 2003; Beniston
and Stephenson, 2004; Cairns and Moen, 2004; Carroll et al.,
2004; Hodar and Zamora, 2004; Kajimoto et al., 2004; Pierce et
al., 2004; Schoennagel et al., 2004; Schumacher et al., 2004).
These effects may prevent recruitment and thus limit adaptive
migration responses of species, and are exacerbated by human
land use and other anthropogenic pressures (e.g., Lawton et al.,
2001; Dirnböck et al., 2003; Huber et al., 2005).

Ecotonal (see Glossary) sensitivity to climate change, such
as upper tree lines in mountains (e.g., Camarero et al., 2000;
Walther et al., 2001; Diaz, 2003; Sanz-Elorza et al., 2003), has
shown that populations of several mountain-restricted species
are likely to decline (e.g., Beever et al., 2003; Florenzano, 2004).
The most vulnerable ecotone species are those that are
genetically poorly adapted to rapid environmental change,
reproduce slowly, disperse poorly, and are isolated or highly
specialised, because of their high sensitivity to environmental
stresses (McNeely, 1990). Recent findings for Europe, despite a
spatially coarse analysis, indicate that mountain species are
disproportionately sensitive to climate change (about 60%
species loss – Thuiller et al., 2005b). Substantial biodiversity
losses are likely if human pressures on mountain biota occur in
addition to climate change impacts (Pounds et al., 1999, 2006;
Lawton et al., 2001; Pounds, 2001; Halloy and Mark, 2003;
Peterson, 2003; Solorzano et al., 2003; Pounds and Puschendorf,
2004).

4.4.8 Freshwater wetlands, lakes and rivers

Properties, goods and services
Inland aquatic ecosystems (covering about 10.3 Mkm2) vary

greatly in characteristics and global distribution. The majority
of natural freshwater lakes are located in the higher latitudes,
most artificial lakes occur in mid- and lower latitudes, and many
saline lakes occur at altitudes up to 5,000 m, especially in the
Himalaya and Tibet. The majority of natural wetlands
(peatlands) are in the boreal region but most managed wetlands
(rice paddies) are in the tropics and sub-tropics (where peatlands
also occur). Global estimates of the area under rivers, lakes and

wetlands vary greatly depending upon definition (Finlayson et
al., 2005). This chapter follows the TAR in considering
‘wetlands’ as distinct from rivers and lakes. Wetlands encompass
a most heterogeneous spectrum of habitats following
hydrological and nutrient gradients, and all key processes,
including goods and services provided, depend on the catchment
level hydrology. Inland waters are subject to many pressures
from human activities. Aquatic ecosystems provide a wide range
of goods and services (Gitay et al., 2001; Finlayson et al., 2005).
Wetlands are often biodiversity ‘hotspots’ (Reid et al., 2005), as
well as functioning as filters for pollutants from both point and
non-point sources, and being important for carbon sequestration
and emissions (Finlayson et al., 2005). Rivers transport water
and nutrients from the land to the oceans and provide crucial
buffering capacity during drought spells especially if fed by
mountain springs and glaciers (e.g., European summer 2003;
Box 4.1; Chapter 12, Section 12.6.1). Closed lakes serve as
sediment and carbon sinks (Cohen, 2003), providing crucial
repositories of information on past climate changes.

Key vulnerabilities
Gitay et al. (2001) have described some inland aquatic

ecosystems (Arctic, sub-Arctic ombrotrophic bog communities
on permafrost, depressional wetlands with small catchments,
drained or otherwise converted peatlands) as most vulnerable to
climate change, and have indicated the limits to adaptations due
to the dependence on water availability controlled by outside
factors. More recent results show vulnerability varying by
geographical region (Van Dam et al., 2002; Stern, 2007). This
includes significant negative impacts across 25% of Africa by
2100 (SRES B1 emissions scenario, de Wit and Stankiewicz,
2006) with both water quality and ecosystem goods and
services deteriorating. Since it is generally difficult and costly
to control hydrological regimes, the interdependence between
catchments across national borders often leaves little scope for
adaptation.

Impacts
Climate change impacts on inland aquatic ecosystems will

range from the direct effects of the rise in temperature and CO2
concentration to indirect effects through alterations in the
hydrology resulting from the changes in the regional or global
precipitation regimes and the melting of glaciers and ice cover
(e.g., Chapters 1 and 3; Cubasch et al., 2001; Lemke et al., 2007;
Meehl et al., 2007).

Studies since the TAR have confirmed and strengthened the
earlier conclusions that rising temperature will lower water
quality in lakes through a fall in hypolimnetic (see Glossary)
oxygen concentrations, release of phosphorus (P) from
sediments, increased thermal stability, and altered mixing
patterns (McKee et al., 2003; Verburg et al., 2003; Winder and
Schindler, 2004; Jankowski et al., 2006). In northern latitudes,
ice cover on lakes and rivers will continue to break up earlier
and the ice-free periods to increase (Chapter 1; Weyhenmeyer et
al., 2004; Duguay et al., 2006). Higher temperatures will
negatively affect micro-organisms and benthic invertebrates
(Kling et al., 2003) and the distribution of many species of fish
(Lake et al., 2000; Poff et al., 2002; Kling et al., 2003);
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invertebrates, waterfowl and tropical invasive biota are likely to
shift polewards (Moss et al., 2003; Zalakevicius and Svazas,
2005) with some potential extinctions (Jackson and Mandrak,
2002; Chu et al., 2005). Major changes will be likely to occur in
the species composition, seasonality and production of
planktonic communities (e.g., increases in toxic blue-green algal
blooms) and their food web interactions (Gerten and Adrian,
2002; Kling et al., 2003; Winder and Schindler, 2004) with
consequent changes in water quality (Weyhenmeyer, 2004).
Enhanced UV-B radiation and increased summer precipitation
will significantly increase dissolved organic carbon (DOC, see
Glossary) concentrations, altering major biogeochemical cycles
(Zepp et al., 2003; Phoenix and Lee, 2004; Frey and Smith,
2005). Studies along an altitudinal gradient in Sweden show that
NPP can increase by an order of magnitude for a 6°C air
temperature increase (Karlsson et al., 2005). However, tropical
lakes may respond with a decrease in NPP and a decline in fish
yields (e.g., 20% NPP and 30% fish yield reduction in Lake
Tanganyika due to warming over the last century – O’Reilly et
al., 2003). Higher CO2 levels will generally increase NPP in
many wetlands, although in bogs and paddy fields it may also
stimulate methane flux, thereby negating positive effects (Ziska
et al., 1998; Schrope et al., 1999; Freeman et al., 2004;
Megonigal et al., 2005; Zheng et al., 2006).

Boreal peatlands will be affected most by warming (see also
Sections 4.4.5 and 4.4.6) and increased winter precipitation as
the species composition of both plant and animal communities
will change significantly (Weltzin et al., 2000, 2001, 2003;
Berendse et al., 2001; Keller et al., 2004; Sections 4.4.5 and
4.4.6). Numerous arctic lakes will dry out with a 2-3°C
temperature rise (Smith et al., 2005; Symon et al., 2005). The
seasonal migration patterns and routes of many wetland species
will need to change and some may be threatened with extinction
(Inkley et al., 2004; Finlayson et al., 2005; Reid et al., 2005;
Zalakevicius and Svazas, 2005; Box 4.5).

Small increases in the variability of precipitation regimes will
significantly impact wetland plants and animals at different
stages of their life cycle (Keddy, 2000). In monsoonal regions,
increased variability risks diminishing wetland biodiversity and
prolonged dry periods promote terrestrialisation of wetlands as
witnessed in Keoladeo National Park, India (Chauhan and
Gopal, 2001; Gopal and Chauhan, 2001). In dryland wetlands,
changes in precipitation regimes may cause biodiversity loss
(Bauder, 2005). Changes in climate and land use will place
additional pressures on already-stressed riparian ecosystems
along many rivers in the world (Naiman et al., 2005). An
increase or decrease in freshwater flows will also affect coastal
wetlands (Chapter 6) by altering salinity, sediment inputs and
nutrient loadings (Schallenberg et al., 2001; Flöder and Burns,
2004).

4.4.9 Oceans and shallow seas

Properties, goods and services
Oceans cover over 71% of the Earth’s surface area from polar

to tropical regions to a mean depth of 4,000 m, comprising about
14 billion km3, are a massive reservoir of inorganic carbon, yet
contain only 698-708 Pg organic carbon, 13-23 Pg of which is

in living and dead biomass (Figure 4.1; Denman et al., 2007,
Section 7.3.4.1). Despite low biomass, phytoplankton carries out
almost half of global primary production, and is the basis of the
marine food web (Field et al., 1998). Substantial biodiversity
exists in both pelagic and benthic realms and along coastlines,
in a diverse range of ecosystems from highly productive (e.g.,
upwelling regions) to those with low productivity (e.g., oceanic
gyres). Ocean primary productivity depends on sunlight and
nutrients supplied from deep waters (Sarmiento et al., 2004a).
Marine ecosystems provide goods and services such as fisheries,
provision of energy, recreation and tourism, CO2 sequestration
and climate regulation, decomposition of organic matter and
regeneration of nutrients and coastal protection – many of which
are critical to the functioning of the Earth system (Chapter 5;
Costanza et al., 1997; McLean et al., 2001, Sections 6.3.2, 6.3.4,
6.3.5, 6.4.5 and 6.4.6; Hassan et al., 2005, Table 18.2). Marine
biodiversity supports ecosystem function and the services it
provides (Worm et al., 2006) with over 1 billion people relying
on fish as their main animal protein source, especially in
developing nations (Pauly et al., 2005). Coastal zones,
particularly low-lying areas, and the highly valuable local and
global socioeconomic services they provide (e.g., agricultural
land, human settlements and associated infrastructure and
industry, aquaculture and fisheries and freshwater supply) are
particularly vulnerable to climate change (McLean et al., 2001,
Section 6.5; Hassan et al., 2005, Section 19.3.2, Table 19.2).

Key vulnerabilities
Since the TAR, literature has confirmed that salient

vulnerable ecosystems are warm-water coral reefs (Box 4.4),
cold-water corals, the Southern Ocean and marginal sea-ice
ecosystems. Ocean uptake of CO2, resulting from increasing
atmospheric CO2 concentrations, reduces surface ocean pH and
carbonate ion concentrations, an impact that was overlooked in
the TAR. This is expected to affect coral reefs, cold water corals,
and ecosystems (e.g., the Southern Ocean), where aragonite
(used by many organisms to make their shells or skeletons) will
decline or become undersaturated. These and other ecosystems
where calcareous organisms (e.g., pteropods, see Glossary) play
an important role will become vulnerable this century (reviewed
by Raven et al., 2005; Haugan et al., 2006; Table 4.1).
Synergistic impacts of higher seawater temperatures and
declining carbonate make these ecosystems even more
vulnerable (e.g., Raven et al., 2005; Turley et al., 2006; Box 4.4).
Marginal sea-ice and surrounding ecosystems are vulnerable to
warming, particularly in the Northern Hemisphere (Sarmiento
et al., 2004b; Christensen et al., 2007).

Impacts
Climate change can impact marine ecosystems through ocean

warming (Wang et al., 2004b), by increasing thermal
stratification and reducing upwelling (Cox et al., 2000;
Sarmiento et al., 2004a), sea level rise (IPCC, 2001), and
through increases in wave height and frequency (Monahan et
al., 2000; Wang et al., 2004b), loss of sea ice (Sarmiento et al.,
2004b; Meehl et al., 2007; Christensen et al., 2007), increased
risk of diseases in marine biota (Harvell et al., 2002) and
decreases in the pH and carbonate ion concentration of the
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surface oceans (Caldeira and Wickett, 2003; Feely et al., 2004;
Sabine et al., 2004; Raven et al., 2005).

Theoretically, nutrient speciation could be influenced by the
lower pH expected this century (Zeebe and Wolf-Gladrow, 2001;
Raven et al., 2005). Decreases in both upwelling and formation
of deep water and increased stratification of the upper ocean will
reduce the input of essential nutrients into the sunlit regions of

oceans and reduce productivity (Cox et al., 2000; Loukos et al.,
2003; Lehodey et al., 2003; Sarmiento et al., 2004a). In coastal
areas and margins, increased thermal stratification may lead to
oxygen deficiency, loss of habitats, biodiversity and distribution
of species, and impact whole ecosystems (Rabalais et al., 2002).
Changes to rainfall and nutrient flux from land may exacerbate
these hypoxic events (Rabalais et al., 2002).
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Box 4.4. Coral reefs: endangered by climate change?

Reefs are habitat for about a quarter of marine species and are the most diverse among marine ecosystems (Roberts et al.,
2002; Buddemeier et al., 2004). They underpin local shore protection, fisheries, tourism (Chapter 6; Hoegh-Guldberg et al.,
2000; Cesar et al., 2003; Willig et al., 2003; Hoegh-Guldberg, 2004, 2005) and, though supplying only about 2-5% of the global
fisheries harvest, comprise a critical subsistence protein and income source in the developing world (Whittingham et al.,
2003; Pauly et al., 2005; Sadovy, 2005).

Corals are affected by warming of surface waters (Chapter 6, Box 6.1; Reynaud et al., 2003; McNeil et al., 2004; McWilliams
et al., 2005) leading to bleaching (loss of algal symbionts – Chapter 6, Box 6.1). Many studies incontrovertibly link coral
bleaching to warmer sea surface temperature (e.g., McWilliams et al., 2005) and mass bleaching and coral mortality often
results beyond key temperature thresholds (Chapter 6, Box 6.1). Annual or bi-annual exceedance of bleaching thresholds is
projected at the majority of reefs worldwide by 2030 to 2050 (Hoegh-Guldberg, 1999; Sheppard, 2003; Donner et al., 2005).
After bleaching, algae quickly colonise dead corals, possibly inhibiting later coral recruitment (e.g., McClanahan et al., 2001;
Szmant, 2001; Gardner et al., 2003; Jompa and McCook, 2003). Modelling predicts a phase switch to algal dominance on
the Great Barrier Reef and Caribbean reefs in 2030 to 2050 (Wooldridge et al., 2005).

Coral reefs will also be affected by rising atmospheric CO2 concentrations ( Orr et al., 2005; Raven et al., 2005; Denman et
al., 2007, Box 7.3) resulting in declining calcification. Experiments at expected aragonite concentrations demonstrated a
reduction in coral calcification (Marubini et al., 2001; Langdon et al., 2003; Hallock, 2005), coral skeleton weakening (Marubini
et al., 2003) and strong temperature dependence (Reynaud et al., 2003). Oceanic pH projections decrease at a greater rate
and to a lower level than experienced over the past 20 million years (Caldeira and Wickett, 2003; Raven et al., 2005; Turley
et al., 2006). Doubling CO2 will reduce calcification in aragonitic corals by 20%-60% (Kleypas et al., 1999; Kleypas and
Langdon, 2002; Reynaud et al., 2003; Raven et al., 2005). By 2070 many reefs could reach critical aragonite saturation states
(Feely et al., 2004; Orr et al., 2005), resulting in reduced coral cover and greater erosion of reef frameworks (Kleypas et al.,
2001; Guinotte et al., 2003).

Adaptation potential (Hughes et al., 2003) by reef organisms requires further experimental and applied study (Coles and
Brown, 2003; Hughes et al., 2003). Natural adaptive shifts to symbionts with +2°C resistance may delay demise of some reefs
to roughly 2100 (Sheppard, 2003), rather than mid-century (Hoegh-Guldberg, 2005) although this may vary widely across the
globe (Donner et al., 2005). Estimates of warm-water coral cover reduction in the last 20-25 years are 30% or higher
(Wilkinson, 2004; Hoegh-Guldberg, 2005) due largely to increasing higher SST frequency (Hoegh-Guldberg, 1999). In some
regions, such as the Caribbean, coral losses have been estimated at 80% (Gardner et al., 2003). Coral migration to higher
latitudes with more optimal SST is unlikely, due both to latitudinally decreasing aragonite concentrations and projected
atmospheric CO2 increases (Kleypas et al., 2001; Guinotte et al., 2003; Orr et al., 2005; Raven et al., 2005). Coral migration
is also limited by lack of available substrate (Chapter 6, Section 6.4.1.5). Elevated SST and decreasing aragonite have a
complex synergy (Harvell et al., 2002; Reynaud et al., 2003; McNeil et al., 2004; Kleypas et al., 2005) but could produce
major coral reef changes (Guinotte et al., 2003; Hoegh-Guldberg, 2005). Corals could become rare on tropical and sub-
tropical reefs by 2050 due to the combined effects of increasing CO2 and increasing frequency of bleaching events (at 2-3
× CO2) (Kleypas and Langdon, 2002; Hoegh-Guldberg, 2005; Raven et al., 2005). Other climate change factors (such as sea-
level rise, storm impact and aerosols) and non-climate factors (such as over-fishing, invasion of non-native species, pollution,
nutrient and sediment load (although this could also be related to climate changes through changes to precipitation and
river flow; Chapter 6, Box 6.1; Chapter 11, Box 11.3; Chapter 16)) add multiple impacts on coral reefs (Chapter 16, Box 16.2),
increasing their vulnerability and reducing resilience to climate change (Koop et al., 2001; Kleypas and Langdon, 2002; Cole,
2003; Buddemeier et al., 2004; Hallock, 2005).



Projections of ocean biological response to climate warming
by 2050 show contraction of the highly productive marginal sea-
ice biome by 42% and 17% in Northern and Southern
Hemispheres (Sarmiento et al., 2004b; see also Meehl et al.,
2007; Christensen et al., 2007). The sea-ice biome accounts for
a large proportion of primary production in polar waters and
supports a substantial food web. As timing of the spring
phytoplankton bloom is linked to the sea-ice edge, loss of sea
ice (Walsh and Timlin, 2003) and large reductions of the total
primary production in the marginal sea-ice biome in the
Northern Hemisphere (Behrenfeld and Falkowski, 1997; Marra
et al., 2003) would have strong effects, for example, on the
productivity of the Bering Sea (Stabeno et al., 2001). Reductions
in winter sea-ice will affect the reproduction, growth and
development of fish, krill, and their predators, including seals
and seal-dependent polar bears (e.g., Barber and Iacozza, 2004;
Box 4.3), leading to further changes in abundance and
distribution of marine species (Chapter 15, Section 15.4.3). An
expansion by 4.0% (Northern Hemisphere) and 9.4%
(Southern), and of the sub-polar gyre biome by 16% (Northern)
and 7% (Southern), has been projected for the permanently
stratified sub-tropical gyre biome with its low productivity. This
effect has now been observed in the North Pacific and Atlantic
(McClain et al., 2004; Sarmiento et al., 2004b). A contraction
by 11% of the seasonally stratified sub-tropical gyre is also
projected in both hemispheres by 2050 due to climate warming.
These changes are likely to have significant impacts on marine
ecosystem productivity globally, with uncertainties in
projections of NPP using six mainly IS92a-based scenarios
narrowing to an increase of between 0.7% and 8.1% by mid-
century (ΔTglobal ~1.5-3°C).

Changes to planktonic and benthic community composition
and productivity have been observed in the North Sea since 1955
(Clark and Frid, 2001) and since the mid-1980s may have
reduced the survival of young cod (Beaugrand et al., 2003).
Large shifts in pelagic biodiversity (Beaugrand et al., 2002) and
in fish community composition have been seen (Genner et al.,
2004; Perry et al., 2005). Changes in seasonality or recurrence
of hydrographic events or productive periods could be affected
by trophic links to many marine populations, including exploited
or cultured populations (Stenseth et al., 2002, 2003; Platt et al.,
2003; Llope et al., 2006). Elevated temperatures have increased
mortality of winter flounder eggs and larvae (Keller and Klein-
Macphee, 2000) and have led to later spawning migrations (Sims
et al., 2004). A 2°C rise in sea surface temperature (SST) would
result in removal of Antarctic bivalves and limpets from the
Southern Ocean (Peck et al., 2004). Tuna populations may
spread towards presently temperate regions, based on predicted
warming of surface water and increasing primary production at
mid- and high latitudes (Loukos et al., 2003).

Marine mammals, birds, cetaceans and pinnipeds (seals, sea
lions and walruses), which feed mainly on plankton, fish and
squid, are vulnerable to climate change-driven changes in prey
distribution, abundance and community composition in response
to climatic factors (Learmonth et al., 2006). Changing water
temperature also has an effect on the reproduction of cetaceans
and pinnipeds, indirectly through prey abundance, either through
extending the time between individual breeding attempts, or by

reducing breeding condition of the mother (Whitehead, 1997).
Current extreme climatic events provide an indication of
potential future effects. For example, the warm-water phase of
ENSO is associated with large-scale changes in plankton
abundance and associated impacts on food webs (Hays et al.,
2005), and changes to behaviour (Lusseau et al., 2004), sex ratio
(Vergani et al., 2004) and feeding and diet (Piatkowski et al.,
2002) of marine mammals.

Melting Arctic ice-sheets will reduce ocean salinities (IPCC,
2001), causing species-specific shifts in the distribution and
biomass of major constituents of Arctic food webs, including
poleward shifts in communities and the potential loss of some
polar species (such as the narwhal, Monodon monoceros).
Migratory whales (e.g., grey whale, Eschrichtius robustus), that
spend summer in Arctic feeding grounds, are likely to
experience disruptions in their food sources (Learmonth et al.,
2006). Nesting biology of sea turtles is strongly affected by
temperature, both in timing and in the determination of the sex
ratio of hatchlings (Hays et al., 2003), but implications for
population size are unknown. A predicted sea-level rise of 0.5 m
will eliminate up to 32% of sea-turtle nesting beaches in the
Caribbean (Fish et al., 2005).

Surface ocean pH has decreased by 0.1 unit due to absorption
of anthropogenic CO2 emissions (equivalent to a 30% increase
in hydrogen ion concentration) and is predicted to decrease by
up to a further 0.3-0.4 units by 2100 (Caldeira and Wickett,
2003). This may impact a wide range of organisms and
ecosystems (e.g., coral reefs, Box 4.4, reviewed by Raven et al.,
2005), including juvenile planktonic, as well as adult, forms of
benthic calcifying organisms (e.g., echinoderms, gastropods and
shellfish), and will affect their recruitment (reviewed by Turley
et al., 2006). Polar and sub-polar surface waters and the Southern
Ocean will be aragonite under-saturated by 2100 (Orr et al.,
2005) and Arctic waters will be similarly threatened (Haugan et
al., 2006). Organisms using aragonite to make their shells (e.g.,
pteropods) will be at risk and this will threaten ecosystems such
as the Southern and Arctic Oceans in which they play a dominant
role in the food web and carbon cycling (Orr et al., 2005;
Haugan et al., 2006).

Cold-water coral ecosystems exist in almost all the world’s
oceans and their aerial coverage could equal or exceed that of
warm-water coral reefs (Freiwald et al., 2004; Guinotte et al.,
2006). They harbour a distinct and rich ecosystem, provide
habitats and nursery grounds for a variety of species, including
commercial fish and numerous new species previously thought
to be extinct (Raven et al., 2005). These geologically ancient,
long-lived, slow-growing and fragile reefs will suffer reduced
calcification rates and, as the aragonite saturation horizon moves
towards the ocean surface, large parts of the oceans will cease to
support them by 2100 (Feely et al., 2004; Orr et al., 2005; Raven
et al., 2005; Guinotte et al., 2006). Since cold-water corals do not
have symbiotic algae but depend on extracting food particles
sinking from surface waters or carried by ocean currents, they
are also vulnerable to changes to ocean currents, primary
productivity and flux of food particles (Guinotte et al., 2006).
Warm-water coral reefs are also sensitive to multiple impacts
including increased SST and decreasing aragonite
concentrations within this century (Box 4.4).
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4.4.10 Cross-biome impacts

This section highlights issues that cut across biomes, such as
large-scale geographical shifts of vegetation (Figure 4.3) or
animal migration patterns (e.g., Box 4.3; Box 4.5), and changes
in land use and aquatic systems.

Biome shifts
Boreal forest and Arctic tundra ecosystems are projected

generally to show increased growth due to longer and warmer
growing seasons (Lucht et al., 2002; Figure 4.3). Woody boreal
vegetation is expected to spread into tundra at higher latitudes
and higher elevations (Grace et al., 2002; Kaplan et al., 2003;
Gerber et al., 2004). At the southern ecotone (see Glossary) with
continental grasslands, a contraction of boreal forest is projected
due to increased impacts of drought, insects and fires (Bachelet
et al., 2001; Scholze et al., 2006), together with a lower rate of
sapling survival (Hogg and Schwarz, 1997). Drought stress
could partially be counteracted by concurrent CO2-induced
enhanced water-use efficiency (Gerten et al., 2005), small
regional increases in precipitation, and an increased depth of
permafrost thawing. It is uncertain whether peak summer heat
stress on boreal tree species could cause regional transitions to
grassland where the continental winter climate remains too cold
for temperate forest species to succeed (Gerber et al., 2004;
Lucht et al., 2006). In temperate forests, milder winters may
reduce winter hardening in trees, increasing their vulnerability to
frost (Hänninen et al., 2001; Hänninen, 2006).

Vegetation change in the lower to mid latitudes is uncertain
because transitions between tropical desert and woody
vegetation types are difficult to forecast. Climate models
disagree in pattern and magnitude of projected changes in
atmospheric circulation and climate variability, particularly for
precipitation (e.g., with respect to the Indian and West African
monsoons). For the Sahel and other semi-arid regions, increasing
drought is predicted by some models (Held et al., 2005), while
increased water-use efficiency is projected to cause more
greening (Figure 4.3), though potentially associated with more
frequent fires, in others (Bachelet et al., 2003; Woodward and
Lomas, 2004b; Ni et al., 2006; Schaphoff et al., 2006). In
savannas, woody encroachment is projected to be a consequence
of enhanced water-use efficiency and increased precipitation in
some regions (Bachelet et al., 2001; Lucht et al., 2006; Ni et al.,
2006; Schaphoff et al., 2006; Section 4.4.3; Figure 4.3). The
moderate drying, including desert amelioration, as projected in
southern Africa, the Sahel region, central Australia, the Arabian
Peninsula and parts of central Asia (Figure 4.3) may be due to a
positive impact of rising atmospheric CO2, as noted in eastern
Namibia through sensitivity analysis (Thuiller et al., 2006b).

A general increase of deciduous at the expense of evergreen
vegetation is predicted at all latitudes, although the forests in
both the eastern USA and eastern Asia appear to be sensitive to
drought stress and decline under some scenarios (Bachelet et al.,
2001; Gerten et al., 2005; Lucht et al., 2006; Scholze et al.,
2006). Tropical ecosystems are expected to change, particularly
in the Amazon, where a subset of GCMs shows strong to
moderate reductions in precipitation with the consequence of
transitions of evergreen tropical forest to rain-green forest or

grasslands (Cox et al., 2004; Cramer et al., 2004; Woodward and
Lomas, 2004b). However, representations of tropical succession
remain underdeveloped in current models. The global land
biosphere is projected by some models to lose carbon beyond
temperature increases of 3°C (Gerber et al., 2004), mainly from
temperate and boreal soils, with vegetation carbon declining
beyond temperature increases above 5°C (Gerber et al., 2004).
Carbon sinks persist mainly in the Arctic and in savanna
grasslands (Woodward and Lomas, 2004b; Schaphoff et al.,
2006). However, there is large variability between the
projections of different vegetation (Cramer et al., 2001) and
climate (Schaphoff et al., 2006) models for a given emissions
scenario.

Migration patterns
Vagile (see Glossary) animals such as polar bears (sea-ice

biome, tundra; Box 4.3) and in particular migratory animals
(tundra, wetlands, lakes, tropical forests, savannas, etc.; Box 4.5)
respond to impacts both within and across biomes. Many species
breed in one area then move to another to spend the non-
breeding season (Robinson et al., 2005). Many migratory species
may be more vulnerable to climate change than resident species
(Price and Root, 2005). As migratory species often move
annually in response to seasonal climate changes, their
behaviour, including migratory routes, is sensitive to climate.
Numerous studies have found that many of these species are
arriving earlier (Chapter 1 and e.g., Root et al., 2003). Changes
in the timing of biological events are of particular concern
because of a potential disconnect between migrants and their
food resources if the phenology of each advances at different
rates (Inouye et al., 2000; Root et al., 2003; Visser et al., 2004).
The potential impact of climate change on migratory birds has
been especially well studied (Box 4.5).

Land use
The relative importance of key drivers on ecosystem change

varies across regions and biomes (Sala et al., 2000; Sala, 2005).
Several global studies suggest that at least until 2050 land-use
change will be the dominant driver of terrestrial biodiversity loss
in human-dominated regions (Sala et al., 2000; UNEP, 2002;
Gaston et al., 2003; Jenkins, 2003; Scharlemann et al., 2004;
Sala, 2005). Conversely, climate change is likely to dominate
where human interventions are limited, such as in the tundra,
boreal, cool conifer forests, deserts and savanna biomes (Sala et
al., 2000; Duraiappah et al., 2005). Assessment of impacts on
biodiversity differ if other drivers than climate change are taken
into account (Thomas et al., 2004a; Sala, 2005; Malcolm et al.,
2006). Interactions among these drivers may mitigate or
exacerbate the overall effects of climate change (Opdam and
Wascher, 2004). The effects of land-use change on species
through landscape fragmentation at the regional scale may
further exacerbate impacts from climate change (Holman et al.,
2005a; Del Barrio et al., 2006; Harrison et al., 2006; Rounsevell
et al., 2006).

Global land-use change studies project a significant reduction
in native vegetation (mostly forest) in non-industrialised
countries and arid regions due to expansion of agricultural or
urban land use driven principally by population growth,
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Figure 4.3. Projected appreciable changes in terrestrial ecosystems by 2100 relative to 2000 as simulated by DGVM LPJ (Sitch et al., 2003; Gerten
et al., 2004) for two SRES emissions scenarios (Nakićenović et al., 2000) forcing two climate models: (a) HadCM3 A2, (b) ECHAM5 B1 (Lucht et al.,
2006; Schaphoff et al., 2006). Changes are considered appreciable and are only shown if they exceed 20% of the area of a simulated grid cell (see
Figure 4.2 for further explanations).



especially in Africa, South America and in South Asia (Hassan
et al., 2005). This reduction in native habitat will result in
biodiversity loss (e.g., Duraiappah et al., 2005; Section 4.4.11).
Northern-latitude countries and high-altitude regions may
become increasingly important for biodiversity and species
conservation as the ranges of species distributions move
poleward and upward in response to climate change (Berry et
al., 2006). Northern-latitude countries and high-altitude regions
are also sensitive to the effects of climate change on land use,
especially agriculture, which is of particular relevance if those
regions are to support adaptation strategies to mitigate the
negative effects of future climate and land-use change. Biomes
at the highest latitudes that have not already been converted to
agriculture are likely to remain relatively unchanged in the
future (Duraiappah et al., 2005).

Aquatic systems
Higher CO2 concentrations lower the nutritional quality of

the terrestrial litter (Lindroth et al., 2001; Tuchman et al., 2002,
2003a, 2003b) which in turn will affect the food web
relationships of benthic communities in rivers. Greater amounts

of DOC (dissolved organic carbon) released in peatlands at
higher CO2 levels are exported to streams and finally reach
coastal waters (Freeman et al., 2004).

4.4.11 Global synthesis including impacts on
biodiversity

Considerable progress has been made since the TAR in key
fields that allow projection of future climate change impacts on
species and ecosystems. Two of these key fields, namely climate
envelope modelling (also called niche-based, or bioclimatic
modelling) and dynamic global vegetation modelling have
provided numerous recent results. The synthesis of these results
provides a picture of potential impacts and risks that is far from
perfect, in some instances apparently contradictory, but overall
highlights a wide array of key vulnerabilities (Figures 4.2; 4.4;
4.5, Table 4.1).

Climate envelope modelling has burgeoned recently due to
increased availability of species distribution data, together with
finer-scale climate data and new statistical methods that have
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Box 4.5. Crossing biomes: impacts of climate change on migratory birds

Migratory species can be affected by climate change in their breeding, wintering and/or critical stopover habitats. Models
project changes in the future ranges of many species (Peterson et al., 2002; Price and Glick, 2002; Crick, 2004), some
suggesting that the ranges of migrants may shift to a greater extent than non-migrants (Price and Root, 2001). In some cases
this may lead to a lengthening and in others to a shortening of migration routes. Moreover, changes in wind patterns,
especially in relation to seasonal migration timing, could help or hinder migration (Butler et al., 1997). Other expected impacts
include continuing changes in phenology, behaviour, population sizes and possibly genetics (reviewed in Crick, 2004;
Robinson et al., 2005).

Many migratory species must cross geographical barriers (e.g., the Sahara Desert, oceans) in moving between their wintering
and breeding areas. Many species must stop in the Sahel to refuel en route from their breeding to their wintering areas.
Degradation of vegetation quality in the Sahel (Box 4.2) could potentially lead to population declines in these species in
areas quite remote from the Sahel (Robinson et al., 2005).

More than 80% of the species living within the Arctic Circle winter farther south (Robinson et al., 2005). However, climate-
induced habitat change may be greatest in the Arctic (Zöckler and Lysenko, 2000; Symon et al., 2005). For example, the red
knot could potentially lose 15%-37% of its tundra breeding habitat by 2100 (HadCM2a1, UKMO). Additionally, at least some
populations of this species could also lose critical migratory stopover habitat (Delaware Bay, USA) to sea-level rise (Galbraith
et al., 2002).

The breeding areas of many Arctic breeding shorebirds and waterfowl are projected to decline by up to 45% and 50%,
respectively (Folkestad et al., 2005) for global temperature increases of 2°C above pre-industrial. A temperature increase of
2.9°C above pre-industrial would cause larger declines of up to 76% for waterfowl and up to 56% for shorebirds. In North
America’s Prairie Pothole region, models have projected an increase in drought with a 3°C regional temperature increase and
varying changes in precipitation, leading to large losses of wetlands and to declines in the populations of waterfowl breeding
there (Johnson et al., 2005). Many of these species also winter in coastal areas vulnerable to sea-level rise (Inkley et al.,
2004). One review of 300 migrant bird species found that 84% face some threat from climate change, almost half because
of changes in water regime (lowered watertables and drought), and this was equal to the summed threats due to all other
anthropogenic causes (Robinson et al., 2005).



allowed this correlative method to be widely applied (e.g.,
Guisan and Thuiller, 2005; McClean et al., 2005; Thuiller et al.,
2005b). Despite several limitations (Section 4.3 and references
cited therein) these models offer the advantage of assessing
climate change impacts on biodiversity quantitatively (e.g.,
Thomas et al., 2004a). Climate envelope models do not simulate
dynamic population or migration processes, and results are
typically constrained to the regional level, so that the
implications for biodiversity at the global level are difficult to
infer (Malcolm et al., 2002a).

In modelling ecosystem function and plant functional type
response, understanding has deepened since the TAR, though
consequential uncertainties remain. The ecophysiological
processes affected by climate change and the mechanisms by
which climate change may impact biomes, ecosystem
components such as soils, fire behaviour and vegetation
structure (i.e., biomass distribution and leaf area index) are now
explicitly modelled and have been bolstered by experimental
results (e.g., Woodward and Lomas, 2004b). One emerging key
message is that climate change impacts on the fundamental
regulating services may previously have been underestimated
(Sections 4.4.1, 4.4.10, Figures 4.2; 4.3; 4.4). Nevertheless, the

globally applicable DGVMs are limited inasmuch as the few
plant functional types used within the models aggregate
numerous species into single entities (Sitch et al., 2003). These
are assumed to be entities with very broad environmental
tolerances, which are immutable and immune to extinction.
Therefore, underlying changes in species richness are not
accounted for, and the simultaneous free dispersal of PFTs is
assumed (e.g., Neilson et al., 2005; Midgley et al., 2007). The
strength of DGVMs is especially in their global application,
realistic dynamics and simulation of ecosystem processes
including essential elements of the global C-cycle (e.g.,
Malcolm et al., 2002b). Thus, it is reasonable to equate changes
in DGVM-simulated vegetation (e.g., Figure 4.3) to changes in
community and population structures in the real world.

What overall picture emerges from the results reviewed here?
It appears that moderate levels of atmospheric CO2 rise and
climate change relative to current conditions may be beneficial
in some regions (Nemani et al., 2003), depending on latitude,
on the CO2 responsiveness of plant functional types, and on the
natural adaptive capacity of indigenous biota (mainly through
range shifts that are now being widely observed – see Chapter
1). But as change continues, greater impacts are projected, while
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Figure 4.4. Compendium of projected risks due to critical climate change impacts on ecosystems for different levels of global mean annual
temperature rise, ∆T, relative to pre-industrial climate (approach and event numbers as used in Table 4.1 and Appendix 4.1). It is important to note
that these impacts do not take account of ancillary stresses on species due to over-harvesting, habitat destruction, landscape fragmentation, alien
species invasions, fire regime change, pollution (such as nitrogen deposition), or for plants the potentially beneficial effects of rising atmospheric
CO2. The red curve shows observed temperature anomalies for the period 1900-2005 (Brohan et al., 2006, see also Trenberth et al., 2007,
Figure 3.6). The two grey curves provide examples of the possible future evolution of temperature against time (Meehl et al., 2007, Figure 10.4),
providing examples of higher and lower trajectories for the future evolution of the expected value of ∆T. Shown are the simulated, multi-model
mean responses to (i) the A2 emissions scenario and (ii) an extended B1 scenario, where radiative forcing beyond the year 2100 was kept constant
to the 2100 value (all data from Meehl et al., 2007, Figure 10.4, see also Meehl et al., 2007, Section 10.7).



ecosystem and species response may be lagged (Sections 4.4.5,
4.4.6). At key points in time (Figure 4.4), ecosystem services
such as carbon sequestration may cease, and even reverse
(Figure 4.2). While such ‘tipping points’ (Kemp, 2005) are
impossible to identify without substantial uncertainties, they
may lead to irreversible effects such as biodiversity loss or, at the
very least, impacts that have a slow recovery (e.g., on soils and
corals).

In the two simulations presented in Figure 4.2 (warming of
2.9°C and 5.3°C by 2100 over land relative to the 1961-1990
baseline), the DGVM approach reveals salient changes in a key
regulating service of the world’s ecosystems: carbon
sequestration. Changes in the spatial distributions of ecosystems
are given in Figure 4.3 (where it must be stressed that the figure
highlights only key vulnerabilities through depicting appreciable
vegetation type changes, i.e., PFT change over >20% of the area
of any single pixel modelled). In the B1 emissions scenario
(Figure 4.3b) about 26% of extant ecosystems reveal appreciable
changes by 2100, with some positive impacts especially in
Africa and the Southern Hemisphere. However, these positive
changes are likely to be due to the assumed CO2-fertilisation
effect (Section 4.4.10, Figure 4.3). By contrast, in mid- to high
latitudes on all continents, substantial shifts in forest structure
toward more rain-green, summer-green or deciduous rather than
evergreen forest, and forest and woodland decline, underlie the
overall drop in global terrestrial carbon sequestration potential
that occurs post-2030, and approaches a net source by about
2070 (Figure 4.2; 4.3). In the A2 emissions scenario, roughly
37% of extant ecosystems reveal appreciable changes by 2100.
Desert amelioration persists in the regions described above, but
substantial decline of forest and woodland is seen at northern,
tropical and sub-tropical latitudes. In both scenarios the current
global sink deteriorates after 2030, and by 2070 (∆T ~2.5°C over
pre-industrial) the terrestrial biosphere becomes an increasing
carbon source (Figure 4.2; see also Scholze et al., 2006) with
the concomitant risk of positive feedback, developments that
amplify climate change. Similar results were obtained by using
a wide range of climate models which indicate that the biosphere
becomes consistently within this century a net CO2 source with
a global warming of >3°C relative to pre-industrial (Scholze et
al., 2006). On the other hand, it must be noted that by about 2100
the modelled biosphere has nevertheless sequestered an
additional 205-228 PgC (A2 and B1 emissions scenarios
respectively) relative to the year 2000 (Lucht et al., 2006).

Climate envelope modelling suggests that climate change
impacts will diminish the areal extent of some ecosystems (e.g.,
reduction by 2-47% alone due to 1.6°C warming above pre-
industrial, Table 4.1, No. 6) and impact many ecosystem
properties and services globally. Climate impacts alone will vary
regionally and across biomes and will lead to increasing levels
of global biodiversity loss, as expressed through area reductions
of wild habitats and declines in the abundance of wild species
putting those species at risk of extinction (e.g., 3-16% of
European plants with 2.2°C warming (Table 4.1, No. 20) or
major losses of Amazon rainforest with 2.5°C warming above
pre-industrial, Figure 4.4, Table 4.1, No. 36). Globally,
biodiversity (represented by species richness and relative
abundance) may decrease by 13 to 19% due to a combination of

land-use change, climate change and nitrogen deposition under
four scenarios by 2050 relative to species present in 1970
(Duraiappah et al., 2005). Looking at projected losses due to
land-use change alone (native habitat loss), habitat reduction in
tropical forests and woodland, savanna and warm mixed forest
accounts for 80% of the species projected to be lost (about
30,000 species – Sala, 2005). The apparent contrast between
high impacts shown by projections for species (climate envelope
models) relative to PFTs (DGVMs) is likely to be due to a
number of reasons – most importantly, real species virtually
certainly have narrower climate tolerances than PFTs, a fact
more realistically represented by the climate envelope models.
DGVM projections reveal some increasing success of broad-
range, generalist plant species, while climate envelope model
results focus on endemics. Endemics, with their smaller ranges,
have been shown to have a greater vulnerability to climate
change (Thuiller et al., 2005a), and may furthermore be
dependent on keystone species in relationships that are ignored
in DGVMs. Therefore, for assessing extinction risks, climate
envelope modelling currently appears to offer more realistic
results.

As indicated in the TAR, climate changes are being imposed
on ecosystems experiencing other substantial and largely
detrimental pressures. Roughly 60% of evaluated ecosystems
are currently utilised unsustainably and show increasing signs
of degradation (Reid et al., 2005; Hassan et al., 2005; Worm et
al., 2006). This alone will be likely to cause widespread
biodiversity loss (Chapin et al., 2000; Jenkins, 2003; Reid et al.,
2005), given that 15,589 species, from every major taxonomic
group, are already listed as threatened (Baillie et al., 2006). The
likely synergistic impacts of climate change and land-use change
on endemic species have been widely confirmed (Hannah et al.,
2002a; Hughes, 2003; Leemans and Eickhout, 2004; Thomas et
al., 2004a; Lovejoy and Hannah, 2005; Hare, 2006; Malcolm et
al., 2006; Warren, 2006), as has over-exploitation of marine
systems (Worm et al., 2006; Chapters 5 and 6).

Overall, climate change has been estimated to be a major driver
of biodiversity loss in cool conifer forests, savannas,
mediterranean-climate systems, tropical forests, in the Arctic
tundra, and in coral reefs (Thomas et al., 2004a; Carpenter et al.,
2005; Malcolm et al., 2006). In other ecosystems, land-use change
may be a stronger driver of biodiversity loss at least in the near
term. In an analysis of the SRES scenarios to 2100 (Strengers et
al., 2004), deforestation is reported to cease in all scenarios except
A2, suggesting that beyond 2050 climate change is very likely to
be the major driver for biodiversity loss globally. Due to climate
change alone it has been estimated that by 2100 between 1% and
43% of endemic species (average 11.6%) will be committed to
extinction (DGVM-based study – Malcolm et al., 2006), whereas
following another approach (also using climate envelope
modelling-based studies – Thomas et al., 2004a) it has been
estimated that on average 15% to 37% of species (combination
of most optimistic assumptions 9%, most pessimistic 52%) will be
committed to extinction by 2050 (i.e., their range sizes will have
begun shrinking and fragmenting in a way that guarantees their
accelerated extinction). Climate-change-induced extinction rates
in tropical biodiversity hotspots are likely to exceed the predicted
extinctions from deforestation during this century (Malcolm et al.,
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2006). In the mediterranean-climate region of South Africa,
climate change may have at least as significant an impact on
endemic Protea species’extinction risk as land-use change does by
2020 (Bomhard et al., 2005). Based on all above findings and our
compilation (Figure 4.4, Table 4.1) we estimate that on average
20% to 30% of species assessed are likely to be at increasingly
high risk of extinction from climate change impacts possibly
within this century as global mean temperatures exceed 2°C to
3°C relative to pre-industrial levels (this chapter). The
uncertainties remain large, however, since for about 2°C
temperature increase the percentage may be as low as 10% or for
about 3°C as high as 40% and, depending on biota, the range is
between 1% and 80% (Table 4.1; Thomas et al., 2004a; Malcolm
et al., 2006). As global average temperature exceeds 4°C above
pre-industrial levels, model projections suggest significant
extinctions (40-70% species assessed) around the globe (Table
4.1).

Losses of biodiversity will probably lead to decreases in the
provision of ecosystem goods and services with trade-offs

between ecosystem services likely to intensify (National
Research Council, 1999; Carpenter et al., 2005; Duraiappah et
al., 2005). Gains in provisioning services (e.g., food supply,
water use) are projected to occur, in part, at the expense of other
regulating and supporting services including genetic resources,
habitat provision, climate and runoff regulation. Projected
changes may also increase the likelihood of ecological surprises
that are detrimental for human well-being (Burkett et al., 2005;
Duraiappah et al., 2005). Ecological surprises include rapid and
abrupt changes in temperature and precipitation, leading to an
increase in extreme events such as floods, fires and landslides,
increases in eutrophication, invasion by alien species, or rapid
and sudden increases in disease (Carpenter et al., 2005). This
could also entail sudden shifts of ecosystems to less desired
states (Scheffer et al., 2001; Folke et al., 2004; e.g., Chapin et al.,
2004) through, for example, the exeedance of critical
temperature thresholds, possibly resulting in the irreversible loss
of ecosystem services, which were dependent on the previous
state (Reid et al., 2005).
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Table 4.1. Projected impacts of climate change on ecosystems and population systems as reported in the literature for different levels of global
mean annual temperature rise, ∆Tg, relative to pre-industrial climate – mean and range (event numbers as used in Figure 4.4 and Appendix 4.1).
The global temperature change values are used as an indicator of the other associated climate changes that match particular amounts of ∆Tg, e.g.,
precipitation change and, where considered, change in the concentration of greenhouse gases in the atmosphere. Projections from the literature
were harmonised into a common framework by down/upscaling (where necessary) from local to global temperature rise using multiple GCMs, and
by using a common global mean temperature reference point for the year 1990 (after Warren, 2006). Whilst some of the literature relates impacts
directly to global mean temperature rises or particular GCM scenarios, many studies give only local temperature rises, ∆Treg, and hence require
upscaling. The thirteen GCM output data sets used are taken from the IPCC DDC at http://www.ipcc-data.org/.

i Same numbers as used in first column in Appendix 4.1.
ii The mean temperature change is taken directly from the literature, or is the central estimate of a range given in the literature, or is the mean of

upscaling calculations (cf. caption).
iii The range of temperature change represents the uncertainty arising from the use of different GCM models to calculate global temperature change.
iv 20% of the Earth’s land surface covered by study.

No.i
∆Tg
above
pre-
ind ii

∆Tg
above
pre-ind iii

(range)

∆Treg
above
1990
(range)

Impacts to unique or widespread ecosystems or population systems Region Ref.
no.

1 0.6 Increased coral bleaching Caribbean, Indian Ocean,
Great Barrier Reef

2

2 0.6 Amphibian extinctions/extinction risks on mountains due to climate-change-
induced disease outbreaks

Costa Rica, Spain,
Australia

52, 54

3 <1.0 Marine ecosystems affected by continued reductions in krill possibly impacting
Adelie penguin populations; Arctic ecosystems increasingly damaged

Antarctica, Arctic 42,
11, 14

4 1.3 1.1-1.6 1 8% loss freshwater fish habitat, 15% loss in Rocky Mountains, 9% loss of
salmon

N. America 13

5 1.6 1.2-2.0 0.7-1.5 9-31% (mean 18%) of species committed to extinction Globe iv 1

6 1.6 Bioclimatic envelopes eventually exceeded, leading to 10% transformation of
global ecosystems; loss of 47% wooded tundra, 23% cool conifer forest, 21%
scrubland, 15% grassland/steppe, 14% savanna, 13% tundra and 12%
temperate deciduous forest. Ecosystems variously lose 2-47% areal extent.

Globe 6

7 1.6 1.1-2.1 1 Suitable climates for 25% of eucalypts exceeded Australia 12

8 1.7 1-2.3 1°C SST All coral reefs bleached Great Barrier Reef, S.E.
Asia, Caribbean

2

9 1.7 1.2-2.6 38-45% of the plants in the Cerrado committed to extinction Brazil 1, 44

10 1.7 1.3-3 2-18% of the mammals, 2-8% of the birds and 1-11% of the butterflies
committed to extinction

Mexico 1, 26

11 1.7 1.3-2.4 2 16% freshwater fish habitat loss, 28% loss in Rocky Mountains, 18% loss of
salmon

N. America 13

12 <1.9 <1.6-2.4 <1 Range loss begins for golden bowerbird Australia 4



Chapter 4 Ecosystems, their properties, goods and services

243

No.
∆Tg
above
pre-
ind

∆Tg
above
pre-ind
(range)

∆Treg
above
1990
(range)

Impacts to unique or widespread ecosystems or population systems Region Ref.
no.

13 1.9 1.6-2.4 1 7-14% of reptiles, 8-18% of frogs, 7-10% of birds and 10-15% of mammals
committed to extinction as 47% of appropriate habitat in Queensland lost

Australia 1, 7

14 1.9 1.6-2.4 1 Range loss of 40-60% for golden bowerbird Australia 4

15 1.9 1.0-2.8 Most areas experience 8-20% increase in number ≥7day periods with Forest
Fire Weather Index >45: increased fire frequency converts forest and maquis to
scrub, leads to more pest outbreaks

Mediterranean 34

16 2.1 41-51% loss in plant endemic species richness S. Africa, Namibia 39

17 2.1 1.0-3.2 1-2 Alpine systems in Alps can tolerate local temperature rise of 1-2°C, tolerance
likely to be negated by land-use change

Europe 8

18 2.1 1.4-2.6 13-23% of butterflies committed to extinction Australia 1, 30

19 2.1 1.4-2.6 Bioclimatic envelopes of 2-10% plants exceeded, leading to endangerment or
extinction; mean species turnover of 48% (spatial range 17-75%); mean
species loss of 27% (spatial range 1- 68%)

Europe 22

20 2.2 3-16% of plants committed to extinction Europe 1

21 2.2 2.1-2.3 1.6-1.8 15-37% (mean 24%) of species committed to extinction Globe iv 1

22 2.2 1.7-3.2 8-12% of 277 medium/large mammals in 141 national parks critically
endangered or extinct; 22-25% endangered

Africa 23

23 2.3 1.5-2.7 2°C SST Loss of Antarctic bivalves and limpets Southern Ocean 51

24 2.3 2.0-2.5 Fish populations decline, wetland ecosystems dry and disappear Malawi, African Great
Lakes

20

25 2.3 1.5-2.7 2.5-3.0 Extinctions (100% potential range loss) of 10% endemics; 51-65% loss of
Fynbos; including 21-40% of Proteaceae committed to extinction; Succulent
Karoo area reduced by 80%, threatening 2,800 plant species with extinction; 5
parks lose >40% of plant species

S. Africa 1, 5,
24, 25

26 2.3 2.3-4.0 2.5-3.0 24-59% of mammals, 28-40% of birds, 13-70% of butterflies, 18-80% of other
invertebrates, 21-45% of reptiles committed to extinction; 66% of animal
species potentially lost from Kruger National Park

S. Africa 1, 27

27 2.3 2.2-4.0 2-20% of mammals, 3-8% of birds and 3-15% of butterflies committed to
extinction

Mexico 1, 26

28 2.3 1.6-3.2 48-57% of Cerrado plants committed to extinction Brazil 1

29 2.3 Changes in ecosystem composition, 32% of plants move from 44% of area
with potential extinction of endemics

Europe 16

30 2.3 1.6-3.2 3 24% loss freshwater fish habitat, 40% loss in Rocky Mountains, 27% loss of
salmon.

N. America 13

31 2.4 63 of 165 rivers studied lose >10% of their fish species Globe 19

32 2.4 Bioclimatic range of 25-57% (full dispersal) or 34-76% (no dispersal) of 5,197
plant species exceeded

Sub-Saharan Africa 3

33 >2.5 Sink service of terrestrial biosphere saturates and begins turning into a net
carbon source

Globe 55, 56

34 2.5 2°C SST Extinction of coral reef ecosystems (overgrown by algae) Indian Ocean 9

35 2.5 1.9-4.3 42% of UK land area with bioclimate unlike any currently found there; in
Hampshire, declines in curlew and hawfinch and gain in yellow-necked mouse
numbers; loss of montane habitat in Scotland; potential bracken invasion of
Snowdonia montane areas

57

36 2.5 2.0-3.0 Major loss of Amazon rainforest with large losses of biodiversity S. America, Globe 21, 46

37 2.5 20-70% loss (mean 44%) of coastal bird habitat at 4 sites USA 29

38 2.6 1.6-3.5 Most areas experience 20-34% increase in number ≥7day periods with Forest
Fire Weather Index >45: increased fire frequency converts forest and maquis to
scrub, causing more pest outbreaks

Mediterranean 34

39 2.6 4-21% of plants committed to extinction Europe 1

40 2.7 Bioclimatic envelopes exceeded leading to eventual transformation of 16% of
global ecosystems: loss of 58% wooded tundra, 31% cool conifer forest, 25%
scrubland, 20% grassland/steppe, 21% tundra, 21% temperate deciduous
forest, 19% savanna. Ecosystems variously lose 5-66% of their areal extent.

Globe 6
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No.
∆Tg
above
pre-
ind

∆Tg
above
pre-ind
(range)

∆Treg
above
1990
(range)

Impacts to unique or widespread ecosystems or population systems Region Ref.
no.

41 2.8 1.2-4.5 1-3 Extensive loss/conversion of habitat in Kakadu wetland due to sea-level rise
and saltwater intrusion

Australia 10

42 2.8 2.5-3.0 Multi-model mean 62% (range 40-100%) loss of Arctic summer ice extent,
high risk of extinction of polar bears, walrus, seals; Arctic ecosystem stressed

Arctic 11,53

43 2.8 2.3-4.6 2.1-2.5 Cloud-forest regions lose hundreds of metres of elevational extent, potential
extinctions ∆Treg 2.1°C for C. America and ∆Treg 2.5°C for Africa

C. America, Tropical
Africa, Indonesia

17

44 2.8 2.1-3.1 3 Eventual loss of 9-62% of the mammal species from Great Basin montane
areas

USA 32

45 2.8 1.9-3.8 3 38-54% loss of waterfowl habitat in Prairie Pothole region USA 37, 38

46 2.9 3.2-6.6 50% loss existing tundra offset by only 5% eventual gain; millions of Arctic-
nesting shorebird species variously lose up to 5-57% of breeding area;
high-Arctic species most at risk; geese species variously lose 5-56% of
breeding area

Arctic 14

47 2.9 Latitude of northern forest limits shifts N. by 0.5° latitude in W. Europe, 1.5° in
Alaska, 2.5° in Chukotka and 4° in Greenland

Arctic 40

48 2.9 1.6-4.1 Threat of marine ecosystem disruption through loss of aragonitic pteropods Southern Ocean 49

49 2.9 1.6-4.1 70% reduction in deep-sea cold-water aragonitic corals Ocean basins 48

50 2.9 2.1-3.9 21-36% of butterflies committed to extinction; >50% range loss for 83% of 24
latitudinally-restricted species

Australia 1,30

51 2.9 2.6-3.3 2.1-2.8 21-52% (mean 35%) of species committed to extinction Globe iv 1

52 2.9 Substantial loss of boreal forest China 15

53 3.0 66 of 165 rivers studied lose >10% of their fish species Globe 19

54 3.0 1.9-3.5 20% loss of coastal migratory bird habitat Delaware, USA 36

55 3.1 2.3-3.7 2°C SST Extinction of remaining coral reef ecosystems (overgrown by algae) Globe 2

56 3.1 1.9-4.1 3-4 Alpine systems in Alps degraded Europe 8

57 3.1 2.5-4.0 2 High risk of extinction of golden bowerbird as habitat reduced by 90% Australia 4

58 3.1 1.8-4.2 3-4 Risk of extinction of alpine species Europe 41

59 3.3 2.0-4.5 Reduced growth in warm-water aragonitic corals by 20%-60%; 5% decrease
in global phytoplankton productivity

Globe 2, 47,
48

60 3.3 2.3-3.9 2.6-2.9 Substantial loss of alpine zone, and its associated flora and fauna (e.g., alpine
sky lily and mountain pygmy possum)

Australia 45

61 3.3 2.8-3.8 2 Risk of extinction of Hawaiian honeycreepers as suitable habitat reduced by
62-89%

Hawaii 18

62 3.3 3.7 4-38% of birds committed to extinction Europe 1

63 3.4 6-22% loss of coastal wetlands; large loss migratory bird habitat particularly in
USA, Baltic and Mediterranean

Globe 35, 36

64 3.5 2.0-5.5 Predicted extinction of 15-40% endemic species in global biodiversity hotspots
(case “narrow biome specificity”)

Globe 50

65 3.5 2.3-4.1 2.5 – 3.5 Loss of temperate forest wintering habitat of monarch butterfly Mexico 28

66 3.6 2.6-4.3 3 Bioclimatic limits of 50% of eucalypts exceeded Australia 12

67 3.6 2.6-3.7 30-40% of 277 mammals in 141 parks critically endangered/extinct; 15-20%
endangered

Africa 23

68 3.6 3.0-3.9 Parts of the USA lose 30-57% neotropical migratory bird species richness USA 43

69 3.7 Few ecosystems can adapt Globe 6

70 3.7 50% all nature reserves cannot fulfil conservation objectives Globe 6

71 3.7 Bioclimatic envelopes exceeded leading to eventual transformation of 22% of
global ecosystems; loss of 68% wooded tundra, 44% cool conifer forest, 34%
scrubland, 28% grassland/steppe, 27% savanna, 38% tundra and 26%
temperate deciduous forest. Ecosystems variously lose 7-74% areal extent.

Globe 6

72 3.9 4-24% plants critically endangered/extinct; mean species turnover of 63%
(spatial range 22-90%); mean species loss of 42% (spatial range 2.5-86%)

Europe 22



4.5 Costs and valuation of ecosystem
goods and services

There is growing interest in developing techniques for
environmental accounting. To that end, definitions of ecosystem
goods and services are currently fluid. For example, ecosystem
services accrue to society in return for investing in or conserving
natural capital (Heal, 2007), or ecosystem services are ultimately
the end products of nature, the aspects of nature that people make
choices about (Boyd, 2006). Definitions aside, all humans clearly
rely on ecosystem services (Reid et al., 2005). While many efforts
have been made to use standard economic techniques to estimate
the economic value of ecosystem goods and services (Costanza et
al., 1997, 2000; Costanza, 2000, 2001; Daily et al., 2000; Giles,
2005; Reid et al., 2005), others argue that such efforts are not only
largely futile and flawed (Pearce, 1998; Toman, 1998b; Bockstael
et al., 2000; Pagiola et al., 2004), but may actually provide society
a disservice (Ludwig, 2000; Kremen, 2005). The estimates from
these techniques range from unknown (incomparability cf. Chang,
1997), or invaluable, or infinite (Toman, 1998b) because of lack
of human substitutes, to about 38×1012 US$ per annum (updated
to 2000 levels – Costanza et al., 1997; Balmford et al., 2002;
Hassan et al., 2005), which is larger but of similar magnitude than
the global gross national product (GNP) of 31×1012 US$ per
annum (2000 levels). These monetary estimates are usually
targeted at policy-makers to assist assessments of the economic
benefits of the natural environment (Farber et al., 2006) in
response to cost-benefit paradigms. Some argue (Balmford et al.,
2002, 2005; Reid et al., 2005) that unless ecosystem values are

recognised in economic terms, ecosystems will continue their
decline, placing the planet’s ecological health at stake
(Millennium Ecosystem Assessment, 2005). Others argue that
ecosystems provide goods and services which are invaluable and
need to be conserved on more fundamental principles, i.e., the
precautionary principle of not jeopardising the conditions for a
decent, healthy and secure human existence on this planet (e.g.,
Costanza et al., 2000; van den Bergh, 2004), or a moral and ethical
responsibility to natural systems not to destroy them.

What is sometimes lost in the arguments is that natural capital
(including ecosystem goods and services) is part of society’s
capital assets (Arrow et al., 2004). The question then may be
considered as whether one should maximise present value or try to
achieve a measure of sustainability. In either case, it is the change
in quantities of the capital stock that must be considered (including
ecosystem services). One approach in considering valuation of
ecosystem services is to calculate how much of one type of capital
asset would be needed to compensate for the loss of one unit of
another type of capital asset (Arrow et al., 2004). What is not
disputed is that factoring in the full value of ecosystem goods and
services, whether in monetary or non-monetary terms, distorts
measures of economic wealth such that a country may be judged
to be growing in wealth according to conventional indicators,
while it actually becomes poorer due to the loss of natural
resources (Balmford et al., 2002; Millennium Ecosystem
Assessment, 2005; Mock, 2005 p. 33-53.). Ignoring such aspects
almost guarantees opportunity costs. For instance Balmford et al.
(2002) estimated a benefit-cost ratio of at least 100:1 for an
effective global conservation programme setting aside 15% of the
current Earth’s surface if all aspects conventionally ignored are
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No.
∆Tg
above
pre-
ind

∆Tg
above
pre-ind
(range)

∆Treg
above
1990
(range)

Impacts to unique or widespread ecosystems or population systems Region Ref.
no.

73 4.0 3.0-5.1 3 Likely extinctions of 200-300 species (32-63%) of alpine flora New Zealand 33

74 >4.0 3.5 38-67% of frogs, 48-80% of mammals, 43-64% of reptiles and 49-72% of
birds committed to extinction in Queensland as 85-90% of suitable habitat lost

Australia 1, 7

75 >>4.0 5 Bioclimatic limits of 73% of eucalypts exceeded Australia 12

76 >>4.0 5 57 endemic frogs/mammal species eventually extinct, 8 endangered Australia 7

77 >>4.0 7 Eventual total extinction of all endemic species of Queensland rainforest Australia 7

78 5.2 62-100% loss of bird habitat at 4 major coastal sites USA 29

Sources by Ref. no.: 1-Thomas et al., 2004a; 2-Hoegh-Guldberg, 1999; 3-McClean et al., 2005; 4-Hilbert et al., 2004; 5-Rutherford et al., 2000; 6-
Leemans and Eickhout, 2004; 7-Williams et al., 2003; 8-Theurillat and Guisan, 2001; 9-Sheppard, 2003; 10-Eliot et al., 1999; 11-Symon et al.,
2005; 12-Hughes et al., 1996; 13-Preston, 2006; 14-Zöckler and Lysenko, 2000; 15-Ni, 2001; 16-Bakkenes et al., 2002; 17-Still et al., 1999; 18-
Benning et al., 2002; 19-Xenopoulos et al., 2005; 20-ECF, 2004; 21-Cox et al., 2004; 22-Thuiller et al., 2005b; 23-Thuiller et al., 2006b;
24-Midgley et al., 2002; 25-Hannah et al., 2002a; 26-Peterson et al., 2002; 27-Erasmus et al., 2002; 28-Villers-Ruiz and Trejo-Vazquez, 1998; 29-
Galbraith et al., 2002; 30-Beaumont and Hughes, 2002; 31-Kerr and Packer, 1998; 32-McDonald and Brown, 1992; 33-Halloy and Mark, 2003;
34-Moriondo et al., 2006; 35-Nicholls et al., 1999; 36-Najjar et al., 2000; 37-Sorenson et al., 1998; 38-Johnson et al., 2005; 39-Broennimann et al.,
2006; 40-Kaplan et al., 2003; 41-Theurillat et al., 1998; 42-Forcada et al., 2006; 43-Price and Root, 2005; 44-Siqueira and Peterson, 2003; 45-
Pickering et al., 2004; 46-Scholze et al., 2006; 47-Raven et al., 2005; 48-Cox et al., 2000; 49-Orr et al., 2005; 50-Malcolm et al., 2006; 51-Peck et
al., 2004; 52-Pounds et al., 2006; 53-Arzel et al., 2006; 54-Bosch et al., 2006; 55-Lucht et al., 2006; 56-Schaphoff et al., 2006; 57-Berry et al., 2005.

There is detailed information on the derivation for each entry in Table 4.1 listed in Appendix 4.1.



factored in. Additionally, many sectors and industries depend
directly or indirectly on ecosystems and their services. The impacts
of climate change could hold enormous costs for forests and
coastal marine systems, as well as for managed agricultural
systems (Epstein and Mills, 2005; Stern, 2007). Multiple
industries, such as timber, fisheries, travel, tourism and agriculture,
are threatened by disturbances caused by climate change. Impacts
on these sectors will influence financial markets, insurance
companies and large multinational investors (Mills, 2005).

The United Nations has recognised the need to develop
integrated environmental and economic accounting. However,
many difficulties remain, especially as ecosystems may be the
most difficult of all environmental assets to quantify (Boyd, 2006).
There is a growing recognition that national accounting procedures
need to be modified to include values for ecosystem goods and
services (Heal, 2007). Outside of the techniques mentioned above
(often using contingent valuation) others have argued for
developing a Green GDP to describe the state of nature and its
worth, or an Ecosystem Services Index to account for all of
nature’s contributions to the welfare of human society (Banzhaf
and Boyd, 2005; Boyd, 2006). Ultimately, it may be developing
economies that are the most sensitive to the direct impacts of
climate change, because they are more dependent on ecosystems
and agriculture (Stern, 2007). As such, it is the poor that depend
most directly on ecosystem services. Thus the degradation of these
systems and their services will ultimately exacerbate poverty,
hunger and disease, and obstruct sustainable development (e.g.,
Millennium Ecosystem Assessment, 2005; Mock, 2005; Mooney
et al., 2005; Stern, 2007).

4.6 Acclimation and adaptation:
practices, options and constraints

Although climate change is a global issue, local efforts can
help maintain and enhance resilience and limit some of the
longer-term damages from climate change (e.g., Hughes et al.,
2003; Singh, 2003; Opdam and Wascher, 2004). This section
discusses adaptation options with respect to natural ecosystems.
Adaptation of these ecosystems involves only reactive,
autonomous responses to ongoing climate change, including
changes in weather variability and extremes. However,
ecosystem managers can proactively alter the context in which
ecosystems develop. In this way they can improve the resilience,
i.e., the coping capacity, of ecosystems (see Glossary). Such
ecosystem management involves anticipatory adaptation
options. Identifying adaptation responses and adaptation options
is a rapidly developing field, so the discussion below is not
exhaustive. However, one should realise that beyond certain
levels of climate change (Hansen et al., 2003; Table 4.1,
Figure 4.4) impacts on ecosystems are severe and largely
irreversible.

4.6.1 Adaptation options

As climatic changes occur, natural resource management
techniques can be applied to increase the resilience of

ecosystems. Increasing resilience is consistent also with the
‘ecosystem approach’ developed by the Convention on
Biological Diversity (CBD) which is a “strategy for
management of land, water and living resources that promotes
conservation and sustainable use in an equitable way” (Smith
and Malthby, 2003). There are many opportunities to increase
resilience (Cropp and Gabrica, 2002; Tompkins and Adger,
2003); however, they may only be effective for lower levels of
climate change (≤2-3°C, Executive Summary, Figure 4.4,
Table 4.1).

Effective responses depend on an understanding of likely
regional climatic and ecological changes. Monitoring
environmental change, including climate, and associated
ecosystem responses is vital to allow for adjustments in
management strategies (e.g., Adger et al., 2003; Moldan et al.,
2005). Although many adaptation options are available to
wildlife managers, uncertainty about the magnitude and timing
of climate change and delayed ecosystem responses (e.g.,
Section 4.4.5) may discourage their application. Nevertheless,
‘no regrets’ decisions based on the ‘precautionary principle’
appear preferable. Actions to reduce the impact of other threats,
such as habitat fragmentation or destruction, pollution and
introduction of alien species, are very likely to enhance
resilience to climate change (e.g., Goklany, 1998; Inkley et al.,
2004; Opdam and Wascher, 2004). Such proactive approaches
would encourage conservation planning that is relevant both
today and in the future. Techniques that allow the management
of conservation resources in response to climate variability may
ultimately prove to be the most beneficial way of preparing for
possible abrupt climate change by increasing ecosystem
resilience (Bharwani et al., 2005).

A few key options to adapt at least to lower levels of climate
change in intensively managed ecosystems (Chapter 5) have
been suggested (e.g., Hannah et al., 2002a, 2002b; Hannah and
Lovejoy, 2003; Hansen et al., 2003). Expansion of reserve
systems can potentially reduce the vulnerability of ecosystems
to climate change (McNeely and Schutyser, 2003). Reserve
systems may be designed with some consideration of long-term
shifts in plant and animal distributions, natural disturbance
regimes and the overall integrity of the protected species and
ecosystems (e.g., Williams et al., 2005). Ultimately, adaptation
possibilities are determined by the conservation priorities of
each reserve and by the magnitude and nature of the change in
climate. Strategies to cope with climate change are beginning to
be considered in conservation (Cowling et al., 1999; Chopra et
al., 2005; Scott and Lemieux, 2005), and highlight the
importance of planning guided by future climate scenarios.

A primary adaptation strategy to climate change and even
current climate variability is to reduce and manage the other
stresses on species and ecosystems, such as habitat
fragmentation and destruction, over-exploitation, eutrophication,
desertification and acidification (Inkley et al., 2004; Duraiappah
et al., 2005; Robinson et al., 2005; Worm et al., 2006). Robinson
et al. (2005) suggest that this may be the only practical large-
scale adaptation policy available for marine ecosystems. In
addition to removing other stressors it is necessary to maintain
viable, connected and genetically diverse populations (Inkley et
al., 2004; Robinson et al., 2005). Small, isolated populations are
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often more prone to local extirpations than larger, more
widespread populations (e.g., Gitay et al., 2002; Davis et al.,
2005; Lovejoy and Hannah, 2005). Although connectivity,
genetic diversity and population size are important current
conservation goals, climate change increases their importance.
The reduction and fragmentation of habitats may also be
facilitated through increases in agricultural productivity (e.g.,
Goklany and Trewavas, 2003) reducing pressures on natural
ecosystems. However, increasing demand for some types of
biofuels may negate this potential benefit (e.g., Busch, 2006).

Reducing stress on ecosystems is difficult, especially in
densely populated regions. Recent studies in southern Africa
have signalled the need for policy to focus on managing areas
outside protected areas (e.g., subsistence rangelands – Von
Maltitz et al., 2006). This can, in part, be achieved through the
devolution of resource ownership and management to
communities, securing community tenure rights and incentives
for resource utilisation. This argument is based on the
observation that greater species diversity occurs outside
protected areas that are more extensive (Scholes et al., 2004).
Species migration between protected areas in response to
shifting climatic conditions is likely to be impeded, unless
assisted by often costly interventions geared towards landscapes
with greater ecological connectivity. Strategic national policies
could co-ordinate with communal or private land-use systems,
especially when many small reserves are involved and would be
particularly cost-effective if they address climate change
proactively. Finally, migration strategies are very likely to
become substantially more effective when they are implemented
over larger regions and across national borders (e.g., Hansen et
al., 2003).

Controlled burning and other techniques may be useful to
reduce fuel load and the potential for catastrophic wildfires. It
may also be possible to minimise the effect of severe weather
events by, for example, securing water rights to maintain water
levels through a drought, or by having infrastructure capable of
surviving floods. Maintaining viable and widely dispersed
populations of individual species also minimises the probability
that localised catastrophic events will cause significant negative
effects (e.g., hurricane, typhoon, flood).

Climate change is likely to increase opportunities for invasive
alien species because of their adaptability to disturbance
(Stachowicz et al., 2002; Lake and Leishman, 2004). Captive
breeding for reintroduction and translocation or the use of
provenance trials in forestry are expensive and likely to be less
successful if climate change is more rapid. Such change could
result in large-scale modifications of environmental conditions,
including the loss or significant alteration of existing habitat over
some or all of a species’ range. Captive breeding and
translocation should therefore not be perceived as panaceas for
the loss of biological diversity that might accompany large
changes in the climate. Populations of many species are already
perilously small, and further loss of habitat and stress associated
with severe climate change may push many taxa to extinction.

A costly adaptation option would be the restoration of habitats
currently under serious threat, or creation of new habitats in
areas where natural colonisation is unlikely to occur
(Anonymous, 2000). In many cases the knowledge of ecosystem

interactions and species requirements may be lacking.
Engineering habitats to facilitate species movements may call
for an entirely new field of study. Engineering interactions to
defend coastlines, for example, that change the connectivity of
coastal ecosystems, facilitate the spread of non-native species
(Bulleri, 2005) as well as warm-temperate species advancing
polewards (Helmuth et al., 2006; Mieszkowska et al., 2006).

Ultimately, managers may need to enhance or replace
diminished or lost ecosystem services. This could mean manual
seed dispersal or reintroducing pollinators. In the case of pest
outbreaks, the use of pesticides may be necessary. Enhancing or
replacing other services, such as contributions to nutrient
cycling, ecosystem stability and ecosystem biodiversity may be
much more difficult. The loss or reduced capacity of ecosystem
services is likely to be a major source of ‘surprises’ from climate
change.

4.6.2 Assessing the effectiveness and costs of
adaptation options

There are few factual studies that have established the
effectiveness and costs of adaptation options in ecosystems.
Unfortunately, this makes a comprehensive assessment of the
avoided damages (i.e., benefits) and costs impossible (see also
Section 4.5). But the costs involved in monitoring, increasing
the resilience of conservation networks and adaptive
management are certainly large. For example, the money spent
annually on nature conservation in the Netherlands was recently
estimated to be €1 billion (Milieu en Natuurplanbureau, 2005).
Of this amount, €285 million was used to manage national parks
and reserves and €280 million was used for new reserve
network areas and habitat improvement; the main objective
being to reduce fragmentation between threatened populations
and to respond to other threats. The reserve network planned for
the Netherlands (to be established by 2020) will increase the
resilience of species, populations and ecosystems to climate
change, but at a high cost. Although not defined explicitly in this
way, a significant proportion of these costs can be interpreted as
climate adaptation costs.

4.6.3 Implications for biodiversity

Many studies and assessments stress the adverse impacts of
climate change on biodiversity (e.g., Gitay et al., 2002; Hannah
and Lovejoy, 2003; Thomas et al., 2004a; Lovejoy and Hannah,
2005; Schröter et al., 2005; Thuiller et al., 2005b; van Vliet and
Leemans, 2006), but comprehensive appraisals of adaptation
options to deal with declining biodiversity are rare.

The UN Convention on Biological Diversity (CBD,
http://www.biodiv.org) aims to conserve biodiversity, to
sustainably use biodiversity and its components and to fairly and
equitably share benefits arising from the utilisation of
biodiversity. This goes much further than most national
biodiversity policies. The CBD explicitly recognises the use of
biodiversity, ecosystems and their services and frames this as a
developmental issue. As such, it extends beyond UNFCCC’s
objective of “avoiding dangerous human interference with the
climate system at levels where ecosystems cannot adapt
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naturally”. The main tool proposed by the CBD is the ecosystem
approach (Smith and Malthby, 2003) based on integrated
response options that intentionally and actively address
ecosystem services (including biodiversity) and human well-
being simultaneously, and involve all stakeholders at different
institutional levels. The ecosystem approach resembles
sustainable forest management projects (FAO, 2001). In theory,
the ecosystem approach helps the conservation and sustainable
use of biodiversity, but applications of the approach have had
limited success (Brown et al., 2005a). Integrated responses
include, however, learning by doing; a proactive approach that
should increase the resilience of ecosystems and biodiversity.

4.6.4 Interactions with other policies and policy
implications

Formulating integrated policies that cut across multiple UN
conventions, such as the UNFCCC, CBD and Convention to
Combat Desertification (CCD), could produce win-win
situations in addressing climate change, increasing resilience
and dealing with other policy issues (Nnadozie, 1998). Strategies
aimed at combating desertification, for example, contribute
towards increased soil carbon and moisture levels. Mitigation
strategies focused on afforestation, including projects under the
Clean Development Mechanism (CDM, see Glossary), could
help ecosystem adaptation through improved ecological
connectivity. The ecosystem approach can fulfil objectives
specified by different conventions (Reid et al., 2005) and, in
assessing adaptation strategies, such synergies could be
identified and promoted.

4.7 Implications for sustainable
development

Over the past 50 years, humans have converted and modified
natural ecosystems more rapidly and over larger areas than in any
comparable period of human history (e.g., Steffen et al., 2004).
These changes have been driven by the rapidly growing demands
for food, fish, freshwater, timber, fibre and fuel (e.g., Vitousek et
al., 1997) and have contributed to substantial net gains in human
well-being and economic development, while resulting in a
substantial and largely irreversible loss of biodiversity and
degradation in ecosystems and their services (Reid et al., 2005).

The consequences of policies to address the vulnerability of
ecosystems to climate change at both the national and
international level are not yet fully understood. There is growing
evidence that significant impacts on the environment may result
from perverse or unintended effects of policies from other sectors,
which directly or indirectly have adverse consequences on
ecosystems and other environmental processes (Chopra et al.,
2005). Land re-distribution policies, for example, while designed
to increase food self-sufficiency also contribute to reducing carbon
sequestration and loss of biodiversity through extensive clear-
cutting.

Effective mechanisms to analyse cross-sectoral impacts and
to feed new scientific knowledge into policy-making are

necessary (Schneider, 2004). There is substantial evidence to
suggest that developing and implementing policies and strategies
to reduce the vulnerability of ecosystems to climate change is
closely linked to the availability of capacity to address current
needs (e.g., Chanda, 2001). Thus, prospects for successful
adaptation to climate change will remain limited as long as
factors (e.g., population growth, poverty and globalisation) that
contribute to chronic vulnerability to, for example, drought and
floods, are not resolved (Kates, 2000; Reid et al., 2005).

4.7.1 Ecosystems services and sustainable
development

Large differences in natural and socio-economic conditions
among regions mitigate against simple solutions to the problem of
ecosystem degradation and loss of services. Many interactions,
lags and feedbacks, including those that operate across a range of
spatial, temporal and organisational scales generate complex
patterns which are not fully understood. Past actions to slow or
reverse the degradation of ecosystems have yielded significant
results, but these improvements have generally not kept pace with
growing pressures (Reid et al., 2005). However, sound
management of ecosystem services provides several cost-effective
opportunities for addressing multiple development goals in a
synergistic manner (Reid et al., 2005).

Progress achieved in addressing the Millennium Development
Goals (MDGs) is unlikely to be sustained if ecosystem services
continue to be degraded (Goklany, 2005). The role of ecosystems
in sustainable development and in achieving the MDGs involves
an array of stakeholders (Jain, 2003; Adeel et al., 2005). Evidence
from different parts of the world shows that in most cases it is far
from clear who is ‘in charge’ of the long-term sustainability of an
ecosystem, let alone of the situation under future climates.
Responding and adapting to the impacts of climate change on
ecosystems calls for a clear and structured system of decision
making at all levels (Kennett, 2002). Impacts of climate change on
ecosystems also show strong interrelationships with ecosystem
processes and human activities at various scales over time.
Addressing these impacts requires a co-ordinated, integrated,
cross-sectoral policy framework with a long-term focus; a strategy
that so far has not been easy to implement (Brown, 2003).

4.7.2 Subsistence livelihoods and indigenous
peoples

The impacts of climate change on ecosystems and their services
will not be distributed equally around the world. Dryland, mountain
and mediterranean regions are likely to be more vulnerable than
others (Gitay et al., 2001) and ecosystem degradation is largest in
these regions (Hassan et al., 2005). Climate change is likely to cause
additional inequities, as its impacts are unevenly distributed over
space and time and disproportionately affect the poor (Tol, 2001;
Stern, 2007). The term ‘double exposure’has been used for regions,
sectors, ecosystems and social groups that are confronted both by
the impacts of climate change and by the consequences of economic
globalisation (O’Brien and Leichenko, 2000). Thus special attention
needs to be given to indigenous peoples with subsistence livelihoods
and groups with limited access to information and few means of
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adaptation.As a result climate change and sustainable development
need to incorporate issues of equity (Kates, 2000; Jain, 2003;
Richards, 2003).

4.8 Key uncertainties and research priorities

Key uncertainties listed here are those that limit our ability to
project climate change impacts on ecosystems, but only if they have
implications at sub-continental and higher spatial scales, are relevant
for many species, populations and communities, or significantly
weaken a modelling result. In terms of climate uncertainty, it is
important to highlight that projections for precipitation carry a
significantly higher uncertainty than temperature, yet play a major
role for many projections obtained from modelling approaches. In
relation to projecting climate change impacts on ecosystems, we
find key sources of uncertainty to include:

• inadequate representation of the interactive coupling
between ecosystems and the climate system and,
furthermore, of the multiple interacting drivers of global
change. This prevents a fully integrated assessment of
climate change impacts on ecosystem services;

• major biotic feedbacks to the climate system, especially
through trace gases from soils in all ecosystems, and
methane from labile carbon stocks such as wetlands,
peatlands, permafrost and yedoma;

• how aggregation within current DGVMs with respect to the
functional role of individual species and the assumption of
their instantaneous migration biases impact estimates;

• the net result of changing disturbance regimes (especially
through fire, insects and land-use change) on biotic
feedbacks to the atmosphere, ecosystem structure, function,
biodiversity and ecosystem services;

• the magnitude of the CO2-fertilisation effect in the terrestrial
biosphere and its components over time;

• the limitations of climate envelope models used to project
responses of individual species to climate changes, and for
deriving estimations of species extinction risks;

• the synergistic role of invasive alien species in both
biodiversity and ecosystem functioning;

• the effect of increasing surface ocean CO2 and declining pH
on marine productivity, biodiversity, biogeochemistry and
ecosystem functioning;

• the impacts of interactions between climate change and
changes in human use and management of ecosystems as
well as other drivers of global environmental change.

Guided by the above, the following research needs can be
identified as priorities for reducing uncertainties.

• Identify key vulnerabilities in permafrost–soil–vegetation
interactions at high latitudes, and their potential feedback to
the biosphere trace-gas composition. Recent estimates suggest
that terrestrial permafrost contains more than 1,000 PgC, which
is increasingly emitting CO2 and more importantly, methane
(e.g., Walter et al., 2006; Zimov et al., 2006). The implications
of this for abrupt and significant climate forcing are significant
(e.g., Schellnhuber, 2002; iLEAPS, 2005; Symon et al., 2005,
p. 1015; Lelieveld, 2006; Zimov et al., 2006).

• More robust modelling of interactions between biota and
their geophysical environment using several independently
developed DGVMs and Earth-system models. Validation
(Price et al., 2001) beyond model intercomparisons is
required, especially also with respect to the methane cycle.
The goal should be to narrow uncertainties relating to the
vulnerability of the carbon sequestration potential of
ecosystems including more realistic estimates of lagged and
threshold responses (e.g., Scheffer et al., 2001; iLEAPS,
2005).

• More emphasis on precipitation projections (e.g., Handel and
Risbey, 1992) and resulting water regime effects. These
should emphasise interactions between vegetation and
atmosphere, including CO2-fertilisation effects, in mature
forests in the Northern Hemisphere, seasonal tropical forests,
and arid or semi-arid grassland and savannas (e.g., Jasienski
et al., 1998; Karnosky, 2003).

• Improved understanding of the role of disturbance regimes,
i.e., frequency and intensity of episodic events (drought, fire,
insect outbreaks, diseases, floods and wind-storms) and that
of alien species invasions, as they interact with ecosystem
responses to climate change itself and pollution (e.g.,
Osmond et al., 2004; Opdam and Wascher, 2004).

• Development of integrated large spatial-scale remote
sensing with long-term field studies (May, 1999b; Kräuchi
et al., 2000; Morgan et al., 2001b; Osmond et al., 2004;
Opdam and Wascher, 2004; Symon et al., 2005, p. 1019) to
better address scale mismatches between the climate system
and ecosystems (Root and Schneider, 1995).

• Studies on impacts of rising atmospheric CO2 on ocean
acidification, and warming on coral reefs and other marine
systems (Coles and Brown, 2003; Anonymous, 2004), and
widening the range of terrestrial ecosystems for which CO2-
fertilisation responses have been quantified (e.g., Bond et al.,
2003).

• Validating species-specific climate envelope models by
testing model projections against the plethora of range shifts
observed in nature (e.g., Walther et al., 2001; Chapter 1).

• Advances in understanding the relationship between
biodiversity and the resilience of ecosystem services at a
scale relevant to human well-being, to quote Sir Robert May
(1999a): “The relatively rudimentary state of ecological
science prevents us from making reliable predictions about
how much biological diversity we can lose before natural
systems collapse and deprive us of services upon which we
depend.”

• Improve identification of environmental key factors
influencing ecosystem structures that determine functionality
and provisioning services of ecosystems together with
quantitative information on economic impacts (including
implications for adaptation costs – Toman, 1998a; Winnett,
1998; Kremen, 2005; Symon et al., 2005, e.g., p. 1019).

• Integrative vulnerability studies on adaptive management
responses to preserve biodiversity (including conservation
and reservation management) and ecosystem services in
relation to pressures from land-use change and climate
change (Kappelle et al., 1999; Lorenzoni et al., 2005;
Stenseth and Hurrell, 2005; Symon et al., 2005).
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Appendix 4.1

The table below contains detailed information on models and
how the upscaling and downscaling were performed for each entry
in Table 4.1 (using the same numbering scheme).

In each case E indicates an empirical derivation,M indicates a
modelling study, a number refers to how many GCMs (see
Glossary) were used in the original literature (for GCM
abbreviations used here see below), other codes indicate whether
model projections included respectively, precipitation (P), ocean
acidification (pH), sea ice (SI), sea-level rise (SLR), sea surface
temperature (SST) or anthropogenic water use (W); dispersal
assumptions from the literature (D – estimate assumes dispersal;
ND – estimate assumes no dispersal; NR – not relevant since
species/ecosystem has nowhere to disperse to in order to escape
warming – e.g., habitat is at top of isolated mountain or at southern
extremity of austral landmass).
IMAGE, BIOME3, BIOME4, LPJ,MAPSS refer to specific

models as used in the study, e.g.,LPJ denotes the Lund-Potsdam-
Jena dynamic global vegetation model (LPJ-DGVM – Sitch et al.,
2003; see also Glossary).

Lower case a-h refer to how the literature was addressed in
terms of up/downscaling (a – clearly defined global impact for a
specific ∆T against a specific baseline, upscaling not necessary; b
– clearly defined regional impact at a specific regional ∆T where
no GCM used; c – clearly defined regional impact as a result of
specific GCM scenarios but study only used the regional ∆T; d –
as c but impacts also the result of regional precipitation changes; e

– as b but impacts also the result of regional precipitation change;
f – regional temperature change is off-scale for upscaling with
available GCM patterns to 2100, in which case upscaling is, where
possible, approximated by using Figures 10.5 and 10.8 from Meehl
et al., 2007; g – studies which estimate the range of possible
outcomes in a given location or region considering a multi-model
ensemble linked to a global temperature change. In this case
upscaling is not carried out since the GCM uncertainty has already
been taken into account in the original literature; h – cases where
sea surface temperature is the important variable, hence upscaling
has been carried out using the maps from Meehl et al. (2007), using
Figures 10.5 and 10.8, taking the increases in local annual mean (or
where appropriate seasonal, from Figure 10.9) surface air
temperature over the sea as equal to the local increases in annual
mean or seasonal sea surface temperature. GCM abbreviations
used here: H2 – HadCM2, H3 – HadCM3, GF – GFDL, EC –
ECHAM4, CS – CSIRO, CG – CG, PCM – NCAR PCM.

The GCM outputs used in this calculation are those used in the
Third Assessment Report (IPCC, 2001) and are at 5º resolution:
HadCM3A1FI,A2, B1, B2 whereA2 is an ensemble of 3 runs and
B2 is an ensemble of 2 runs; ECHAM4 A2 and B2 (not ensemble
runs); CSIRO mark 2 A2, B1, B2; NCAR PCM A2 B2; CGCM2
A2 B2 (each an ensemble of 2 runs). Where GCM scenario names
only were provided further details were taken from: HadCM2/3
(Mitchell et al., 1995), http://www.ipcc-data.org/ (see also
Gyalistras et al., 1994; IPCC-TGCIA, 1999; Gyalistras and
Fischlin, 1999; Jones et al., 2005).All used GCMs/AOGCMs have
been reviewed here: IPCC (1990), IPCC (1996), Neilson and
Drapek (1998), IPCC (2001).
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i Same numbers as used in first column in Table 4.1.

No. i Details on type of study, models, model results and methods used to derive the sensitivities as tabulated in Table 4.1 for each entry

1 M, 4, SST
2 E
3 E, SI
4,11,30 M, 7, ND, c; ref. quotes 13.8% loss in Rocky Mountains for each 1°C rise in JJA temperature, upscaled with CS, PCM, CG
5 M, D&ND, P, a; 18% matches minimum expected climate change scenarios which Table 3 of ref. (supplementary material) lists as ∆T of

0.9°-1.7°C (mean 1.3°C) above 1961-1990 mean; 8 of the 9 sub-studies used H2, one used H3
6 M, 5, IMAGE, a; authors confirmed temperature baseline is year 2000 which is 0.1°C warmer than 1990
7 M, D, b; upscaled with H3, EC, CS, PCM, CG
8 M, SST, h
9 M, H2, P, ND, d; table 3 of ref. 1 gives global ∆T of 1.35°C above 1961-1990; HHGSDX of H3; downscaled with H3 then upscaled with

H3, EC, CS, PCM, CG
10 M, H2, P, D&ND, d; as for No. 9
11 As for No. 4
12,14 M, P, NR, e; upscaled using H3, EC, CS, PCM, CG
13 M, D, b; upscaled using H3, EC, CS, PCM, CG
14 As for No. 12
15 M, P, NR, d; HadRM3PA2 in 2050, figure 13 in ref. shows ∆T matching B2 of H3 of 1.6°C above 1961-1990 mean; downscaled with H3

and upscaled with H3, EC, CS, PCM, CG

16 M, H3, P, D, e; H3 2050 SRES mean
17 E, P, D, b; upscaled using H3, EC, CS, PCM, CG
18 M, 10, P, D, d, g; table 3 of ref. 1 gives global ∆T of 1.35°C above 1961-1990; upscaled with H3, EC, CS, PCM, CG; Uses a local ∆T

range across Australia

19 M, H3, P, D&ND, d; ref. gives B1 in 2050 with a ∆T of 1.8°C above the 1961-1990 baseline; downscaled with H3 and then upscaled with
H3, EC, CG

20 M, H2, P, D&ND, d; studies used global annual mean ∆T of 1.9°C above 1961-1990 mean
21 M, P, D&ND, a; table 3 of ref. mid-range climate scenarios has a mean ∆T of 1.9°C above 1961-1990
22 M, H2, P, D&ND, d; ref. uses A2 of H3 in 2050 that has a ∆T of 1.9°C above 1961-1990 (Arnell et al., 2004); downscaled with H3 then

upscaled with H3, EC, CS, PCM, CG
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No. Details on type of study, models, model results and methods used to derive the sensitivities as tabulated in Table 4.1 for each entry
23 h; upscaled using maps from WGI, chapter 10
24 E, P, NR, a
25 M, 2, P, NR, d; scenarios on CRU website used with ∆T of 2.0°C above 1961-1990, agrees with Table 3 of ref. 1 which gives ∆T of

2.0°C above 1961-1990 mean; downscaled with H3 then upscaled with H3, EC, CS, PCM, CG

26 M, H2, P, D, d; the 66% is from a suite of 179 representative species, table 3 of ref. 1 lists global ∆T of 3°C above 1961-1990 mean,
upscaled with H3, EC, CS, CG

27 M, H2, P, D&ND, d; table 3 of ref. 1 which gives ∆T of 2.0°C above 1961-1990 mean using HHGGAX; downscaled with H3 then
upscaled with H3, EC, CS, PCM, CG

28 M, H2, P, ND, d; as for No. 27
29 M, IMAGE, P, D&ND; ref. gives the global temperature change relative to 1990
30 As for No. 4
31 M, H3, W, a; ref. uses B2 of H3 in 2070 that has a ∆T rise of 2.1°C with respect to the 1961-1990 mean
32 M, P, D&ND; ref. uses B1 in H3 in 2080s from (Arnell et al., 2004)
33 M, 2, P, LPJ; upscaled with H3, EC5 (see also Figure 4.2; 4.3)
34 M, SST, h
35 M, P, D, d; UKCIP02 high emissions scenario used as central value; upscaled for Hampshire from UKCIP02 regional maps using H3,

EC, CS

36 M, a
37 M, SLR, a; analysis based on transient 50% probability of sea-level rise using the US EPA scenarios for ∆T of 2°C above 1990 baseline
38 M, P, NR, d; see No. 15; HadRM3PA2 in 2050, taken from Figure 13 in ref.
39 M, H2, D&ND, d; ref. uses global ∆T of 2.3°C above 1961-1990 mean
40 As for No. 6
41 M, CS, b; upscaled with H3, EC, CS, PCM, CG
42 M, 15, SI, a; Arzel (Arzel et al., 2006) uses 15 GCMs with A1B for 2080s, ∆T A1B 2080s multi-model mean from Meehl et al., 2007,

Figure 10.5 is 2.5°C above 1990; ACIA uses 4 GCMs with B2, multi-model ∆T is 2.2°C over 1961-1990 or 2.0°C above 1990
43 M, GE, P, NR, d; GENESIS GCM with 2.5°C rise for CO2 doubling from 345 to 690ppm, 345 ppm corresponds quite closely to the 1961-

1990 mean; upscaling then gives the range all locations used; variously used H3, EC, CS, CG
44 M, NR, b; upscaled with H3, EC, CS, and CG
45 M, 2, P, d, g; range is due to importance of ∆ P, GFDL CO2 doubling is from 300 ppm which occurred in about 1900, and climate

sensitivity in SAR is 3.7; UKMO in 2050 is 1.6°C above 1961-1990 mean, 1.9°C above pre-industrial
46,47 M, H2, BIOME4, P, NR, c; A1 scenario of H2GS has ∆T of 2.6°C relative to 1961-1990 mean
48,49 pH, g; IS92a in 2100 has 788 ppm CO2 and ∆T of 1.3-3.5°C above 1990 (IPCC, 1996, Figure 6.20)
50 M, 10, P, D, d, g; 2.6°C above 1961-1990 mean.upscaled with H3, EC, CS, CG at lower end, upper end out of range
51 M, P, D&ND, a; Table 3 of ref. maximum climate scenarios have mean ∆T of 2.6°C above 1961-1990 or 2.3°C above 1990; 8 of the 9

sub-studies used H2, one used H3
52 M, BIOME3, P, d, f; H2 2080s with aerosols (HHGSA1) has global ∆T of 2.6°C above 1961-1990 mean
53 M, H3, W, a; ref. uses A2 of H3 in 2070 that has a ∆T of 2.7°C with respect to the 1961-1990 mean and hence 2.5°C with respect to 1990
54 M, 2, SLR, a; IS92a in 2100 has 788 ppm CO2 and ∆T of 1.3-3.5°C above 1990 (IPCC, 1996, Figure 6.20)
55 M, SST, h
56 E, P, D, e; upscaled with H3, EC, CS
57 M, P, NR, e; upscaled for several sites taken from maps in ref., using H3, EC, CS, CG
58 M, NR
59 pH, a; impact is at CO2 doubling, T range given by WGI for equilibrium climate sensitivity
60 M, CS, P, d; upscaled with H3, EC, CS, CG
61 M, NR, b; % derived from Table 1 in ref. for all forest areas combined on the 3 islands studied; upscaling considers changes averaged

over 3 islands and uses H3, EC, CS, CG
62 M, H3, P, D&ND, d, f; table 3 of ref. lists global ∆T of 3°C above 1961-1990 mean
63 M, H2, SLR, NR, a; H2 2080s without aerosols has global ∆T of 3.4°C above pre-industrial (Hulme et al., 1999)
64 M, 7, BIOME3, MAPSS, P, D&ND, a; uses transient and equilibrium CO2 doubling scenarios from Neilson & Drapek (1998) table 2;

control concentrations were obtained directly from modellers; thus deduced mean global mean ∆T for this study

65 M, 2, P, D, d; study used CO2 doubling scenarios in equilibrium – CCC ∆T at doubling is 3.5°C relative to 1900 whilst GFDL R30 is
3.3°C relative to 1900; upscaling gives range H3, EC, CG

66 M, D, b; upscaled with H3, EC, CS
67 M, H3, P, D&ND, d; ref. uses A2 in H3 in 2080 that has a ∆T of 3.3°C above 1961-1990 (Arnell et al., 2004)
68 M, CCC, P, D, d; CO2 equilibrium doubling scenario has ∆T of 3.5°C relative to 1900; downscaled with CGCM and upscaled with H3,

EC, CS, CG
69,70,71 M, 5, IMAGE, a; authors confirmed temperature baseline is year 2000 which is 0.1°C warmer than 1990
72
73

M, H3, P, D&ND, d; ref. lists ∆T of 3.6°C for A1 in 2080 relative to 1961-1990, downscaled with H3 and upscaled with H3, EC, CG
M, NR, b; upscaled with H3, EC, CG

74 M, NR, b, f; Meehl et al., 2007, Figures 10.5 and 10.8 suggest global ∆T of 3.5°C relative to 1990
75 M, D, f; Meehl et al., 2007, Figure 10. 5 shows this occurs for ∆T ≥3.5°C above 1990
76 M, NR, b, f; as for No. 75
77 M, NR, b, f
78 M, SLR, a; US EPA scenario of 4.7°C above 1990
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Executive summary

In mid- to high-latitude regions, moderate warming benefits
crop and pasture yields, but even slight warming decreases
yields in seasonally dry and low-latitude regions (medium
confidence).
Modelling results for a range of sites find that, in mid- to high-
latitude regions, moderate to medium local increases in
temperature (1-3ºC), along with associated carbon dioxide
(CO2) increase and rainfall changes, can have small beneficial
impacts on crop yields. In low-latitude regions, even moderate
temperature increases (1-2°C) are likely to have negative yield
impacts for major cereals. Further warming has increasingly
negative impacts in all regions (medium to low confidence)
[Figure 5.2]. These results, on the whole, project the potential
for global food production to increase with increases in local
average temperature over a range of 1 to 3ºC, but above this
range to decrease [5.4, 5.6].

The marginal increase in the number of people at risk of
hunger due to climate change must be viewed within the
overall large reductions due to socio-economic
development (medium confidence).
Compared to 820 million undernourished today, the IPCC
Special Report on Emissions Scenarios (SRES) scenarios of
socio-economic development without climate change project a
reduction to 100-230 million (range is over A1, B1, B2 SRES
scenarios) undernourished by 2080 (or 770 million under the
A2 SRES scenario) (medium confidence). Scenarios with
climate change project 100-380 million (range includes with
and without CO2 effects and A1, B1, B2 SRES scenarios)
undernourished by 2080 (740-1,300 million under A2) (low to
medium confidence). Climate and socio-economic changes
combine to alter the regional distribution of hunger, with large
negative effects on sub-Saharan Africa (low to medium
confidence) [Table 5.6].

Projected changes in the frequency and severity of extreme
climate events have significant consequences for food and
forestry production, and food insecurity, in addition to
impacts of projected mean climate (high confidence).
Recent studies indicate that climate change scenarios that
include increased frequency of heat stress, droughts and
flooding events reduce crop yields and livestock productivity
beyond the impacts due to changes in mean variables alone,
creating the possibility for surprises [5.4.1, 5.4.2]. Climate
variability and change also modify the risks of fires, and pest
and pathogen outbreaks, with negative consequences for food,
fibre and forestry (FFF) (high confidence) [5.4.1 to 5.4.5].

Simulations suggest rising relative benefits of adaptation
with low to moderate warming (medium confidence),
although adaptation stresses water and environmental
resources as warming increases (low confidence).
There are multiple adaptation options that imply different costs,
ranging from changing practices in place to changing locations
of FFF activities [5.5.1]. Adaptation effectiveness varies from

only marginally reducing negative impacts to changing a
negative impact into a positive one. On average, in cereal
cropping systems worldwide, adaptations such as changing
varieties and planting times enable avoidance of a 10-15%
reduction in yield corresponding to 1-2°C local temperature
increase. The benefit from adapting tends to increase with the
degree of climate change up to a point [Figure 5.2]. Adaptive
capacity in low latitudes is exceeded at 3°C local temperature
increase [Figure 5.2, Section 5.5.1]. Changes in policies and
institutions will be needed to facilitate adaptation to climate
change. Pressure to cultivate marginal land or to adopt
unsustainable cultivation practices as yields drop may increase
land degradation and resource use, and endanger biodiversity of
both wild and domestic species [5.4.7]. Adaptation measures
must be integrated with development strategies and
programmes, country programmes and Poverty Reduction
Strategies [5.7].

Smallholder and subsistence farmers, pastoralists and
artisanal fisherfolk will suffer complex, localised impacts of
climate change (high confidence).
These groups, whose adaptive capacity is constrained, will
experience the negative effects on yields of low-latitude crops,
combined with a high vulnerability to extreme events. In the
longer term, there will be additional negative impacts of other
climate-related processes such as snow-pack decrease
(especially in the Indo-Gangetic Plain), sea level rise, and
spread in prevalence of human diseases affecting agricultural
labour supply. [5.4.7]

Globally, commercial forestry productivity rises modestly
with climate change in the short and medium term, with
large regional variability around the global trend (medium
confidence).
The change in the output of global forest products ranges from
a modest increase to a slight decrease, although regional and
local changes will be large [5.4.5.2]. Production increase will
shift from low-latitude regions in the short-term, to high-
latitude regions in the long-term [5.4.5].

Local extinctions of particular fish species are expected at
edges of ranges (high confidence).
Regional changes in the distribution and productivity of
particular fish species are expected due to continued warming
and local extinctions will occur at the edges of ranges,
particularly in freshwater and diadromous species (e.g., salmon,
sturgeon). In some cases ranges and productivity will increase
[5.4.6]. Emerging evidence suggests that meridional
overturning circulation is slowing, with serious potential
consequences for fisheries (medium confidence) [5.4.6].

Food and forestry trade is projected to increase in response
to climate change, with increased dependence on food
imports for most developing countries (medium to low
confidence).
While the purchasing power for food is reinforced in the period
to 2050 by declining real prices, it would be adversely affected
by higher real prices for food from 2050 to 2080. [5.6.1, 5.6.2].
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Exports of temperate zone food products to tropical countries
will rise [5.6.2], while the reverse may take place in forestry in
the short-term. [5.4.5]

Experimental research on crop response to elevated CO2

confirms Third Assessment Report (TAR) findings (medium
to high confidence). New Free-Air Carbon Dioxide
Enrichment (FACE) results suggest lower responses for
forests (medium confidence).
Recent re-analyses of FACE studies indicate that, at 550 ppm
atmospheric CO2 concentrations, yields increase under
unstressed conditions by 10-25% for C3 crops, and by 0-10%
for C4 crops (medium confidence), consistent with previous
TAR estimates (medium confidence). Crop model simulations
under elevated CO2 are consistent with these ranges (high
confidence) [5.4.1]. Recent FACE results suggest no significant
response for mature forest stands, and confirm enhanced growth
for young tree stands [5.4.1.1]. Ozone exposure limits CO2
response in both crops and forests.

5.1 Introduction: importance, scope
and uncertainty, Third Assessment
Report summary, and methods

5.1.1 Importance of agriculture, forestry
and fisheries

At present, 40% of the Earth’s land surface is managed for
cropland and pasture (Foley et al., 2005). Natural forests cover
another 30% (3.9 billion ha) of the land surface with just 5% of
the natural forest area (FAO, 2000) providing 35% of global
roundwood. In developing countries, nearly 70% of people live
in rural areas where agriculture is the largest supporter of
livelihoods. Growth in agricultural incomes in developing
countries fuels the demand for non-basic goods and services
fundamental to human development. The United Nations Food
and Agriculture Organization (FAO) estimates that the
livelihoods of roughly 450 million of the world’s poorest people
are entirely dependent on managed ecosystem services. Fish
provide more than 2.6 billion people with at least 20% of their
average per capita animal protein intake, but three-quarters of
global fisheries are currently fully exploited, overexploited or
depleted (FAO, 2004c).

5.1.2 Scope of the chapter and
treatment of uncertainty

The scope of this chapter, with a focus on food crops,
pastures and livestock, industrial crops and biofuels, forestry
(commercial forests), aquaculture and fisheries, and small-
holder and subsistence agriculturalists and artisanal fishers, is
to:

• examine current climate sensitivities/vulnerabilities;
• consider future trends in climate, global and regional food

security, forestry and fisheries production;
• review key future impacts of climate change in food crops,

pasture and livestock production, industrial crops and
biofuels, forestry, fisheries, and small-holder and
subsistence agriculture;

• assess the effectiveness of adaptation in offsetting damages
and identify adaptation options, including planned
adaptation to climate change;

• examine the social and economic costs of climate change in
those sectors; and,

• explore the implications of responding to climate change for
sustainable development.

We strive for consistent treatment of uncertainty in this chapter.
Traceable accounts of final judgements of uncertainty in the
findings and conclusions are, where possible, maintained.
These accounts explicitly state sources of uncertainty in the
methods used by the studies that comprise the assessment. At
the end of the chapter, we summarise those findings and
conclusions and provide a final judgement of their
uncertainties.

5.1.3 Important findings of the Third
Assessment Report

The key findings of the 2001 Third Assessment Report (TAR;
IPCC, 2001) with respect to food, fibre, forestry and fisheries
are an important benchmark for this chapter. In reduced form,
they are:

Food crops
• CO2 effects increase with temperature, but decrease once

optimal temperatures are exceeded for a range of processes,
especially plant water use. The CO2 effect may be relatively
greater (compared to that for irrigated crops) for crops under
moisture stress.

• Modelling studies suggest crop yield losses with minimal
warming in the tropics.

• Mid- to high-latitude crops benefit from a small amount of
warming (about +2°C) but plant health declines with
additional warming.

• Countries with greater wealth and natural resource
endowments adapt more efficiently than those with less.

Forestry
• Free-air CO2 enrichment (FACE) experiments suggest that

trees rapidly become acclimated to increased CO2 levels.
• The largest impacts of climate change are likely to occur

earliest in boreal forests.
• Contrary to the findings of the Second Assessment Report

(SAR), climate change will increase global timber supply
and enhance existing market trends of rising market share in
developing countries.

Aquaculture and fisheries
• Global warming will confound the impact of natural

variation on fishing activity and complicate management.
• The sustainability of the fishing industries of many

countries will depend on increasing flexibility in bilateral
and multilateral fishing agreements, coupled with
international stock assessments and management plans.
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• Increases in seawater temperature have been associated with
increases in diseases and algal blooms in the aquaculture
industry.

5.1.4 Methods

Research on the consequences of climate change on
agriculture, forestry and fisheries is addressing deepening levels
of system complexity that require a new suite of methodologies
to cope with the added uncertainty that accompanies the
addition of new, often non-linear, process knowledge. The
added realism of experiments (e.g., FACE) and the translation
of experimental results to process crop-simulation models are
adding confidence to model estimates. Integrated physiological
and economic models (e.g., Fischer et al., 2005a) allow holistic
simulation of climate change effects on agricultural
productivity, input and output prices, and risk of hunger in
specific regions, although these simulations rely on a small set
of component models. The application of meta-analysis to
agriculture, forestry and fisheries in order to identify trends and
consistent findings across large numbers of studies has revealed
important new information since the TAR, especially on the
direct effects of atmospheric CO2 on crop and forest
productivity (e.g., Ainsworth and Long, 2005) and fisheries
(Allison et al., 2005). The complexity of processes that
determine adaptive capacity dictates an increasing regional
focus to studies in order best to understand and predict adaptive
processes (Kates and Wilbanks, 2003): hence the rise in
numbers of regional-scale studies. This increases the need for
more robust methods to scale local findings to larger regions,
such as the use of multi-level modelling (Easterling and Polsky,
2004). Further complexity is contributed by the growing
number of scenarios of future climate and society that drive
inputs to the models (Nakićenović and Swart, 2000).

5.2 Current sensitivity, vulnerability
and adaptive capacity to climate

5.2.1 Current sensitivity

The inter-annual, monthly and daily distribution of climate
variables (e.g., temperature, radiation, precipitation, water vapour
pressure in the air and wind speed) affects a number of physical,
chemical and biological processes that drive the productivity of
agricultural, forestry and fisheries systems. The latitudinal
distribution of crop, pasture and forest species is a function of
the current climatic and atmospheric conditions, as well as of
photoperiod (e.g., Leff et al., 2004). Total seasonal precipitation
as well as its pattern of variability (Olesen and Bindi, 2002) are both
of major importance for agricultural, pastoral and forestry systems.

Crops exhibit threshold responses to their climatic
environment, which affect their growth, development and yield
(Porter and Semenov, 2005). Yield-damaging climate thresholds
that span periods of just a few days for cereals and fruit trees
include absolute temperature levels linked to particular
developmental stages that condition the formation of

reproductive organs, such as seeds and fruits (Wheeler et al.,
2000; Wollenweber et al., 2003). This means that yield damage
estimates from coupled crop–climate models need to have a
temporal resolution of no more than a few days and to include
detailed phenology (Porter and Semenov, 2005). Short-term
natural extremes, such as storms and floods, interannual and
decadal climate variations, as well as large-scale circulation
changes, such as the El Niño Southern Oscillation (ENSO), all
have important effects on crop, pasture and forest production
(Tubiello, 2005). For example, El Niño-like conditions increase
the probability of farm incomes falling below their long-term
median by 75% across most of Australia’s cropping regions,
with impacts on gross domestic product (GDP) ranging from
0.75 to 1.6% (O’Meagher, 2005). Recently the winter North
Atlantic Oscillation (NAO) has been shown to correlate with the
following summer’s climate, leading to sunnier and drier
weather during wheat grain growth and ripening in the UK and,
hence, to better wheat grain quality (Atkinson et al., 2005); but
these same conditions reduced summer growth of grasslands
through increased drought effects (Kettlewell et al., 2006).

The recent heatwave in Europe (see Box 5.1) and drought in
Africa (see Table 5.1) illustrate the potentially large effects of
local and/or regional climate variability on crops and livestock.

5.2.2 Sensitivity to multiple stresses

Multiple stresses, such as limited availability of water
resources (see Chapter 3), loss of biodiversity (see Chapter 4),
and air pollution (see Box 5.2), are increasing sensitivity to
climate change and reducing resilience in the agricultural sector

Box 5.1. European heatwave impact
on the agricultural sector

Europe experienced a particularly extreme climate event
during the summer of 2003, with temperatures up to 6°C
above long-term means, and precipitation deficits up to
300 mm (see Trenberth et al., 2007). A record drop in crop
yield of 36% occurred in Italy for maize grown in the Po
valley, where extremely high temperatures prevailed (Ciais
et al., 2005). In France, compared to 2002, the maize grain
crop was reduced by 30% and fruit harvests declined by
25%. Winter crops (wheat) had nearly achieved maturity
by the time of the heatwave and therefore suffered less
yield reduction (21% decline in France) than summer
crops (e.g., maize, fruit trees and vines) undergoing
maximum foliar development (Ciais et al., 2005). Forage
production was reduced on average by 30% in France
and hay and silage stocks for winter were partly used
during the summer (COPA COGECA, 2003b). Wine
production in Europe was the lowest in 10 years (COPA
COGECA, 2003a). The (uninsured) economic losses for
the agriculture sector in the European Union were
estimated at €13 billion, with largest losses in France (€4
billion) (Sénat, 2004).
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(FAO, 2003a). Natural land resources are being degraded
through soil erosion, salinisation of irrigated areas, dryland
degradation from overgrazing, over-extraction of ground water,
growing susceptibility to disease and build-up of pest resistance
favoured by the spread of monocultures and the use of
pesticides, and loss of biodiversity and erosion of the genetic
resource base when modern varieties displace traditional ones
(FAO, 2003b). Small-holder agriculturalists are especially
vulnerable to a range of social and environmental stressors (see
Table 5.2). The total effect of these processes on agricultural
productivity is not clear. Additionally, multiple stresses, such
as forest fires and insect outbreaks, increase overall sensitivity
(see Section 5.4.5). In fisheries, overexploitation of stocks (see
Section 5.4.6), loss of biodiversity, water pollution and changes
in water resources (see Box 5.3) also increase the current
sensitivity to climate.

5.2.3 Current vulnerability and adaptive
capacity in perspective

Current vulnerability to climate variability, including
extreme events, is both hazard- and context-dependent (Brooks
et al., 2005). For agriculture, forestry and fisheries systems,
vulnerability depends on exposure and sensitivity to climate
conditions (as discussed above), and on the capacity to cope
with changing conditions. A comparison of conditions on both
sides of the USA–Mexico border reveals how social, political,
economic and historical factors contribute to differential
vulnerability among farmers and ranchers living within the
same biophysical regime (Vasquez-Leon et al., 2003).
Institutional and economic reforms linked to globalisation
processes (e.g., removal of subsidies, increased import
competition) reduce the capacity of some farmers to respond to
climate variability (O’Brien et al., 2004). Efforts to reduce
vulnerability and facilitate adaptation to climate change are
influenced both positively and negatively by changes
associated with globalisation (Eakin and Lemos, 2006).

Table 5.1. Quantified impacts of selected African droughts on livestock, 1981 to 1999.

Date Location Mortality and species Source

1981-84 Botswana 20% of national herd FAO, 1984, cited in Toulmin, 1986

1982-84 Niger 62% of national cattle herd Toulmin, 1986

1983-84 Ethiopia (Borana Plateau) 45-90% of calves, 45% of cows, 22% of mature males Coppock, 1994

1991 Northern Kenya 28% of cattle
18% of sheep and goats

Surtech, 1993, cited in Barton
and Morton, 2001

1991-93 Ethiopia (Borana) 42% of cattle Desta and Coppock, 2002

1993 Namibia 22% of cattle
41% of goats and sheep

Devereux and Tapscott, 1995

1995-97 Greater Horn of Africa
(average of nine pastoral areas)

20% of cattle
20% of sheep and goats

Ndikumana et al., 2000

1995-97 Southern Ethiopia 46% of cattle
41% of sheep and goats

Ndikumana et al., 2000

1998-99 Ethiopia (Borana) 62% of cattle Shibru, 2001, cited in Desta and
Coppock, 2002

Box 5.2. Air pollutants and ultraviolet-B
radiation (UV-B)

Ozone has significant adverse effects on crop yields,
pasture and forest growth, and species composition (Loya
et al., 2003; Ashmore, 2005; Vandermeiren, 2005; Volk et
al., 2006). While emissions of ozone precursors, chiefly
nitrous oxide (NOx) compounds, may be decreasing in
North America and Europe due to pollution-control
measures, they are increasing in other regions of the
world, especially Asia. Additionally, as global ozone
exposures increase over this century, direct and indirect
interactions with climate change and elevated CO2 will
further modify plant dynamics (Booker et al., 2005; Fiscus
et al., 2005). Although several studies confirm TAR
findings that elevated CO2 may ameliorate otherwise
negative impacts from ozone (Kaakinen et al., 2004), the
essence of the matter should be viewed the other way
around: increasing ozone concentrations in future
decades, with or without CO2 increases, with or without
climate change, will negatively impact plant production,
possibly increasing exposure to pest damage (Ollinger et
al., 2002; Karnosky, 2003). Current risk-assessment tools
do not sufficiently consider these key interactions.
Improved modelling approaches that link the effects of
ozone, climate change, and nutrient and water availability
on individual plants, species interactions and ecosystem
function are needed (Ashmore, 2005): some efforts are
under way (Felzer et al., 2004). Finally, impacts of UV-B
exposure on plants were previously reviewed by the TAR,
which showed contrasting results on the interactions of
UV-B exposure with elevated CO2. Recent studies do not
narrow the uncertainty: some findings suggest amelioration
of negative UV-B effects by elevated CO2 (Qaderi and
Reid, 2005); others show no effect (Zhao et al., 2003).



Adaptive capacity with respect to current climate is dynamic,
and influenced by changes in wealth, human capital,
information and technology, material resources and
infrastructure, and institutions and entitlements (see Chapter
17) (Yohe and Tol, 2001; Eakin and Lemos, 2006). The
production and dissemination of seasonal climate forecasts has
improved the ability of many resource managers to anticipate
and plan for climate variability, particularly in relation to
ENSO, but with some limitations (Harrison, 2005). However,

problems related to infectious disease, conflicts and other
societal factors may decrease the capacity to respond to
variability and change at the local level, thereby increasing
current vulnerability. Policies and responses made at national
and international levels also influence local adaptations
(Salinger et al., 2005). National agricultural policies are often
developed on the basis of local risks, needs and capacities, as
well as international markets, tariffs, subsidies and trade
agreements (Burton and Lim, 2005).
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Stressors: Source:

Population increase driving fragmentation of landholding Various

Environmental degradation stemming variously from population, poverty, ill-defined property rights Grimble et al., 2002

Regionalised and globalised markets, and regulatory regimes, increasingly concerned with issues of food quality
and food safety

Reardon et al., 2003

Market failures interrupt input supply following withdrawal of government intervention Kherallah et al., 2002

Continued protectionist agricultural policies in developed countries, and continued declines and unpredictability
in the world prices of many major agricultural commodities of developing countries

Lipton, 2004, Various

Human immunodeficiency virus (HIV) and/or acquired immunodeficiency syndrome (AIDS) pandemic, particularly
in Southern Africa, attacking agriculture through mass deaths of prime-age adults, which diverts labour resources
to caring, erodes household assets, disrupts intergenerational transmission of agricultural knowledge, and
reduces the capacity of agricultural service providers

Barnett and Whiteside, 2002

For pastoralists, encroachment on grazing lands and a failure to maintain traditional natural resource management Blench, 2001

State fragility and armed conflict in some regions Various

Table 5.2.Multiple stressors of small-holder agriculture.

Box 5.3. Climate change and the fisheries of the lower Mekong – an example of
multiple stresses on a megadelta fisheries system due to human activity

Fisheries are central to the lives of the people, particularly the rural poor, who live in the lower Mekong countries. Two-thirds
of the basin’s 60 million people are in some way active in fisheries, which represent about 10% of the GDP of Cambodia and
Lao People’s Democratic Republic (PDR). There are approximately 1,000 species of fish commonly found in the river, with
many more marine vagrants, making it one of the most prolific and diverse faunas in the world (MRC, 2003). Recent estimates
of the annual catch from capture fisheries alone exceed 2.5 Mtonnes (Hortle and Bush, 2003), with the delta contributing over
30% of this.

Direct effects of climate will occur due to changing patterns of precipitation, snow melt and rising sea level, which will affect
hydrology and water quality. Indirect effects will result from changing vegetation patterns that may alter the food chain and
increase soil erosion. It is likely that human impacts on the fisheries (caused by population growth, flood mitigation, increased
water abstractions, changes in land use and over-fishing) will be greater than the effects of climate, but the pressures are
strongly interrelated.

An analysis of the impact of climate change scenarios on the flow of the Mekong (Hoanh et al., 2004) estimated increased
maximummonthly flows of 35 to 41% in the basin and 16 to 19% in the delta (lower value is for years 2010 to 2138 and higher
value for years 2070 to 2099, compared with 1961 to 1990 levels). Minimum monthly flows were estimated to decrease by 17
to 24% in the basin and 26 to 29% in the delta. Increased flooding would positively affect fisheries yields, but a reduction in
dry season habitat may reduce recruitment of some species. However, planned water-management interventions, primarily dams,
are expected to have the opposite effects on hydrology, namely marginally decreasing wet season flows and considerably
increasing dry season flows (World Bank, 2004).

Models indicate that even a modest sea level rise of 20 cm would cause contour lines of water levels in the Mekong delta to
shift 25 km towards the sea during the flood season and salt water to move further upstream (although confined within canals)
during the dry season (Wassmann et al., 2004). Inland movement of salt water would significantly alter the species composition
of fisheries, but may not be detrimental for overall fisheries yields.



Sub-Saharan Africa is one example of an area of the world
that is currently highly vulnerable to food insecurity (Vogel,
2005). Drought conditions, flooding and pest outbreaks are some
of the current stressors on food security that may be influenced
by future climate change. Current response options and overall
development initiatives related to agriculture, fisheries and
forestry may be constrained by health status, lack of information
and ineffective institutional structures, with potentially negative
consequences for future adaptations to periods of heightened
climate stress (see Chapter 9) (Reid and Vogel, 2006).

5.3 Assumptions about future
trends in climate, food,
forestry and fisheries

Declining global population growth (UN, 2004), rapidly rising
urbanisation, shrinking shares of agriculture in the overall
formation of incomes and fewer people dependent on agriculture
are among the key factors likely to shape the social setting in
which climate change is likely to evolve. These factors will
determine how climate change affects agriculture, how rural
populations can cope with changing climate conditions, and how
these will affect food security. Any assessment of climate change
impacts on agro-ecological conditions of agriculture must be
undertaken against this background of changing socio-economic
setting (Bruinsma, 2003).

5.3.1 Climate

Water balance and weather extremes are key to many agricultural
and forestry impacts. Decreases in precipitation are predicted by
more than 90% of climate model simulations by the end of the
21st century for the northern and southern sub-tropics (IPCC,
2007a). Increases in precipitation extremes are also very likely in
the major agricultural production areas in Southern and Eastern
Asia, in East Australia and in Northern Europe (Christensen et al.,
2007). It should be noted that climate change impact models for
food, feed and fibre do not yet include these recent findings on
projected patterns of change in precipitation.

The current climate, soil and terrain suitability for a range of
rain-fed crops and pasture types has been estimated by Fischer et
al. (2002b) (see Figure 5.1a). Globally, some 3.6 billion ha (about
27% of the Earth’s land surface) are too dry for rain-fed
agriculture. Considering water availability, only about 1.8% of
these dry zones are suitable for producing cereal crops under
irrigation (Fischer et al., 2002b).

Changes in annual mean runoff are indicative of the mean
water availability for vegetation. Projected changes between now
and 2100 (see Chapter 3) show some consistent runoff patterns:
increases in high latitudes and the wet tropics, and decreases in
mid-latitudes and some parts of the dry tropics (Figure 5.1b).
Declines in water availability are therefore projected to affect
some of the areas currently suitable for rain-fed crops (e.g., in the
Mediterranean basin, Central America and sub-tropical regions of
Africa and Australia). Extreme increases in precipitation

(Christensen et al., 2007) also are very likely in major agricultural
production areas (e.g., in Southern and Eastern Asia and in
Northern Europe).

5.3.2 Balancing future global supply and demand
in agriculture, forestry and fisheries

5.3.2.1 Agriculture
Slower population growth and an increasing proportion of

better-fed people who require fewer additional calories are
projected to lead to deceleration of global food demand. This
slow-down in demand takes the present shift in global food
consumption patterns from crop-based to livestock-based diets
into account (Schmidhuber and Shetty, 2005). In parallel with the
slow-down in demand, FAO (FAO, 2005a) expects growth in
world agricultural production to decline from 2.2%/yr during the
past 30 years to 1.6%/yr in 2000 to 2015, 1.3%/yr in 2015 to 2030
and 0.8%/yr in 2030 to 2050. This still implies a 55% increase in
global crop production by 2030 and an 80% increase to 2050
(compared with 1999 to 2001). To facilitate this growth in output,
another 185 million ha of rain-fed crop land (+19%) and another
60 million ha of irrigated land (+30%) will have to be brought
into production. Essentially, the entire agricultural land expansion
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Figure 5.1. (a) Current suitability for rain-fed crops (excluding forest
ecosystems) (after Fischer et al., 2002b). SI = suitability index; (b)
Ensemble mean percentage change of annual mean runoff between
present (1981 to 2000) and 2100 (Nohara et al., 2006).



will take place in developing countries with most of it occurring
in sub-Saharan Africa and Latin America, which could result in
direct trade-offs with ecosystem services (Cassman et al., 2003).
In addition to expanded land use, yields are expected to rise.
Cereal yields in developing countries are projected to increase
from 2.7 tonnes/ha currently to 3.8 tonnes/ha in 2050 (FAO, 2005a).

These improvements in the global supply-demand balance will
be accompanied by a decline in the number of undernourished
people from more than 800 million at present to about 300
million, or 4% of the population in developing countries, by
2050 (see Table 5.6) (FAO, 2005a). Notwithstanding these overall
improvements, important food-security problems remain to be
addressed at the local and national levels. Areas in sub-Saharan
Africa, Asia and Latin America, with high rates of population
growth and natural resource degradation, are likely to continue to
have high rates of poverty and food insecurity (Alexandratos,
2005). Cassman et al. (2003) emphasise that climate change will
add to the dual challenge of meeting food (cereal) demand while
at the same time protecting natural resources and improving
environmental quality in these regions.

5.3.2.2 Forestry
A number of long-term studies on supply and demand of

forestry products have been conducted in recent years (e.g., Sedjo
and Lyon, 1990, 1996; FAO, 1998; Hagler, 1998; Sohngen et al.,
1999, 2001). These studies project a shift in harvest from natural
forests to plantations. For example, Hagler (1998) suggested the
industrial wood harvest produced on plantations will increase
from 20% of the total harvest in 2000 to more than 40% in 2030.
Other estimates (FAO, 2004a) state that plantations produced
about 34% of the total in 2001 and predict this portion may
increase to 44% by 2020 (Carle et al., 2002) and 75% by 2050
(Sohngen et al., 2001). There will also be a global shift in the
industrial wood supply from temperate to tropical zones and from
the Northern to Southern Hemisphere. Trade in forest products will
increase to balance the regional imbalances in demand and supply
(Hagler, 1998).

Forecasts of industrial wood demand have tended to be
consistently higher than actual demand (Sedjo and Lyon, 1990).
Actual increases in demand have been relatively small (compare
current demand of 1.6 billion m3 with 1.5 billion m3 in the early
1980s (FAO, 1982, 1986, 1988, 2005b)). The recent projections of
the FAO (1997), Häggblom (2004), Sedjo and Lyon (1996) and
Sohngen et al. (2001) forecast similar modest increases in demand
to 1.8-1.9 billion m3 by 2010 to 2015, in contrast to earlier higher
predictions of 2.1 billion m3 by 2015 and 2.7 billion m3 by 2030
(Hagler, 1998). Similarly, an FAO (2001) study suggests that
global fuelwood use has peaked at 1.9 billion m3 and is stable or
declining, but the use of charcoal continues to rise (e.g., Arnold et
al., 2003). However, fuelwood use could dramatically increase in
the face of rising energy prices, particularly if incentives are
created to shift away from fossil fuels and towards biofuels. Many
other products and services depend on forest resources; however,
there are no satisfactory estimates of the future global demand for
these products and services.

Finally, although climate change will impact the availability of
forest resources, the anthropogenic impact, particularly land-use
change and deforestation in tropical zones, is likely to be

extremely important (Zhao et al., 2005). In the Amazon basin,
deforestation and increased forest fragmentation may impact
water availability, triggering more severe droughts. Droughts
combined with deforestation increase fire danger (Laurance and
Williamson, 2001): simulations show that during the 2001 ENSO
period approximately one-third of Amazon forests became
susceptible to fire (Nepstad et al., 2004).

5.3.2.3 Fisheries
Global fish production for food is forecast to increase from

now to 2020, but not as rapidly as world demand. Per capita fish
consumption and fish prices are expected to rise, with wide
variations in commodity type and region. By 2020, wild-capture
fisheries are predicted to continue to supply most of the fish
produced in sub-Saharan Africa (98%), the USA (84%) and
Latin America (84%), but not in India (45%) where aquaculture
production will dominate (Delgado et al., 2003). All countries in
Asia are likely to produce more fish between 2005 and 2020,
but the rate of increase will taper. Trends in capture fisheries
(usually zero growth or modest declines) will not unduly
endanger overall fish supplies; however, any decline of fisheries
is cause for concern given the projected growth in demand
(Briones et al., 2004).

5.3.2.4 Subsistence and smallholder agriculture
‘Subsistence and smallholder agriculture’ is used here to

describe rural producers, predominantly in developing countries,
who farm using mainly family labour and for whom the farm
provides the principal source of income (Cornish, 1998).
Pastoralists and people dependent on artisanal fisheries and
household aquaculture enterprises (Allison and Ellis, 2001) are
also included in this category.

There are few informed estimates of world or regional
population in these categories (Lipton, 2004). While not all
smallholders, even in developing countries, are poor, 75% of the
world’s 1.2 billion poor (defined as consuming less than one
purchasing power-adjusted dollar per day) live and work in rural
areas (IFAD, 2001). They suffer, in varying degrees, problems
associated both with subsistence production (isolated and
marginal location, small farm size, informal land tenure and low
levels of technology), and with uneven and unpredictable
exposure to world markets. These systems have been
characterised as ‘complex, diverse and risk-prone’ (Chambers et
al., 1989). Risks (Scoones et al., 1996) are also diverse (drought
and flood, crop and animal diseases, and market shocks) and may
be felt by individual households or entire communities.
Smallholder and subsistence farmers and pastoralists often also
practice hunting–gathering of wild resources to fulfil energy,
clothing and health needs, as well as for direct food requirements.
They participate in off-farm and/or non-farm employment (Ellis,
2000).

Subsistence and smallholder livelihood systems currently
experience a number of interlocking stressors other than climate
change and climate variability (outlined in Section 5.2.2). They
also possess certain important resilience factors: efficiencies
associated with the use of family labour (Lipton, 2004), livelihood
diversity that allows the spreading of risks (Ellis, 2000) and
indigenous knowledge that allows exploitation of risky
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environmental niches and coping with crises (see Cross Chapter
Case Study on Indigenous Knowledge). The combinations of
stressors and resilience factors give rise to complex positive and
negative trends in livelihoods. Rural to urban migration will
continue to be important, with urban populations expected to
overtake rural populations in less developed regions by 2017
(UNDESA 2004). Within rural areas there will be continued
diversification away from agriculture (Bryceson et al., 2000);
already non-farm activities account for 30-50% of rural income in
developing countries (Davis, 2004). Although Vorley (2002),
Hazell (2004) and Lipton (2004) see the possibility, given
appropriate policies, of pro-poor growth based on the efficiency
and employment generation associated with family farms, it is
overall likely that smallholder and subsistence households will
decline in numbers, as they are pulled or pushed into other
livelihoods, with those that remain suffering increased
vulnerability and increased poverty.

5.4 Key future impacts, vulnerabilities
and their spatial distribution

5.4.1 Primary effects and interactions

The TAR concluded that climate change and variability will
impact food, fibre and forests around the world due to the effects
on plant growth and yield of elevated CO2, higher temperatures,
altered precipitation and transpiration regimes, and increased
frequency of extreme events, as well as modified weed, pest and
pathogen pressure. Many studies since the TAR confirmed and
extended previous findings; key issues are described in the
following sections.

5.4.1.1 Effects of elevated CO2 on plant growth and yield
Plant response to elevated CO2 alone, without climate change,

is positive and was reviewed extensively by the TAR. Recent
studies confirm that the effects of elevated CO2 on plant growth
and yield will depend on photosynthetic pathway, species, growth
stage and management regime, such as water and nitrogen (N)
applications (Jablonski et al., 2002; Kimball et al., 2002; Norby et
al., 2003; Ainsworth and Long, 2005). On average across several
species and under unstressed conditions, recent data analyses find
that, compared to current atmospheric CO2 concentrations, crop
yields increase at 550 ppm CO2 in the range of 10-20% for C3
crops and 0-10% for C4 crops (Ainsworth et al., 2004; Gifford,
2004; Long et al., 2004). Increases in above-ground biomass at
550 ppm CO2 for trees are in the range 0-30%, with the higher
values observed in young trees and little to no response observed
in mature natural forests (Nowak et al., 2004; Korner et al., 2005;
Norby et al., 2005). Observed increase of above-ground
production in C3 pastures is about +10% (Nowak et al., 2004;
Ainsworth and Long, 2005). For commercial forestry, slow-
growing trees may respond little to elevated CO2 (e.g., Vanhatalo
et al., 2003), and fast-growing trees more strongly, with
harvestable wood increases of +15-25% at 550 ppm and high N
(Calfapietra et al., 2003; Liberloo et al., 2005; Wittig et al., 2005).
Norby et al. (2005) found a mean tree net primary production

(NPP) response of 23% in young tree stands; however in mature
tree stands Korner et al. (2005) reported no stimulation.

While some studies using re-analyses of recent FACE
experimental results have argued that crop response to elevated
CO2 may be lower than previously thought, with consequences
for crop modelling and projections of food supply (Long et al.,
2005, 2006), others have suggested that these new analyses are,
in fact, consistent with previous findings from both FACE and
other experimental settings (Tubiello et al., 2007a, 2007b). In
addition, simulations of unstressed plant growth and yield
response to elevated CO2 in the main crop-simulation models,
including AFRC-Wheat, APSIM, CERES, CROPGRO,
CropSyst, LINTULC and SIRIUS, have been shown to be in line
with recent experimental data, projecting crop yield increases of
about 5-20% at 550 ppm CO2 (Tubiello et al., 2007b). Within
that group, the main crop and pasture models, CENTURY and
EPIC, project above-ground biomass production in C3 species of
about 15-20% at 550 ppm CO2, i.e., at the high end of observed
values for crops, and higher than recent observations for pasture.
Forest models assume NPP increases at 550 ppm CO2 in the
range 15-30%, consistent with observed responses in young
trees, but higher than observed for mature trees stands.

Importantly, plant physiologists and modellers alike recognise
that the effects of elevated CO2 measured in experimental
settings and implemented in models may overestimate actual
field- and farm-level responses, due to many limiting factors
such as pests, weeds, competition for resources, soil, water and
air quality, etc., which are neither well understood at large scales,
nor well implemented in leading models (Tubiello and Ewert,
2002; Fuhrer, 2003; Karnosky, 2003; Gifford, 2004; Peng et al.,
2004; Ziska and George, 2004; Ainsworth and Long, 2005;
Tubiello et al., 2007a, 2007b). Assessment studies should
therefore include these factors where possible, while analytical
capabilities need to be enhanced. It is recommended that yield
projections use a range of parameterisations of CO2 effects to
better convey the associated uncertainty range.

5.4.1.2 Interactions of elevated CO2 with
temperature and precipitation

Many recent studies confirm and extend the TAR findings
that temperature and precipitation changes in future decades will
modify, and often limit, direct CO2 effects on plants. For
instance, high temperature during flowering may lower CO2
effects by reducing grain number, size and quality (Thomas et
al., 2003; Baker, 2004; Caldwell et al., 2005). Increased
temperatures may also reduce CO2 effects indirectly, by
increasing water demand. Rain-fed wheat grown at 450 ppm
CO2 demonstrated yield increases with temperature increases of
up to 0.8°C, but declines with temperature increases beyond
1.5°C; additional irrigation was needed to counterbalance these
negative effects (Xiao et al., 2005). In pastures, elevated CO2
together with increases in temperature, precipitation and N
deposition resulted in increased primary production, with
changes in species distribution and litter composition (Shaw et
al., 2002; Zavaleta et al., 2003; Aranjuelo et al., 2005; Henry et
al., 2005). Future CO2 levels may favour C3 plants over C4
(Ziska, 2003), yet the opposite is expected under associated
temperature increases; the net effects remain uncertain.
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Importantly, climate impacts on crops may significantly
depend on the precipitation scenario considered. In particular,
since more than 80% of total agricultural land, and close to
100% of pasture land, is rain-fed, general circulation model
(GCM) dependent changes in precipitation will often shape both
the direction and magnitude of the overall impacts (Olesen and
Bindi, 2002; Tubiello et al., 2002; Reilly et al., 2003). In general,
changes in precipitation and, especially, in evaporation-
precipitation ratios modify ecosystem function, particularly in
marginal areas. Higher water-use efficiency and greater root
densities under elevated CO2 in field and forestry systems may,
in some cases, alleviate drought pressures, yet their large-scale
implications are not well understood (Schäfer et al., 2002;
Wullschleger et al., 2002; Norby et al., 2004; Centritto, 2005).

5.4.1.3 Increased frequency of extreme events
The TAR has already reported on studies that document

additional negative impacts of increased climate variability on
plant production under climate change, beyond those estimated
from changes in mean variables alone. More studies since the
TAR have more firmly established such issues (Porter and
Semenov, 2005); they are described in detail in Sections 5.4.2 to
5.4.7. Understanding links between increased frequency of
extreme climate events and ecosystem disturbance (fires, pest
outbreaks, etc.) is particularly important to quantify impacts
(Volney and Fleming, 2000; Carroll et al., 2004; Hogg and
Bernier, 2005). Although a few models since the TAR have started
to incorporate effects of climate variability on plant production,
most studies continue to include only effects on changes in mean
variables.

5.4.1.4 Impacts on weed and insect pests,
diseases and animal health

The importance of weeds and insect pests, and disease
interactions with climate change, was reviewed in the TAR. New
research confirms and extends these findings, including
competition between C3 and C4 species (Ziska, 2003; Ziska and
George, 2004). In particular, CO2-temperature interactions are
recognised as a key factor in determining plant damage from pests
in future decades, though few quantitative analyses exist to date;
CO2-precipitation interactions will be likewise important (Stacey
and Fellows, 2002; Chen et al., 2004; Salinari et al., 2006; Zvereva
and Kozlov, 2006). Most studies continue to investigate pest
damage as a separate function of either CO2 (Chakraborty and
Datta, 2003; Agrell et al., 2004; Chen et al., 2005a, 2005b) or
temperature (Bale et al., 2002; Cocu et al., 2005; Salinari et al.,
2006). For instance, recent warming trends in the U.S. and Canada
have led to earlier spring activity of insects and proliferation of
some species, such as the mountain pine beetle (Crozier and
Dwyer, 2006; see also Chapter 1). Importantly, increased climate
extremes may promote plant disease and pest outbreaks (Alig et
al., 2004; Gan, 2004). Finally, new studies, since the TAR, are
focusing on the spread of animal diseases and pests from low to
mid-latitudes due to warming, a continuance of trends already
under way (see Section 5.2). For instance, models project that
bluetongue, which mostly affects sheep, and occasionally goat
and deer, would spread from the tropics to mid-latitudes (Anon,
2006; van Wuijckhuise et al., 2006). Likewise, White et al. (2003)

simulated, under climate change, increased vulnerability of the
Australian beef industry to the cattle tick (Boophilus microplus).
Most assessment studies do not explicitly consider either pest-
plant dynamics or impacts on livestock health as a function of
CO2 and climate combined.

5.4.1.5 Vulnerability of carbon pools
Impacts of climate change on managed systems, due to the

large land area covered by forestry, pastures and crops, have the
potential to affect the global terrestrial carbon sink and to further
perturb atmospheric CO2 concentrations (IPCC, 2001; Betts et al.,
2004; Ciais et al., 2005). Furthermore, vulnerability of organic
carbon pools to climate change has important repercussions for
land sustainability and climate-mitigation actions. The TAR
stressed that future changes in carbon stocks and net fluxes would
critically depend on land-use planning (set aside policies,
afforestation-reforestation, etc.) and management practices (such
as N fertilisation, irrigation and tillage), in addition to plant
response to elevated CO2. Recent research confirms that carbon
storage in soil organic matter is often increased under elevated
CO2 in the short-term (e.g., Allard et al., 2004); yet the total soil
carbon sink may saturate at elevated CO2 concentrations,
especially when nutrient inputs are low (Gill et al., 2002; van
Groenigen et al., 2006).

Uncertainty remains with respect to several key issues such as
the impacts of increased frequency of extremes on the stability of
carbon and soil organic matter pools; for instance, the recent
European heatwave of 2003 led to significant soil carbon losses
(Ciais et al., 2005). In addition, the effects of air pollution on plant
function may indirectly affect carbon storage; recent research
showed that tropospheric ozone results in significantly less
enhancement of carbon-sequestration rates under elevated CO2
(Loya et al., 2003), because of the negative effects of ozone on
biomass productivity and changes in litter chemistry (Booker et
al., 2005; Liu et al., 2005).

Within the limits of current uncertainties, recent modelling
studies have investigated future trends in carbon storage over
managed land by considering multiple interactions of climate and
management variables. Smith et al. (2005) projected small overall
carbon increases in managed land in Europe during this century
due to climate change. By contrast, also including projected
changes in land use resulted in small overall decreases. Felzer et
al. (2005) projected increases in carbon storage on croplands
globally under climate change up to 2100, but found that ozone
damage to crops could significantly offset these gains.

Finally, recent studies show the importance of identifying
potential synergies between land-based adaptation and mitigation
strategies, linking issues of carbon sequestration, emissions of
greenhouse gases, land-use change and long-term sustainability
of production systems within coherent climate policy frameworks
(e.g., Smith et al., 2005; Rosenzweig and Tubiello, 2007).

5.4.2 Food-crop farming, including tree crops

As noted in Section 5.1.3, the TAR indicated that impacts on
food systems at the global scale might be small overall in the first
half of the 21st century, but progressively negative after that.
Importantly, crop production in (mainly low latitude) developing
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countries would suffer more, and earlier, than in (mainly mid- to
high-latitude) developed countries, due to a combination of
adverse agro-climatic, socio-economic and technological
conditions (see recent analyses in Alexandratos, 2005).

5.4.2.1 What is new since the TAR?
Many studies since the TAR have confirmed key dynamics of

previous regional and global projections. These projections
indicate potentially large negative impacts in developing regions,
but only small changes in developed regions, which causes the
globally aggregated impacts on world food production to be small
(Fischer et al., 2002b, 2005b; Parry, 2004; Parry et al., 2005).
Recent regional assessments have shown the high uncertainty that
underlies such findings, and thus the possibility for surprises, by
projecting, in some cases, significant negative impacts in key
producing regions of developed countries, even before the middle
of this century (Olesen and Bindi, 2002; Reilly et al., 2003). Many
recent studies have contributed specific new knowledge with
respect to several uncertainties and limiting factors at the time of
the TAR, often highlighting the possibility for negative surprises,
in addition to the impacts of mean climate change alone.

New Knowledge: Increases in frequency of climate extremes may
lower crop yields beyond the impacts of mean climate change.

More frequent extreme events may lower long-term yields by
directly damaging crops at specific developmental stages, such as
temperature thresholds during flowering, or by making the timing
of field applications more difficult, thus reducing the efficiency of
farm inputs (e.g., Antle et al., 2004; Porter and Semenov, 2005).
A number of simulation studies performed since the TAR have
developed specific aspects of increased climate variability within
climate change scenarios. Rosenzweig et al. (2002) computed that,
under scenarios of increased heavy precipitation, production
losses due to excessive soil moisture would double in the U.S. by
2030 to US$3 billion/yr. Monirul and Mirza (2002) computed an
increased risk of crop losses in Bangladesh from increased flood
frequency under climate change. In scenarios with higher rainfall
intensity, Nearing et al. (2004) projected increased risks of soil
erosion, while van Ittersum et al. (2003) simulated higher risk of
salinisation in arid and semi-arid regions, due to more water loss
below the crop root zone. Howden et al. (2003) focused on the
consequences of higher temperatures on the frequency of heat
stress during growing seasons, as well on the frequency of frost
occurrence during critical growth stages.

New Knowledge: Impacts of climate change on irrigation water
requirements may be large.

Döll (2002) considered direct impacts of climate change on
crop evaporative demand (no CO2 effects) and computed
increases in crop irrigation requirements of +5% to +8% globally
by 2070, with larger regional signals (e.g., +15%) in South-East
Asia, net of transpiration losses. Fischer et al. (2006) included
positive CO2 effects on crop water-use efficiency and computed
increases in global net irrigation requirements of +20% by 2080,
with larger impacts in developed versus developing regions, due
to both increased evaporative demands and longer growing
seasons under climate change. Fischer et al. (2006) and Arnell
(2004) also projected increases in water stress (the ratio of

irrigation withdrawals to renewable water resources) in the Middle
East and South-East Asia. Recent regional studies have also found
key climate change and water changes in key irrigated areas, such
as North Africa (increased irrigation requirements; Abou-Hadid
et al., 2003) and China (decreased requirements; Tao et al., 2003).

New Knowledge: Stabilisation of CO2 concentrations reduces
damage to crop production in the long term.

Recent work further investigated the effects of potential
stabilisation of atmospheric CO2 on regional and global crop
production. Compared to the relatively small impacts of climate
change on crop production by 2100 under business-as-usual
scenarios, the impacts were only slightly less under 750 ppm CO2
stabilization. However, stabilisation at 550 ppm CO2 significantly
reduced production loss (by -70% to –100%) and lowered risk of
hunger (–60% to –85%) (Arnell et al., 2002; Tubiello and Fischer,
2006). These same studies suggested that climate mitigation may
alter the regional and temporal mix of winners and losers with
respect to business-as-usual scenarios, but concluded that specific
projections are highly uncertain. In particular, in the first decades of
this century and possibly up to 2050, some regions may be worse
off with mitigation than without, due to lower CO2 levels and thus
reduced stimulation of crop yields (Tubiello and Fischer, 2006).
Finally, a growing body of work has started to analyse potential
relations between mitigation and adaptation (see Chapter 18).

TAR Confirmation: Including effects of trade lowers regional
and global impacts.

Studies by Fischer et al. (2005a), Fischer et al. (2002a), Parry
(2004) and Parry et al. (2005) confirm that including trade among
world regions in assessment studies tends to reduce the overall
projected impacts on agriculture compared to studies that lack an
economic component. Yet, despite socio-economic development
and trade effects, these and several other regional and global
studies indicate that developing regions may be more negatively
affected by climate change than other regions (Olesen and Bindi,
2002; Cassman et al., 2003; Reilly et al., 2003; Antle et al., 2004;
Mendelsohn et al., 2004). Specific differences among studies
depend significantly on factors such as projected population
growth and food demand, as well as on trends in production
technology and efficiency. In particular, the choice of the SRES
scenario has as large an effect on projected global and regional
levels of food demand and supply as climate change alone (Parry
et al., 2004; Ewert et al., 2005; Fischer et al., 2005a; Tubiello et
al., 2007a).

5.4.2.2 Review of crop impacts versus incremental
temperature change

The increasing number of regional and global simulation
studies performed since the TAR make it possible to produce
synthesis graphs, showing not only changes in yield for key crops
against temperature (a proxy for both time and severity of climate
change), but also other important climate and management factors,
such as changes in precipitation or adaptation strategies. An
important limitation of these syntheses is that they collect single
snapshots of future impacts, thereby lacking the temporal and
causal dynamics that characterise actual responses in farmers’
fields. Yet they are useful to summarise many independent studies.
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Figure 5.2 provides an example of such analyses for
temperature increases ranging from about 1-2ºC, typical of the
next several decades, up to the 4-5°C projected for 2080 and
beyond. The results of such simulations are generally highly
uncertain due to many factors, including large discrepancies in
GCM predictions of regional precipitation change, poor
representation of impacts of extreme events and the assumed
strength of CO2 fertilisation (5.4.1). Nevertheless, these summaries
indicate that in mid- to high-latitude regions, moderate to medium
local increases in temperature (1ºC to 3ºC), across a range of CO2
concentrations and rainfall changes, can have small beneficial
impacts on the main cereal crops. Further warming has
increasingly negative impacts (medium to low confidence) (Figure
5.2a, c, e). In low-latitude regions, these simulations indicate that
even moderate temperature increases are likely to have negative
yield impacts for major cereal crops (Figure 5.2b, d, f). For
temperature increases more than 3°C, average impacts are stressful
to all crops assessed and to all regions (medium to low confidence)
(Figure 5.2). The low and mid-to-high latitude regions encompass
the majority of global cereal production area. This suggests that
global production potential, defined by Sivakumar and Valentin
(1997) as equivalent to crop yield or Net Primary Productivity
(NPP), is threatened at +1°C local temperature change and can
accommodate no more that +3°C before beginning to decline. The
studies summarised in Figure 5.2 also indicate that precipitation
changes (and associated changes in precipitation:evaporation
ratios), as well as CO2 concentration, may critically shape crop-
yield responses, over and above the temperature signal, in
agreement with previous analyses (Section 5.4.1). The effects of
adaptation shown in Figure 5.2 are considered in Section 5.5.

5.4.2.3 Research tasks not yet undertaken – ongoing
uncertainties

Several uncertainties remain unresolved since the TAR. Better
knowledge in several research areas is critical to improve our
ability to predict the magnitude, and often even the direction, of
future climate change impacts on crops, as well as to better define
risk thresholds and the potential for surprises, at local, regional
and global scales.

In terms of experimentation, there is still a lack of knowledge
of CO2 and climate responses for many crops other than cereals,
including many of importance to the rural poor, such as root crops,
millet, brassica, etc., with few exceptions, e.g., peanut (Varaprasad
et al., 2003) and coconut (Dash et al., 2002). Importantly, research
on the combined effects of elevated CO2 and climate change on
pests, weeds and disease is still insufficient, though research
networks have long been put into place and a few studies have
been published (Chakraborty and Datta, 2003; Runion, 2003;
Salinari et al., 2006). Impacts of climate change alone on pest
ranges and activity are also being increasingly analysed (e.g., Bale
et al., 2002; Todd et al., 2002; Rafoss and Saethre, 2003; Cocu et
al., 2005; Salinari et al., 2006). Finally, the true strength of the
effect of elevated CO2 on crop yields at field to regional scales, its
interactions with higher temperatures and modified precipitation
regimes, as well as the CO2 levels beyond which saturation may
occur, remain largely unknown.

In terms of modelling, calls by the TAR to enhance crop model
inter-comparison studies have remained unheeded; in fact, such
activity has been performed with much less frequency after the
TAR than before. It is important that uncertainties related to crop-
model simulations of key processes, including their
spatial-temporal resolution, be better evaluated, as findings of
integrated studies will remain dependent upon the particular crop
model used. It is still unclear how the implementation of plot-
level experimental data on CO2 responses compares across
models; especially when simulations of several key limiting
factors, such as soil and water quality, pests, weeds, diseases and
the like, remain either unresolved experimentally or untested in
models (Tubiello and Ewert, 2002). Finally, the TAR concluded
that the economic, trade and technological assumptions used in
many of the integrated assessment models to project food security
under climate change were poorly tested against observed data.
This remains the situation today (see also Section 5.6.5).

5.4.3 Pastures and livestock production

Pastures comprise both grassland and rangeland ecosystems.
Grasslands are the dominant vegetation type in areas with low
rainfall, such as the steppes of central Asia and the prairies of
North America. Grasslands can also be found in areas with higher
rainfall, such as north-western and central Europe, New Zealand,
parts of North and South America and Australia. Rangelands are
found on every continent, typically in regions where temperature
and moisture restrictions limit other vegetation types; they
include deserts (cold, hot and tundra), scrub, chaparral and
savannas.

Pastures and livestock production systems occur under most
climates and range from extensive pastoral systems with grazing
herbivores, to intensive systems based on forage and grain crops,
where animals are mostly kept indoors. The TAR identified that
the combination of increases in CO2 concentration, in
conjunction with changes in rainfall and temperature, were likely
to have significant impacts on grasslands and rangelands, with
production increases in humid temperate grasslands, but
decreases in arid and semiarid regions.

5.4.3.1 New findings since TAR
New Knowledge: Plant community structure is modified by
elevated CO2 and climate change.

Grasslands consisting of fast-growing, often short lived
species, are sensitive to CO2 and climate change, with the impacts
related to the stability and resilience of plant communities
(Mitchell and Csillag, 2001). Experiments support the concept
of rapid changes in species composition and diversity under
climate change. For instance, in a Mediterranean annual
grassland after three years of experimental manipulation, plant
diversity decreased with elevated CO2 and nitrogen deposition,
increased with elevated precipitation and showed no significant
effect from warming (Zavaleta et al., 2003). Diversity responses
to both single and combined global change treatments were
driven mainly by significant gains and losses of forb1 species
(Zavaleta et al., 2003). Elevated CO2 influences plant species
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Figure 5.2. Sensitivity of cereal yield to climate change for maize, wheat and rice, as derived from the results of 69 published studies at multiple
simulation sites, against mean local temperature change used as a proxy to indicate magnitude of climate change in each study. Responses include
cases without adaptation (red dots) and with adaptation (dark green dots). Adaptations+ represented in these studies include changes in planting,
changes in cultivar, and shifts from rain-fed to irrigated conditions. Lines are best-fit polynomials and are used here as a way to summarise results
across studies rather than as a predictive tool. The studies span a range of precipitation changes and CO2 concentrations, and vary in how they
represent future changes in climate variability. For instance, lighter-coloured dots in (b) and (c) represent responses of rain-fed crops under climate
scenarios with decreased precipitation. Data sources: Bachelet and Gay, 1993; Rosenzweig and Parry, 1994; El-Shaer et al., 1997; Iglesias and
Minguez, 1997; Kapetanaki and Rosenzweig, 1997; Matthews et al., 1997; Lal et al., 1998; Moya et al., 1998; Winters et al., 1998; Yates and Strzepek,
1998; Brown and Rosenberg, 1999; Evenson, 1999; Hulme et al., 1999; Parry et al., 1999; Iglesias et al., 2000; Saarikko, 2000; Tubiello et al., 2000;
Bachelet et al., 2001; Easterling et al., 2001; Kumar and Parikh, 2001; Aggarwal and Mall, 2002; Alig et al., 2002; Arnell et al., 2002; Chang, 2002;
Corobov, 2002; Cuculeanu et al., 2002; Mall and Aggarwal, 2002; Olesen and Bindi, 2002; Parry and Livermore, 2002; Southworth et al., 2002;
Tol, 2002; Tubiello and Ewert, 2002; Aggarwal, 2003; Carbone et al., 2003; Chipanshi et al., 2003; Izaurralde et al., 2003; Jones and Thornton, 2003;
Luo et al., 2003; Matthews and Wassmann, 2003; Reilly et al., 2003; Rosenberg et al., 2003; Tan and Shibasaki, 2003; Droogers, 2004; Faisal and
Parveen, 2004; Adejuwon, 2005; Branco et al., 2005; Butt et al., 2005; Erda et al., 2005; Ewert et al., 2005; Fischer et al., 2005b; Gbetibouo and
Hassan, 2005; Gregory et al., 2005; Haque and Burton, 2005; Maracchi et al., 2005; Motha and Baier, 2005; Palmer et al., 2005; Parry et al., 2005;
Porter and Semenov, 2005; Sands and Edmonds, 2005; Schröter et al., 2005; Sivakumar et al., 2005; Slingo et al., 2005; Stigter et al., 2005;
Thomson et al., 2005a, 2005b; Xiao et al., 2005; Zhang and Liu, 2005; Zhao et al., 2005; Aggarwal et al., 2006.



composition partly through changes in the pattern of seedling
recruitment (Edwards et al., 2001). For sown mixtures, the TAR
indicated that elevated CO2 increased legume development. This
finding has been confirmed (Luscher et al., 2005) and extended
to temperate semi-natural grasslands using free air CO2
enrichment (Teyssonneyre et al., 2002; Ross et al., 2004). Other
factors such as low phosphorus availability and low herbage use
(Teyssonneyre et al., 2002) may, however, prevent this increase
in legumes under high CO2.

How to extrapolate these findings is still unclear. A recent
simulation of 1,350 European plant species based on plant
species distribution envelopes predicted that half of these species
will become classified as ‘vulnerable’ or ‘endangered’ by the
year 2080 due to rising temperature and changes in precipitation
(Thuiller et al., 2005) (see Chapter 4). Nevertheless, such
empirical model predictions have low confidence as they do not
capture the complex interactions with management factors (e.g.,
grazing, cutting and fertiliser supply).

New Knowledge: Changes in forage quality and grazing
behaviour are confirmed.

Animal requirements for crude proteins from pasture range
from 7 to 8% of ingested dry matter for animals at maintenance up
to 24 % for the highest-producing dairy cows. In conditions of
very low N status, possible reductions in crude proteins under
elevated CO2 may put a system into a sub-maintenance level for
animal performance (Milchunas et al., 2005). An increase in the
legume content of swards may nevertheless compensate for the
decline in protein content of the non-fixing plant species (Allard
et al., 2003; Picon-Cochard et al., 2004). The decline under
elevated CO2 (Polley et al., 2003) of C4 grasses, which are a less
nutritious food resource than C3 (Ehleringer et al., 2002), may also
compensate for the reduced protein content under elevated CO2.
Yet the opposite is expected under associated temperature
increases (see Section 5.4.1.2).

Large areas of upland Britain are already colonised by
relatively unpalatable plant species such as bracken, matt grass
and tor grass. At elevated CO2 further changes may be expected
in the dominance of these species, which could have detrimental
effects on the nutritional value of extensive grasslands to grazing
animals (Defra, 2000).

New Knowledge: Thermal stress reduces productivity,
conception rates and is potentially life-threatening to livestock.

The TAR indicated the negative role of heat stress for
productivity. Because ingestion of food and feed is directly
related to heat production, any decline in feed intake and/or
energy density of the diet will reduce the amount of heat that
needs to be dissipated by the animal. Mader and Davis (2004)
confirm that the onset of a thermal challenge often results in
declines in physical activity with associated declines in eating
and grazing (for ruminants and other herbivores) activity. New
models of animal energetics and nutrition (Parsons et al., 2001)
have shown that high temperatures put a ceiling on dairy milk
yield irrespective of feed intake. In the tropics, this ceiling
reaches between half and one-third of the potential of the
modern (Friesians) cow breeds. The energy deficit of this
genotype will exceed that normally associated with the start of

lactation, and decrease cow fertility, fitness and longevity (King
et al., 2005).

Increases in air temperature and/or humidity have the potential
to affect conception rates of domestic animals not adapted to those
conditions. This is particularly the case for cattle, in which the
primary breeding season occurs in the spring and summer months.
Amundson et al. (2005) reported declines in conception rates of
cattle (Bos taurus) for temperatures above 23.4°C and at high
thermal heat index.

Production-response models for growing confined swine and
beef cattle, and milk-producing dairy cattle, based on predicted
climate outputs from GCM scenarios, have been developed by
Frank et al. (2001). Across the entire USA, the percentage
decrease in confined swine, beef and dairy milk production for
the 2050 scenario averaged 1.2%, 2.0% and 2.2%, respectively,
using the CGC (version 1) model and 0.9%, 0.7% and 2.1%,
respectively, using the HadCM2 model.

NewKnowledge: Increased climate variability and droughts may
lead to livestock loss.

The impact on animal productivity due to increased
variability in weather patterns will likely be far greater than
effects associated with the average change in climatic
conditions. Lack of prior conditioning to weather events most
often results in catastrophic losses in confined cattle feedlots
(Hahn et al., 2001), with economic losses from reduced cattle
performance exceeding those associated with cattle death losses
by several-fold (Mader, 2003).

Many of the world’s rangelands are affected by ENSO events.
The TAR identified that these events are likely to intensify with
climate change, with subsequent changes in vegetation and
water availability (Gitay et al., 2001). In dry regions, there are
risks that severe vegetation degeneration leads to positive
feedbacks between soil degradation and reduced vegetation and
rainfall, with corresponding loss of pastoral areas and farmlands
(Zheng et al., 2002).

A number of studies in Africa (see Table 5.3) and in Mongolia
(Batima, 2003) show a strong relationship between drought and
animal death. Projected increased temperature, combined with
reduced precipitation in some regions (e.g., Southern Africa)
would lead to increased loss of domestic herbivores during
extreme events in drought-prone areas. With increased heat stress
in the future, water requirements for livestock will increase
significantly compared with current conditions, so that
overgrazing near watering points is likely to expand (Batima et
al., 2005).

5.4.3.2 Impacts of gradual temperature change
A survey of experimental data worldwide suggested that a mild

warming generally increases grassland productivity, with the
strongest positive responses at high latitudes (Rustad et al., 2001).
Productivity and plant species composition in rangelands are
highly correlated with precipitation (Knapp and Smith, 2001) and
recent findings from IPCC (2007b) (see Figure 5.1) show
projected declines in rainfall in some major grassland and
rangeland areas (e.g., South America, South and North Africa,
western Asia, Australia and southern Europe). Elevated CO2 can
reduce soil water depletion in different native and semi-native
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temperate and Mediterranean grassland (Morgan et al., 2004).
However, increased variability in rainfall may create more severe
soil moisture limitation and reduced productivity (Laporte et al.,
2002; Fay et al., 2003; Luscher et al., 2005). Other impacts occur
directly on livestock through the increase in the thermal heat load
(see Section 5.4.3.1).

Table 5.3 summarises the impacts on grasslands for different
temperature changes. Warming up to 2°C suggests positive impacts
on pasture and livestock productivity in humid temperate regions.
By contrast, negative impacts are predicted in arid and semiarid
regions. It should be noted that there are very few impact studies
for tropical grasslands and rangelands.

5.4.4 Industrial crops and biofuels

Industrial crops include oilseeds, gums and resins, sweeteners,
beverages, fibres, and medicinal and aromatic plants. There is
practically no literature on the impact of climate change on gums
and resins, and medicinal and aromatic plants. Limited new
knowledge of climate change impacts on other industrial crops
and biofuels has been developed since the TAR. Van
Duivenbooden et al. (2002) used statistical models to estimate that
rainfall reduction associated with climate change could reduce
groundnut production in Niger, a large groundnut producing and
exporting country, by 11-25%. Varaprasad et al. (2003) also
concluded that groundnut yields would decrease under future
warmer climates, particularly in regions where present temperatures
are near or above optimum despite increased CO2.

Impacts of climate change and elevated CO2 on perennial
industrial crops will be greater than on annual crops, as both
damages (temperature stresses, pest outbreaks, increased damage
from climate extremes) and benefits (extension of latitudinal
optimal growing ranges) may accumulate with time (Rajagopal
et al., 2002). For example, the cyclones that struck several states
of India in 1952, 1955, 1996 and 1998 destroyed so many coconut

palms that it will take years before production can be restored to
pre-cyclone levels (Dash et al., 2002).

The TAR established large increases in cotton yields due to
increases in ambient CO2 concentration. Reddy et al. (2002),
however, demonstrated that such increases in cotton yields were
eliminated when changes in temperature and precipitation were
also included in the simulations. Future climate change scenarios
for the Mississippi Delta estimate a 9% mean loss in fibre yield.
Literature still does not exist on the probable impacts of climate
change on other fibre crops such as jute and kenaf.

Biofuel crops, increasingly an important source of energy, are
being assessed for their critical role in adaptation to climatic
change and mitigation of carbon emissions (discussed in IPCC,
2007c). Impacts of climate change on typical liquid biofuel
crops such as maize and sorghum, and wood (solid biofuel) are
discussed earlier in this chapter. Recent studies indicate that
global warming may increase the yield potential of sugar beet,
another important biofuel crop, in parts of Europe where drought
is not a constraint (Jones et al., 2003; Richter et al., 2006). The
annual variability of yields could, however, increase. Studies
with other biofuel crops such as switchgrass (Panicum virgatum
L.), a perennial warm season C4 crop, have shown yield
increases with climate change similar to those of grain crops
(Brown et al., 2000). Although there is no information on the
impact of climate change on non-food, tropical biofuel crops
such as Jatropha and Pongamia, it is likely that their response
will be similar to other regional crops.

5.4.5 Key future impacts on forestry

Forests cover almost 4 billion ha or 30% of land; 3.4 billion
m3 of wood were removed in 2004 from this area, 60% as
industrial roundwood (FAO, 2005b). Intensively managed forest
plantations comprised only 4% of the forest area in 2005, but their
area is rapidly increasing (2.5 million ha annually (FAO, 2005b)).
In 2000, these forests supplied about 35% of global roundwood;
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Table 5.3. Impacts on grasslands of incremental temperature change. (EXP = experiment; SIM = simulation without explicit reference to a SRES
scenario; GMT = global mean temperature.)

Local
temperature
change

Sub-sector Region Impact trends Sign of
impact

Scenario/Experiment Source

+0-2°C Pastures and
livestock

Temperate Alleviation of cold limitation
increasing productivity
Increased heat stress for livestock

+

-

SIM
IS92a
IS92a

Parsons et al., 2001
Riedo et al., 2001
Turnpenny et al., 2001

Semi-arid and
Mediterranean

No increase in net primary
productivity

0 EXP Shaw et al., 2002
Dukes et al., 2005

+3°C Pastures and
livestock

Temperate Neutral to small positive effect
(depending on GMT)

0 to + SIM Parsons et al., 2001
Riedo et al., 2001

Temperate Negative on swine and
confined cattle

- HadCM2
CGCM1

Frank and Dugas,
2001

Semi-arid and
Mediterranean

Productivity decline
Reduced ewe weight and
pasture growth
More animal heat stress

-

-

HadCM3 A2 and B2 Howden et al., 1999
Batima et al., 2005

Tropical No effect (no rainfall
change assumed)
More animal heat stress

- to 0

-

EXP Newman et al., 2001
Volder et al., 2004



this share is expected to increase to 44% by 2020 (FAO, 2000).
This section focuses on commercial forestry, including regional,
national and global timber supply and demand, and associated
changes in land-use, accessibility for harvesting and overall
economic impacts. The ecosystem services of forests are reviewed
in Chapter 4, while interactions with climate are discussed in
IPCC (2007b). Key regional impacts are further detailed in
Chapter 10, Section 10.4.4; Chapter 11, Section 11.4.4; Chapter
12, Section 12.4.4; Chapter 13, Section 13.4.1; and Chapter 14,
Section 14.4.4. Finally, bioenergy is discussed in IPCC (2007c).

5.4.5.1 New findings since TAR
Confirmation of TAR:Modelling studies predict increased global
timber production.

Simulations with yield models show that climate change can
increase global timber production through location changes of
forests and higher growth rates, especially when positive effects
of elevated CO2 concentration are taken into consideration (Irland
et al., 2001; Sohngen et al., 2001; Alig et al., 2002; Solberg et al.,
2003; Sohngen and Sedjo, 2005). For example, Sohngen et al.
(2001) and Sohngen and Sedjo (2005) projected a moderate
increase of timber yield due to both rising NPP and a poleward
shift of the most productive species due to climate change.

Changing timber supply will affect the market and could impact
supply for other uses, e.g., for biomass energy. Global economic
impact assessments predict overall demand for timber production
to increase only modestly (see Section 5.3.2.2) with a moderate
increase or decrease of wood prices in the future in the order of up
to ±20% (Irland et al., 2001; Sohngen et al., 2001; Nabuurs et al.,
2002; Perez-Garcia et al., 2002; Solberg et al., 2003; Sohngen and
Sedjo, 2005), with benefits of higher production mainly going to
consumers. For the U.S., Alig et al. (2002) computed that the net
impact of climate change on the forestry sector may be small.
Similarly, Shugart et al. (2003) concluded that the U.S. timber
markets have low susceptibility to climate change, because of the
large stock of existing forests, technological change in the timber
industry and the ability to adapt. These and other simulation
studies are summarised in Table 5.4.

New Knowledge: Increased regional variability; change in non-
timber forest products.

Although models suggest that global timber productivity will
likely increase with climate change, regional production will
exhibit large variability, similar to that discussed for crops.
Mendelsohn (2003), analysing production in California, projected
that, at first (2020s), climate change increases harvests by
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Reference; location Scenario and GCM Production impact Economic impact

Sohngen et al., 2001;
Sohngen and
Sedjo, 2005.
Global

UIUC and
Hamburg T-106 for CO2
topping 550 ppm in
2060

• 2045: production up by 29-38%; reductions
in N. America, Russia; increases in S.
America and Oceania.

• 2145: production up by 30%, increases in N.
America, S. America, and Russia.

• 2045: prices reduced, high-latitude loss,
low-latitudes gain.

• 2145: prices increase up to 80% (no climate
change), 50% (with climate change), high-
latitude gain, low-latitude loss. Benefits go
to consumers.

Solberg et al., 2003.
Europe

Baseline, 20-40%,
increase in forest
growth by 2020

• Increased production in W. Europe,
• Decreased production in E. Europe.

Price drop with an increase in welfare to
producers and consumers. Increased profits
of forest industry and forest owners.

Perez-Garcia et al.,
2002.
Global

TEM & CGTM
MIT GCM, MIT EPPA
emissions

• Harvest increase in the US West (+2 to
+11%), New Zealand (+10 to +12%), and S.
America (+10 to +13%).

• Harvest decrease in Canada.

Demand satisfied; prices drop with an
increase in welfare to producers and
consumers.

Lee and Lyon, 2004.
Global

ECHAM-3 (2 × CO2 in
2060),
TSM 2000,
BIOME 3,
Hamburg model

• 2080s, no climate change: increase of the
industrial timber harvest by 65% (normal
demand) or 150% (high demand); emerging
regions triple their production.

• With climate change: increase of the
industrial timber harvest by 25% (normal
demand) or 56% (high demand), E. Siberia
& US South dominate production.

No climate change:
• Pulpwood price increases 44%
• Solid wood increase 21%.
With climate change:
• Pulpwood price decrease 25%
• Solid wood decrease 34%
• Global welfare 4.8% higher than in no
climate change scenario.

Nabuurs et al., 2002.
Europe

HadCM2 under IS92a
1990-2050

18% extra increase in annual stemwood
increment by 2030, slowing down on a
longer term.

Both decreases or increases in prices
are possible.

Schroeter, 2004.
Europe

IPCC A1FI, A2, B1, B2
up to 2100.
Few management
scenarios

• Increased forest growth (especially in N.
Europe) and stocks, except for A1FI.

• 60-80% of stock change is due to
management, climate explains 10-30% and
the rest is due to land use change.

In the A1FI and A2 scenarios, wood demand
exceeds potential felling, particularly in the
second half of the 21st century, while in the B1
and B2 scenarios future wood demand can be
satisfied.

Alig et al., 2002;
Joyce et al., 2001.
USA

CGCM1+TEM
HadCM2+TEM
CGCM1+VEMAP
HadCM2+VEMAP
IS92a

• Increase in timber inventory by 12% (mid-
term); 24% (long-term) and small increase
in harvest. Major shift in species and an
increase in burnt area by 25-50%.

• Generally, high elevation and northern
forests decline, southern forests expand.

• Reduction in log prices
• Producer welfare reduced compared to no
climate change scenario

• Lower prices; consumers will gain and
forest owners will lose

Table 5.4. Examples of simulated climate change impacts on forestry.



stimulating growth in the standing forest. In the long run, up to
2100, these productivity gains were offset by reductions in
productive area for softwoods growth. Climate change will also
substantially impact other services, such as seeds, nuts, hunting,
resins, plants used in pharmaceutical and botanical medicine, and
in the cosmetics industry; these impacts will also be highly diverse
and regionalised.

NewKnowledge:CO2 enrichment effects may be overestimated in
models; models need improvement.

New studies suggest that direct CO2 effects on tree growth may
be revised to lower values than previously assumed in forest
growth models. A number of FACE studies in 550 ppm CO2
showed average NPP increase of 23% in young tree stands (Norby
et al., 2005). However, in a 100-year old tree stand, Korner et al.
(2005) found little overall stimulation in stem growth over a
period of four years. Additionally, the initial increase in growth
increments may be limited by competition, disturbance, air
pollutants, nutrient limitations and other factors (Karnosky, 2003),
and the response is site- and species-specific. By contrast, models
often presume larger fertilisation effects: Sohngen et al. (2001)
assumed a 35% NPP increase under a 2 × CO2 scenario.
Boisvenue and Running (2006) suggest increasing forest-growth
rate due to increasing CO2 since the middle of the 20th century;
however, some of this increase may result from other effects, such
as land-use change (Caspersen et al., 2000).

In spite of improvements in forest modelling, model limitations
persist. Most of the major forestry models don’t include key
ecological processes. Development of Dynamic Global Vegetation
Models (DGVMs), which are spatially explicit and dynamic, will
allow better predictions of climate-induced vegetative changes
(Peng, 2000; Bachelet et al., 2001; Cramer et al., 2001; Brovkin,
2002; Moorcroft, 2003; Sitch et al., 2003) by simulating the
composition of deciduous and evergreen trees, forest biomass,
production, and water and nutrient cycling, as well as fire effects.
DGVMs are also able to provide GCMs with feedbacks from
changing vegetation, e.g., Cox et al. (2004) found that DGVM
feedbacks raise HadCM3LC GCM temperature and decrease
precipitation forecasts for Amazonia, leading to eventual loss of
rainforests. There are still inconsistencies, however, between the
models used by ecologists to estimate the effects of climate change
on forest production and composition and those used to predict
forest yield. Future development of the models that integrate both
the NPP and forestry yield approaches (Nabuurs et al., 2002; Peng
et al., 2002) will significantly improve the predictions.

5.4.5.2 Additional factors not included in the
models contribute uncertainty

Fire, insects and extreme events are not well modelled. Both
forest composition and production are shaped by fire frequency,
size, intensity and seasonality. There is evidence of both regional
increase and decrease in fire activity (Goldammer and Mutch,
2001; Podur et al., 2002; Bergeron et al., 2004; Girardin et al.,
2004; Mouillot and Field, 2005), with some of the changes linked
to climate change (Gillett et al., 2004; Westerling et al., 2006).
Climate change will interact with fuel type, ignition source and
topography in determining future damage risks to the forest
industry, especially for paper and pulp operations; fire hazards

will also pose health threats (see Chapter 8, Section 8.2) and affect
landscape recreational value. There is an uncertainty associated
with many studies of climate change and forest fires (Shugart et
al., 2003; Lemmen and Warren, 2004); however, current modelling
studies suggest that increased temperatures and longer growing
seasons will elevate fire risk in connection with increased aridity
(Williams et al., 2001; Flannigan et al., 2005; Schlyter et al.,
2006). For example, Crozier and Dwyer (2006) indicated the
possibility of a 10% increase in the seasonal severity of fire hazard
over much of the United States under changed climate, while
Flannigan et al. (2005) projected as much as 74-118% increase of
the area burned in Canada by the end of the 21st century under a
3 × CO2 scenario. However, much of this fire increase is expected
in inaccessible boreal forest regions, so the effects of climate-
induced wildfires on timber production may be more modest.

For many forest types, forest health questions are of great
concern, with pest and disease outbreaks as major sources of
natural disturbance. The effects vary from defoliation and
growth loss to timber damage to massive forest die backs; it is
very likely that these natural disturbances will be altered by
climate change and will have an impact on forestry (Alig et al.,
2004). Warmer temperatures have already enhanced the
opportunities for insect spread across the landscape (Carroll et
al., 2004; Crozier and Dwyer, 2006). Climate change can shift
the current boundaries of insects and pathogens and modify tree
physiology and tree defence. Modelling of climate change
impacts on insect and pathogen outbreaks remains limited.

The effects of climate extremes on commercial forestry are
region-specific and include reduced access to forestland,
increased costs for road and facility maintenance, direct damage
to trees by wind, snow, frost or ice; indirect damage from higher
risks of wildfires and insect outbreaks, effects of wetter winters
and early thaws on logging, etc. For example, in January 2005
Hurricane Gudrun, with maximum gusts of 43 m/s, damaged
more than 60 million m3 of timber in Sweden, reducing the
country’s log trade deficit by 30% (UNECE, 2006). Higher
direct and indirect risks could affect timber supplies, market
prices and cost of insurance (DeWalle et al., 2003). Globally,
model predictions mentioned in the SAR suggested extensive
forest die back and composition change; however, some of these
effects may be mitigated (Shugart et al., 2003) and changes in
forest composition will likely occur gradually (Hanson and
Weltzin, 2000).

Interaction between multiple disturbances is very important
for understanding climate change impacts on forestry. Wind
events can damage trees through branch breaking, crown loss,
trunk breakage or complete stand destruction. The damage
might increase for faster-growing forests. This damage can be
further aggravated by increased damage from insect outbreaks
and wildfires (Fleming et al., 2002; Nabuurs et al., 2002). Severe
drought increases mortality and is often combined with insect
and pathogen damage and wildfires. For example, a positive
feedback between deforestation, forest fragmentation, wildfire
and increased frequency of droughts appears to exist in the
Amazon basin, so that a warmer and drier regional climate may
trigger massive deforestation (Laurance and Williamson, 2001;
Laurance et al., 2004; Nepstad et al., 2004). Few, if any, models
can simulate these effects.
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5.4.5.3 Social and economic impacts
Climate change impacts on forestry and a shift in production

preferences (e.g., towards biofuels) will translate into social and
economic impacts through the relocation of forest economic
activity. Distributional effects would involve businesses,
landowners, workers, consumers, governments and tourism, with
some groups and regions benefiting while others experience
losses. Net benefits will accrue to regions that experience
increased forest production, while regions with declining activity
will likely face net losses. If wood prices decline, as most models
predict, consumers will experience net benefits, while producers
experience net losses. Even though the overall economic benefits
are likely to exceed losses, the loss of forest resources may directly
affect 90% of the 1.2 billion forest-dependent people who live in
extreme poverty (FAO, 2004a). Although forest-based
communities in developing countries are likely to have modest
impact on global wood production, they may be especially
vulnerable because of the limited ability of rural, resource-
dependent communities to respond to risk in a proactive manner
(Davidson et al., 2003; Lawrence, 2003). Non-timber forest
products (NTFP) such as fuel, forest foods or medicinal plants,
are equally important for the livelihood of the rural communities.
In many rural Sub-Saharan Africa communities, NTFP may
supply over 50% of a farmer’s cash income and provide the health
needs for over 80% of the population (FAO, 2004a). Yet little is
known about the possible impacts on NFTP.

5.4.6 Capture fisheries and aquaculture: marine
and inland waters

World capture production of fish, crustaceans and molluscs in
2004 was more than twice that of aquaculture (Table 5.5), but
since 1997 capture production decreased by 1%, whereas
aquaculture increased by 59%. By 2030, capture production and
aquaculture are projected to be closer to equality (93 Mt and 83
Mt, respectively) (FAO, 2002). Aquaculture resembles terrestrial
animal husbandry more than it does capture fisheries and therefore
shares many of the vulnerabilities and adaptations to climate
change with that sector. Similarities between aquaculture and
terrestrial animal husbandry include ownership, control of inputs,
diseases and predators, and use of land and water.

Some aquaculture, particularly of plants and molluscs, depends
on naturally occurring nutrients and production, but the rearing
of fish and Crustacea usually requires the addition of suitable
food, obtained mainly from capture fisheries. Capture fisheries
depend on the productivity of the natural ecosystems on which

they are based and are therefore vulnerable to changes in primary
production and how this production is transferred through the
aquatic food chain (climate-induced change in production in
natural aquatic ecosystems is dealt with in Chapter 4).

For aquatic systems we still lack the kind of experimental data
and models used to predict agricultural crop yields under different
climate scenarios; therefore, it is not possible to provide
quantitative predictions such as are available for other sectors.

5.4.6.1 TAR conclusions remain valid
The principal conclusions concerning aquaculture and fisheries

set out in the TAR (see Section 5.1.3) remain valid and important.
The negative impacts of climate change which the TAR identified,
particularly on aquaculture and freshwater fisheries, include (i)
stress due to increased temperature and oxygen demand and
increased acidity (lower pH); (ii) uncertain future water supply;
(iii) extreme weather events; (iv) increased frequency of disease
and toxic events; (v) sea level rise and conflict of interest with
coastal defence needs; and (vi) uncertain future supply of fishmeal
and oils from capture fisheries. Positive impacts include increased
growth rates and food conversion efficiencies, increased length
of growing season, range expansion and use of new areas due to
decrease in ice cover.

Information from experimental, observational and modelling
studies conducted since the TAR supports these conclusions and
provides more detail, especially concerning regional effects.

5.4.6.2 What is new since the TAR?
New Knowledge: Effects of temperature on fish growth.

One experimental study showed positive effects for rainbow
trout (Oncorhyncus mykiss) on appetite, growth, protein synthesis
and oxygen consumption with a 2°C temperature increase in
winter, but negative effects with the same increase in summer.
Thus, temperature increases may cause seasonal increases in
growth, but also risks to fish populations at the upper end of their
thermal tolerance zone. Increasing temperature interacts with
other global changes, including declining pH and increasing
nitrogen and ammonia, to increase metabolic costs. The
consequences of these interactions are speculative and complex
(Morgan et al., 2001).

New Knowledge: Current and future direct effects.
Direct effects of increasing temperature on marine and

freshwater ecosystems are already evident, with rapid poleward
shifts in regions, such as the north-east Atlantic, where
temperature change has been rapid (see Chapter 1). Further
changes in distribution and production are expected due to
continuing warming and freshening of the Arctic (ACIA, 2005;
Drinkwater, 2005). Local extinctions are occurring at the edges
of current ranges, particularly in freshwater and diadromous
species2, e.g., salmon (Friedland et al., 2003) and sturgeon
(Reynolds et al., 2005).

New Knowledge: Current and future effects via the food chain.
Changes in primary production and transfer through the food

chain due to climate will have a key impact on fisheries. Such
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World production in Mt Inland Marine Total

Capture
production

Fish, crustaceans,
molluscs, etc.

8.8 85.8 94.6

Aquaculture
production

Fish, crustaceans,
molluscs, etc.

27.2 18.3 45.5

Aquatic plants 0.0 13.9 13.9

Table 5.5.World fisheries production in 2004 (source: FAO, Yearbook of
Fisheries Statistics http://www.fao.org/fi/statist/statist.asp ).

2 Diadromous: migrating between fresh and salt water.



changes may be either positive or negative and the aggregate
impact at global level is unknown. Evidence from the Pacific
and the Atlantic suggests that nutrient supply to the upper
productive layer of the ocean is declining due to reductions in
the Meridional Overturning Circulation and upwelling
(McPhaden and Zhang, 2002; Curry and Mauritzen, 2005) and
changes in the deposition of wind-borne nutrients. This has
resulted in reductions in primary production (Gregg et al.,
2003), but with considerable regional variability (Lehodey et
al., 2003). Further, the decline in pelagic fish catches in Lake
Tanganyika since the late 1970s has been ascribed to climate-
induced increases in vertical stability of the water column,
resulting in reduced availability of nutrients (O’Reilly et al.,
2004).

Coupled simulations, using six different models to determine
the ocean biological response to climate warming between the
beginning of the industrial revolution and 2050 (Sarmiento et
al., 2004), showed global increases in primary production of
0.7 to 8.1%, but with large regional differences, which are
described in Chapter 4. Palaeological evidence and simulation
modelling show North Atlantic plankton biomass declining by
50% over a long time-scale during periods of reduced
Meridional Overturning Circulation (Schmittner, 2005). Such
studies are speculative, but an essential step in gaining better
understanding. The observations and model evidence cited
above provide grounds for concern that aquatic production,
including fisheries production, will suffer regional and possibly
global decline and that this has already begun.

New Knowledge: Current and future effects of spread of pathogens.
Climate change has been implicated in mass mortalities of

many aquatic species, including plants, fish, corals and
mammals, but lack of standard epidemiological data and
information on pathogens generally makes it difficult to attribute
causes (Harvell et al., 1999) (see Box 5.4). An exception is the
northward spread of two protozoan parasites (Perkinsus marinus
and Haplosporidium nelsoni) from the Gulf of Mexico to
Delaware Bay and further north, where they have caused mass
mortalities of Eastern oysters (Crassostrea virginica). Winter
temperatures consistently lower than 3°C limit the development
of the multinucleated sphere X (MSX) disease caused by P.
marinus (Hofmann et al., 2001). The poleward spread of this
and other pathogens is expected to continue as winter
temperatures warm.

New Knowledge: Economic impacts.
A recent modelling study predicts that, for the fisheries sector,

climate change will have the greatest impact on the economies
of central and northern Asian countries, the western Sahel and
coastal tropical regions of South America (Allison et al., 2005),
as well as some small and medium-sized island states (Aaheim
and Sygna, 2000).

Indirect economic impacts of climate change will depend on
the extent to which the local economies are able to adapt to new
conditions in terms of labour and capital mobility. Change in
natural fisheries production is often compounded by decreased
harvesting capacity and reduced physical access to markets
(Allison et al., 2005).

5.4.6.3 Impacts of decadal variability and extremes
Most of the large global marine-capture fisheries are affected

by regional climate variability. Recruitment of the two tropical
species of tuna (skipjack and yellowfin) and the sub-tropical
albacore (Thunnus alalunga) in the Pacific is related to regimes in
the major climate indices, ENSO and the Pacific Decadal
Oscillation (Lehodey et al., 2003). Large-scale distribution of
skipjack tuna in the western equatorial Pacific warm pool can also
be predicted from a model that incorporates changes in ENSO
(Lehodey, 2001). ENSO events, which are defined by the
appearance and persistence of anomalously warm water in the
coastal and equatorial ocean off Peru and Ecuador for periods of
6 to 18 months, have adverse effects on Peruvian anchovy
production in the eastern Pacific (Jacobson et al., 2001). However,
longer term, decadal anomalies appear to have greater long-term
consequences for the food-web than the short periods of nutrient
depletion during ENSO events (Barber, 2001). Models relating
interannual variability, decadal (regional) variability and global
climate change must be improved in order to make better use of
information on climate change in planning management adaptations.

North Pacific ecosystems are characterised by ‘regime shifts’
(fairly abrupt changes in both physics and biology persisting for
up to a decade). These changes have major consequences for the
productivity and species composition of fisheries resources in the
region (King, 2005).

Major changes in Atlantic ecosystems can also be related to
regional climate indicators, in particular the NAO (Drinkwater et
al., 2003; see also Chapter 1 on north-east Atlantic plankton, fish
distribution and production). Production of fish stocks, such as
cod in European waters, has been adversely affected since the
1960s by the positive trend in the NAO. Recruitment is more
sensitive to climate variability when spawning biomass and
population structure are reduced (Brander, 2005). In order to
reduce sensitivity to climate, stocks may need to be maintained
at higher levels.

Climate-related reductions in production cause fish stocks to
decline at previously sustainable levels of fishing; therefore the
effects of climate must be correctly attributed and taken into
account in fisheries management.
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Box 5.4. Impact of coral mortality on
reef fisheries

Coral reefs and their fisheries are subject to many stresses
in addition to climate change (see Chapter 4). So far,
events such as the 1998 mass coral bleaching in the
Indian Ocean have not provided evidence of negative
short-term bio-economic impacts for coastal reef fisheries
(Spalding and Jarvis, 2002; Grandcourt and Cesar, 2003).
In the longer term, there may be serious consequences
for fisheries production that result from loss of coral
communities and reduced structural complexity, which
result in reduced fish species richness, local extinctions
and loss of species within key functional groups of reef
fish (Sano, 2004; Graham et al., 2006).



5.4.7 Rural livelihoods: subsistence and
smallholder agriculture

The impacts of climate change on subsistence and smallholder
agriculture, pastoralism and artisanal fisheries were not discussed
explicitly in the TAR, though discussion of these systems is
implicit in various sections. A number of case studies of impacts
on smallholder livelihood systems in developing countries are
beginning to appear, some focussed on recent and current climate
variability seen within a climate change context (Thomas et al.,
2005a), others using modelling approaches to examine future
impacts on key smallholder crops (Abou-Hadid, 2006; Adejuwon,
2006) or ecosystems used by smallholder farmers (Lasco and
Boer, 2006). In some cases impacts are discussed within work
focussed more on adaptation (Thomas et al., 2005a).

Specific impacts must be examined within the context of
whole sets of confounding impacts at regional to local scales
(Adger et al., 2003). It is difficult to ascribe levels of confidence
to these confounding impacts because livelihood systems are
typically complex and involve a number of crop and livestock
species, between which there are interactions (for example,
intercropping practices (Richards, 1986) or the use of draught-
animal power for cultivation (Powell et al., 1998)), and potential
substitutions such as alternative crops. Many smallholder
livelihoods will also include elements such as use of wild
resources, and non-agricultural strategies such as use of
remittances. Coping strategies for extreme climatic events such
as drought (Davies, 1996; Swearingen and Bencherifa, 2000;
Mortimore and Adams, 2001; Ziervogel, 2003) typically involve
changes in the relative importance of such elements, and in the
interactions between them. Pastoralist coping strategies in
northern Kenya and southern Ethiopia are discussed in Box 5.5.

Impacts of climate change upon these systems will include:
• The direct impacts of changes in temperature, CO2 and

precipitation on yields of specific food and cash crops,
productivity of livestock and fisheries systems, and animal
health, as discussed in Sections 5.4.1 to 5.4.6 above. These
will include both impacts of changing means and increased
frequency of extreme events, with the latter being more
important in the medium-term (to 2025) (Corbera et al.,
2006). Positive and negative impacts on different crops may
occur in the same farming system. Agrawala et al. (2003)
suggest that impacts on maize, the main food crop, will be
strongly negative for the Tanzanian smallholder, while
impacts on coffee and cotton, significant cash crops, may be
positive.

• Other physical impacts of climate change important to
smallholders are: (i) decreased water supply from snowcaps
for major smallholder irrigation systems, particularly in the
Indo-Gangetic plain (Barnett et al., 2005), (ii) the effects of
sea level rise on coastal areas, (iii) increased frequency of
landfall tropical storms (Adger, 1999) and (iv) other forms of
environmental impact still being identified, such as increased
forest-fire risk (Agrawala et al., 2003, for the Mount
Kilimanjaro ecosystem) and remobilisation of dunes (Thomas
et al., 2005b for semi-arid Southern Africa).

• Impacts on human health, like malaria risk (see Chapter 8,
Section 8.4.1.2), affect labour available for agriculture and
other non-farm rural economic activities, such as tourism (see
Chapter 7, Section 7.4.2.2).

For climate change impacts on the three major cereal crops grown
by smallholders, we refer to Figure 5.2a-f and discussion in
Sections 5.4.2 and 5.5.1. In Section 5.4.1 above we discuss the
various negative impacts of increases in climate variability and
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Box 5.5. Pastoralist coping strategies in northern Kenya and southern Ethiopia

African pastoralism has evolved in adaptation to harsh environments with very high spatial and temporal variability of rainfall
(Ellis, 1995). Several recent studies (Ndikumana et al., 2000; Hendy and Morton, 2001; Oba, 2001; McPeak and Barrett, 2001;
Morton, 2006) have focussed on the coping strategies used by pastoralists during recent droughts in northern Kenya and
southern Ethiopia, and the longer-term adaptations that underlie them:
• Mobility remains the most important pastoralist adaptation to spatial and temporal variations in rainfall, and in drought
years many communities make use of fall-back grazing areas unused in ‘normal’ dry seasons because of distance, land
tenure constraints, animal disease problems or conflict. But encroachment on and individuation of communal grazing
lands, and the desire to settle to access human services and food aid, have severely limited pastoral mobility.

• Pastoralists engage in herd accumulation and most evidence now suggests that this is a rational form of insurance against
drought.

• A small proportion of pastoralists now hold some of their wealth in bank accounts, and others use informal savings and
credit mechanisms through shopkeepers.

• Pastoralists also use supplementary feed for livestock, purchased or lopped from trees, as a coping strategy; they intensify
animal disease management through indigenous and scientific techniques; they pay for access to water from powered
boreholes.

• Livelihood diversification away from pastoralism in this region predominantly takes the form of shifts into low-income or
environmentally unsustainable occupations such as charcoal production, rather than an adaptive strategy to reduce ex-
ante vulnerability.

• A number of intra-community mechanisms distribute both livestock products and the use of live animals to the destitute, but
these appear to be breaking down because of the high levels of covariate risk within communities.



frequency of extreme events on yields (see also Porter and
Semenov, 2005). Burke et al. (2006) demonstrate the risk of
widespread drought in many regions, including Africa. Projected
impacts on world regions, some of which are disaggregated into
smallholder and subsistence farmers or similar categories, are
reviewed in the respective regional chapters. An important study
by Jones and Thornton (2003) found that aggregate yields of
smallholder rain-fed maize in Africa and Latin America are likely
to decrease by almost 10% by 2055, but these results hide
enormous regional variability (see also Fischer et al., 2002b) of
concern for subsistence agriculture.

With a large body of smallholder and subsistence farming
households in the dryland tropics, there is especial concern over
temperature-induced declines in crop yields, and increasing
frequency and severity of drought. These will lead to the following
generalisations (low confidence):

• increased likelihood of crop failure;
• increased diseases and mortality of livestock and/or forced sales

of livestock at disadvantageous prices (Morton and de Haan, 2006);
• livelihood impacts including sale of other assets, indebtedness,

out-migration and dependency on food relief;
• eventual impacts on human development indicators, such as

health and education.
Impacts of climate change will combine with non-climate
stressors as listed in Section 5.2.2 above, including the impacts of
globalisation (O’Brien and Leichenko, 2000) and HIV and/or
AIDS (Gommes et al., 2004; see also Chapter 8).

Modelling studies are needed to understand the interactions
between these different forms of climate change impacts and the
adaptations they will require. The multi-agent modelling of
Bharwani et al. (2005) is one possible approach. Empirical
research on how current strategies to cope with extreme events
foster or constrain longer-term adaptation is also important (see
Davies, 1996). Knowledge of crop responses to climate change
also needs to be extended to more crops of interest to
smallholders.

Many of the regions characterised by subsistence and
smallholder agriculture are storehouses of unexplored biodiversity
(Hannah et al., 2002). Pressure to cultivate marginal land or to
adopt unsustainable cultivation practices as yields drop, and the
break down of food systems more generally (Hannah et al., 2002),
may endanger biodiversity of both wild and domestic species.
Smallholder and subsistence farming areas are often also
environmentally marginal (which does not necessarily conflict
with biodiversity) and at risk of land degradation as a result of
climate trends, but mediated by farming and livestock-production
systems (Dregne, 2000).

5.5 Adaptations: options and capacities

Adaptation is used here to mean both the actions of adjusting
practices, processes and capital in response to the actuality or
threat of climate change as well as changes in the decision
environment, such as social and institutional structures, and
altered technical options that can affect the potential or capacity
for these actions to be realised (see Chapter 17). Adaptations are

divided here into two categories: autonomous adaptation, which
is the ongoing implementation of existing knowledge and
technology in response to the changes in climate experienced, and
planned adaptation, which is the increase in adaptive capacity by
mobilising institutions and policies to establish or strengthen
conditions favourable for effective adaptation and investment in
new technologies and infrastructure.

The TAR noted agriculture has historically shown high levels
of adaptability to climate variations and that while there were
many studies of climate change impacts, there were relatively few
that had comparisons with and without adaptation. Generally the
adaptations assessed were most effective in mid-latitudes and least
effective in low-latitude developing regions with poor resource
endowments and where ability of farmers to respond and adapt
was low. There was limited evaluation of either the costs of
adaptation or of the environmental and natural resource
consequences of adaptation. Generally, adaptation studies have
focussed on situations where climate changes are expected to have
net negative consequences: there is a general expectation that if
climate improves, then market forces and the general availability
of suitable technological options will result in effective change to
new, more profitable or resilient systems (e.g., Parson et al., 2003).

5.5.1 Autonomous adaptations

Many of the autonomous adaptation options identified before
and since the TAR are largely extensions or intensifications of
existing risk-management or production-enhancement activities.
For cropping systems there are many potential ways to alter
management to deal with projected climatic and atmospheric
changes (Aggarwal and Mall, 2002; Alexandrov et al., 2002;
Tubiello et al., 2002; Adams et al., 2003; Easterling et al., 2003;
Howden et al., 2003; Howden and Jones, 2004; Butt et al., 2005;
Travasso et al., 2006; Challinor et al., 2007). These adaptations include:

• altering inputs such as varieties and/or species to those with
more appropriate thermal time and vernalisation requirements
and/or with increased resistance to heat shock and drought,
altering fertiliser rates to maintain grain or fruit quality
consistent with the climate and altering amounts and timing of
irrigation and other water management practices;

• wider use of technologies to ‘harvest’ water, conserve soil
moisture (e.g., crop residue retention) and to use water more
effectively in areas with rainfall decreases;

• water management to prevent waterlogging, erosion and
nutrient leaching in areas with rainfall increases;

• altering the timing or location of cropping activities;
• diversifying income by integrating other farming activities

such as livestock raising;
• improving the effectiveness of pest, disease and weed

management practices through wider use of integrated pest
and pathogen management, development and use of varieties
and species resistant to pests and diseases, maintaining or
improving quarantine capabilities, and sentinel monitoring
programs;

• using seasonal climate forecasting to reduce production risk.
If widely adopted, these autonomous adaptations, singly or in
combination, have substantial potential to offset negative climate
change impacts and take advantage of positive ones. For example,
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in a modelling study for Modena (Italy), simple, currently
practicable adaptations of varieties and planting times to avoid
drought and heat stress during the hotter and drier summer months
predicted under climate change altered significant negative
impacts on sorghum (–48 to –58%) to neutral to marginally
positive ones (0 to +12%; Tubiello et al., 2000). We have
synthesised results from many crop adaptation studies for wheat,
rice and maize (Figure 5.2). The benefits of adaptation vary with
crops and across regions and temperature changes; however, on
average, they provide approximately a 10% yield benefit when
compared with yields when no adaptation is used. Another way to
view this is that these adaptations translate to damage avoidance
in grain yields of rice, wheat and maize crops caused by a
temperature increase of up to 1.5 to 3°C in tropical regions and 4.5
to 5°C in temperate regions. Further warming than these ranges in
either region exceeds adaptive capacity. The benefits of
autonomous adaptations tend to level off with increasing
temperature changes (Howden and Crimp, 2005) while potential
negative impacts increase.

While autonomous adaptations such as the above have the
potential for considerable damage avoidance from problematic
climate changes, there has been little evaluation of how effective
and widely adopted these adaptations may actually be, given (i)
the complex nature of farm decision-making in which there are
many non-climatic issues to manage, (ii) the likely diversity of
responses within and between regions in part due to possible
differences in climate changes, (iii) the difficulties that might arise
if climate changes are non-linear or increase climate extremes,
(iv) time-lags in responses and (v) the possible interactions
between different adaptation options and economic, institutional
and cultural barriers to change. For example, the realisable
adaptive capacity of poor subsistence farming and/or herding
communities is generally considered to be very low (Leary et al.,
2006). These considerations also apply to the livestock, forestry
and fisheries.

Adaptations in field-based livestock include matching
stocking rates with pasture production, rotating pastures,
modifying grazing times, altering forage and animal
species/breeds, altering the integration of mixed livestock/crop
systems, including the use of adapted forage crops, re-assessing
fertiliser applications, ensuring adequate water supplies and
using supplementary feeds and concentrates (Daepp et al., 2001;
Holden and Brereton, 2002; Adger et al., 2003; Batima et al.,
2005). It is important to note, however, that there are often
limitations to these adaptations. For example, more heat-tolerant
livestock breeds often have lower levels of productivity.
Following from the above, in intensive livestock industries, there
may be reduced need for winter housing and for feed
concentrates in cold climates, but in warmer climates there could
be increased need for management and infrastructure to
ameliorate heat stress-related reductions in productivity, fertility
and increased mortality.

A large number of autonomous adaptation strategies have been
suggested for planted forests including changes in management
intensity, hardwood/softwood species mix, timber growth and
harvesting patterns within and between regions, rotation periods,
salvaging dead timber, shifting to species or areas more productive
under the new climatic conditions, landscape planning to

minimise fire and insect damage, adjusting to altered wood size
and quality, and adjusting fire-management systems (Sohngen et
al., 2001; Alig et al., 2002; Spittlehouse and Stewart, 2003; Weih,
2004). Adaptation strategies to control insect damage can include
prescribed burning to reduce forest vulnerability to increased
insect outbreaks, non-chemical insect control (e.g., baculoviruses)
and adjusting harvesting schedules, so that those stands most
vulnerable to insect defoliation can be harvested preferentially.
Under moderate climate changes, these proactive measures may
potentially reduce the negative economic consequences of climate
change (Shugart et al., 2003). However, as with other primary
industry sectors, there is likely to be a gap between the potential
adaptations and the realised actions. For example, large areas of
forests, especially in developing countries, receive minimal direct
human management (FAO, 2000), which limits adaptation
opportunities. Even in more intensively managed forests where
adaptation activities may be more feasible (Shugart et al., 2003)
the long time-lags between planting and harvesting trees will
complicate decisions, as adaptation may take place at multiple
times during a forestry rotation.

Marine ecosystems are in some respects less geographically
constrained than terrestrial systems. The rates at which
planktonic ecosystems have shifted their distribution has been
very rapid over the past three decades, which can be regarded as
natural adaptation to a changing physical environment (see
Chapter 1 and Beaugrand et al., 2002). Most fishing
communities are dependent on stocks that fluctuate due to
interannual and decadal climate variability and consequently
have developed considerable coping capacity (King, 2005). With
the exception of aquaculture and some freshwater fisheries, the
exploitation of natural fish populations, which are common-
property resources, precludes the kind of management
adaptations to climate change suggested for the crop, livestock
and forest sectors. Adaptation options thus centre on altering
catch size and effort. Three-quarters of world marine fish stocks
are currently exploited at levels close to or above their
productive capacity (Bruinsma, 2003). Reductions in the level of
fishing are therefore required in many cases to sustain yields and
may also benefit fish stocks, which are sensitive to climate
variability when their population age-structure and geographic
sub-structure is reduced (Brander, 2005). The scope for
autonomous adaptation is increasingly restricted as new
regulations governing exploitation of fisheries and marine
ecosystems come into force. Scenarios of increased levels of
displacement and migration are likely to put a strain on
communal-level fisheries management and resource access
systems, and weaken local institutions and services. Despite
their adaptive value for the sustainable use of natural resource
systems, migrations can impede economic development (Allison
et al., 2005; see Chapter 17, Box 17.8).

5.5.2 Planned adaptations

Autonomous adaptations may not be fully adequate for coping
with climate change, thus necessitating deliberate, planned
measures. Many options for policy-based adaptation to climate
change have been identified for agriculture, forests and fisheries
(Howden et al., 2003; Kurukulasuriya and Rosenthal, 2003;
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Aggarwal et al., 2004; Antle et al., 2004; Easterling et al., 2004).
These can either involve adaptation activities such as developing
infrastructure or building the capacity to adapt in the broader
user community and institutions, often by changing the decision-
making environment under which management-level,
autonomous adaptation activities occur (see Chapter 17).
Effective planning and capacity building for adaptation to
climate change could include:

1.To change their management, enterprise managers need to
be convinced that the climate changes are real and are likely
to continue (e.g., Parson et al., 2003). This will be assisted by
policies that maintain climate monitoring and communicate
this information effectively. There could be a case also for
targeted support of the surveillance of pests, diseases and
other factors directly affected by climate.

2.Managers need to be confident that the projected changes
will significantly impact on their enterprise (Burton and Lim,
2005). This could be assisted by policies that support the
research, systems analysis, extension capacity, and industry
and regional networks that provide this information.

3.There needs to be technical and other options available to
respond to the projected changes. Where the existing
technical options are inadequate to respond, investment in
new technical or management options may be required (e.g.,
improved crop, forage, livestock, forest and fisheries
germplasm, including via biotechnology, see Box 5.6) or old
technologies revived in response to the new conditions
(Bass, 2005).

4.Where there are major land use changes, industry location
changes and migration, there may be a role for governments
to support these transitions via direct financial and material
support, creating alternative livelihood options. These
include reduced dependence on agriculture, supporting
community partnerships in developing food and forage
banks, enhancing capacity to develop social capital and share
information, providing food aid and employment to the more
vulnerable and developing contingency plans (e.g., Olesen
and Bindi, 2002; Winkels and Adger, 2002; Holling, 2004).
Effective planning for and management of such transitions
may also result in less habitat loss, less risk of carbon loss

(e.g., Goklany, 1998) and also lower environmental costs such
as soil degradation, siltation and reduced biodiversity (Stoate
et al., 2001).

5.Developing new infrastructure, policies and institutions to
support the new management and land use arrangements by
addressing climate change in development programs;
enhanced investment in irrigation infrastructure and efficient
water use technologies; ensuring appropriate transport and
storage infrastructure; revising land tenure arrangements,
including attention to well-defined property rights (FAO,
2003a); establishment of accessible, efficiently functioning
markets for products and inputs (seed, fertiliser, labour, etc.)
and for financial services, including insurance (Turvey,
2001).

6.The capacity to make continuing adjustments and
improvements in adaptation by understanding what is
working, what is not and why, via targeted monitoring of
adaptations to climate change and their costs and effects
(Perez and Yohe, 2005).

It is important to note that policy-based adaptations to climate
change will interact with, depend on or perhaps even be just a
subset of policies on natural resource management, human and
animal health, governance and political rights, among many
others: the ‘mainstreaming’ of climate change adaptation into
policies intended to enhance broad resilience (see Chapter 17).

5.6 Costs and other socio-economic
aspects, including food supply
and security

5.6.1 Global costs to agriculture

Fischer et al. (2002b) quantify the impact of climate change
on global agricultural GDP by 2080 as between -1.5% and
+2.6%, with considerable regional variation. Overall, mid- to
high-latitudes agriculture stands to benefit, while agriculture in
low latitudes will be adversely affected. However, Fischer et al.
(2002b) suggest that, taking into account economic adjustment,
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Box 5.6. Will biotechnology assist agricultural and forest adaptation?

Breakthroughs in molecular genetic mapping of the plant genome have led to the identification of bio-markers that are closely
linked to known resistance genes, such that their isolation is clearly feasible in the future. Two forms of stress resistance
especially relevant to climate change are to drought and temperature. A number of studies have demonstrated genetic
modifications to major crop species (e.g., maize and soybeans) that increased their water-deficit tolerance (as reviewed by
Drennen et al., 1993; Kishor et al., 1995; Pilon-Smits et al., 1995; Cheikh et al., 2000), although this may not extend to the wider
range of crop plants. Similarly, there are possibilities for enhanced resistance to pests and diseases, salinity and waterlogging,
or for opportunities such as change in flowering times or enhanced responses to elevated CO2. Yet many research challenges
lie ahead. Little is known about how the desired traits achieved by genetic modification perform in real farming and forestry
applications. Moreover, alteration of a single physiological process is often compensated or dampened so that little change
in plant growth and yield is achieved from the modification of a single physiological process (Sinclair and Purcell, 2005).
Although biotechnology is not expected to replace conventional agronomic breeding, Cheikh et al. (2000) and FAO (2004b)
argue that it will be a crucial adjunct to conventional breeding (it is likely that both will be needed to meet future environmental
challenges, including climate change).



global cereal production by 2080 falls within a 2% boundary of
the no-climate change reference production.

Impacts of climate change on world food prices are
summarised in Figure 5.3. Overall, the effects of higher global
mean temperatures (GMTs) on food prices follow the expected
changes in crop and livestock production. Higher output
associated with a moderate increase in the GMT likely results
in a small decline in real world food (cereals) prices, while
GMT changes in the range of 5.5°C or more could lead to a
pronounced increase in food prices of, on average, 30%.

5.6.2 Global costs to forestry

Alig et al. (2004) suggest that climate variability and climate
change may alter the productivity of forests and thereby shift
resource management, economic processes of adaptation and
forest harvests, both nationally and regionally. Such changes
may also alter the supply of products to national and
international markets, as well as modify the prices of forest
products, impact economic welfare and affect land-use changes.
Current studies consider mainly the impact of climate change
on forest resources, industry and economy; however, some
analyses include feedbacks in the ecological system, including
greenhouse gas cycling in forest ecosystems and forest products
(e.g., Sohngen and Sedjo, 2005). A number of studies analyse
the effects of climate change on the forest industry and
economy (e.g., Binkley, 1988; Joyce et al., 1995; Perez-Garcia
et al., 1997; Sohngen and Mendelsohn, 1998; Shugart et al.,
2003; see Table 5.4 and Section 5.4.5).

If the world develops as the models predict, there will be a
general decline of wood raw-material prices due to increased
wood production (Perez-Garcia et al., 1997; Sohngen and
Mendelsohn, 1998). The same authors conclude that economic
welfare effects are relatively small but positive, with net
benefits accruing to wood consumers. However, changes in
other sectors, such as major shifts in demand and requirements
for energy production, will also impact prices in the forest
sector. There are no concrete studies on non-wood services from
forest resources, but the impacts of climate change on many of
these services will likely be spatially specific.

5.6.3 Changes in trade

The principal impact of climate change on agriculture is an
increase in production potential in mid- to high-latitudes and a
decrease in low latitudes. This shift in production potential is
expected to result in higher trade flows of mid- to high-latitude
products (e.g., cereals and livestock products) to the low latitudes.
Fischer et al. (2002b) estimate that by 2080 cereal imports by
developing countries would rise by 10-40%.

5.6.4 Regional costs and associated
socio-economic impacts

Fischer et al. (2002b) quantified regional impacts and concluded
that globally there will be major gains in potential agricultural
land by 2080, particularly in North America (20-50%) and the
Russian Federation (40-70%), but losses of up to 9% in sub-
Saharan Africa. The regions likely to face the biggest challenges
in food security are Africa, particularly sub-Saharan Africa, and
Asia, particularly south Asia (FAO, 2006).

Africa
Yields of grains and other crops could decrease substantially

across the African continent because of increased frequency of
drought, even if potential production increases due to increases
in CO2 concentrations. Some crops (e.g., maize) could be
discontinued in some areas. Livestock production would suffer
due to deteriorated rangeland quality and changes in area from
rangeland to unproductive shrub land and desert.

Asia
According to Murdiyarso (2000), rice production in Asia

could decline by 3.8% during the current century. Similarly, a
2°C increase in mean air temperature could decrease rice yield
by about 0.75 tonne/ha in India and rain-fed rice yield in China
by 5-12% (Lin et al., 2005). Areas suitable for growing wheat
could decrease in large portions of south Asia and the southern
part of east Asia (Fischer et al., 2002b). For example, without
the CO2 fertilisation effect, a 0.5°C increase in winter
temperature would reduce wheat yield by 0.45 ton/ha in India
(Kalra et al., 2003) and rain-fed wheat yield by 4-7% in China
by 2050. However, wheat production in both countries would
increase by between 7% and 25% in 2050 if the CO2
fertilisation effect is taken into account (Lin et al., 2005).

5.6.5 Food security and vulnerability

All four dimensions of food security, namely food
availability (i.e., production and trade), stability of food
supplies, access to food, and food utilisation (FAO, 2003a) will
likely be affected by climate change. Importantly, food security
will depend not only on climate and socio-economic impacts,
but also, and critically so, on changes to trade flows, stocks and
food-aid policy. Climate change impacts on food production
(food availability) will be mixed and vary regionally (FAO,
2003b, 2005c). For instance, a reduction in the production
potential of tropical developing countries, many of which have
poor land and water resources, and are already faced with
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Figure 5.3. Cereal prices (percent of baseline) versus global mean
temperature change for major modelling studies. Prices interpolated
from point estimates of temperature effects.



serious food insecurity, may add to the burden of these countries
(e.g., Hitz and Smith, 2004; Fischer et al., 2005a; Parry et al.,
2005). Globally, the potential for food production is projected
to increase with increases in local average temperature over a
range of 1 to 3°C, but above this it is projected to decrease.
Changes in the patterns of extreme events, such as increased
frequency and intensity of droughts and flooding, will affect
the stability of, as well as access to, food supplies. Food
insecurity and loss of livelihood would be further exacerbated
by the loss of cultivated land and nursery areas for fisheries
through inundation and coastal erosion in low-lying areas
(FAO, 2003c).

Climate change may also affect food utilisation, notably
through additional health consequences (see Chapter 8). For
example, populations in water-scarce regions are likely to face
decreased water availability, particularly in the sub-tropics,
with implications for food processing and consumption; in
coastal areas, the risk of flooding of human settlements may
increase, from both sea level rise and increased heavy
precipitation. This is likely to result in an increase in the
number of people exposed to vector-borne (e.g., malaria) and
water-borne (e.g., cholera) diseases, thus lowering their
capacity to utilise food effectively.

A number of studies have quantified the impacts of climate
change on food security at regional and global scales (e.g.,
Fischer et al., 2002b, 2005b; Parry et al., 2004, 2005; Tubiello
and Fischer, 2006). These projections are based on complex
modelling frameworks that integrate the outputs of GCMs,
agro-ecological zone data and/or dynamic crop models, and
socio-economic models. In these systems, impacts of climate
change on agronomic production potentials are first computed;
then consequences for food supply, demand and consumption at
regional to global levels are computed, taking into account
different socio-economic futures (typically SRES scenarios). A
number of limitations, however, make these model projections
highly uncertain. First, these estimates are limited to the
impacts of climate change mainly on food availability; they do
not cover potential changes in the stability of food supplies, for
instance, in the face of changes to climate and/or socio-
economic variability. Second, projections are based on a limited
number of crop models, and only one economic model (see
legend in Table 5.6), the latter lacking sufficient evaluation
against observations, and thus in need of further improvements.

Despite these limitations and uncertainties, a number of
fairly robust findings for policy use emerge from these studies.
First, climate change is likely to increase the number of people
at risk of hunger compared with reference scenarios with no
climate change. However, impacts will depend strongly on
projected socio-economic developments (Table 5.6). For
instance, Fischer et al. (2002a, 2005b) estimate that climate
change will increase the number of undernourished people in
2080 by 5-26%, relative to the no climate change case, or by
between 5-10 million (SRES B1) and 120-170 million people
(SRES A2). The within-SRES ranges are across several GCM
climate projections. Using only one GCM scenario, Parry et al.
(2004, 2005) estimated small reductions by 2080, i.e., –5% (–
10 [B] to –30 [A2] million people), and slight increases of
+13-26% (10 [B2] to 30 [A1] million people).

Second, the magnitude of these climate impacts will be small
compared with the impacts of socio-economic development
(e.g., Tubiello et al., 2007b). With reference to Table 5.6, these
studies suggest that economic growth and slowing population
growth projected for the 21st century will, globally, significantly
reduce the number of people at risk of hunger in 2080 from
current levels. Specifically, compared with FAO estimates of
820 million undernourished in developing countries today,
Fischer et al. (2002a, 2005b) and Parry et al. (2004, 2005)
estimate reductions by more than 75% by 2080, or by about 560-
700 million people, thus projecting a global total of 100-240
million undernourished by 2080 (A1, B1 and B2). By contrast,
in A2, the number of the hungry may decrease only slightly in
2080, because of larger population projections compared with
other SRES scenarios (Fischer et al., 2002a, 2005b; Parry et al.,
2004, 2005; Tubiello and Fischer, 2006). These projections also
indicate that, with or without climate change, Millennium
Development Goals (MDGs) of halving the proportion of people
at risk of hunger by 2015 may not be realised until 2020-2030
(Fischer et al., 2005b; Tubiello, 2005).
Third, sub-Saharan Africa is likely to surpass Asia as the most

food-insecure region. However, this is largely independent of
climate change and is mostly the result of the projected socio-
economic developments for the different developing regions.
Studies using various SRES scenarios and model analyses
indicate that by 2080 sub-Saharan Africa may account for 40-
50% of all undernourished people, compared with about 24%
today (Fischer et al., 2002a, 2005b; Parry et al., 2004, 2005);
some estimates are as high as 70-75% under the A2 and B2
assumptions of slower economic growth (Fischer et al., 2002a;
Parry et al., 2004; Tubiello and Fischer, 2006).
Fourth, there is significant uncertainty concerning the effects

of elevated CO2 on food security. With reference to Table 5.6,
under most future scenarios the assumed strength of CO2
fertilisation would not greatly affect global projections of
hunger, particularly when compared with the absolute reductions
attributed solely to socio-economic development (Tubiello et al.,
2007a,b). For instance, employing one GCM, but assuming no
effects of CO2 on crops, Fischer et al. (2002a, 2005b) and Parry
et al. (2004, 2005) projected absolute global numbers of
undernourished in 2080 in the range of 120-380 million people
across SRES scenarios A1, B1 and B2, as opposed to a range of
100-240 million when account is taken of CO2 effects. The
exception again in these studies is SRES A2, under which
scenario the assumption of no CO2 fertilisation results in a
projected range of 950-1,300 million people undernourished in
2080, compared with 740-850 million with climate change and
CO2 effects on crops.
Finally, recent research suggests large positive effects of

climate mitigation on the agricultural sector, although benefits,
in terms of avoided impacts, may be realised only in the second
half of this century due to the inertia of global mean temperature
and the easing of positive effects of elevated CO2 in the
mitigated scenarios (Arnell et al., 2002; Tubiello and Fischer,
2006). Even in the presence of robust global long-term benefits,
regional and temporal patterns of winners and losers are highly
uncertain and critically dependent on GCM projections (Tubiello
and Fischer, 2006).
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5.7 Implications for sustainable
development

Human societies have, through the centuries, often developed
the capacity to adapt to environmental change, and some
knowledge about the implications of climate change adaptation
for sustainable development can thus be deduced from historical
analogues (Diamond, 2004; Easterling et al., 2004).

Unilateral adaptation measures to water shortage related to
climate change can lead to competition for water resources and,
potentially, to conflict and backlash for development. International
and regional approaches are required to develop joint solutions,
such as the three-border project Trifinio in Lempa valley between
Honduras, Guatemala and El Salvador (Dalby, 2004). Shifts in
land productivity may lead to a shift in agriculture and livestock
systems in some regions, and to agricultural intensification in
others. This results not only in environmental benefits, such as
less habitat loss and lower carbon emissions (Goklany, 1998,
2005), but also in environmental costs, such as soil degradation,
siltation, reduced biodiversity and others (Stoate et al., 2001).

Adaptive measures in response to habitat and ecosystem
shifts, such as expansion of agriculture into previously forested

areas, will lead to additional loss and fragmentation of habitats.
Currently, deforestation, mainly a result of conversion of forests
to agricultural land, continues at a rate of 13 million ha/yr (FAO,
2005b). The degradation of ecosystem services not only poses a
barrier to achieving sustainable development in general, but also
to meeting specific international development goals, notably the
MDGs (Millennium Ecosystem Assessment, 2005). The largest
forest losses have occurred in South America and Africa, often
in countries marked by high reliance on solid fuels, low levels
of access to safe water and sanitation, and the slowest progress
towards the MDG targets. Response strategies aimed at
minimising such losses will have to focus increasingly on
regional and international landscape development (Opdam and
Wascher, 2004).

Impacts on trade, economic development and environmental
quality, as well as land use, may also be expected from measures
to substitute fossil fuels with biofuels, such as the European
Biomass Action Plan. It may be necessary to balance
competition between the energy and forest products sectors for
raw materials, and competition for land for biofuels, food and
forestry.

Sustainable economic development and poverty reduction
remain top priorities for developing countries (Aggarwal et al.,
2004). Climate change could exacerbate climate-sensitive
hurdles to sustainable development faced by developing
countries (Goklany, 2007). This will require integrated
approaches to concurrently advance adaptation, mitigation and
sustainable development. Goklany (2007) also offers a portfolio
of pro-active strategies and measures, including measures that
would simultaneously reduce pressures on biodiversity, hunger
and carbon sinks. Moreover, any adaptation measures should be
developed as part of, and be closely integrated into, overall and
country-specific development programmes and strategies, e.g.,
into Poverty Reduction Strategy Programmes (Eriksen and
Naess, 2003) and pro-poor strategies (Kurukulasuriya and
Rosenthal, 2003), and should be understood as a ‘shared
responsibility’ (Ravindranath and Sathaye, 2002).

5.8 Key conclusions and their
uncertainties, confidence
levels and research gaps

5.8.1 Findings and key conclusions

Projected changes in the frequency and severity of extreme
climate events will have more serious consequences for
food and forestry production, and food insecurity, than will
changes in projectedmeans of temperature and precipitation
(high confidence).
Modelling studies suggest that increasing frequency of crop loss
due to extreme events, such as droughts and heavy precipitation,
may overcome positive effects of moderate temperature increase
[5.4.1]. For forests, elevated risks of fires, insect outbreaks, wind
damage and other forest-disturbance events are projected,
although little is known about their overall effect on timber
production [5.4.1].
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2020 2050 2080

Millions at risk Millions at risk Millions at risk

Reference AEZ-
BLS

DSSAT-
BLS

AEZ-
BLS

DSSAT-
BLS

AEZ-
BLS

DSSAT-
BLS

A1 663 663 208 208 108 108

A2 782 782 721 721 768 769

B1 749 749 239 240 91 90

B2 630 630 348 348 233 233

CC AEZ-
BLS

DSSAT-
BLS

AEZ-
BLS

DSSAT-
BLS

AEZ-
BLS

DSSAT-
BLS

A1 666 687 219 210 136 136

A2 777 805 730 722 885 742

B1 739 771 242 242 99 102

B2 640 660 336 358 244 221

CC, no CO2 AEZ-
BLS

DSSAT-
BLS

AEZ-
BLS

DSSAT-
BLS

AEZ-
BLS

DSSAT-
BLS

A1 NA 726 NA 308 NA 370

A2 794 845 788 933 950 1320

B1 NA 792 NA 275 NA 125

B2 652 685 356 415 257 384

Table 5.6. The impacts of climate change and socio-economic
development paths on the number of people at risk of hunger in
developing countries (data from Parry et al., 2004; Tubiello et al., 2007b).
The first set of rows in the table depicts reference projections under
SRES scenarios and no climate change. The second set (CC) includes
climate change impacts, based on Hadley HadCM3 model output,
including positive effects of elevated CO2 on crops. The third (CC, no
CO2) includes climate change, but assumes no effects of elevated CO2.
Projections from 2020 to 2080 are given for two crop-modelling
systems: on the left, AEZ (Fischer et al., 2005b); on the right, DSSAT
(Parry et al., 2004), each coupled to the same economic and food trade
model, BLS (Fischer et al., 2002a, 2005b). The models are calibrated to
give 824 million undernourished in 2000, according to FAO data.



Climate change increases the number of people at risk of
hunger (high confidence). The impact of chosen socio-
economic pathways (SRES scenario) on the numbers of
people at risk of hunger is significantly greater than the
impact of climate change. Climate change will further shift
the focus of food insecurity to sub-Saharan Africa.
Climate change alone is estimated to increase the number of
undernourished people to between 40 million and 170 million. By
contrast, the impacts of socio-economic development paths
(SRES) can amount to several hundred million people at risk of
hunger [5.6.5]. Moreover, climate change is likely to further shift
the regional focus of food insecurity to sub-Saharan Africa. By
2080, about 75% of all people at risk of hunger are estimated to
live in this region. The effects of climate mitigation measures are
likely to remain relatively small in the early decades; significant
benefits of mitigation to the agricultural sector may be realised
only in the second half of this century, i.e., once the positive CO2
effects on crop yields level off and global mean temperature
increases become significantly less than in non-mitigated
scenarios [5.6.5].

While moderate warming benefits crop and pasture yields
in mid- to high-latitude regions, even slight warming
decreases yields in seasonally dry and low-latitude regions
(medium confidence).
The preponderance of evidence from models suggests that
moderate local increases in temperature (to 3ºC) can have small
beneficial impacts on major rain-fed crops (maize, wheat, rice)
and pastures in mid- to high-latitude regions, but even slight
warming in seasonally dry and tropical regions reduces yield.
Further warming has increasingly negative impacts in all regions
[5.4.2 and see Figure 5.2]. These results, on the whole, project the
potential for global food production to increase with increases in
local average temperature over a range of 1 to 3ºC, but above this
range to decrease [5.4, 5.6]. Furthermore, modelling studies that
include extremes in addition to changes in mean climate show
lower crop yields than for changes in means alone, strengthening
similar TAR conclusions [5.4.1]. A change in frequency of
extreme events is likely to disproportionately impact small-holder
farmers and artisan fishers [5.4.7].

Experimental research on crop response to elevated CO2

confirms Third Assessment Report (TAR) findings (medium to
high confidence). New Free-Air Carbon Dioxide Enrichment
(FACE) results suggest lower responses for forests (medium
confidence). Cropmodels include CO2 estimates close to the
upper range of new research (high confidence), while forest
models may overestimate CO2 effects (medium confidence).
Recent results from meta-analyses of FACE studies of CO2
fertilisation confirm conclusions from the TAR that crop yields at
CO2 levels of 550 ppm increase by an average of 15%. Crop
model estimates of CO2 fertilisation are in the range of FACE
results [5.4.1.1]. For forests, FACE experiments suggest an
average growth increase of 23% for younger tree stands, but little
stem-growth enhancement for mature trees. The models often
assume higher growth stimulation than FACE, up to 35%
[5.4.1.1, 5.4.5].

Globally, commercial timber productivity rises modestly with
climate change in the short and medium term, with large
regional variability around the global trend (medium
confidence).
Overall, global forest products output at 2020 and 2050 changes,
ranging from a modest increase to a slight decrease depending on
the assumed impact of CO2 fertilisation and the effect of
disturbance processes not well represented in the models (e.g.,
insect outbreaks), although regional and local changes will be
large [5.4.5.2].

Local extinctions of particular fish species are expected at
edges of ranges (high confidence).
Regional changes in the distribution and productivity of particular
fish species are expected because of continued warming and local
extinctions will occur at the edges of ranges, particularly in
freshwater and diadromous species (e.g., salmon, sturgeon). In
some cases, ranges and productivity will increase [5.4.6].
Emerging evidence suggests concern that the Meridional
Overturning Circulation is slowing down, with serious potential
consequences for fisheries [5.4.6].

Food and forestry trade is projected to increase in response
to climate change, with increased dependence of most
developing countries on food imports (medium to low
confidence).
While the purchasing power for food is reinforced in the period to
2050 by declining real prices, it would be adversely affected by
higher real prices for food from 2050 to 2080 [5.6.1, 5.6.2]. Food
security is already challenged in many of the regions expected to
suffer more severe yield declines. Agricultural and forestry trade
flows are foreseen to rise significantly. Exports of food products
from the mid and high latitudes to low latitude countries will rise
[5.6.2], while the reverse may take place in forestry [5.4.5].

Simulations suggest rising relative benefits of adaptation
with low to moderate warming (medium confidence),
although adaptation may stress water and environmental
resources as warming increases (low confidence).
There are multiple adaptation options that imply different costs,
ranging from changing practices in place to changing locations of
food, fibre, forestry and fishery (FFFF) activities [5.5.1]. The
potential effectiveness of the adaptations varies from only
marginally reducing negative impacts to, in some cases, changing
a negative impact into a positive impact. On average in cereal
cropping systems adaptations such as changing varieties and
planting times enable avoidance of a 10-15% reduction in yield.
The benefits of adaptation tend to increase with the degree of
climate change up to a point [Figure 5.2]. Pressure to cultivate
marginal land or to adopt unsustainable cultivation practices as
yields drop may increase land degradation and endanger
biodiversity of both wild and domestic species. Climate changes
increase irrigation demand in the majority of world regions due to
a combination of decreased rainfall and increased evaporation
arising from increased temperatures, which, combined with
expected reduced water availability, adds another challenge to
future water and food security [5.9].
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Summary of Impacts and Adaptive Results by Temperature and
Time.Major generalisations across the FFFF sectors distilled from
the literature are reported either by increments of temperature
increase (Table 5.7) or by increments of time (Table 5.8),
depending on how the information is originally reported. A global
map of regional impacts of FFFF is shown in Figure 5.4.

5.8.2 Research gaps and priorities

Key knowledge gaps that hinder assessments of climate change
consequences for FFFF and their accompanying research
priorities are listed in Table 5.9.
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Temp. Change Sub-sector Region Finding Source section

+1 to +2°C Food crops Mid- to high-latitudes - Cold limitation alleviated for all crops
- Adaptation of maize and wheat increases yield 10-15%;
rice yield no change; regional variation is high

Figure 5.2

Pastures and
livestock

Temperate - Cold limitation alleviated for pastures; seasonal increased
frequency of heat stress for livestock

Table 5.3

Food crops Low latitudes - Wheat and maize yields reduced below baseline levels; rice
is unchanged

- Adaptation of maize, wheat, rice maintains yields at current
levels

Figure 5.2

Pastures and
livestock

Semi-arid - No increase in NPP; seasonal increased frequency of heat
stress for livestock

Table 5.3

Prices Global - Agricultural prices: –10 to –30% Figure 5.3

+2 to +3°C Food crops Global - 550 ppm CO2 (approx. equal to +2°C) increases C3 crop
yield by 17%; this increase is offset by temperature
increase of 2°C assuming no adaptation and 3°C with
adaptation

Figure 5.2

Prices Global - Agricultural prices: –10 to +20% Figure 5.3

Food crops Mid- to high-latitudes - Adaptation increases all crops above baseline yield Figure 5.2

Fisheries Temperate - Positive effect on trout in winter, negative in summer 5.4.6.1

Pastures and
livestock

Temperate - Moderate production loss in swine and confined cattle Table 5.3

Fibre Temperate - Yields decrease by 9% 5.4.4

Pastures and
livestock

Semi-arid - Reduction in animal weight and pasture production, and
increased heat stress for livestock

Table 5.3

Food crops Low latitudes - Adaptation maintains yields of all crops above baseline;
yields drops below baseline for all crops without
adaptation

Figure 5.2

+3 to +5°C Prices and trade Global - Reversal of downward trend in wood prices
- Agricultural prices: +10 to +40%
- Cereal imports of developing countries to increase
by 10-40%

5.4.5.1
Figure 5.3
5.6.3

Forestry Temperate - Increase in fire hazard and insect damage 5.4.5.3

Tropical - Massive Amazonian deforestation possible 5.4.5

Food crops Low latitudes - Adaptation maintains yields of all crops above baseline;
yield drops below baseline for all crops without adaptation

Figure 5.2

Pastures and
livestock

Tropical - Strong production loss in swine and confined cattle Table 5.3

Food crops Low latitudes - Maize and wheat yields reduced below baseline regardless
of adaptation, but adaptation maintains rice yield at
baseline levels

Figure 5.2

Pastures and
livestock

Semi-arid - Reduction in animal weight and pasture growth; increased
animal heat stress and mortality

Table 5.3

Table 5.7. Summary of selected conclusions for food, fibre, forestry, and fisheries, by warming increments.
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Time slice Sub-sector Location Finding Source

2020 Food crops USA - Extreme events, e.g., increased heavy precipitation, cause crop losses to
US$3 billion by 2030 with respect to current levels

5.4.2

Small-holder
farming, fishing

Low latitudes,
especially east
and south Africa

- Decline in maize yields, increased risk of crop failure, high livestock mortality 5.4.7

Small-holder
farming, fishing

Low latitudes,
especially south Asia

- Early snow melt causing spring flooding and summer irrigation shortage 5.4.7

Forestry Global - Increased export of timber from temperate to tropical countries
- Increase in share of timber production from plantations
- Timber production +5 to +15%

5.4.5.2

Table 5.4

2050 Fisheries Global - Marine primary production +0.7 to +8.1%, with large regional variation
(see Chapter 4)

5.4.6.2

Food crops Global - With adaptation, yields of wheat, rice, maize above baseline levels in mid- to
high-latitude regions and at baseline levels in low latitudes.

Figure 5.2

Forestry Global - Timber production +20 to +40% Table 5.4

2080 Food crops Global - Crop irrigation water requirement increases 5-20%, with range due to
significant regional variation

5.4.2

Forestry Global - Timber production +20 to +60% with high regional variation Table 5.4

Agriculture
sector

Global - Stabilisation at 550 ppm ameliorates 70-100% of agricultural cost caused by
unabated climate change

5.4.2

Table 5.8. Summary of selected findings for food, fibre, forestry and fisheries, by time increment.

Figure 5.4.Major impacts of climate change on crop and livestock yields, and forestry production by 2050 based on literature and expert judgement
of Chapter 5 Lead Authors. Adaptation is not taken into account.
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Knowledge gap Research priority

There is a lack of knowledge of CO2 response for many crops
other than cereals, including many of importance to the rural
poor, such as root crops, millet.

FACE-type experiments needed on expanded range of crops, pastures, forests
and locations, especially in developing countries.

Understanding of the combined effects of elevated CO2 and
climate change on pests, weeds and disease is insufficient.

Basic knowledge of pest, disease and weed response to elevated CO2 and
climate change needed.

Much uncertainty of how changes in frequency and severity of
extreme climate events with climate change will affect all sectors
remains.

Improved prediction of future impacts of climate change requires better
representation of climate variability at scales from the short-term (including
extreme events) to interannual and decadal in FFFF models.

Calls by the TAR to enhance crop model inter-comparison
studies have remained largely unheeded.

Improvements and further evaluation of economic, trade and technological
components within integrated assessment models are needed, including new
global simulation studies that incorporate new crop, forestry and livestock
knowledge in models.

Few experimental or field studies have investigated the impacts
of future climate scenarios on aquatic biota.

Future trends in aquatic primary production depend on nutrient supply and on
temperature sensitivity of primary production. Both of these could be improved
with a relatively small research effort.

In spite of a decade of prioritisation, adaptation research has
failed to provide generalised knowledge of the adaptive capacity
of FFFF systems across a range of climate and socio-economic
futures, and across developed and developing countries
(including commercial and small-holder operations).

A more complete range of adaptation strategies must be examined in
modelling frameworks in FFFF. Accompanying research that estimates the
costs of adaptation is needed. Assessments of how to move from potential
adaptation options to adoption taking into account decision-making
complexity, diversity at different scales and regions, non-linearities and time-lags
in responses and biophysical, economic, institutional and cultural barriers to
change are needed. Particular emphasis to developing countries should be given.

The global impacts of climate change on agriculture and food
security will depend on the future role of agriculture in the global
economy. While most studies available for the Fourth
Assessment assume a rapidly declining role of agriculture in the
overall generation of income, no consistent and comprehensive
assessment was available.

Given the importance of this assumption, more research is needed to assess
the future role of agriculture in overall income formation (and dependence of
people on agriculture for income generation and food consumption) in
essentially all developing countries; such an exercise could also afford an
opportunity to review and critique the SRES scenarios.

Relatively moderate impacts of climate change on overall agro-
ecological conditions are likely to mask much more severe
climatic and economic vulnerability at the local level. Little is
known about such vulnerability.

More research is required to identify highly vulnerable micro-environments and
associated households and to provide agronomic and economic coping
strategies for the affected populations.

The impact of climate change on utilisation of biofuel crops is not
well established.

Research on biomass feed stock crops such as switchgrass and short-rotation
poplar is needed. Research is needed on the competition for land between
bio-energy crops and food crops.

Table 5.9. Key knowledge gaps and research priorities for food, fibre, forestry, and fisheries (FFFF).
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Executive Summary

Since the IPCC Third Assessment Report (TAR), our
understanding of the implications of climate change for coastal
systems and low-lying areas (henceforth referred to as ‘coasts’)
has increased substantially and six important policy-relevant
messages have emerged.

Coasts are experiencing the adverse consequences of
hazards related to climate and sea level (very high confidence).
Coasts are highly vulnerable to extreme events, such as storms,
which impose substantial costs on coastal societies [6.2.1, 6.2.2,
6.5.2]. Annually, about 120 million people are exposed to
tropical cyclone hazards, which killed 250,000 people from 1980
to 2000 [6.5.2]. Through the 20th century, global rise of sea level
contributed to increased coastal inundation, erosion and
ecosystem losses, but with considerable local and regional
variation due to other factors [6.2.5, 6.4.1]. Late 20th century
effects of rising temperature include loss of sea ice, thawing of
permafrost and associated coastal retreat, and more frequent
coral bleaching and mortality [6.2.5].

Coasts will be exposed to increasing risks, including coastal
erosion, over coming decades due to climate change and
sea-level rise (very high confidence).
Anticipated climate-related changes include: an accelerated rise
in sea level of up to 0.6 m or more by 2100; a further rise in sea
surface temperatures by up to 3°C; an intensification of tropical
and extra-tropical cyclones; larger extreme waves and storm
surges; altered precipitation/run-off; and ocean acidification
[6.3.2]. These phenomena will vary considerably at regional and
local scales, but the impacts are virtually certain to be
overwhelmingly negative [6.4, 6.5.3].

Corals are vulnerable to thermal stress and have low adaptive
capacity. Increases in sea surface temperature of about 1 to 3°C
are projected to result in more frequent coral bleaching events
and widespread mortality, unless there is thermal adaptation or
acclimatisation by corals [Box 6.1, 6.4].

Coastal wetland ecosystems, such as saltmarshes and
mangroves, are especially threatened where they are sediment-
starved or constrained on their landward margin [6.4.1].
Degradation of coastal ecosystems, especially wetlands and
coral reefs, has serious implications for the well-being of
societies dependent on the coastal ecosystems for goods and
services [6.4.2, 6.5.3]. Increased flooding and the degradation
of freshwater, fisheries and other resources could impact
hundreds of millions of people, and socio-economic costs on
coasts will escalate as a result of climate change [6.4.2, 6.5.3].

The impact of climate change on coasts is exacerbated by
increasing human-induced pressures (very high confidence).
Utilisation of the coast increased dramatically during the 20th
century and this trend is virtually certain to continue through the
21st century. Under the SRES scenarios, the coastal population
could grow from 1.2 billion people (in 1990) to 1.8 to 5.2 billion

people by the 2080s, depending on assumptions about migration
[6.3.1]. Increasing numbers of people and assets at risk at the coast
are subject to additional stresses due to land-use and hydrological
changes in catchments, including dams that reduce sediment
supply to the coast [6.3.2]. Populated deltas (especially Asian
megadeltas), low-lying coastal urban areas and atolls are key
societal hotspots of coastal vulnerability, occurring where the
stresses on natural systems coincide with low human adaptive
capacity and high exposure [6.4.3]. Regionally, South, South-east
and East Asia, Africa and small islands are most vulnerable
[6.4.2]. Climate change therefore reinforces the desirability of
managing coasts in an integrated manner [6.6.1.3].

Adaptation for the coasts of developing countries will be
more challenging than for coasts of developed countries,
due to constraints on adaptive capacity (high confidence).
While physical exposure can significantly influence
vulnerability for both human populations and natural systems, a
lack of adaptive capacity is often the most important factor that
creates a hotspot of human vulnerability. Adaptive capacity is
largely dependent upon development status. Developing nations
may have the political or societal will to protect or relocate
people who live in low-lying coastal zones, but without the
necessary financial and other resources/capacities, their
vulnerability is much greater than that of a developed nation in
an identical coastal setting. Vulnerability will also vary between
developing countries, while developed countries are not
insulated from the adverse consequences of extreme events
[6.4.3, 6.5.2].

Adaptation costs for vulnerable coasts are much less than
the costs of inaction (high confidence).
Adaptation costs for climate change are much lower than
damage costs without adaptation for most developed coasts,
even considering only property losses and human deaths [6.6.2,
6.6.3]. As post-event impacts on coastal businesses, people,
housing, public and private social institutions, natural resources,
and the environment generally go unrecognised in disaster cost
accounting, the full benefits of adaptation are even larger [6.5.2,
6.6.2]. Without adaptation, the high-end sea-level rise scenarios,
combined with other climate changes (e.g., increased storm
intensity), are as likely as not to render some islands and low-
lying areas unviable by 2100, so effective adaptation is urgently
required [6.6.3].

The unavoidability of sea-level rise, even in the longer-term,
frequently conflicts with present-day human development
patterns and trends (high confidence).
Sea-level rise has substantial inertia and will continue beyond
2100 for many centuries. Irreversible breakdown of the West
Antarctica and/or Greenland ice sheets, if triggered by rising
temperatures, would make this long-term rise significantly
larger, ultimately questioning the viability of many coastal
settlements across the globe. The issue is reinforced by the
increasing human use of the coastal zone. Settlement patterns
also have substantial inertia, and this issue presents a challenge
for long-term coastal spatial planning. Stabilisation of climate
could reduce the risks of ice sheet breakdown, and reduce but
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not stop sea-level rise due to thermal expansion [Box 6.6].
Hence, it is now more apparent than it was in the TAR that the
most appropriate response to sea-level rise for coastal areas is a
combination of adaptation to deal with the inevitable rise, and
mitigation to limit the long-term rise to a manageable level
[6.6.5, 6.7].

6.1 Introduction: scope, summary of Third
Assessment Report conclusions and
key issues

This chapter presents a global perspective on the impacts of
climate change and sea-level rise on coastal and adjoining low-
lying areas, with an emphasis on post-2000 insights. Here,
coastal systems are considered as the interacting low-lying areas
and shallow coastal waters, including their human components
(Figure 6.1). This includes adjoining coastal lowlands, which
have often developed through sedimentation during the
Holocene (past 10,000 years), but excludes the continental shelf
and ocean margins (for marine ecosystems see Chapter 4).
Inland seas are not covered, except as analogues. In addition to
local drivers and interactions, coasts are subject to external
events that pose a hazard to human activities and may
compromise the natural functioning of coastal systems (Figure
6.1). Terrestrial-sourced hazards include river floods and inputs
of sediment or pollutants; marine-sourced hazards include storm
surges, energetic swell and tsunamis.

In this chapter, we reinforce the findings of the Third
Assessment Report (TAR; IPCC, 2001) concerning the potential
importance of the full range of climate change drivers on
coastal systems and the complexity of their potential effects.
The TAR also noted growing interest in adaptation to climate
change in coastal areas, a trend which continues to gather
momentum, as shown in this assessment. Whereas some coastal
countries and communities have the adaptive capacity to
minimise the impacts of climate change, others have fewer
options and hence are much more vulnerable to climate change.
This is compounded as human population growth in many
coastal regions is both increasing socio-economic vulnerability

and decreasing the resilience of coastal systems. Integrated
assessment and management of coastal systems, together with
a better understanding of their interaction with socio-economic
and cultural development, were presented in the TAR as
important components of successful adaptation to climate
change.

This chapter builds on and develops these insights in the
TAR by considering the emerging knowledge concerning
impacts and adaptation to climate change in coastal areas across
a wider spectrum of climate change drivers and from local to
global scales. Nonetheless, the issue of sea-level rise still
dominates the literature on coastal areas and climate change.
This chapter includes an assessment of current sensitivity and
vulnerability, the key changes that coastal systems may undergo
in response to climate and sea-level change, including costs and
other socio-economic aspects, the potential for adaptation, and
the implications for sustainable development. Given that there
are strong interactions both within and between the natural and
human sub-systems in the coastal system (Figure 6.1), this
chapter takes an integrated perspective of the coastal zone and
its management, insofar as the published literature permits.

6.2 Current sensitivity/vulnerability

This section provides key insights into the ways in which
coastal systems are presently changing, as context for assessing
the impacts of, and early effects attributable to, climate change.

6.2.1 Natural coastal systems

Coasts are dynamic systems, undergoing adjustments of form
and process (termed morphodynamics) at different time and
space scales in response to geomorphological and
oceanographical factors (Cowell et al., 2003a,b). Human activity
exerts additional pressures that may dominate over natural
processes. Often models of coastal behaviour are based on
palaeoenvironmental reconstructions at millennial scales and/or
process studies at sub-annual scales (Rodriguez et al., 2001;
Storms et al., 2002; Stolper et al., 2005). Adapting to global
climate change, however, requires insight into processes at
decadal to century scales, at which understanding is least
developed (de Groot, 1999; Donnelly et al., 2004).

Coastal landforms, affected by short-term perturbations such
as storms, generally return to their pre-disturbance morphology,
implying a simple, morphodynamic equilibrium. Many coasts
undergo continual adjustment towards a dynamic equilibrium,
often adopting different ‘states’ in response to varying wave
energy and sediment supply (Woodroffe, 2003). Coasts respond
to altered conditions external to the system, such as storm
events, or changes triggered by internal thresholds that cannot be
predicted on the basis of external stimuli. This natural variability
of coasts can make it difficult to identify the impacts of climate
change. For example, most beaches worldwide show evidence of
recent erosion but sea-level rise is not necessarily the primary
driver. Erosion can result from other factors, such as altered
wind patterns (Pirazzoli et al., 2004; Regnauld et al., 2004),

Coastal systems and low-lying areas Chapter 6

318

Figure 6.1. Climate change and the coastal system showing the major
climate change factors, including external marine and terrestrial
influences.



offshore bathymetric changes (Cooper and Navas, 2004), or
reduced fluvial sediment input (Sections 6.2.4 and 6.4.1.1). A
major challenge is determining whether observed changes have
resulted from alteration in external factors (such as climate
change), exceeding an internal threshold (such as a delta
distributary switching to a new location), or short-term
disturbance within natural climate variability (such as a storm).

Climate-related ocean-atmosphere oscillations can lead to
coastal changes (Viles and Goudie, 2003). One of the most
prominent is the El Niño-Southern Oscillation (ENSO)
phenomenon, an interaction between pronounced temperature
anomalies and sea-level pressure gradients in the equatorial
Pacific Ocean, with an average periodicity of 2 to 7 years.
Recent research has shown that dominant wind patterns and
storminess associated with ENSO may perturb coastal dynamics,
influencing (1) beach morphodynamics in eastern Australia
(Ranasinghe et al., 2004; Short and Trembanis, 2004), mid-
Pacific (Solomon and Forbes, 1999) and Oregon (Allan et al.,
2003); (2) cliff retreat in California (Storlazzi and Griggs, 2000);
and (3) groundwater levels in mangrove ecosystems in
Micronesia (Drexler, 2001) and Australia (Rogers et al., 2005).
Coral bleaching and mortality appear related to the frequency
and intensity of ENSO events in the Indo-Pacific region, which
may alter as a component of climate change (Box 6.1),
becoming more widespread because of global warming (Stone
et al., 1999). It is likely that coasts also respond to longer term
variations; for instance, a relationship with the Pacific Decadal
Oscillation (PDO) is indicated by monitoring of a south-east
Australian beach for more than 30 years (McLean and Shen,
2006). Correlations between the North Atlantic Oscillation
(NAO) and storm frequency imply similar periodic influences
on Atlantic coasts (Tsimplis et al., 2005, 2006), and the Indian
Ocean Dipole (IOD) may drive similar periodic fluctuations on
coasts around the Indian Ocean (Saji et al., 1999).

6.2.2 Increasing human utilisation of the coastal
zone

Few of the world’s coastlines are now beyond the influence
of human pressures, although not all coasts are inhabited
(Buddemeier et al., 2002). Utilisation of the coast increased
dramatically during the 20th century, a trend that seems certain
to continue through the 21st century (Section 6.3.1). Coastal
population growth in many of the world’s deltas, barrier islands
and estuaries has led to widespread conversion of natural coastal
landscapes to agriculture, aquaculture, silviculture, as well as
industrial and residential uses (Valiela, 2006). It has been
estimated that 23% of the world’s population lives both within
100 km distance of the coast and <100 m above sea level, and
population densities in coastal regions are about three times
higher than the global average (Small and Nicholls, 2003) (see
also Box 6.6). The attractiveness of the coast has resulted in
disproportionately rapid expansion of economic activity,
settlements, urban centres and tourist resorts. Migration of
people to coastal regions is common in both developed and
developing nations. Sixty percent of the world’s 39 metropolises
with a population of over 5 million are located within 100 km of
the coast, including 12 of the world’s 16 cities with populations

greater than 10 million. Rapid urbanisation has many
consequences: for example, enlargement of natural coastal inlets
and dredging of waterways for navigation, port facilities, and
pipelines exacerbate saltwater intrusion into surface and ground
waters. Increasing shoreline retreat and risk of flooding of
coastal cities in Thailand (Durongdej, 2001; Saito, 2001), India
(Mohanti, 2000), Vietnam (Thanh et al., 2004) and the United
States (Scavia et al., 2002) have been attributed to degradation
of coastal ecosystems by human activities, illustrating a
widespread trend.

The direct impacts of human activities on the coastal zone
have been more significant over the past century than impacts
that can be directly attributed to observed climate change
(Scavia et al., 2002; Lotze et al., 2006). The major direct impacts
include drainage of coastal wetlands, deforestation and
reclamation, and discharge of sewage, fertilisers and
contaminants into coastal waters. Extractive activities include
sand mining and hydrocarbon production, harvests of fisheries
and other living resources, introductions of invasive species and
construction of seawalls and other structures. Engineering
structures, such as damming, channelisation and diversions of
coastal waterways, harden the coast, change circulation patterns
and alter freshwater, sediment and nutrient delivery. Natural
systems are often directly or indirectly altered, even by soft
engineering solutions, such as beach nourishment and foredune
construction (Nordstrom, 2000; Hamm and Stive, 2002).
Ecosystem services on the coast are often disrupted by human
activities. For example, tropical and subtropical mangrove
forests and temperate saltmarshes provide goods and services
(they accumulate and transform nutrients, attenuate waves and
storms, bind sediments and support rich ecological
communities), which are reduced by large-scale ecosystem
conversion for agriculture, industrial and urban development,
and aquaculture (Section 6.4.2).

6.2.3 External terrestrial and marine influences

External terrestrial influences have led to substantial
environmental stresses on coastal and nearshore marine habitats
(Sahagian, 2000; Saito, 2001; NRC, 2004; Crossland et al., 2005).
As a consequence of activities outside the coastal zone, natural
ecosystems (particularly within the catchments draining to the
coast) have been fragmented and the downstream flow of water,
sediment and nutrients has been disrupted (Nilsson et al., 2005;
Section 6.4.1.3). Land-use change, particularly deforestation, and
hydrological modifications have had downstream impacts, in
addition to localised development on the coast. Erosion in the
catchment has increased river sediment load; for example,
suspended loads in the Huanghe (Yellow) River have increased 2
to 10 times over the past 2000 years (Jiongxin, 2003). In contrast,
damming and channelisation have greatly reduced the supply of
sediments to the coast on other rivers through retention of
sediment in dams (Syvitski et al., 2005). This effect will likely
dominate during the 21st century (Section 6.4.1).

Coasts can be affected by external marine influences (Figure
6.1). Waves generated by storms over the oceans reach the coast
as swell; there are also more extreme, but infrequent, high-
energy swells generated remotely (Vassie et al., 2004). Tsunamis
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are still rarer, but can be particularly devastating (Bryant, 2001).
Ocean currents modify coastal environments through their
influence on heat transfer, with both ecological and
geomorphological consequences. Sea ice has physical impacts,
and its presence or absence influences whether or not waves
reach the coast (Jaagus, 2006). Other external influences include
atmospheric inputs, such as dust (Shinn et al., 2000), and
invasive species.

6.2.4 Thresholds in the behaviour of coastal
systems

Dynamic coastal systems often show complex, non-linear
morphological responses to change (Dronkers, 2005). Erosion,
transport and deposition of sediment often involve significant
time-lags (Brunsden, 2001), and the morphological evolution of
sedimentary coasts is the outcome of counteracting transport
processes of sediment supply versus removal. A shoreline may
adopt an equilibrium, in profile or plan form, where these
processes are in balance. However, external factors, such as
storms, often induce morphodynamic change away from an
equilibrium state. Climate change and sea-level rise affect
sediment transport in complex ways and abrupt, non-linear
changes may occur as thresholds are crossed (Alley et al., 2003).
If sea level rises slowly, the balance between sediment supply and
morphological adjustment can be maintained if a saltmarsh
accretes, or a lagoon infills, at the same rate. An acceleration in the
rate of sea-level rise may mean that morphology cannot keep up,
particularly where the supply of sediment is limited, as for
example when coastal floodplains are inundated after natural
levees or artificial embankments are overtopped. Exceeding the
critical sea-level thresholds can initiate an irreversible process of
drowning, and other geomorphological and ecological responses
follow abrupt changes of inundation and salinity (Williams et al.,
1999; Doyle et al., 2003; Burkett et al., 2005). Widespread
submergence is expected in the case of the coast of the Wadden
Sea if the rate of relative sea-level rise exceeds 10 mm/yr (van
Goor et al., 2003). For each coastal system the critical threshold
will have a specific value, depending on hydrodynamic and
sedimentary characteristics. Abrupt and persistent flooding occurs
in coastal Argentina when landward winds (sudestadas) and/or
heavy rainfall coincide with storm surges (Canziani and Gimenez,
2002; Codignotto, 2004a), further emphasising non-linearities
between several interacting factors. Better understanding of
thresholds in, and non-linear behaviour of, coastal systems will
enhance the ability of managers and engineers to plan more
effective coastal protection strategies, including the placement of
coastal buildings, infrastructure and defences.

6.2.5 Observed effects of climate change on
coastal systems

Trenberth et al. (2007) and Bindoff et al. (2007) observed a
number of important climate change-related effects relevant to
coastal zones. Rising CO2 concentrations have lowered ocean
surface pH by 0.1 unit since 1750, although to date no
significant impacts on coastal ecosystems have been identified.
Recent trend analyses indicate that tropical cyclones have

increased in intensity (see Section 6.3.2). Global sea levels rose
at 1.7 ± 0.5 mm/yr through the 20th century, while global mean
sea surface temperatures have risen about 0.6°C since 1950,
with associated atmospheric warming in coastal areas (Bindoff
et al., 2007).

Many coasts are experiencing erosion and ecosystem losses
(Sections 6.2.1 and 6.4.1), but few studies have unambiguously
quantified the relationships between observed coastal land loss
and the rate of sea-level rise (Zhang et al., 2004; Gibbons and
Nicholls, 2006). Coastal erosion is observed on many shorelines
around the world, but it usually remains unclear to what extent
these losses are associated with relative sea-level rise due to
subsidence, and other human drivers of land loss, and to what
extent they result from global warming (Hansom, 2001; Jackson
et al., 2002; Burkett et al., 2005; Wolters et al., 2005) (see Chapter
1, Section 1.3.3). Long-term ecological studies of rocky shore
communities indicate adjustments apparently coinciding with
climatic trends (Hawkins et al., 2003). However, for mid-
latitudinal coastal systems it is often difficult to discriminate the
extent to which such changes are a part of natural variability; and
the clearest evidence of the impact of climate change on coasts
over the past few decades comes from high and low latitudes,
particularly polar coasts and tropical reefs.

There is evidence for a series of adverse impacts on polar
coasts, although warmer conditions in high latitudes can have
positive effects, such as longer tourist seasons and improved
navigability (see Chapter 15, Section 15.4.3.2). Traditional
knowledge also points to widespread coastal change across the
North American Arctic from the Northwest Territories, Yukon
and Alaska in the west to Nunavut in the east (Fox, 2003).
Reduced sea-ice cover means a greater potential for wave
generation where the coast is exposed (Johannessen et al., 2002;
Forbes, 2005; Kont et al., 2007). Moreover, relative sea-level
rise on low-relief, easily eroded, shores leads to rapid retreat,
accentuated by melting of permafrost that binds coastal
sediments, warmer ground temperatures, enhanced thaw, and
subsidence associated with the melting of massive ground ice, as
recorded at sites in Arctic Canada (Forbes et al., 2004b; Manson
et al., 2006), northern USA (Smith, 2002b; Lestak et al., 2004)
and northern Russia (Koreysha et al., 2002; Nikiforov et al.,
2003; Ogorodov, 2003). Mid-latitude coasts with seasonal sea
ice may also respond to reduced ice cover; ice extent has
diminished over recent decades in the Bering and Baltic Seas
(ARAG, 1999; Jevrejeva et al., 2004) and possibly in the Gulf
of St. Lawrence (Forbes et al., 2002).

Global warming poses a threat to coral reefs, particularly any
increase in sea surface temperature (SST). The synergistic
effects of various other pressures, particularly human impacts
such as over-fishing, appear to be exacerbating the thermal
stresses on reef systems and, at least on a local scale, exceeding
the thresholds beyond which coral is replaced by other
organisms (Buddemeier et al., 2004). These impacts and their
likely consequences are considered in Box 6.1, the threat posed
by ocean acidification is examined in Chapter 4, Section 4.4.9,
the impact of multiple stresses is examined in Box 16.2, and the
example of the Great Barrier Reef, where decreases in coral
cover could have major negative impacts on tourism, is
described in Chapter 11, Section 11.6.
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Box 6.1. Environmental thresholds and observed coral bleaching

Coral bleaching, due to the loss of symbiotic algae and/or their pigments, has been observed on many reefs since the early
1980s. It may have previously occurred, but gone unrecorded. Slight paling occurs naturally in response to seasonal increases
in sea surface temperature (SST) and solar radiation. Corals bleach white in response to anomalously high SST (~1°C above
average seasonal maxima, often combined with high solar radiation). Whereas some corals recover their natural colour when
environmental conditions ameliorate, their growth rate and reproductive ability may be significantly reduced for a substantial
period. If bleaching is prolonged, or if SST exceeds 2°C above average seasonal maxima, corals die. Branching species appear
more susceptible than massive corals (Douglas, 2003).

Major bleaching events were observed in 1982-83, 1987-88 and 1994-95 (Hoegh-Guldberg, 1999). Particularly severe bleaching
occurred in 1998 (Figure 6.2), associated with pronounced El Niño events in one of the hottest years on record (Lough, 2000;
Bruno et al., 2001). Since 1998 there have been several extensive bleaching events. For example, in 2002 bleaching occurred
on much of the Great Barrier Reef (Berkelmans et al., 2004; see Chapter 11, Section 11.6) and elsewhere. Reefs in the eastern
Caribbean experienced a massive bleaching event in late 2005, another of the hottest years on record. On many Caribbean
reefs, bleaching exceeded that of 1998 in both extent and mortality (Figure 6.2), and reefs are in decline as a result of the
synergistic effects of multiple stresses (Gardner et al., 2005; McWilliams et al., 2005; see Box 16.2). There is considerable
variability in coral susceptibility and recovery to elevated SST in both time and space, and in the incidence of mortality (Webster
et al., 1999; Wilkinson, 2002; Obura, 2005).

Figure 6.2. Maximum monthly mean sea surface temperature for 1998, 2002 and 2005, and locations of reported coral bleaching (data
source, NOAA Coral Reef Watch (coralreefwatch.noaa.gov) and Reefbase (www.reefbase.org)).

Global climate model results imply that thermal thresholds will be exceeded more frequently with the consequence that
bleaching will recur more often than reefs can sustain (Hoegh-Guldberg, 1999, 2004; Donner et al., 2005), perhaps almost
annually on some reefs in the next few decades (Sheppard, 2003; Hoegh-Guldberg, 2005). If the threshold remains unchanged,
more frequent bleaching and mortality seems inevitable (see Figure 6.3a), but with local variations due to different susceptibilities
to factors such as water depth. Recent preliminary studies lend some support to the adaptive bleaching hypothesis, indicating



6.3 Assumptions about future trends for
coastal systems and low-lying areas

This section builds on Chapter 2 and Section 6.2 to develop
relevant environmental, socio-economic, and climate change
scenarios for coastal areas through the 21st century. The IPCC
Special Report on Emissions Scenarios (SRES; Nakićenović and
Swart, 2000) provides one suitable framework (Arnell et al.,
2004; Chapter 2, Section 2.4).

6.3.1 Environmental and socio-economic trends

In the SRES, four families of socio-economic scenarios (A1,
A2, B1 and B2) represent different world futures in two distinct
dimensions: a focus on economic versus environmental
concerns, and global versus regional development patterns. In
all four cases, global gross domestic product (GDP) increases
substantially and there is economic convergence at differing
rates. Global population also increases to 2050 but, in the A1/B1
futures, the population subsequently declines, while in A2/B2 it
continues to grow throughout the 21st century (see Chapter 2,
Box 2.2). Relevant trends for coastal areas under the SRES
scenarios are described in Table 6.1.

National coastal socio-economic scenarios have also been
developed for policy analysis, including links to appropriate
climate change scenarios. Examples include the UK Foresight
Flood and Coastal Defence analysis (Evans et al., 2004a,b;
Thorne et al., 2006), and the US National Assessment (NAST,
2000), while model-based methods have been applied to
socio-economic futures in the Ebro delta, Spain (Otter, 2000;
Otter et al., 2001). However, socio-economic scenarios of
coastal areas are underdeveloped relative to climate and sea-
level scenarios.

6.3.2 Climate and sea-level scenarios

In terms of climate change, the SRES scenarios in Section
6.3.1 translate into six greenhouse-gas emission ‘marker’
scenarios: one each for the A2, B1 and B2 worlds, and three
scenarios for the A1 world – A1T (non-fossil fuel sources), A1B
(balanced fuel sources) and A1FI (fossil-intensive fuel sources)
(Nakićenović and Swart, 2000). B1 produces the lowest
emissions and A1FI produces the highest emissions (see
Chapter 2).

Table 6.2 summarises the range of potential drivers of climate
change impacts in coastal areas, including the results from
Meehl et al. (2007) and Christensen et al. (2007). In most cases
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that the coral host may be able to adapt or acclimatise as a result of expelling one clade1 of symbiotic algae but recovering with
a new one (termed shuffling, see Box 4.4), creating ‘new’ ecospecies with different temperature tolerances (Coles and Brown,
2003; Buddemeier et al., 2004; Little et al., 2004; Obura, 2005; Rowan, 2004). Adaptation or acclimatisation might result in an
increase in the threshold temperature at which bleaching occurs (Figure 6.3b). The extent to which the thermal threshold could
increase with warming of more than a couple of degrees remains very uncertain, as are the effects of additional stresses, such
as reduced carbonate supersaturation in surface waters (see Box 4.4) and non-climate stresses (see Box 16.2). Corals and other
calcifying organisms (e.g., molluscs, foraminifers) remain extremely susceptible to increases in SST. Bleaching events reported
in recent years have already impacted many reefs, and their more frequent recurrence is very likely to further reduce both coral
cover and diversity on reefs over the next few decades.

Figure 6.3. Alternative hypotheses concerning the threshold SST at which coral bleaching occurs; a) invariant threshold for coral bleaching
(red line) which occurs when SST exceeds usual seasonal maximum threshold (by ~1°C) and mortality (dashed red line, threshold of 2°C), with
local variation due to different species or water depth; b) elevated threshold for bleaching (green line) and mortality (dashed green line) where
corals adapt or acclimatise to increased SST (based on Hughes et al., 2003).

1 A clade of algae is a group of closely related, but nevertheless different, types.



there will be significant regional variations in the changes, and
any impacts will be the result of the interaction between these
climate change drivers and other drivers of change, leading to
diverse effects and vulnerabilities (Sections 6.2 and 6.4).

Understanding of the relevant climate-change drivers for
coastal areas has improved since the TAR. Projected global
mean changes under the SRES scenarios are summarised in
Table 6.3. As atmospheric CO2 levels increase, more CO2 is
absorbed by surface waters, decreasing seawater pH and

carbonate saturation (Andersson et al., 2003; Royal Society,
2005; Turley et al., 2006). A significant increase in atmospheric
CO2 concentration appears virtually certain (Table 6.3). Sea
surface temperatures are also virtually certain to rise
significantly (Table 6.3), although less than the global mean
temperature rise. The rise will not be spatially uniform, with
possible intensification of ENSO and time variability which
suggests greater change in extremes with important implications
for coral reefs (Box 6.1).
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Environmental and socio-economic factors Non-climatic changes and trends for coastal and low-lying areas (by SRES Future)
‘A1 World’ ‘A2 World’ ‘B1 World’ ‘B2 World’

Population (2080s) (billions)a 1.8 to 2.4 3.2 to 5.2 1.8 to 2.4 2.3 to 3.4

Coastward migration Most likely Less likely More likely Least likely

Human-induced subsidenceb More likely Less likely

Terrestrial freshwater/sediment supply
(due to catchment management)

Greatest reduction Large reduction Smallest reduction Smaller reduction

Aquaculture growth Large increase Smaller increase
Infrastructure growth Largest Large Smaller Smallest

Extractive industries Larger Smaller
Adaptation response More reactive More proactive
Hazard risk management Lower priority Higher priority
Habitat conservation Low priority High priority

Tourism growth Highest High High Lowest

Table 6.1. Selected global non-climatic environmental and socio-economic trends relevant to coastal areas for the SRES storylines. Regional and
local deviations are expected.

a Population living both below 100 m elevation above sea level and within 100 km distance of the coast – uncertainty depends on assumptions
about coastward migration (Nicholls, 2004).

b Subsidence due to sub-surface fluid withdrawal and drainage of organic soils in susceptible coastal lowlands.

Climate driver (trend) Main physical and ecosystem effects on coastal systems (discussed in Section 6.4.1)

CO2 concentration (↑) Increased CO2 fertilisation; decreased seawater pH (or ‘ocean acidification’) negatively impacting coral reefs
and other pH sensitive organisms.

Sea surface temperature (↑, R) Increased stratification/changed circulation; reduced incidence of sea ice at higher latitudes; increased coral
bleaching and mortality (see Box 6.1); poleward species migration; increased algal blooms

Sea level (↑, R) Inundation, flood and storm damage (see Box 6.2); erosion; saltwater intrusion; rising water tables/impeded
drainage; wetland loss (and change).

Storm intensity (↑, R) Increased extreme water levels and wave heights; increased episodic erosion, storm damage, risk of flooding
and defence failure (see Box 6.2).

Storm frequency (?, R)
Storm track (?, R)

Altered surges and storm waves and hence risk of storm damage and flooding (see Box 6.2).

Wave climate (?, R) Altered wave conditions, including swell; altered patterns of erosion and accretion; re-orientation of beach plan
form.

Run-off (R) Altered flood risk in coastal lowlands; altered water quality/salinity; altered fluvial sediment supply; altered
circulation and nutrient supply.

Table 6.2. Main climate drivers for coastal systems (Figure 6.1), their trends due to climate change, and their main physical and ecosystem effects.
(Trend: ↑ increase; ? uncertain; R regional variability).

Climate driver B1 B2 A1B A1T A2 A1FI
Surface ocean pH (baseline today: 8.1) 8.0 7.9 7.9 7.9 7.8 7.7

SST rise (°C) (relative to 1980-1999) 1.5 - 2.2 - 2.6 -

Sea-level rise
(relative to
1980-1999)

Best estimate (m) 0.28 0.32 0.35 0.33 0.37 0.43

Range (m) 5% 0.19 0.21 0.23 0.22 0.25 0.28

95% 0.37 0.42 0.47 0.44 0.50 0.58

Table 6.3. Projected global mean climate parameters relevant to coastal areas at the end of the 21st century for the six SRES marker scenarios
(from Meehl et al., 2007).



The global mean sea-level rise scenarios (Table 6.3) are
based on thermal expansion and ice melt; the best estimate
shows an acceleration of up to 2.4 times compared to the 20th
century. These projections are smaller than those of Church et
al. (2001), reflecting improved understanding, especially of
estimates of ocean heat uptake. If recently observed increases
in ice discharge rates from the Greenland and Antarctic ice
sheets were to increase linearly with global mean temperature
change, this would add a 0.05 to 0.11 m rise for the A1FI
scenario over the 21st century (Meehl et al., 2007). (Large and
long-term sea-level rise beyond 2100 is considered in Box 6.6.)

Importantly, local (or relative) changes in sea level depart
from the global mean trend due to regional variations in
oceanic level change and geological uplift/subsidence; it is
relative sea-level change that drives impacts and is of concern
to coastal managers (Nicholls and Klein, 2005; Harvey,
2006a). Meehl et al. (2007) found that regional sea-level
change will depart significantly from the global mean trends in
Table 6.3: for the A1B scenario the spatial standard deviation
by the 2080s is 0.08 m, with a larger rise than average in the
Arctic. While there is currently insufficient understanding to
develop detailed scenarios, Hulme et al. (2002) suggested that
impact analysis should explore additional sea-level rise
scenarios of +50% the amount of global mean rise, plus
uplift/subsidence, to assess the full range of possible change.
Although this approach has been followed in the UK (Pearson
et al., 2005; Thorne et al., 2006), its application elsewhere is
limited to date.

Furthermore, coasts subsiding due to natural or human-
induced causes will experience larger relative rises in sea level
(Bird, 2000). In some locations, such as deltas and coastal
cities, this effect can be significant (Dixon et al., 2006; Ericson
et al., 2006).

Increases of extreme sea levels due to rises in mean sea
level and/or changes in storm characteristics (Table 6.2) are of
widespread concern (Box 6.2). Meehl et al. (2007) found that
models suggest both tropical and extra-tropical storm intensity
will increase. This implies additional coastal impacts than
attributable to sea-level rise alone, especially for tropical and
mid-latitude coastal systems. Increases in tropical cyclone
intensity over the past three decades are consistent with the
observed changes in SST (Emanuel, 2005; Webster et al.,
2005). Changes in other storm characteristics are less certain
and the number of tropical and extra-tropical storms might
even reduce (Meehl et al., 2007). Similarly, future wave
climate is uncertain, although extreme wave heights will
likely increase with more intense storms (Meehl et al., 2007).
Changes in runoff driven by changes to the hydrological cycle
appear likely, but the uncertainties are large. Milly et al.
(2005) showed increased discharges to coastal waters in the
Arctic, in northern Argentina and southern Brazil, parts of the
Indian sub-continent, China and Australia, while reduced
discharges to coastal waters are suggested in southern
Argentina and Chile, Western and Southern Africa, and in the
Mediterranean Basin. The additional effects of catchment
management also need to be considered (Table 6.1).

6.4 Key future impacts and vulnerabilities

The following sections characterise the coastal ecosystem
impacts that are anticipated to result from the climate change
summarised in Figures 6.1 and Table 6.2. The summary of
impacts on natural coastal systems and implications for human
society (including ecosystem services) leads to the recognition
of key vulnerabilities and hotspots.

6.4.1 Natural system responses to climate change
drivers

6.4.1.1 Beaches, rocky shorelines and cliffed coasts
Most of the world’s sandy shorelines retreated during the past

century (Bird, 1985; NRC, 1990; Leatherman, 2001; Eurosion,
2004) and sea-level rise is one underlying cause (see Section 6.2.5
and Chapter 1, Section 1.3.3). One half or more of the Mississippi
and Texas shorelines have eroded at average rates of 3.1 to 2.6
m/yr since the 1970s, while 90% of the Louisiana shoreline eroded
at a rate of 12.0 m/yr (Morton et al., 2004). In Nigeria, retreat rates
up to 30 m/yr are reported (Okude and Ademiluyi, 2006). Coastal
squeeze and steepening are also widespread as illustrated along
the eastern coast of the United Kingdom where 67% of the
coastline experienced a landward retreat of the low-water mark
over the past century (Taylor et al., 2004).

An acceleration in sea-level rise will widely exacerbate beach
erosion around the globe (Brown and McLachlan, 2002),
although the local response will depend on the total sediment
budget (Stive et al., 2002; Cowell et al., 2003a,b). The widely
cited Bruun (1962) model suggests that shoreline recession is in
the range 50 to 200 times the rise in relative sea level. While
supported by field data in ideal circumstances (Zhang et al.,
2004), wider application of the Bruun model remains
controversial (Komar, 1998; Cooper and Pilkey, 2004;
Davidson-Arnott, 2005). An indirect, less-frequently examined
influence of sea-level rise on the beach sediment budget is due
to the infilling of coastal embayments. As sea-level rises,
estuaries and lagoons attempt to maintain equilibrium by raising
their bed elevation in tandem, and hence potentially act as a
major sink of sand which is often derived from the open coast
(van Goor et al., 2001; van Goor et al., 2003; Stive, 2004). This
process can potentially cause erosion an order of magnitude or
more greater than that predicted by the Bruun model
(Woodworth et al., 2004), implying the potential for major
coastal instability due to sea-level rise in the vicinity of tidal
inlets. Several recent studies indicate that beach protection
strategies and changes in the behaviour or frequency of storms
can be more important than the projected acceleration of sea-
level rise in determining future beach erosion rates (Ahrendt,
2001; Leont’yev, 2003). Thus there is not a simple relationship
between sea-level rise and horizontal movement of the shoreline,
and sediment budget approaches are most useful to assess beach
response to climate change (Cowell et al., 2006).

The combined effects of beach erosion and storms can lead to
the erosion or inundation of other coastal systems. For example,
an increase in wave heights in coastal bays is a secondary effect
of sandy barrier island erosion in Louisiana, and increased wave
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heights have enhanced erosion rates of bay shorelines, tidal
creeks and adjacent wetlands (Stone and McBride, 1998; Stone
et al., 2003). The impacts of accelerated sea-level rise on gravel
beaches have received less attention than sandy beaches. These
systems are threatened by sea-level rise (Orford et al., 2001,
2003; Chadwick et al., 2005), even under high accretion rates
(Codignotto et al., 2001). The persistence of gravel and cobble-
boulder beaches will also be influenced by storms, tectonic

events and other factors that build and reshape these highly
dynamic shorelines (Orford et al., 2001).

Since the TAR, monitoring, modelling and process-oriented
research have revealed some important differences in cliff
vulnerability and the mechanics by which groundwater, wave
climate and other climate factors influence cliff erosion patterns
and rates. Hard rock cliffs have a relatively high resistance to
erosion, while cliffs formed in softer lithologies are likely to retreat
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Box 6.2. Examples of extreme water level simulations for impact studies

Figure 6.5. Flooding around Cairns, Australia during the >100 year
return-period event under current and 2050 climate conditions
based on a 2xCO2 scenario. The road network is shown in black
(based on McInnes et al., 2003).

Figure 6.4. Increases in the height (m) of the 50-year extreme water
level. (a) In the northern Bay of Bengal under the IS92a climate
scenario in 2040-2060 (K – Kolkata (Calcutta), C – Chittagong)
(adapted from Mitchell et al., 2006). (b) Around the UK for the A2
scenario in the 2080s (L – London; H – Hamburg) (adapted from
Lowe and Gregory, 2005).

Although inundation by increases in mean sea level over the
21st century and beyond will be a problem for unprotected
low-lying areas, the most devastating impacts are likely to be
associated with changes in extreme sea levels resulting from
the passage of storms (e.g., Gornitz et al., 2002), especially as
more intense tropical and extra-tropical storms are expected
(Meehl et al., 2007). Simulations show that future changes are
likely to be spatially variable, and a high level of detail can be
modelled (see also Box 11.5 in Christensen et al. (2007).

Figures 6.4 and 6.5 are based on barotropic surge models
driven by climate change projections for two flood-prone
regions. In the northern Bay of Bengal, simulated changes in
storminess cause changes in extreme water levels. When
added to consistent relative sea-level rise scenarios, these
result in increases in extreme water levels across the Bay,
especially near Kolkata (Figure 6.4a). Around the UK, extreme
high sea levels also occur. The largest change near London
has important implications for flood defence (Figure 6.4b;
Dawson et al., 2005; Lavery and Donovan, 2005). Figure 6.5
shows the change in flooding due to climate change for
Cairns (Australia). It is based on a combination of stochastic
sampling and dynamic modelling. This assumes a 10%
increase in tropical cyclone intensity, implying more flooding
than sea-level rise alone would suggest. However, detailed
patterns and magnitudes of changes in extreme water levels
remain uncertain (e.g., Lowe and Gregory, 2005); better
quantification of this uncertainty and further field validation
would support wider application of such scenarios.



more rapidly in the future due to increased toe erosion resulting
from sea-level rise (Cooper and Jay, 2002). Cliff failure and retreat
may be amplified in many areas by increased precipitation and
higher groundwater levels: examples include UK, Argentina and
France (Hosking and McInnes, 2002; Codignotto, 2004b; Pierre
and Lahousse, 2006). Relationships between cliff retreat, freeze-
thaw cycles and air temperature records have also been described
(Hutchinson, 1998). Hence, four physical features of climate
change – temperature, precipitation, sea level and wave climate –
can affect the stability of soft rock cliffs.

Soft rock cliff retreat is usually episodic with many metres
of cliff top retreat occurring locally in a single event, followed
by relative quiescence for significant periods (Brunsden, 2001;
Eurosion, 2004). Considerable progress has been made in the
long-term prediction of cliff-top, shore profile and plan-shape
evolution of soft rock coastlines by simulating the relevant
physical processes and their interactions (Hall et al., 2002;
Trenhaile, 2002, 2004). An application of the SCAPE (Soft Cliff
and Platform Erosion) model (Dickson et al., 2005; Walkden and
Hall, 2005) to part of Norfolk, UK has indicated that rates of
cliff retreat are sensitive to sea-level rise, changes in wave
conditions and sediment supply via longshore transport. For soft
cliff areas with limited beach development, there appears to be
a simple relationship between long-term cliff retreat and the rate
of sea-level rise (Walkden and Dickson, 2006), allowing useful
predictions for planning purposes.

6.4.1.2 Deltas
Deltaic landforms are naturally shaped by a combination of

river, wave and tide processes. River-dominated deltas receiving
fluvial sediment input show prominent levees and channels that
meander or avulse2, leaving abandoned channels on the coastal
plains. Wave-dominated deltas are characterised by shore-parallel
sand ridges, often coalescing into beach-ridge plains. Tide
domination is indicated by exponentially tapering channels, with
funnel-shaped mouths. Delta plains contain a diverse range of
landforms but, at any time, only part of a delta is active, and this
is usually river-dominated, whereas the abandoned delta plain
receives little river flow and is progressively dominated by marine
processes (Woodroffe, 2003).

Human development patterns also influence the differential
vulnerability of deltas to the effects of climate change. Sediment
starvation due to dams, alterations in tidal flow patterns,
navigation and flood control works are common consequences
of human activity (Table 6.1). Changes in surface water runoff
and sediment loads can greatly affect the ability of a delta to
cope with the physical impacts of climatic change. For example,
in the subsiding Mississippi River deltaic plain of south-east
Louisiana, sediment starvation and increases in the salinity and
water levels of coastal marshes due to human development
occurred so rapidly that 1565 km2 of intertidal coastal marshes
and adjacent lands were converted to open water between 1978
and 2000 (Barras et al., 2003). By 2050 about 1300 km2 of
additional coastal land loss is projected if current global, regional
and local processes continue; the projected acceleration of sea
level and increase in tropical storm intensity (Section 6.3.2) would

exacerbate these losses (Barras et al., 2003). Much of this land
loss is episodic, as demonstrated during the landfall of Hurricane
Katrina (Box 6.4).

Deltas have long been recognised as highly sensitive to sea-
level rise (Ericson et al., 2006; Woodroffe et al., 2006) (Box 6.3).
Rates of relative sea-level rise can greatly exceed the global
average in many heavily populated deltaic areas due to
subsidence, including the Chao Phraya delta (Saito, 2001),
Mississippi River delta (Burkett et al., 2003) and the Changjiang
River delta (Liu, 2002; Waltham, 2002), because of human
activities. Natural subsidence due to autocompaction of sediment
under its own weight is enhanced by sub-surface fluid
withdrawals and drainage (Table 6.1). This increases the potential
for inundation, especially for the most populated cities on these
deltaic plains (i.e., Bangkok, New Orleans and Shanghai). Most of
the land area of Bangladesh consists of the deltaic plains of the
Ganges, Brahmaputra and Meghna rivers. Accelerated global sea-
level rise and higher extreme water levels (Box 6.2) may have
acute effects on human populations of Bangladesh (and parts of
West Bengal, India) because of the complex relationships between
observed trends in SST over the Bay of Bengal and monsoon rains
(Singh, 2001), subsidence and human activity that has converted
natural coastal defences (mangroves) to aquaculture (Woodroffe
et al., 2006).

Whereas present rates of sea-level rise are contributing to the
gradual diminution of many of the world’s deltas, most recent
losses of deltaic wetlands are attributed to human development.
An analysis of satellite images of fourteen of the world’s major
deltas (Danube, Ganges-Brahmaputra, Indus, Mahanadi,
Mangoky, McKenzie, Mississippi, Niger, Nile, Shatt el Arab,
Volga, Huanghe, Yukon and Zambezi) indicated a total loss of
15,845 km2 of deltaic wetlands over the past 14 years (Coleman
et al., 2005). Every delta showed land loss, but at varying rates,
and human development activities accounted for over half of the
losses. In Asia, for example, where human activities have led to
increased sediment loads of major rivers in the past, the
construction of upstream dams is now seriously depleting the
supply of sediments to many deltas with increased coastal erosion
a widespread consequence (see Chapter 10, Section 10.4.3.2). As
an example, large reservoirs constructed on the Huanghe River in
China have reduced the annual sediment delivered to its delta from
1.1 billion metric tons to 0.4 billion metric tons (Li et al., 2004).
Human influence is likely to continue to increase throughout Asia
and globally (Section 6.2.2; Table 6.1).

Sea-level rise poses a particular threat to deltaic environments,
especially with the synergistic effects of other climate and human
pressures (e.g., Sánchez-Arcilla et al., 2007). These issues are
especially noteworthy in many of the largest deltas with an
indicative area >104 km2 (henceforth megadeltas) due to their
often large populations and important environmental services. The
problems of climate change in megadeltas are reflected throughout
this report, with a number of chapters considering these issues
from complementary perspectives. Box 6.3 considers the
vulnerability of delta systems across the globe, and concludes that
the large populated Asian megadeltas are especially vulnerable to
climate change. Chapter 10, Section 10.6.1 builds on this global
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Box 6.3. Deltas and megadeltas: hotspots for vulnerability

Deltas, some of the largest sedimentary deposits in the world, are widely recognised as highly vulnerable to the impacts of
climate change, particularly sea-level rise and changes in runoff, as well as being subject to stresses imposed by human
modification of catchment and delta plain land use. Most deltas are already undergoing natural subsidence that results in
accelerated rates of relative sea-level rise above the global average. Many are impacted by the effects of water extraction and
diversion, as well as declining sediment input as a consequence of entrapment in dams. Delta plains, particularly those in Asia
(Chapter 10, Section 10.6.1), are densely populated and large numbers of people are often impacted as a result of external
terrestrial influences (river floods, sediment starvation) and/or external marine influences (storm surges, erosion) (see Figure 6.1).

Ericson et al. (2006) estimated that nearly 300 million people inhabit a sample of 40 deltas globally, including all the large
megadeltas. Average population density is 500 people/km2 with the largest population in the Ganges-Brahmaputra delta, and
the highest density in the Nile delta. Many of these deltas and megadeltas are associated with significant and expanding urban
areas. Ericson et al. (2006) used a generalised modelling approach to approximate the effective rate of sea-level rise under
present conditions, basing estimates of sediment trapping and flow diversion on a global dam database, and modifying estimates
of natural subsidence to incorporate accelerated human-induced subsidence. This analysis showed that much of the population
of these 40 deltas is at risk through coastal erosion and land loss, primarily as a result of decreased sediment delivery by the
rivers, but also through accentuated rates of sea-level rise. They estimate, using a coarse digital terrain model and global
population distribution data, that more than 1 million people will be directly affected by 2050 in three megadeltas: the Ganges-
Brahmaputra delta in Bangladesh, the Mekong delta in Vietnam and the Nile delta in Egypt. More than 50,000 people are likely
to be directly impacted in each of a further 9 deltas, and more than 5,000 in each of a further 12 deltas (Figure 6.6). This
generalised modelling approach indicates that 75% of the population affected live on Asian megadeltas and deltas, and a large
proportion of the remainder are on deltas in Africa. These impacts would be exacerbated by accelerated sea-level rise and
enhanced human pressures (e.g., Chapter 10, Section 10.6.1). Within the Asian megadeltas, the surface topography is complex
as a result of the geomorphological development of the deltas, and the population distribution shows considerable spatial
variability, reflecting the intensive land use and the growth of some of the world’s largest megacities (Woodroffe et al., 2006). Many
people in these and other deltas worldwide are already subject to flooding from both storm surges and seasonal river floods,
and therefore it is necessary to develop further methods to assess individual delta vulnerability (e.g., Sánchez-Arcilla et al.,
2006).

Figure 6.6. Relative vulnerability of coastal deltas as shown by the indicative population potentially displaced by current sea-level trends to
2050 (Extreme = >1 million; High = 1 million to 50,000; Medium = 50,000 to 5,000; following Ericson et al., 2006).



view and examines the Asian megadeltas in more detail. Chapter
5, Box 5.3 considers the threats to fisheries in the lower Mekong
and associated delta due to climate change. Hurricane Katrina
made landfall on the Mississippi delta in Louisiana, and Box 6.4
and Chapter 7, Box 7.4 consider different aspects of this important
event, which gives an indication of the likely impacts if tropical
storm intensity continues to increase. Lastly, Section 15.6.2
considers the specific problems of Arctic megadeltas.

6.4.1.3 Estuaries and lagoons
Global mean sea-level rise will generally lead to higher

relative coastal water levels and increasing salinity in estuarine
systems, thereby tending to displace existing coastal plant and
animal communities inland. Estuarine plant and animal
communities may persist as sea level rises if migration is not
blocked and if the rate of change does not exceed the capacity of
natural communities to adapt or migrate. Climate change
impacts on one or more ‘leverage species’, however, can result
in sweeping community level changes (Harley et al., 2006).

Some of the greatest potential impacts of climate change on
estuaries may result from changes in physical mixing
characteristics caused by changes in freshwater runoff (Scavia et
al., 2002). A globally intensified hydrologic cycle and regional
changes in runoff all portend changes in coastal water quality
(Section 6.3.2). Freshwater inflows into estuaries influence
water residence time, nutrient delivery, vertical stratification,
salinity and control of phytoplankton growth rates. Increased
freshwater inflows decrease water residence time and increase
vertical stratification, and vice versa (Moore et al., 1997). The
effects of altered residence times can have significant effects on
phytoplankton populations, which have the potential to increase
fourfold per day. Consequently, in estuaries with very short
water residence times, phytoplankton are generally flushed from
the system as fast as they can grow, reducing the estuary’s
susceptibility to eutrophication3 and harmful algal blooms
(HABs) (Section 6.4.2.4). Changes in the timing of freshwater
delivery to estuaries could lead to a decoupling of the juvenile
phases of many estuarine and marine fishery species from the
available nursery habitat. In some hypersaline lagoonal systems,
such as the Laguna Madre of Mexico and Texas, sea-level rise
will increase water depths, leading to increased tidal exchange
and hence reduced salinity (cf. Quammen and Onuf, 1993).

Increased water temperature could also affect algal
production and the availability of light, oxygen and carbon for
other estuarine species (Short and Neckles, 1999). The
propensity for HABs is further enhanced by the fertilisation
effect of increasing dissolved CO2 levels. Increased water
temperature also affects important microbial processes such as
nitrogen fixation and denitrification in estuaries (Lomas et al.,
2002). Water temperature regulates oxygen and carbonate
solubility, viral pestilence, pH and conductivity, and
photosynthesis and respiration rates of estuarine macrophytes4.
While temperature is important in regulating physiological
processes in estuaries (Lomas et al., 2002), predicting the
ecological outcome is complicated by the feedbacks and

interactions among temperature change and independent
physical and biogeochemical processes such as eutrophication
(cf. Section 6.2.4).

Decreased seawater pH and carbonate saturation (Mackenzie
et al., 2001; Caldeira and Wickett, 2005) has at least two
important consequences: the potential for reducing the ability of
carbonate flora and fauna to calcify; and the potential for
enhanced dissolution of nutrients and carbonate minerals in
sediments (Andersson et al., 2003; Royal Society, 2005; Turley
et al., 2006). As these potential impacts could be significant, it
is important to improve understanding of them.

The landward transgression of natural estuarine shorelines as
sea level rises has been summarised by Pethick (2001), who
adopted a mass balance approach based on an equilibrium
assumption resulting in landward retreat of the entire estuarine
system. In this view, sea level rise of 6 mm causes 10 m of
retreat of the Blackwater estuary, UK, and only 8 m of retreat for
the Humber estuary, UK, due to the steeper gradient of the latter.
The Humber estuary will also likely experience a deepening of
the main channel, changes in tidal regime and larger waves that
will promote further erosion around the margins (Winn et al.,
2003). In Venice Lagoon, Italy, the combination of sea-level rise,
altered sediment dynamics, and geological land subsidence has
lowered the lagoon floor, widened tidal inlets, submerged tidal
flats and islands, and caused the shoreline to retreat around the
lagoon circumference (Fletcher and Spencer, 2005). In situations
where the area of intertidal environments has been reduced by
embanking or reclamation, the initial response will be a lowering
of remaining tidal flats and infilling of tidal channels. Depending
on tidal characteristics, the availability of marine sediment, and
the rate of sea-level rise, the remaining tidal flats may either be
further drowned, or their relative level in the tidal frame may be
maintained, as shown by several tidal basins in the Dutch
Wadden Sea (Dronkers, 2005).

A projected increase in the intensity of tropical cyclones and
other coastal storms (Section 6.3.2) could alter bottom sediment
dynamics, organic matter inputs, phytoplankton and fisheries
populations, salinity and oxygen levels, and biogeochemical
processes in estuaries (Paerl et al., 2001). The role of powerful
storms in structuring estuarine sediments and biodiversity is
illustrated in the stratigraphic record of massive, episodic estuary
infilling of Bohai Bay, China during the Holocene, with
alternating oyster reefs and thick mud deposits (Wang and Fan,
2005).

6.4.1.4 Mangroves, saltmarshes and sea grasses
Coastal vegetated wetlands are sensitive to climate change

and long-term sea-level change as their location is intimately
linked to sea level. Modelling of all coastal wetlands (but
excluding sea grasses) by McFadden et al. (2007a) suggests
global losses from 2000 to 2080 of 33% and 44% given a 36 cm
and 72 cm rise in sea level, respectively. Regionally, losses
would be most severe on the Atlantic and Gulf of Mexico coasts
of North and Central America, the Caribbean, the
Mediterranean, the Baltic and most small island regions due to
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3 Eutrophication: over-enrichment of a water body with nutrients, resulting in excessive growth of organisms and depletion of oxygen concentration.
4 Macrophytes: aquatic plants large enough to be visible to the naked eye.



their low tidal range (Nicholls, 2004). However, wetland
processes are complex, and Cahoon et al. (2006) developed a
broad regional to global geographical model relating wetland
accretion, elevation, and shallow subsidence in different plate
tectonic, climatic and geomorphic settings for both temperate
saltmarshes and tropical mangrove forests. Changes in storm
intensity can also affect vegetated coastal wetlands. Cahoon et
al. (2003) analysed the elevation responses from a variety of
hurricane-influenced coastal settings and found that a storm can
simultaneously influence both surface and subsurface soil
processes, but with much variability.

Saltmarshes (halophytic grasses, sedges, rushes and
succulents) are common features of temperate depositional
coastlines. Hydrology and energy regimes are two key factors
that influence the coastal zonation of the plant species which
typically grade inland from salt, to brackish, to freshwater
species. Climate change will likely have its most pronounced
effects on brackish and freshwater marshes in the coastal zone
through alteration of hydrological regimes (Burkett and Kusler,
2000; Baldwin et al., 2001; Sun et al., 2002), specifically, the
nature and variability of hydroperiod and the number and
severity of extreme events. Other variables – altered
biogeochemistry, altered amounts and pattern of suspended
sediments loading, fire, oxidation of organic sediments, and the
physical effects of wave energy – may also play important roles
in determining regional and local impacts.

Sea-level rise does not necessarily lead to loss of saltmarsh
areas, especially where there are significant tides, because these
marshes accrete vertically and maintain their elevation relative
to sea level where the supply of sediment is sufficient (Hughes,
2004; Cahoon et al., 2006). The threshold at which wetlands
drown varies widely depending upon local morphodynamic
processes. Saltmarshes of some mesotidal and high tide range
estuaries (e.g., Tagus estuary, Portugal) are susceptible to sea-
level rise only in a worst-case scenario. Similarly, wetlands with
high sediment inputs in the south-east United States would
remain stable relative to sea level unless the rate of sea-level rise
accelerates to nearly four times its current rate (Morris et al.,
2002). Yet, even sediment inputs from frequently recurring
hurricanes cannot compensate for subsidence effects combined
with predicted accelerations in sea-level rise in rapidly subsiding
marshes of the Mississippi River delta (Rybczyk and Cahoon,
2002).

Mangrove forests dominate intertidal subtropical and tropical
coastlines between 25ºN and 25ºS latitude. Mangrove
communities are likely to show a blend of positive responses to
climate change, such as enhanced growth resulting from higher
levels of CO2 and temperature, as well as negative impacts, such
as increased saline intrusion and erosion, largely depending on
site-specific factors (Saenger, 2002). The response of coastal
forested wetlands to climate change has not received the detailed
research and modelling that has been directed towards the
saltmarsh coasts of North America (Morris et al., 2002; Reed,
2002; Rybczyk and Cahoon, 2002) and north-west Europe (Allen,
2000, 2003). Nevertheless, it seems highly likely that similar
principles are in operation and that the sedimentary response of the
shoreline is a function of both the availability of sediment (Walsh
and Nittrouer, 2004) and the ability of the organic production by

mangroves themselves to fill accommodation space provided by
sea-level rise (Simas et al., 2001). Mangroves are able to produce
root material that builds up the substrate beneath them (Middleton
and McKee, 2001; Jennerjahn and Ittekkot, 2002), but collapse of
peat occurs rapidly in the absence of new root growth, as observed
after Hurricane Mitch (Cahoon et al., 2003) and after lightning
strikes (Sherman et al., 2000). Groundwater levels play an
important role in the elevation of mangrove soils by processes
affecting soil shrink and swell. Hence, the influence of hydrology
should be considered when evaluating the effect of disturbances,
sea-level rise and water management decisions on mangrove
systems (Whelan et al., 2005). A global assessment of mangrove
accretion rates by Saenger (2002) indicates that vertical accretion
is variable but commonly approaches 5 mm/yr. However, many
mangrove shorelines are subsiding and thus experiencing a more
rapid relative sea-level rise (Cahoon et al., 2003).

A landward migration of mangroves into adjacent wetland
communities has been recorded in the Florida Everglades during
the past 50 years (Ross et al., 2000), apparently responding to
sea-level rise over that period. Mangroves have extended
landward into saltmarsh over the past five decades throughout
south-east Australia, but the influence of sea-level rise in this
region is considered minor compared to that of human
disturbance (Saintilan and Williams, 1999) and land surface
subsidence (Rogers et al., 2005, 2006). Rapid expansion of tidal
creeks has been observed in northern Australia (Finlayson and
Eliot, 2001; Hughes, 2003). Sea-level rise and salt water
intrusion have been identified as a causal factor in the decline of
coastal bald cypress (Taxodium disticum) forests in Louisiana
(Krauss et al., 2000; Melillo et al., 2000) and die off of cabbage
palm (Sabal palmetto) forests in coastal Florida (Williams et al.,
1999, 2003).

On balance, coastal wetlands will decline with rising sea
levels and other climate and human pressures (reduced sediment
inputs, coastal squeeze constraints on landward migration, etc.)
will tend to exacerbate these losses. However, the processes
shaping these environments are complex and while our
understanding has improved significantly over the last 10 years,
it remains far from complete. Continued work on the basic
science and its application to future prognosis at local, regional
and global scales remains a priority (Cahoon et al., 2006;
McFadden et al., 2007a).

Sea grasses appear to be declining around many coasts due to
human impacts, and this is expected to accelerate if climate
change alters environmental conditions in coastal waters
(Duarte, 2002). Changes in salinity and temperature and
increased sea level, atmospheric CO2, storm activity and
ultraviolet irradiance alter sea grass distribution, productivity
and community composition (Short and Neckles, 1999).
Increases in the amount of dissolved CO2 and, for some species,
HCO3 present in aquatic environments, will lead to higher rates
of photosynthesis in submerged aquatic vegetation, similar to
the effects of CO2 enrichment on most terrestrial plants, if
nutrient availability or other limiting factors do not offset the
potential for enhanced productivity. Increases in growth and
biomass with elevated CO2 have been observed for the sea grass
Z. marina (Zimmerman et al., 1997). Algae growth in lagoons
and estuaries may also respond positively to elevated dissolved
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inorganic carbon (DIC), though marine macroalgae do not
appear to be limited by DIC levels (Beer and Koch, 1996). An
increase in epiphytic or suspended algae would decrease light
available to submerged aquatic vegetation in estuarine and
lagoonal systems.

6.4.1.5 Coral reefs
Reef-building corals are under stress on many coastlines (see

Chapter 1, Section 1.3.4.1). Reefs have deteriorated as a result of
a combination of anthropogenic impacts such as overfishing and
pollution from adjacent land masses (Pandolfi et al., 2003; Graham
et al., 2006), together with an increased frequency and severity of
bleaching associated with climate change (Box 6.1). The relative
significance of these stresses varies from site to site. Coral
mortality on Caribbean reefs is generally related to recent disease
outbreaks, variations in herbivory5, and hurricanes (Gardner et al.,
2003; McWilliams et al., 2005), whereas Pacific reefs have been
particularly impacted by episodes of coral bleaching caused by
thermal stress anomalies especially during recent El Niño events
(Hughes et al., 2003), as well as non-climate stresses.

Mass coral bleaching events are clearly correlated with rises
of SST of short duration above summer maxima (Douglas, 2003;
Lesser, 2004; McWilliams et al., 2005). Particularly extensive
bleaching was recorded across the Indian Ocean region associated
with extreme El Niño conditions in 1998 (Box 6.1 and Chapter 11,
Section 11.6: Climate change and the Great Barrier Reef case
study). Many reefs appear to have experienced similar SST
conditions earlier in the 20th century and it is unclear how
extensive bleaching was before widespread reporting post-1980
(Barton and Casey, 2005). There is limited ecological and genetic
evidence for adaptation of corals to warmer conditions (Boxes 4.4
and 6.1). It is very likely that projected future increases in SST of
about 1 to 3°C (Section 6.3.2) will result in more frequent
bleaching events and widespread mortality, if there is not thermal
adaptation or acclimatisation by corals and their symbionts
(Sheppard, 2003; Hoegh-Guldberg, 2004). The ability of coral
reef ecosystems to withstand the impacts of climate change will
depend on the extent of degradation from other anthropogenic
pressures and the frequency of future bleaching events (Donner et
al., 2005).

In addition to coral bleaching, there are other threats to reefs
associated with climate change (Kleypas and Langdon, 2002).
Increased concentrations of CO2 in seawater will lead to ocean
acidification (Section 6.3.2), affecting aragonite saturation state
(Meehl et al., 2007) and reducing calcification rates of calcifying
organisms such as corals (LeClerq et al., 2002; Guinotte et al.,
2003; Chapter 4, Box 4.4). Cores from long-lived massive corals
indicate past minor variations in calcification (Lough and Barnes,
2000), but disintegration of degraded reefs following bleaching
or reduced calcification may result in increased wave energy
across reef flats with potential for shoreline erosion (Sheppard et
al., 2005). Relative sea-level rise appears unlikely to threaten reefs
in the next few decades; coral reefs have been shown to keep pace
with rapid postglacial sea-level rise when not subjected to
environmental or anthropogenic stresses (Hallock, 2005). A slight
rise in sea level is likely to result in submergence of some Indo-

Pacific reef flats and recolonisation by corals, as these intertidal
surfaces, presently emerged at low tide, become suitable for coral
growth (Buddemeier et al., 2004).

Many reefs are affected by tropical cyclones (hurricanes,
typhoons); impacts range from minor breakage of fragile corals to
destruction of the majority of corals on a reef and deposition of
debris as coarse storm ridges. Such storms represent major
perturbations, affecting species composition and abundance, from
which reef ecosystems require time to recover. The sequence of
ridges deposited on the reef top can provide a record of past storm
history (Hayne and Chappell, 2001); for the northern Great Barrier
Reef no change in frequency of extremely large cyclones has been
detected over the past 5000 years (Nott and Hayne, 2001). An
intensification of tropical storms (Section 6.3.2) could have
devastating consequences on the reefs themselves, as well as for
the inhabitants of many low-lying islands (Sections 6.4.2 and
16.3.1.3). There is limited evidence that global warming may
result in an increase of coral range; for example, extension of
branching Acropora poleward has been recorded in Florida,
despite an almost Caribbean-wide trend for reef deterioration
(Precht and Aronson, 2004), but there are several constraints,
including low genetic diversity and the limited suitable substrate
at the latitudinal limits to reef growth (Riegl, 2003; Ayre and
Hughes, 2004; Woodroffe et al., 2005).

The fate of the small reef islands on the rim of atolls is of
special concern. Small reef islands in the Indo-Pacific formed over
recent millennia during a period when regional sea level fell
(Woodroffe and Morrison, 2001; Dickinson, 2004). However, the
response of these islands to future sea-level rise remains uncertain,
and is addressed in greater detail in Chapter 16, Section 16.4.2. It
will be important to identify critical thresholds of change beyond
which there may be collapse of ecological and social systems on
atolls. There are limited data, little local expertise to assess the
dangers, and a low level of economic activity to cover the costs of
adaptation for atolls in countries such as the Maldives, Kiribati
and Tuvalu (Barnett and Adger, 2003; Chapter 16, Box 16.6).

6.4.2 Consequences for human society

Since the TAR, global and regional studies on the impacts of
climate change are increasingly available, but few distinguish the
socio-economic implications for the coastal zone (see also
Section 6.5). Within these limits, Table 6.4 provides a qualitative
overview of climate-related changes on the various socio-
economic sectors of the coastal zone discussed in this section.

The socio-economic impacts in Table 6.4 are generally a
product of the physical changes outlined in Table 6.2. For
instance, extensive low-lying (often deltaic) areas, e.g., the
Netherlands, Guyana and Bangladesh (Box 6.3), and oceanic
islands are especially threatened by a rising sea level and all its
resulting impacts, whereas coral reef systems and polar regions
are already affected by rising temperatures (Sections 6.2.5 and
6.4.1). Socio-economic impacts are also influenced by the
magnitude and frequency of existing processes and extreme
events, e.g., the densely populated coasts of East, South and
South-east Asia are already exposed to frequent cyclones, and
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this will compound the impacts of other climate changes (see
Chapter 10). Coastal ecosystems are particularly at risk from
climate change (CBD, 2003; Section 6.4.1), with serious
implications for the services that they provide to human society
(see Section 6.2.2; Box 6.4 and Chapter 4, Section 4.4.9).

Since the TAR, some important observations on the impacts
and consequences of climate change on human society at coasts
have emerged. First, significant regional differences in climate
change and local variability of the coast, including human
development patterns, result in variable impacts and adjustments
along the coast, with implications for adaptation responses
(Section 6.6). Second, human vulnerability to sea-level rise and
climate change is strongly influenced by the characteristics of
socio-economic development (Section 6.6.3). There are large
differences in coastal impacts when comparing the different
SRES worlds which cannot be attributed solely to the magnitude
of climate change (Nicholls and Lowe, 2006; Nicholls and Tol,
2006). Third, although the future magnitude of sea-level rise will
be reduced by mitigation, the long timescales of ocean response
(Box 6.6) mean that it is unclear what coastal impacts are avoided
and what impacts are simply delayed by the stabilisation of
greenhouse gas concentration in the atmosphere (Nicholls and
Lowe, 2006). Fourth, vulnerability to the impacts of climate
change, including the higher socio-economic burden imposed by
present climate-related hazards and disasters, is very likely to be
greater on coastal communities of developing countries than in
developed countries due to inequalities in adaptive capacity
(Defra, 2004; Section 6.5). For example, one quarter of Africa’s
population is located in resource-rich coastal zones and a high
proportion of GDP is exposed to climate-influenced coastal risks
(Nyong and Niang-Diop, 2006; Chapter 9). In Guyana, 90% of its
population and important economic activities are located within
the coastal zone and are threatened by sea-level rise and climate
change (Khan, 2001). Low-lying densely populated areas in
India, China and Bangladesh (see Chapter 10) and other deltaic
areas are highly exposed, as are the economies of small islands
(see Chapter 16).

6.4.2.1 Freshwater resources
The direct influences of sea-level rise on freshwater resources

come principally from seawater intrusion into surface waters and
coastal aquifers, further encroachment of saltwater into estuaries

and coastal river systems, more extensive coastal inundation and
higher levels of sea flooding, increases in the landward reach of
sea waves and storm surges, and new or accelerated coastal
erosion (Hay and Mimura, 2005). Although the coast contains a
substantial proportion of the world’s population, it has a much
smaller proportion of the global renewable water supply, and the
coastal population is growing faster than elsewhere, exacerbating
this imbalance (see Section 6.2.2 and Chapter 3, Section 3.2).

Many coastal aquifers, especially shallow ones, experience
saltwater intrusion caused by natural and human-induced factors,
and this is exacerbated by sea-level rise (Essink, 2001). The scale
of saltwater intrusion is dependent on aquifer dimensions,
geological factors, groundwater withdrawals, surface water
recharge, submarine groundwater discharges and precipitation.
Therefore, coastal areas experiencing increases in precipitation
and run-off due to climate change (Section 6.3.2), including
floods, may benefit from groundwater recharge, especially on
some arid coasts (Khiyami et al., 2005). Salinisation of surface
waters in estuaries is also promoted by a rising sea level, e.g.,
Bay of Bengal (Allison et al., 2003).

Globally, freshwater supply problems due to climate change
are most likely in developing countries with a high proportion of
coastal lowland, arid and semi-arid coasts, coastal megacities
particularly in the Asia-Pacific region, and small island states,
reflecting both natural and socio-economic factors that enhance
the levels of risks (Alcamo and Henrichs, 2002; Ragab and
Prudhomme, 2002). Identifying future coastal areas with stressed
freshwater resources is difficult, particularly where there are
strong seasonal demands, poor or no metering, and theft of water
(Hall, 2003). Overall efficiency of water use is an important
consideration, particularly where agriculture is a large consumer,
e.g., the Nile delta (see Chapter 9, Box 9.2) and Asian
megadeltas.

Based on the SRES emissions scenarios, it is estimated that
the increase in water stress would have a significant impact by the
2050s, when the different SRES population scenarios have a clear
effect (Arnell, 2004). But, regardless of the scenarios applied,
critical regions with a higher sensitivity to water stresses, arising
from either increases in water withdrawal or decreases in water
available, have been identified in coastal regions that include
parts of the western coasts of Latin America and the Algerian
coast (Alcamo and Henrichs, 2002).
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Climate-related impacts (and their climate drivers in Figure 6.1)

Coastal socio-economic
sector

Temperature
rise

(air and
seawater)

Extreme
events

(storms,
waves)

Floods
(sea level,

runoff)

Rising water
tables

(sea level)

Erosion
(sea level,
storms,
waves)

Salt water
intrusion
(sea level,

runoff)

Biological
effects

(all climate
drivers)

Freshwater resources X X X X – X x

Agriculture and forestry X X X X – X x

Fisheries and aquaculture X X x – x X X

Health X X X x – X X

Recreation and tourism X X x – X – X
Biodiversity X X X X X X X

Settlements/ infrastructure X X X X X X –

Table 6.4. Summary of climate-related impacts on socio-economic sectors in coastal zones.

X = strong; x= weak; – = negligible or not established.
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Box 6.4. Hurricane Katrina and coastal ecosystem services in the Mississippi delta

Whereas an individual hurricane event cannot be attributed to climate change, it can serve to illustrate the consequences for
ecosystem services if the intensity and/or frequency of such events were to increase in the future. One result of Hurricane Katrina,
which made landfall in coastal Louisiana on 29th August 2005, was the loss of 388 km2 of coastal wetlands, levees and islands that
flank New Orleans in the Mississippi River deltaic plain (Barras, 2006) (Figure 6.7). (Hurricane Rita, which struck in September 2005,
had relatively minor effects on this part of the Louisiana coast which are included in this estimate.) The Chandeleur Islands, which
lie south-east of the city, were reduced to roughly half of their former extent as a direct result of Hurricane Katrina. Collectively, these
natural systems serve as the first line of defence against storm surge in this highly populated region. While some habitat recovery
is expected, it is likely to be minimal compared to the scale of the losses. The Chandeleur Islands serve as an important wintering
ground for migratory waterfowl and neo-tropical birds; a large population of North American redhead ducks, for example, feed on
the rhizomes of sheltered sea grasses leeward of the Chandeleur Islands (Michot, 2000). Historically the region has ranked second
only to Alaska in U.S. commercial fisheries production, and this high productivity has been attributed to the extent of coastal
marshes and sheltered estuaries of the Mississippi River delta. Over 1800 people lost their lives (Graumann et al., 2005) during
Hurricane Katrina and the economic losses totalled more than US$100 billion (NOAA, 2007). Roughly 300,000 homes and over 1,000
historical and cultural sites were destroyed along the Louisiana and Mississippi coasts (the loss of oil production and refinery
capacity helped to raise global oil prices in the short term). Post-Katrina, some major changes to the delta’s management are being
advocated, most notably abandonment of the “bird-foot delta” where artificial levees channel valuable sediments into deep water
(EFGC, 2006; NRC, 2006). The aim is to restore large-scale delta building processes and hence sustain the ecosystem services in
the long term. Hurricane Katrina is further discussed in Box 7.4 (Chapter 7) and Chapter 14.

Figure 6.7. The Mississippi delta, including the Chandeleur Islands. Areas in red were converted to open water during the hurricane. Yellow
lines on index map of Louisiana show tracks of Hurricane Katrina on right and Hurricane Rita on left. (Figure source: U.S. Geological Survey,
modified from Barras, 2006.)



6.4.2.2 Agriculture, forestry and fisheries
Climate change is expected to have impacts on agriculture

and, to a lesser extent, on forestry, although non-climatic factors,
such as technological development and management practices
can be more significant (Easterling, 2003). Climate variability
and change also impacts fisheries in coastal and estuarine waters
(Daufresne et al., 2003; Genner et al., 2004), although non-
climatic factors, such as overfishing and habitat loss and
degradation, are already responsible for reducing fish stocks.
Globally an increased agricultural production potential due to
climate change and CO2 fertilisation should in principle add to
food security, but the impacts on the coastal areas may differ
regionally and locally. For example, in Europe, climate-related
increases in crop yields are expected in the north, while the
largest reductions are expected in the Mediterranean, the south-
west Balkans and southern Russia (Maracchi et al., 2005).

Temperature increases can shorten growing cycles, e.g., those
of cotton and mango on the north coast of Peru during the El
Niño (see Chapter 13, Section 13.2.2). More frequent extreme
climate events during specific crop development stages, together
with higher rainfall intensity and longer dry spells, may impact
negatively on crop yields (Olesen et al., 2006). Cyclone landfalls
causing floods and destruction have negative impacts on coastal
areas, e.g., on coconuts in India (see Chapter 5, Section 5.4.4),
or on sugar cane and bananas in Queensland (Cyclone Larry in
March 2006). Rising sea level has negative impacts on coastal
agriculture. Detailed modelling of inundation implies significant
changes to the number of rice crops possible in the Mekong delta
under 20-40 cm of relative sea-level rise (Wassmann et al.,
2004). Rising sea level potentially threatens inundation and soil
salinisation of palm oil and coconuts in Benin and Côte d’Ivoire
(see Chapter 9, Section 9.4.6) and mangoes, cashew nuts and
coconuts in Kenya (Republic of Kenya, 2002).

Coastal forestry is little studied, but forests are easily affected
by climatic perturbations, and severe storms can cause extensive
losses, e.g., Hurricane Katrina. Plantation forests (mainly P.
radiata) on the east coast of North Island, New Zealand, are
likely to experience growth reductions under projected rainfall
decreases (Ministry for the Environment, 2001). Increasing
salinity and greater frequency of flooding due to sea-level rise
reduces the ability of trees to generate, including mangroves
which will also experience other changes (Section 6.4.1.4)
(IUCN, 2003).

Future climate change impacts will be greater on coastal than
on pelagic species, and for temperate endemics than for tropical
species (see Chapter 11, Section 11.4.6). For Europe, regional
climate warming has influenced northerly migration of fish
species, e.g., sardines and anchovies in the North Sea (Brander
et al., 2003a). The biotic communities and productivity of
coastal lagoons may experience a variety of changes, depending
on the changes in wetland area, freshwater flows and salt
intrusion which affect the species. Intensification of ENSO
events and increases in SST, wind stress, hypoxia (shortage of
oxygen) and the deepening of the thermocline will reduce
spawning areas and catches of anchovy off Peru (see Chapter
13, Table 13.7). There is also concern that climate change may
affect the abundance and distribution of pathogens and HABs,
with implications for aquatic organisms and human health

(Section 6.4.2.4). The linkage between temperature changes and
HABs is still not robust, and the extent to which coastal
eutrophication will be affected by future climate variability will
vary with local physical environmental conditions and current
eutrophication status (Justic et al., 2005). Ocean acidification is
a concern, but impacts are uncertain (Royal Society, 2005).
Climate change also has implications for mariculture but again
these are not well understood.

6.4.2.3 Human settlements, infrastructure and migration
Climate change and sea-level rise affect coastal settlements

and infrastructure in several ways (Table 6.4). Sea-level rise
raises extreme water levels with possible increases in storm
intensity portending additional climate impacts on many coastal
areas (Box 6.2), while saltwater intrusion may threaten water
supplies. The degradation of natural coastal systems due to
climate change, such as wetlands, beaches and barrier islands
(Section 6.4.1.1), removes the natural defences of coastal
communities against extreme water levels during storms (Box
6.5). Rapid population growth, urban sprawl, growing demand
for waterfront properties, and coastal resort development have
additional deleterious effects on protective coastal ecosystems.

Much of the coast of many European and East Asian
countries have defences against flooding and erosion, e.g., the
Netherlands (Jonkman et al., 2005) and Japan (Chapter 10,
Section 10.5.3), reflecting a strong tradition of coastal defence.
In particular, many coastal cities are heavily dependent upon
artificial coastal defences, e.g., Tokyo, Shanghai, Hamburg,
Rotterdam and London. These urban systems are vulnerable to
low-probability extreme events above defence standards and to
systemic failures (domino effects), e.g., the ports, roads and
railways along the US Gulf and Atlantic coasts are especially
vulnerable to coastal flooding (see Chapter 14, Section 14.2.6).
Where these cities are subsiding, there are additional risks of
extreme water levels overtopping flood defences, e.g., New
Orleans during Hurricane Katrina (Box 6.4). Climate change and
sea-level rise will exacerbate flood risk. Hence, many coastal
cities require upgraded design criteria for flood embankments
and barrages (e.g., the Thames barrier in London, the Delta
works in the Netherlands, Shanghai’s defences, and planned
protection for Venice) (Fletcher and Spencer, 2005) (see Box 6.2
and Section 6.6).

There is now a better understanding of flooding as a natural
hazard, and how climate change and other factors are likely to
influence coastal flooding in the future (Hunt, 2002). However,
the prediction of precise locations for increased flood risk
resulting from climate change is difficult, as flood risk dynamics
have multiple social, technical and environmental drivers (Few
et al., 2004b). The population exposed to flooding by storm
surges will increase over the 21st century (Table 6.5). Asia
dominates the global exposure with its large coastal population:
Bangladesh, China, Japan, Vietnam and Thailand having serious
coastal flooding problems (see Section 6.6.2; Chapter 10,
Section 10.4.3.1; Mimura, 2001). Africa is also likely to see a
substantially increased exposure, with East Africa (e.g.,
Mozambique) having particular problems due to the
combination of tropical storm landfalls and large projected
population growth in addition to sea-level rise (Nicholls, 2006).
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Table 6.6 shows estimates of coastal flooding due to storm surge,
taking into account one adaptation assumption. Asia and Africa
experience the largest impacts: without sea-level rise, coastal
flooding is projected to diminish as a problem under the SRES
scenarios while, with sea-level rise, the coastal flood problem is
growing by the 2080s, most especially under the A2 scenario.
Increased storm intensity would exacerbate these impacts, as would
larger rises in sea level, including due to human-induced subsidence
(Nicholls, 2004). Figure 6.8 shows the numbers of people flooded
in the 2080s as a function of sea-level rise, and variable assumptions
on adaptation. Flood impacts vary with sea-level rise scenario,
socio-economic situation and adaptation assumptions. Assuming
that there will be no defence upgrade has a dramatic impact on the
result, with more than 100 million people flooded per year above a
40 cm rise for all SRES scenarios. Upgraded defences reduce the
impacts substantially: the greater the upgrade the lower the impacts.
This stresses the importance of understanding the effectiveness and
timing of adaptation (Section 6.6).

6.4.2.4 Human health
Coastal communities, particularly in low income countries,

are vulnerable to a range of health effects due to climate
variability and long-term climate change, particularly extreme
weather and climate events (such as cyclones, floods and
droughts) as summarised in Table 6.7.

The potential impacts of climate change on populations
in coastal regions will be determined by the future health
status of the population, its capacity to cope with climate
hazards and control infectious diseases, and other public
health measures. Coastal communities that rely on marine
resources for food, in terms of both supply and maintaining
food quality (food safety), are vulnerable to climate-related
impacts, in both health and economic terms. Marine
ecological processes linked to temperature changes also play
a role in determining human health risks, such as from
cholera, and other enteric pathogens (Vibrio
parahaemolyticus), HABs, and shellfish and reef fish
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Region 1990
(baseline)

SRES scenarios (and sea-level rise
scenario in metres)

A1FI
(0.34)

A2
(0.28)

B1
(0.22)

B2
(0.25)

Australia 1 1 2 1 1

Europe 25 30 35 29 27

Asia 132 185 376 180 247

North
America

12 23 28 22 18

Latin
America

9 17 35 16 20

Africa 19 58 86 56 86

Global 197 313 561 304 399

Table 6.5. Estimates of the population (in millions) of the coastal flood
plain* in 1990 and the 2080s (following Nicholls, 2004). Assumes
uniform population growth; net coastward migration could
substantially increase these numbers.

* Area below the 1 in 1,000 year flood level.

Region Case Timelines, SRES socio-economic (and sea-level rise scenarios in metres)
2020s 2050s 2080s

A1FI
(0.05)

A2
(0.05)

B1
(0.05)

B2
(0.06)

A1FI
(0.16)

A2
(0.14)

B1
(0.13)

B2
(0.14)

A1FI
(0.34)

A2
(0.28)

B1
(0.22)

B2
(0.25)

Australia Base 0 0 0 0 0 0 0 0 0 0 0 0
aSLR 0 0 0 0 0 0 0 0 0 0 0 0

Europe Base 0 0 0 0 0 0 0 0 0 0 0 0
aSLR 0 0 0 0 0 0 0 0 2 0 0 0

Asia Base 9/12 14/20 12/17 9/13 0 15/24 2 1/2 0 11/18 0 0/1
aSLR 0 0 0 0 0 1/2 0 0 1 4/7 0 0/1

North
America

Base 0 0 0 0 0 0 0 0 0 0 0 0
aSLR 0 0 0 0 0 0 0 0 0 0 0 0

Latin
America

Base 0 0 0 0 0 0 0 0 0 0 0 0
aSLR 0 0 0 0 0 0 0 0 1 0/1 0 0

Africa Base 1 2/4 1 3/4 0 1/2 0 1/2 0 0/1 0 0
aSLR 0 0 0 0 0 1 0 0/1 2/5 4/7 1 2/4

Global
Total

Base 10/14 17/24 13/18 12/17 0/1 16/26 2 3/4 0 11/19 0 1
aSLR 0 0 0 0 0 2/3 0 0/1 6/10 9/15 2/3 3/5

Table 6.6. Estimates of the average annual number of coastal flood victims (in millions) due to sea-level rise (following Nicholls, 2004). Assumes no
change in storm intensity and evolving protection**. Range reflects population growth as reported in Table 6.1. Base= baseline without sea-level
rise; aSLR = additional impacts due to sea-level rise.

** Protection standards improve as GDP per capita increases, but there is no additional adaptation for sea-level rise.

Figure 6.8. Estimates of people flooded in coastal areas due to sea-
level rise, SRES socio-economic scenario and protection response in
the 2080s (following Nicholls and Lowe, 2006; Nicholls and Tol, 2006)



poisoning (Pascual et al., 2002; Hunter, 2003; Lipp et al.,
2004; Peperzak, 2005; McLaughlin et al., 2006).

Convincing evidence of the impacts of observed climate
change on coastal disease patterns is absent (Kovats and Haines,
2005). There is an association between ENSO and cholera risk
in Bangladesh (Pascual et al., 2002). Rainfall changes associated
with ENSO are known to increase the risk of malaria epidemics
in coastal regions of Venezuela and Colombia (Kovats et al.,
2003). The projection of health impacts of climate change is still
difficult and uncertain (Ebi and Gamble, 2005; Kovats et al.,
2005), and socio-economic factors may be more critical than
climate. There are also complex relationships between
ecosystems and human well-being, and the future coastal
ecosystem changes discussed in Section 6.4.1 may affect human
health (cf. Butler et al., 2005).

6.4.2.5 Biodiversity
The distribution, production, and many other aspects of

species and biodiversity in coastal ecosystems are highly
sensitive to variations in weather and climate (Section 6.4.1),
affecting the distribution and abundance of the plant and animal
species that depend on each coastal system type. Human
development patterns also have an important influence on
biodiversity among coastal system types. Mangroves, for
example, support rich ecological communities of fish and
crustaceans, are a source of energy for coastal food chains, and
export carbon in the form of plant and animal detritus,
stimulating estuarine and nearshore productivity (Jennerjahn and
Ittekkot, 2002). Large-scale conversions of coastal mangrove
forests to shrimp aquaculture have occurred during the past three
decades along the coastlines of Vietnam (Binh et al., 1997),
Bangladesh and India (Zweig, 1998), Hong Kong (Tam and
Wong, 2002), the Philippines (Spalding et al., 1997), Mexico
(Contreras-Espinosa and Warner, 2004), Thailand (Furakawa
and Baba, 2001) and Malaysia (Ong, 2001). The additional
stressors associated with climate change could lead to further
declines in mangroves forests and their biodiversity.

Several recent studies have revealed that climate change is
already impacting biodiversity in some coastal systems. Long-

term monitoring of the occurrence and distribution of a series of
intertidal and shallow water organisms in south-west Britain has
shown several patterns of change, particularly in the case of
barnacles, which correlate broadly with changes in temperature
over the several decades of record (Hawkins et al., 2003;
Mieszkowska et al., 2006). It is clear that responses of intertidal
and shallow marine organisms to climate change are more
complex than simply latitudinal shifts related to temperature
increase, with complex biotic interactions superimposed on the
abiotic (Harley et al., 2006; Helmuth et al., 2006). Examples
include the northward range extension of a marine snail in
California (Zacherl et al., 2003) and the reappearance of the blue
mussel in Svalbard (Berge et al., 2005).

Patterns of overwintering of migratory birds on the British
coast appear to have changed in response to temperature rise
(Rehfisch et al., 2004), and it has been suggested that changes in
invertebrate distribution might subsequently influence the
distribution of ducks and wading birds (Kendall et al., 2004).
However, as detailed studies of redshank have shown, the factors
controlling distribution are complex and in many cases are
influenced by human activities (Norris et al., 2004). Piersma and
Lindstrom (2004) review changes in bird distribution but conclude
that none can be convincingly attributed to climate change. Loss
of birds from some estuaries appears to be the result of coastal
squeeze and relative sea-level rise (Hughes, 2004; Knogge et al.,
2004). A report by the United Nations Framework Convention on
Biodiversity (CBD, 2006) presents guidance for incorporating
biodiversity considerations in climate change adaptation
strategies, with examples from several coastal regions.

6.4.2.6 Recreation and tourism
Climate change has major potential impacts on coastal

tourism, which is strongly dependent on ‘sun, sea and sand’.
Globally, travel to sunny and warm coastal destinations is the
major factor for tourists travelling from Northern Europe to the
Mediterranean (16% of world’s tourists) and from North
America to the Caribbean (1% of world’s tourists) (WTO, 2003).
By 2020, the total number of international tourists is expected to
exceed 1.5 billion (WTO, undated).
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Exposure/hazard Health outcome Sources

(Catastrophic) flooding Deaths (drowning, other causes), injuries, infectious disease
(respiratory, intestinal, skin), mental health disorders, impacts
from interruption of health services and population displacement.

Sections 6.4.2, 6.5.2
and 8.2.2; Box 6.4
(Few and Matthies,
2006)

Impairment of food quality and/or food supplies (loss
of crop land, decreased fisheries productivity).
Climate change effects on HABs.

Food safety: marine bacteria proliferation, shellfish poisoning,
ciguatera. Malnutrition and micro-nutrient deficiencies.

Sections 6.4.1.3
6.4.2.2 and 8.2.4

Reduced water quality and/or access to potable water
supplies due to salinisation, flooding or drought.

Diarrhoeal diseases (giardia, cholera), and hepatitis, enteric
fevers. Water-washed infections.

Sections 6.4.2.1, 7.5
and 8.2.5

Change in transmission intensity or distribution of
vector-borne disease. Changes in vector abundance.

Changes in malaria, and other mosquito-borne infections (some
Anopheles vectors breed in brackish water).

Sections 8.2.8 and
16.4.5

Effects on livelihoods, population movement, and
potential “environmental refugees”.

Health effects are less well described. Large-scale rapid
population movement would have severe health implications.

Section 6.4.2.3 and
limited health
literature.

Table 6.7. Health effects of climate change and sea-level rise in coastal areas.



Climate change may influence tourism directly via the
decision-making process by influencing tourists to choose
different destinations; and indirectly as a result of sea-level rise
and resulting coastal erosion (Agnew and Viner, 2001). The
preferences for climates at tourist destinations also differ among
age and income groups (Lise and Tol, 2002), suggesting
differential responses. Increased awareness of interactions
between ozone depletion and climate change and the subsequent
impact on the exposure of human skin to ultraviolet light is
another factor influencing tourists’ travel choice (Diffey, 2004).
In general, air temperature rise is most important to tourism,
except where factors such as sea-level rise promote beach
degradation and viable adaptation options (e.g., nourishment or
recycling) are not available (Bigano et al., 2005). Other likely
impacts of climate change on coastal tourism are due to coral reef
degradation (Box 6.1; Section 6.4.1.5) (Hoegh-Guldberg et al.,
2000). Temperature and rainfall pattern changes may impact water
quality in coastal areas and this may lead to more beach closures.

Climate change is likely to affect international tourist flows prior
to travel, en route, and at the destination (Becken and Hay,
undated). As tourism is still a growth industry, the changes in
tourist numbers induced by climate change are likely to be much
smaller than those resulting from population and economic growth
(Bigano et al., 2005; Hamilton et al., 2005; Table 6.2). Higher
temperatures are likely to change summer destination preferences,
especially for Europe: summer heatwaves in the Mediterranean
may lead to a shift in tourism to spring and autumn (Madisson,
2001) with growth in summer tourism around the Baltic and North
Seas (see Chapter 12, Section 12.4.9).Although new climate niches
are emerging, the empirical data do not suggest reduced
competitiveness of the sun, sea and sand destinations, as they are
able to restructure to meet tourists’ demands (Aguiló et al., 2005).
Within the Caribbean, the rapidly growing cruise industry is not
vulnerable to sea-level rise, unlike coastal resorts. On high-risk
(e.g., hurricane-prone) coasts, insurance costs for tourism could
increase substantially or insurance may no longer be available. This
exacerbates the impacts of extreme events or restricts new tourism
in high-risk regions (Scott et al., 2005), e.g., four hurricanes in
2004 dealt a heavy toll in infrastructure damage and lost business
in Florida’s tourism industry (see Chapter 14, Section 14.2.7).

6.4.3 Key vulnerabilities and hotspots

A comprehensive assessment of the potential impacts of
climate change must consider at least three components of
vulnerability: exposure, sensitivity and adaptive capacity (Section
6.6). Significant regional differences in present climate and
expected climate change give rise to different exposure among
human populations and natural systems to climate stimuli (IPCC,
2001). The previous sections of this chapter broadly characterise
the sensitivity and natural adaptive capacity (or resilience) of
several major classes of coastal environments to changes in
climate and sea-level rise. Differences in geological,
oceanographic and biological processes can also lead to
substantially different impacts on a single coastal system at
different locations. Some global patterns and hotspots of
vulnerability are evident, however, and deltas/estuaries (especially
populated megadeltas), coral reefs (especially atolls), and ice-

dominated coasts appear most vulnerable to either climate change
or associated sea-level rise and changes. Low-lying coastal
wetlands, small islands, sand and gravel beaches and soft rock
cliffs may also experience significant changes.

An acceleration of sea-level rise would directly increase the
vulnerability of all of the above systems, but sea-level rise will
not occur uniformly around the world (Section 6.3.2). Variability
of storms and waves, as well as sediment supply and the ability to
migrate landward, also influence the vulnerability of many of
these coastal system types. Hence, there is an important element
of local to regional variation among coastal system types that must
be considered when conducting site-specific vulnerability
assessments.

Our understanding of human adaptive capacity is less
developed than our understanding of responses by natural
systems, which limits the degree to which we can quantify
societal vulnerability in the world’s coastal regions. Nonetheless,
several key aspects of human vulnerability have emerged. It is
also apparent that multiple and concomitant non-climate stresses
will exacerbate the impacts of climate change on most natural
coastal systems, leading to much larger and detrimental changes
in the 21st century than those of the 20th century. Table 6.8
summarises some of the key hotspots of vulnerability that often
arise from the combination of natural and societal factors. Note
that some examples such as atolls and small islands and
deltas/megadeltas recur, stressing their high vulnerability.

While physical exposure is an important aspect of the
vulnerability for both human populations and natural systems to
both present and future climate variability and change, a lack of
adaptive capacity is often the most important factor that creates
a hotspot of human vulnerability. Societal vulnerability is largely
dependent upon development status (Yohe and Tol, 2002).
Developing nations may have the societal will to relocate people
who live in low-lying coastal zones but, without the necessary
financial resources, their vulnerability is much greater than that
of a developed nation in an identical coastal setting. Looking to
the scenarios, the A2 SRES world often appears most vulnerable
to climate change in coastal areas, again reflecting socio-
economic controls in addition to the magnitude of climate
change (Nicholls, 2004; Nicholls and Tol, 2006). Hence,
development is not only a key consideration in evaluating
greenhouse gas emissions and climate change, but is also
fundamental in assessing adaptive capacity because greater
access to wealth and technology generally increases adaptive
capacity, while poverty limits adaptation options (Yohe and Tol,
2002). A lack of risk awareness or institutional capacity can also
have an important influence on human vulnerability, as
experienced in the United States during Hurricane Katrina.

6.5 Costs and other socio-economic aspects

The costs, benefits and other socio-economic consequences
of climate variability and change for coastal and low-lying areas
have been determined for many aspects, including heat stress
and changes in plant and animal metabolism (see Chapter 4,
Section 4.2 and Box 4.4), disease (see Chapter 8, Section 8.5),
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water supply (see Chapter 3, Section 3.5), and coastal forests,
agriculture and aquaculture (see Chapter 5, Section 5.6). The
following section focuses on evaluating the socio-economic
consequences of sea-level rise, storm damage and coastal
erosion.

6.5.1 Methods and tools for characterising socio-
economic consequences

Since the TAR there has been further progress in moving from
classical cost-benefit analysis to assessments that integrate
monetary, social and natural science criteria. For example, Hughes
et al. (2005) report the emergence of a complex systems approach
for sustaining and repairing marine ecosystems. This links
ecological resilience to governance structures, economics and
society. Such developments are in response to the growing
recognition of the intricate linkages between physical coastal
processes, the diverse coastal ecosystems, and resources at risk
from climate change, the many ecological functions they serve
and services they provide, and the variety of human amenities and
activities that depend on them. Thus a more complete picture of
climate change impacts emerges if assessments take into account
the locally embedded realities and constraints that affect
individual decision makers and community responses to climate
change (Moser, 2000, 2005). Increasingly, Integrated Assessment
provides an analytical framework, and an interdisciplinary
learning and engagement process for experts, decision makers and
stakeholders (Turner, 2001). Evaluations of societal and other
consequences combine impact-benefit/cost-effectiveness
analytical methods with scenario analysis. For example, a recent
analysis of managed realignment schemes (Coombes et al., 2004)
took into account social, environmental and economic
consequences when evaluating direct and indirect benefits.

Direct cost estimates are common across the climate change
impact literature as they are relatively simple to conduct and
easy to explain. Such estimates are also becoming increasingly
elaborate. For example, several studies of sea-level rise
considered land and wetland loss, population displacement and
coastal protection via dike construction (e.g., Tol, 2007). Socio-
economic variables, such as income and population density, are

important in estimating wetland value but are often omitted
when making such estimations (Brander et al., 2003b). But
direct cost estimates ignore such effects as changes in land use
and food prices if land is lost. One way to estimate these
additional effects is to use a computable general equilibrium
(CGE) model to consider markets for all goods and services
simultaneously, taking international trade and investment into
account (e.g., Bosello et al., 2004). However, the major
economic effects of climate change may well be associated with
out-of-equilibrium phenomena (Moser, 2006). Also, few CGE
models include adequate representations of physical processes
and constraints.

Given the recent and anticipated increases in damages from
extreme events, the insurance industry and others are making
greater use of catastrophe models. These cover event generation
(e.g., storm magnitude and frequency), hazard simulation (wind
stresses and surge heights), damage modelling (extent of
structural damage), and financial modelling (costs) (Muir-Wood
et al., 2005). Stochastic modelling is used to generate thousands
of simulated events and develop probabilistic approaches to
quantifying the risks (Aliff, 2006; Chapter 2).

Methodologically, many challenges remain. Work to date has
insufficiently crossed disciplinary boundaries (Visser, 2004).
Although valuation techniques are continually being improved,
and are now better linked to risk-based decision making, they
remain imperfect, and in some instances controversial. This
requires a transdisciplinary response from the social and natural
sciences.

6.5.2 Socio-economic consequences under current
climate conditions

Under current climate conditions, developing countries bear
the main human burden of climate-related extreme events
(Munich Re Group, 2004; CRED, 2005; UN Secretary General,
2006a). But it is equally evident that developed countries are not
insulated from disastrous consequences (Boxes 6.4 and Chapter
7, Box 7.4). The societal costs of coastal disasters are typically
quantified in terms of property losses and human deaths. For
example, Figure 6.9 shows a significant threshold in real estate
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Controlling factors Examples from this Chapter

Coastal areas where there are substantial barriers to adaptation
(economic, institutional, environmental, technical, etc.)

Venice, Asian megadeltas, atolls and small islands, New Orleans

Coastal areas subject to multiple natural and human-induced stresses,
such as subsidence or declining natural defences

Mississippi, Nile and Asian megadeltas, the Netherlands,
Mediterranean, Maldives

Coastal areas already experiencing adverse effects of temperature rise Coral reefs, Arctic coasts (USA, Canada, Russia), Antarctic peninsula

Coastal areas with significant flood-plain populations that are exposed
to significant storm surge hazards

Bay of Bengal, Gulf of Mexico/Caribbean, Rio de la Plata/Parana delta,
North Sea

Coastal areas where freshwater resources are likely to be reduced by
climate change

W. Africa, W. Australia, atolls and small islands

Coastal areas with tourist-based economies where major adverse
effects on tourism are likely

Caribbean, Mediterranean, Florida, Thailand, Maldives

Highly sensitive coastal systems where the scope for inland migration
is limited

Many developed estuarine coasts, low small islands, Bangladesh

Table 6.8. Key hotspots of societal vulnerability in coastal zones.



damage costs related to flood levels. Post-event impacts on
coastal businesses, families and neighbourhoods, public and
private social institutions, natural resources, and the
environment generally go unrecognised in disaster cost
accounting (Heinz Center, 2000; Baxter, 2005). Finding an
accurate way to document these unreported or hidden costs is a
challenging problem that has received increasing attention in
recent years. For example, Heinz Center (2000) showed that
family roles and responsibilities after a disastrous coastal storm
undergo profound changes associated with household and
employment disruption, economic hardship, poor living
conditions, and the disruption of pubic services such as
education and preventive health care. Indirect costs imposed by
health problems (Section 6.4.2.4) result from damaged homes
and utilities, extreme temperatures, contaminated food, polluted
water, debris- and mud-borne bacteria, and mildew and mould.
Within the family, relationships after a disastrous climate-related
event can become so stressful that family desertion and divorce
may increase. Hence, accounting for the full range of costs is
difficult, though essential to the accurate assessment of climate-
related coastal hazards.

Tropical cyclones have major economic, social and
environmental consequences for coastal areas (Box 6.4). Up to
119 million people are on average exposed every year to tropical
cyclone hazard (UNDP, 2004). Worldwide, from 1980 to 2000, a
total of more than 250,000 deaths were associated with tropical
cyclones, of which 60% occurred in Bangladesh (this is less than
the 300,000 killed in Bangladesh in 1970 by a single cyclone).
The death toll has been reduced in the past decade due largely to
improvements in warnings and preparedness, wider public
awareness and a stronger sense of community responsibility
(ISDR, 2004). The most-exposed countries have densely
populated coastal areas, often comprising deltas and megadeltas
(China, India, the Philippines, Japan, Bangladesh) (UNDP, 2004).
In Cairns (Australia), cyclone experience and education may have
contributed synergistically to a change in risk perceptions and a
reduction in the vulnerability of residents to tropical cyclone and
storm surge hazards (Anderson-Berry, 2003). In Japan, the annual
number of tropical cyclones and typhoons making landfall showed
no significant trend from 1950 to 2004, but the number of port-
related disasters decreased. This is attributed to increased

protection against such disasters. However, annual average
restoration expenditures over the period still amount to over
US$250 million (Hay and Mimura, 2006).

Between 1980 and 2005, the United States sustained 67
weather-related disasters, each with an overall damage cost of at
least US$1 billion. Coastal states in the south-east US
experienced the greatest number of such disasters. The total
costs including both insured and uninsured losses for the period,
adjusted to 2002, were over US$500 billion (NOAA, 2007).
There are differing views as to whether climatic factors have
contributed to the increasing frequency of major weather-related
disasters along the Atlantic and Gulf coasts of the USA (Pielke
Jr et al., 2005; Pielke and Landsea, 1998). But the most recent
reviews by Trenberth et al. (2007) and Meehl et al. (2007)
support the view that storm intensity has increased and this will
continue with global warming. Whichever view is correct, the
damage costs associated with these events are undisputedly high,
and will increase into the future.

Erosion of coasts (Section 6.4.1.1) is a costly problem under
present climatic conditions. About 20% of the European Union’s
coastline suffered serious erosion impacts in 2004, with the area
lost or seriously impacted estimated at 15 km2/yr. In 2001, annual
expenditure on coastline protection in Europe was an estimated
US$4 billion, up from US$3 billion in 1986 (Eurosion, 2004). The
high rates of erosion experienced by beach communities on
Delaware’s Atlantic coast (USA) are already requiring publicly
funded beach nourishment projects in order to sustain the area’s
attractiveness as a summer resort (Daniel, 2001). Along the east
coast of the United States and Canada, sea-level rise over the last
century has reduced the return period of extreme water levels,
exacerbating the damage to fixed structures from modern storms
compared to the same events a century ago (Zhang et al., 2000;
Forbes et al., 2004a). These and other studies have raised major
questions, including: (i) the feasibility, implications and
acceptability of shoreline retreat; (ii) the appropriate type of
shoreline protection (e.g., beach nourishment, hard protection or
other typically expensive responses) in situations where rates of
shoreline retreat are increasing; (iii) doubts as to the longer-term
sustainability of such interventions; and (iv) whether insurance
provided by the public and private sectors encourages people to
build, and rebuild, in vulnerable areas.

6.5.3 Socio-economic consequences of climate
change

Substantial progress has been made in evaluating the socio-
economic consequences of climate change, including changes
in variability and extremes. In general, the results show that
socio-economic costs will likely escalate as a result of climate
change, as already shown for the broader impacts (Section 6.4).
Most immediately, this will reflect increases in variability and
extreme events and only in the longer term will costs (in the
widest sense) be dominated by trends in average conditions,
such as mean sea-level rise (van Aalst, 2006). The impacts of
such changes in climate and sea level are overwhelmingly
adverse. But benefits have also been identified, including
reduced cold-water mortalities of many valuable fish and
shellfish species (see Chapter 15, Section 15.4.3.2),
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Figure 6.9. Real estate damage costs related to flood levels for the Rio
de la Plata, Argentina (Barros et al., 2006).



opportunities for increased use of fishing vessels and coastal
shipping facilities (see Chapter 15, Section 15.4.3.3), expansion
of areas suitable for aquaculture (see Chapter 5, Section 5.4.6.1),
reduced hull strengthening and icebreaking costs, and the
opening of new ocean routes due to reduced sea ice. Countries
with large land areas generally benefit from competitive
advantage effects (Bosello et al., 2004).

In the absence of an improvement to protection, coastal
flooding could grow tenfold or more by the 2080s, to affect more
than 100 million people/yr, due to sea-level rise alone (Figure
6.8). Figure 6.10 shows the consequences and total costs of a
rise in sea level for developing and developed countries, and
globally. This analysis assumes protection is implemented based
on benefit-cost analysis, so the impacts are more consistent with
enhanced protection in Figure 6.8, and investment is required
for the protection. The consequences of sea-level rise will be far
greater for developing countries, and protection costs will be
higher, relative to those for developed countries.

Such global assessments are complemented by numerous
regional, national and more detailed studies. The number of
people in Europe subject to coastal erosion or flood risk in 2020
may exceed 158,000, while half of Europe’s coastal wetlands
are expected to disappear as a result of sea-level rise (Eurosion,
2004). In Thailand, loss of land due to a sea-level rise of 50 cm
and 100 cm could decrease national GDP by 0.36% and 0.69%
(US$300 to 600 million) per year, respectively; due to location
and other factors, the manufacturing sector in Bangkok could
suffer the greatest damage, amounting to about 61% and 38%
of the total damage, respectively (Ohno, 2001). The annual cost
of protecting Singapore’s coast is estimated to be between
US$0.3 and 5.7 million by 2050 and between US$0.9 and 16.8
million by 2100 (Ng and Mendelsohn, 2005). In the cities of
Alexandria, Rosetta and Port Said on the Nile delta coast of
Egypt, a sea-level rise of 50 cm could result in over 2 million
people abandoning their homes, the loss of 214,000 jobs and the
loss of land valued at over US$35 billion (El-Raey, 1997).
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Figure 6.10. Causes, selected consequences (dryland and wetland loss, people displaced) and the total costs of an assumed sea-level rise, for
developing and developed countries, and as a global total. (based on Tol, 2007).



6.6 Adaptation: practices, options and
constraints

This section first highlights issues that arise with
interventions designed to reduce risks to natural and human
coastal systems as a consequence of climate change. As
recognised in earlier IPCC assessments (Bijlsma et al., 1996;
McLean et al., 2001), a key conclusion is that reactive and
standalone efforts to reduce climate-related risks to coastal
systems are less effective than responses which are part of
integrated coastal zone management (ICZM), including long-
term national and community planning (see also Kay and Adler,
2005). Within this context, subsequent sections describe the
tools relevant to adaptation in coastal areas, options for
adaptation of coastal systems, and current and planned
adaptation initiatives. Examples of the costs of, and limits to,
coastal adaptation are described, as are the trade-offs.
Constraints on, limitations to, and strategies for strengthening
adaptive capacity are also described. Finally, the links between
coastal adaptation and efforts to mitigate climate change are
discussed.

6.6.1 Adaptation to changes in climate and sea level

6.6.1.1 Issues and challenges
Recent extreme events (Box 6.5), whether climate-related or

not, have highlighted many of the challenges inherent in
adapting to changes in climate and sea level. One constraint on
successful management of climate-related risks to coastal
systems is the limited ability to characterise in appropriate detail
how these systems, and their constituent parts, will respond to
climate change drivers and to adaptation initiatives (Sections
6.2.4 and 6.4; Finkl, 2002). Of particular importance is
understanding the extent to which natural coastal systems can
adapt and therefore continue to provide essential life-supporting
services to society. The lack of understanding of the coastal

system, including the highly interactive nature and non-linear
behaviour (Sections 6.2 and 6.4), means that failure to take an
integrated approach to characterising climate-related risks
increases the likelihood that the effectiveness of adaptation will
be reduced, and perhaps even negated. Despite the growing
emphasis on beach nourishment (Hanson et al., 2002), the long-
term effectiveness and feasibility of such adaptive measures
remains uncertain, especially with the multiple goals explicit
within ICZM (Section 6.6.1.2). The question of who pays and
who benefits from adaptation is another issue of concern. Public
acceptance of the need for adaptation, and of specific measures,
also needs to be increased (Neumann et al., 2000). The
significant and diverse challenges are summarised in Table 6.9
and discussed further in the identified sections.

6.6.1.2 Integrated coastal zone management (ICZM)
ICZM provides a major opportunity to address the many

issues and challenges identified above. Since it offers advantages
over purely sectoral approaches, ICZM is widely recognised and
promoted as the most appropriate process to deal with climate
change, sea-level rise and other current and long-term coastal
challenges (Isobe, 2001; Nicholls and Klein, 2005; Harvey,
2006b). Enhancing adaptive capacity is an important part of
ICZM. The extent to which climate change and sea-level rise
are considered in coastal management plans is one useful
measure of commitment to integration and sustainability.
Responses to sea-level rise and climate change need to be
implemented in the broader context and the wider objectives of
coastal planning and management (Kennish, 2002; Moser,
2005). ICZM focuses on integrating and balancing multiple
objectives in the planning process (Christie et al., 2005).
Generation of equitably distributed social and environmental
benefits is a key factor in ICZM process sustainability, but is
difficult to achieve. Attention is also paid to legal and
institutional frameworks that support integrative planning on
local and national scales. Different social groups have
contrasting, and often conflicting views on the relative priorities
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Box 6.5. Recent extreme events – lessons for coastal adaptation to climate change

Recent extreme events, both climate and non-climate related, that had major consequences for coastal systems, provide
important messages for adaptation to climate change. Scientific literature and government reports emanating from hurricane and
cyclone impacts (e.g., Cook Islands (Ingram, 2005); Katrina (US Government, 2006); Australia (Williams et al., 2007), flood impacts
(e.g., Mumbai (Wisner, 2006)) and the Boxing Day Sumatran tsunami (UNEP, 2005; UNOCHA, 2005) include the following.

• An effective early warning communication and response system can reduce death and destruction;
• Hazard awareness education and personal hazard experience are important contributors to reducing community vulnerability;
• Many factors reduce the ability or willingness of people to flee an impending disaster, including the warning time, access

and egress routes, and their perceived need to protect property, pets and possessions;
• Coastal landforms (coral reefs, barrier islands) and wetland ecosystems (mangroves, marshes) provide a natural first line of

protection from storm surges and flooding, despite divergent views about the extent to which they reduce destruction;
• Recurrent events reduce the resilience of natural and artificial defences;
• In the aftermath of extreme events, additional trauma occurs in terms of dispossession and mental health;
• Uncoordinated and poorly regulated construction has accentuated vulnerability;
• Effective disaster prevention and response rely on strong governance and institutions, as well as adequate public

preparedness.



to be given to development, the environment and social
considerations, as well as short and long-term perspectives
(Visser, 2004).

6.6.1.3 Tools for assessing adaptation needs and options
Since the TAR, many more tools have become available to

support assessments of the need for adaptation and to identify
appropriate interventions (Table 6.10).

6.6.1.4 Adaptation options
Figure 6.11 illustrates the evolution of thinking with respect

to planned adaptation practices in the coastal zone. It also
provides examples of current adaptation interventions. The
capacity of coastal systems to regenerate after disasters, and to
continue to produce resources and services for human
livelihoods and well-being, is being tested with increasing
frequency. This is highlighting the need to consider the resilience
of coastal systems at broader scales and for their adaptive
capacity to be actively managed and nurtured.

Those involved in managing coastal systems have many
practical options for simultaneously reducing risks related to
current climate extremes and variability as well as adapting to
climate change (Yohe, 2000; Daniel, 2001; Queensland

Government, 2001; Townend and Pethick, 2002). This reflects
the fact that many disaster and climate change response
strategies are the same as those which contribute positively to
present-day efforts to implement sustainable development,
including enhancement of social equity, sound environmental
management and wise resource use (Helmer and Hilhorst, 2006).
This will help harmonise coastal planning and climate change
adaptation and, in turn, strengthen the anticipatory response
capacity of institutions (Few et al., 2004a). The timeframes for
development are typically shorter than those for natural changes
in the coastal region, though management is starting to address
this issue. Examples include restoration and management of the
Mississippi River and delta plain (Box 6.4) and management of
coastal erosion in Europe (Eurosion, 2004; Defra, 2006;
MESSINA, 2006). Identifying and selecting adaptation options
can be guided by experience and best practice for reducing the
adverse impacts of analogous, though causally unrelated,
phenomena such as subsidence (natural and/or human-induced)
and tsunami (Olsen et al., 2005). Based on this experience, it is
highly advantageous to integrate and mainstream disaster
management and adaptation to climate variability and change
into wider coastal management, especially given relevant
lessons from recent disasters (Box 6.5).
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Impediment Example Reference Section

Lack of dynamic predictions of landform migration Pethick, 2001 6.6.1.2

Insufficient or inappropriate shoreline protection measures Finkl, 2002 6.6.1.4

Data exchange and integration hampered by divergent information management systems Hale et al., 2003 6.6.1.3

Lack of definition of key indicators and thresholds relevant to coastal managers Rice, 2003 6.6.1.2

Inadequate knowledge of coastal conditions and appropriate management measures Kay and Adler, 2005 6.6.1.3

Lack of long-term data for key coastal descriptors Hall, 2002 6.6.1.2

Fragmented and ineffective institutional arrangements, and weak governance Moser, 2000 6.6.1.3

Societal resistance to change Tompkins et al., 2005a 6.6.3

Table 6.9. Major impediments to the success of adaptation in the coastal zone.

Description Selected examples

Indices of vulnerability to sea-level rise Thieler and Hammar-Klose, 2000; Kokot et al., 2004

Integrated models and frameworks for knowledge management and
adaptation assessment

Warrick et al., 2005; Dinas-Coast Consortium, 2006; Schmidt-
Thomé, 2006

Geographic information systems for decision support Green and King, 2002; Bartlett and Smith, 2005

Scenarios – a tool to facilitate thinking and deciding about the future DTI, 2002; Ledoux and Turner, 2002

Community vulnerability assessment tool NOAA Coastal Services Center, 1999; Flak et al., 2002

Flood simulator for flood and coastal defences and other responses Discovery Software, 2006; Box 6.2

Estimating the socio-economic and environmental effects of disasters ECLAC, 2003

ICZM process sustainability – a score card Milne et al., 2003

Monetary economic valuation of the environment Ledoux et al., 2001; Ohno, 2001

Evaluating and mapping return periods of extreme events Bernier et al., 2007

Methods and tools to evaluate vulnerability and adaptation UNFCCC, 2005

Table 6.10. Selected tools that support coastal adaptation assessments and interventions.



Klein et al. (2001) describe three trends: (i) growing
recognition of the benefits of ‘soft’ protection and of ‘retreat and
accommodate’ strategies; (ii) an increasing reliance on
technologies to develop and manage information; and (iii) an
enhanced awareness of the need for coastal adaptation to reflect
local natural and socio-economic conditions. The decision as to
which adaptation option is chosen is likely to be largely
influenced by local socio-economic considerations (Knogge et
al., 2004; Persson et al., 2006). It is also important to consider
adaptation measures that reduce the direct threats to the survival
of coastal ecosystems. These include marine protected areas and
‘no take’ reserves. Moser (2000) identified several factors that
prompted local communities to act against coastal erosion. These
included: (i) threats of or actual litigation; (ii) frustration among
local officials regarding lack of clarity in local regulations,
resulting in confusion as well as exposure to litigation; and (iii)
concern over soaring numbers of applications for shoreline-
hardening structures, since these are perceived to have negative,
often external, environmental impacts. The particular adaptation
strategy adopted depends on many factors, including the value
of the land or infrastructure under threat, the available financial
and economic resources, political and cultural values, the local
application of coastal management policies, and the ability to
understand and implement adaptation options (Yohe, 2000).

6.6.2 Costs and benefits of adaptation

The body of information on costs of adaptation has increased
dramatically since the TAR, covering the range from specific
interventions to global aggregations. Most analyses quantify the
costs of responses to the more certain and specific effects of sea-
level rise. Selected indicative and comparative costs of coastal
adaptation measures are presented in Table 6.11. They reveal a
wide range in adaptation costs. But in most populated areas such
interventions have costs lower than damage costs, even when
just considering property losses (Tol, 2002, 2007). Climate
change affects the structural stability and performance of coastal

defence structures and hence significantly raises the costs of
building new structures (Burgess and Townend, 2004) or
upgrading existing structures (Townend and Burgess, 2004).
Financial cost is not the only criterion on which adaptation
should be judged – local conditions and circumstances might
result in a more expensive option being favoured, especially
where multiple benefits result.

6.6.3 Limits and trade-offs in adaptation

Recent studies suggest that there are limits to the extent to
which natural and human coastal systems can adapt even to the
more immediate changes in climate variability and extreme
events, including in more developed countries (Moser, 2005;
Box 6.6). For example, without either adaptation or mitigation,
the impacts of sea-level rise and other climate change such as
more intense storms (Section 6.3.2) will be substantial,
suggesting that some coastal low-lying areas, including atolls,
may become unviable by 2100 (Barnett and Adger, 2003;
Nicholls, 2004), with widespread impacts in many other areas.
This may be reinforced by risk perception and disinvestment
from these vulnerable areas. Adaptation could reduce impacts
by a factor of 10 to 100 (Hall et al., 2006; Tol, 2007) and, apart
from some small island nations, this appears to come at a minor
cost compared to the damage avoided (Nicholls and Tol, 2006).
However, the analysis is idealised, and while adaptation is likely
to be widespread, it remains less clear if coastal societies can
fully realise this potential for adaptation (see Box 6.6).

Adaptation for present climate risks is often inadequate and
the ability to manage further increases in climate-related risks
is frequently lacking. Moreover, increases in coastal
development and population will magnify the risks of coastal
flooding and other hazards (Section 6.2.2; Pielke Jr et al., 2005).
Most measures to compensate and control the salinisation of
coastal aquifers are expensive and laborious (Essink, 2001).
Frequent floods impose enormous constraints on development.
For example, Bangladesh has struggled to put sizeable
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Figure 6.11. Evolution of planned coastal adaptation practices.



infrastructure in place to prevent flooding, but with limited
success (Ahmad and Ahmed, 2003). Vietnam’s transition from
state central planning to a more market-oriented economy has
had negative impacts on social vulnerability, with a decrease in
institutional adaptation to environmental risks associated with
flooding and typhoon impacts in the coastal environment
(Adger, 2000). In a practical sense adaptation options for coral
reefs are limited (Buddemeier, 2001) as is the case for most
ecosystems. The continuing observed degradation of many
coastal ecosystems (Section 6.2.2), despite the considerable
efforts to reverse the trend, suggests that it will also be difficult
to alleviate the added stresses resulting from climate change.

Knowledge and skill gaps are important impediments to
understanding potential impacts, and thus to developing
appropriate adaptation strategies for coastal systems (Crimp et
al., 2004). The public often has conflicting views on the issues
of sustainability, hard and soft defences, economics, the
environment and consultation. Identifying the information needs
of local residents, and facilitating access to information, are
integral components in the process of public understanding and
behavioural change (Myatt et al., 2003; Moser, 2005, 2006;
Luers and Moser, 2006).

There are also important trade-offs in adaptation. For
instance, while hard protection can greatly reduce the impacts of
sea level and climate change on socio-economic systems, this is
to the detriment of associated natural ecosystems due to coastal
squeeze (Knogge et al., 2004; Rochelle-Newall et al., 2005).
Managed retreat is an alternative response, but at what cost to

socio-economic systems? General principles that can guide
decision making in this regard are only beginning to be
developed (Eurosion, 2004; Defra, 2006). Stakeholders will be
faced with difficult choices, including questions as to whether
traditional uses should be retained, whether invasive alien
species or native species increasing in abundance should be
controlled, whether planned retreat is an appropriate response
to rising relative sea level or whether measures can be taken to
reduce erosion. Decisions will need to take into account social
and economic as well as ecological concerns (Adam, 2002).
Considering these factors, the US Environmental Protection
Agency is preparing sea-level rise planning maps that assign all
shores along its Atlantic Coast to categories indicating whether
shore protection is certain, likely, unlikely, or precluded by
existing conservation policies (Titus, 2004). In the Humber
estuary (UK) sea-level rise is reducing the standard of
protection, and increasing erosion. Adaptation initiatives include
creation of new intertidal habitat, which may promote more cost-
effective defences and also helps to offset the loss of protected
sites, including losses due to coastal squeeze (Winn et al., 2003).

Effective policies for developments that relate to the coast are
sensitive to resource use conflicts, resource depletion and to
pollution or resource degradation.Absence of an integrated holistic
approach to policy-making, and a failure to link the process of
policy-making with the substance of policy, results in outcomes
that some would consider inferior when viewed within a
sustainability framework (Noronha, 2004). Proponents of managed
retreat argue that provision of long-term sustainable coastal
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Optimal (benefit-cost) coastal protection costs and remaining number of people displaced given a 1 m rise in sea level (Tol, 2002) (see
also Figure 6.11).
Region Protection Costs (109 US$) Number of People Displaced (106)

Africa 92 2.74

OECD Europe 136 0.22

World 955 8.61

Construction costs for coastal defence in England and Wales (average total cost in US$/km) (Evans et al., 2004a)

Earth embankment 970,000 Culverts 3.5 million

Protected embankment 4.7 million Sea wall 4.7 million

Dunes (excl. replenishment) 93,000 Groynes, breakwater (shingle beach) 9 million

Costs (US$/km) to protect against 1 m in rise in sea level for the USA (Neumann et al., 2000)
Dike or levee 450,000 – 2.4 million Sea wall; bulkhead construction 450,000 – 12 million

Capital costs (US$/km) for selected coastal management options in New Zealand (Jenks et al., 2005)

Sand dune replanting, with community input (maintenance costs minimal) 6,000 – 24,000

Dune restoration, including education programmes (maintenance costs minimal) 15,000 – 35,000

Dune reshaping and replanting (maintenance costs minimal) 50,000 – 300,000

Sea walls and revetments (maintenance costs high – full rebuild every 20 – 40 years) 900,000 – 1.3 million

Direct losses, costs and benefits of adaptation to 65 cm sea-level rise in Pearl Delta, China (Hay and Mimura, 2005)

Tidal level Loss (US$ billion) Cost (US$ billion) Benefit (US$ billion)

Highest recorded 5.2 0.4 4.8

100 year high water 4.8 0.4 4.4

Table 6.11. Selected information on costs and benefits of adaptation.



defences must start with the premise that “coasts need space”
(Rochelle-Newall et al., 2005). Some argue that governments must
work to increase public awareness, scientific knowledge, and
political will to facilitate such a retreat from the “sacrosanct”
existing shoreline (Pethick, 2002). Others argue that the highest
priority should be the transfer of property rights in lesser developed
areas, to allow for changing setbacks in anticipation of an
encroaching ocean. This makes inland migration of wetlands and
beaches an expectation well before the existing shoreline becomes
sacrosanct (Titus, 2001). Property rights and land use often make
it difficult to achieve such goals, as shown by the post-Katrina
recovery of New Orleans. Economic, social, ecological, legal and
political lines of thinking have to be combined in order to achieve
meaningful policies for the sustainable development of
groundwater reserves and for the protection of subsurface
ecosystems (Danielopol et al., 2003). Socio-economic and cultural
conditions frequently present barriers to choosing and
implementing the most appropriate adaptation to sea-level rise.
Many such barriers can often be resolved by way of education at
all levels, including local seminars and workshops for relevant
stakeholders (Kobayashi, 2004; Tompkins et al., 2005a).
Institutional strengthening and other interventions are also of
importance (Bettencourt et al., 2005).

6.6.4 Adaptive capacity

Adaptive capacity is the ability of a system to evolve in order
to accommodate climate changes or to expand the range of
variability with which it can cope (see Chapter 17 for further
explanation). The adaptive capacity of coastal communities to
cope with the effects of severe climate impacts declines if there
is a lack of physical, economic and institutional capacities to
reduce climate-related risks and hence the vulnerability of high-
risk communities and groups. But even a high adaptive capacity
may not translate into effective adaptation if there is no
commitment to sustained action (Luers and Moser, 2006).

Current pressures are likely to adversely affect the integrity of
coastal ecosystems and thereby their ability to cope with
additional pressures, including climate change and sea-level rise.
This is a particularly significant factor in areas where there is a
high level of development, large coastal populations and high
levels of interference with coastal systems. Natural coastal
habitats, such as dunes and wetlands, have a buffering capacity
which can help reduce the adverse impacts of climate change.
Equally, improving shoreline management for non-climate
change reasons will also have benefits in terms of responding to
sea-level rise and climate change (Nicholls and Klein, 2005).
Adopting a static policy approach towards sea-level rise
conflicts with sustaining a dynamic coastal system that responds
to perturbations via sediment movement and long-term
evolution (Crooks, 2004). In the case of coastal megacities,
maintaining and enhancing both resilience and adaptive capacity
for weather-related hazards are critically important policy and
management goals. The dual approach brings benefits in terms
of linking analysis of present and future hazardous conditions. It
also enhances the capacity for disaster prevention and
preparedness, disaster recovery and for adaptation to climate
change (Klein et al., 2003).

6.6.4.1 Constraints and limitations
Yohe and Tol (2002) assessed the potential contributions of

various adaptation options to improving systems’ coping
capacities. They suggest focusing attention directly on the
underlying determinants of adaptive capacity (see Section
17.3.1). The future status of coastal wetlands appears highly
sensitive to societal attitudes to the environment (Table 6.1), and
this could be a more important control of their future status than
sea-level rise (Nicholls, 2004). This highlights the importance of
the socio-economic conditions (e.g., institutional capabilities;
informed and engaged public) as a fundamental control of
impacts with and without climate change (Tompkins et al.,
2005b). Hazard awareness education and personal hazard
experience are significant and important contributors to reducing
community vulnerability. But despite such experience and
education, some unnecessary and avoidable losses associated
with tropical cyclone and storm surge hazards are still highly
likely to occur (Anderson-Berry, 2003). These losses will differ
across socio-economic groups, as has been highlighted recently
by Hurricane Katrina. The constraints and limitations on
adaptation by coastal systems, both natural and human, highlight
the benefits for deeper public discourse on climate risk
management, adaptation needs, challenges and allocation and
use of resources.

6.6.4.2 Capacity-strengthening strategies
Policies that enhance social and economic equity, reduce

poverty, increase consumption efficiencies, decrease the
discharge of wastes, improve environmental management, and
increase the quality of life of vulnerable and other marginal
coastal groups can collectively advance sustainable
development, and hence strengthen adaptive capacity and coping
mechanisms. Many proposals to strengthen adaptive capacity
have been made including: mainstreaming the building of
resilience and reduction of vulnerability (Agrawala and van
Aalst, 2005; McFadden et al., 2007b); full and open data
exchange (Hall, 2002); scenarios as a tool for communities to
explore future adaptation policies and practices (Poumadère et
al., 2005); public participation, co-ordination among oceans-
related agencies (West, 2003); research on responses of
ecological and socio-economic systems, including the
interactions between ecological, socio-economic and climate
systems (Parson et al., 2003); research on linkages between
upstream and downstream process to underpin comprehensive
coastal management plans (Contreras-Espinosa and Warner,
2004); research to generate useful, usable and actionable
information that helps close the science-policy gap (Hay and
Mimura, 2006); strengthening institutions and enhancing
regional co-operation and co-ordination (Bettencourt et al.,
2005); and short-term training for practitioners at all levels of
management (Smith, 2002a).

6.6.5 The links between adaptation and mitigation in
coastal and low-lying areas

Adaptation (e.g., coastal planning and management) and
mitigation (reducing greenhouse gas emissions) are responses
to climate change, which can be considered together (King,
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2004) (see Chapter 18). The response of sea-level rise to
mitigation of greenhouse gas emissions is slower than for other
climate factors (Meehl et al., 2007) and mitigation alone will not
stop growth in potential impacts (Nicholls and Lowe, 2006).
However, mitigation decreases the rate of future rise and the
ultimate rise, limiting and slowing the need for adaptation as
shown by Hall et al. (2005). Hence Nicholls and Lowe (2006)
and Tol (2007) argue that adaptation and mitigation need to be
considered together when addressing the consequences of
climate change for coastal areas. Collectively these interventions
can provide a more robust response to human-induced climate
change than consideration of each policy alone.

Adaptation will provide immediate and longer-term
reductions in risk in the specific area that is adapting. On the
other hand, mitigation reduces future risks in the longer term
and at the global scale. Identifying the optimal mix is
problematic as it requires consensus on many issues, including
definitions, indicators and the significance of thresholds.
Importantly, mitigation removes resources from adaptation, and
benefits are not immediate, so investment in adaptation may
appear preferable, especially in developing countries (Goklany,
2005). The opposite view of the need for urgent mitigation has
recently been argued (Stern, 2007). Importantly, the limits to
adaptation may mean that the costs of climate change are
underestimated (Section 6.6.3), especially in the long term.
These findings highlight the need to consider impacts beyond
2100, in order to assess the full implications of different
mitigation and adaptation policy mixes (Box 6.6).

6.7 Conclusions: implications for
sustainable development

The main conclusions are reported in the Executive Summary
and are reviewed here in the context of sustainable development.
Coastal ecosystems are dynamic, spatially constrained, and
attractive for development. This leads to increasing multiple
stresses under current conditions (Section 6.2.2), often resulting
in significant degradation and losses, especially to economies
highly dependent on coastal resources, such as small islands.
Trends in human development along coasts amplify their
vulnerability, even if climate does not change. For example, in
China 100 million people moved from inland to the coast in the
last twenty years (Dang, 2003), providing significant benefits to
the national economy, but presenting major challenges for
coastal management. This qualitative trend is mirrored in most
populated coastal areas and raises the conflict between
conservation and development (Green and Penning-Rowsell,
1999). Equally the pattern of development can have tremendous
inertia (Klein et al., 2002) and decisions made today may have
implications centuries into the future (Box 6.6).

Climate change and sea-level rise increase the challenge of
achieving sustainable development in coastal areas, with the
most serious impediments in developing countries, in part due to
their lower adaptive capacity. It will make achieving the
Millennium Development Goals (UN Secretary General, 2006b)
more difficult, especially the Goal of Ensuring Environmental

Sustainability (reversing loss of environmental resources, and
improving lives of slum dwellers, many of whom are coastal).
Adapting effectively to climate change and sea-level rise will
involve substantial investment, with resources diverted from
other productive uses. Even with the large investment possible
in developed countries, residual risk remains, as shown by
Hurricane Katrina in New Orleans (Box 6.4), requiring a
portfolio of responses that addresses human safety across all
events (protection, warnings, evacuation, etc.) and also can
address multiple goals (e.g., protection of the environment as
well as adaptation to climate change) (Evans et al., 2004a;
Jonkman et al., 2005). Long-term sea-level rise projections mean
that risks will grow for many generations unless there is a
substantial and ongoing investment in adaptation (Box 6.6).
Hence, sustainability for coastal areas appears to depend upon a
combination of adaptation and mitigation (Sections 6.3.2 and
6.6.5).

There will be substantial benefits if plans are developed and
implemented in order to address coastal changes due to climate
and other factors, such as those processes that also contribute to
relative sea-level rise (Rodolfo and Siringan, 2006). This
requires increased effort to move from reactive to more
proactive responses in coastal management. Strengthening
integrated multidisciplinary and participatory approaches will
also help improve the prospects for sustaining coastal resources
and communities. There is also much to be learnt from
experience and retrospective analyses of coastal disasters
(McRobie et al., 2005). Technological developments are likely
to assist this process, most especially in softer technologies
associated with monitoring (Bradbury et al., 2005), predictive
modelling and broad-scale assessment (Burgess et al., 2003;
Cowell et al., 2003a; Boruff et al., 2005) and assessment of
coastal management actions, both present and past (Klein et al.,
2001). Traditional practices can be an important component of
the coastal management toolkit.

6.8 Key uncertainties, research
gaps and priorities

This assessment shows that the level of knowledge is not
consistent with the potential severity of the problem of climate
change and coastal zones. While knowledge is not adequate in
any aspect, uncertainty increases as we move from the natural
sub-system to the human sub-system, with the largest
uncertainties concerning their interaction (Figure 6.1). An
understanding of this interaction is critical to a comprehensive
understanding of human vulnerability in coastal and low-lying
areas and should include the role of institutional adaptation and
public participation (Section 6.4.3). While research is required
at all scales, improved understanding at the physiographic unit
scale (e.g., coastal cells, deltas or estuaries) would have
particular benefits, and support adaptation to climate change
and wider coastal management. There also remains a strong
focus on sea-level rise, which needs to be broadened to include
all the climate drivers in the coastal zone (Table 6.2). Finally,
any response to climate change has to address the other non-
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Box 6.6. Long-term sea-level rise impacts (beyond 2100)

The timescales of ocean warming are much longer than those of surface air temperature rise. As a result, sea-level rise due to
thermal expansion is expected to continue at a significant rate for centuries, even if climate forcing is stabilised (Meehl et al.,
2005; Wigley, 2005). Deglaciation of small land-based glaciers, and possibly the Greenland and the West Antarctic ice sheets,
may contribute large additional rises, with irreversible melting of Greenland occurring for a sustained global temperature rise of
1.1 to 3.8°C above today’s global average temperature: this is likely to happen by 2100 under the A1B scenario, for instance
(Meehl et al., 2007). More than 10 m of sea-level rise is possible, albeit over very long time spans (centuries or longer), and this
has been termed ‘the commitment to sea-level rise’. The potential exposure to these changes, just based on today’s socio-
economic conditions, is significant both regionally and globally (Table 6.12) and growing (Section 6.3.1). Thus there is a conflict
between long-term sea-level rise and present-day human development patterns and migration to the coast (Nicholls et al., 2006).

The rate of sea-level rise is uncertain and a large rise (>0.6 m to 0.7 m/century) remains a low probability/high impact risk (Meehl
et al., 2007). Some analyses suggest that protection would be an economically optimum response in most developed locations,
even for an arbitrary 2 m/century scenario (Anthoff et al., 2006). However, sea-level rise will accumulate beyond 2100, increasing
impact potential (Nicholls and Lowe, 2006). Further, there are several potential constraints to adaptation which are poorly
understood (Section 6.4.3; Nicholls and Tol, 2006; Tol et al., 2006). This raises long-term questions about the implications of ‘hold
the line’ versus ‘retreat the line’ adaptation policies and, more generally, how best to approach coastal spatial planning. While
shoreline management is starting to address such issues for the 21st century (Eurosion, 2004; Defra, 2006), the long timescales
of sea-level rise suggest that coastal management, including spatial planning, needs to take a long-term view on adaptation to
sea-level rise and climate change, especially with long-life infrastructure such as nuclear power stations.

Table 6.12. Indicative estimates of regional exposure as a function of elevation and baseline (1995) socio-economics. MER – market exchange
rates (after Anthoff et al., 2006).

climate drivers of coastal change in terms of understanding
potential impacts and responses, as they will interact with
climate change. As recognised in earlier IPCC assessments and
the Millennium Ecosystem and LOICZ Assessments (Agardy
et al., 2005; Crossland et al., 2005), these other drivers
generally exacerbate the impacts of climate change.

The following research initiatives would substantially
reduce these uncertainties and increase the effectiveness and
science base of long-term coastal planning and policy
development.

Establishing better baselines of actual coastal changes,
including local factors and sea-level rise, and the climate and
non-climate drivers, through additional observations and
expanded monitoring. This would help to better establish the

causal links between climate and coastal change which tend to
remain inferred rather than observed (Section 6.2.5), and
support model development.

• Improving predictive capacity for future coastal change due
to climate and other drivers, through field observations,
experiments and model development. A particular
challenge will be understanding thresholds under multiple
drivers of change (Sections 6.2.4; 6.4.1).

• Developing a better understanding of the adaptation of the
human systems in the coastal zone. At the simplest this
could be an inventory of assets at risk, but much more
could be done in terms of deepening our understanding of
the qualitative trends suggested in Table 6.1 (see also
Section 6.4.2) and issues of adaptive capacity.
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Exposure by factor and elevation above mean high water

Region Land area (km2) Population (millions) GDP MER (US$ billions)

1m 5m 10m 1m 5m 10m 1m 5m 10m

Africa 118 183 271 8 14 22 6 11 19

Asia 875 1548 2342 108 200 294 453 843 1185

Australia 135 198 267 2 3 4 38 51 67

Europe 139 230 331 14 21 30 305 470 635

Latin America 317 509 676 10 17 25 39 71 103

North America 640 1000 1335 4 14 22 103 358 561

Global (Total) 2223 3667 5223 145 268 397 944 1802 2570



• Improving impact and vulnerability assessments within an
integrated assessment framework that includes natural-
human sub-system interactions. This requires a strong
inter-disciplinary approach and the targeting of the most
vulnerable areas, such as populated megadeltas and deltas,
small islands and coastal cities (Section 6.4.3). Improving
systems of coastal planning and zoning and institutions that
can enforce regulations for clearer coastal governance is
required in many countries.

• Developing methods for identification and prioritisation of
coastal adaptation options. The effectiveness and efficiency
of adaptation interventions need to be considered, including
immediate benefits and the longer term goal of sustainable
development (Sections 6.6; 6.7).

• Developing and expanding networks to share knowledge and
experience on climate change and coastal management
among coastal scientists and practitioners.

These issues need to be explored across the range of spatial
scales: from local to global scale assessments and, given the long
timescales of sea-level rise, implications beyond the 21st century
should not be ignored. Thus this research agenda needs to be
taken forward across a broad range of activities from the needs
of coastal management and adaptation to global integrated
assessments and the benefits of mitigation. While some existing
global research efforts are pushing in the direction that is
recommended, e.g., the IGBP/IHDP LOICZ Science Plan
(Kremer et al., 2004), much more effort is required to achieve
these goals, especially those referring to the human, integrated
assessment and adaptation goals, and at local to regional scales
(Few et al., 2004a).
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Executive summary

Climate-change vulnerabilities of industry, settlement and
society are mainly related to extreme weather events rather
than to gradual climate change (very high confidence).
The significance of gradual climate change, e.g., increases in the
mean temperature, lies mainly in changes in the intensity and
frequency of extreme events, although gradual changes can also
be associated with thresholds beyond which impacts become
significant, such as in the capacities of infrastructures. [7.2, 7.4]

Aside from major extreme events and thresholds, climate
change is seldom the main factor in considering stresses on
the sustainability of industry, settlements and society (very
high confidence).
The significance of climate change (positive or negative) lies in
its interactions with other non-climate sources of change and
stress, and its impacts should be considered in such a multi-cause
context. [7.1.3, 7.2, 7.4]

Vulnerabilities to climate change depend considerably on
specific geographic, sectoral and social contexts (very high
confidence).
They are not reliably estimated by large-scale (aggregate)
modelling and estimation. [7.2, 7.4]

Vulnerabilities of industry, infrastructures, settlements and
society to climate change are generally greater in certain
high-risk locations, particularly coastal and riverine areas,
and areas whose economies are closely linked with climate-
sensitive resources, such as agricultural and forest product
industries, water demands and tourism; these vulnerabilities
tend to be localised but are often large and growing (high
confidence).
For example, rapid urbanisation in most low and middle income
nations, often in relatively high-risk areas, is placing an
increasing proportion of their economies and populations at risk.
[7.3, 7.4, 7.5]

Where extreme weather events become more intense
and/or more frequent with climate change, the economic
and social costs of those events will increase (high
confidence).
Experience indicates that costs of major events can range from
several percent of annual regional gross domestic product (GDP)
and income generation in very large regions with very large
economies to more than 25% in smaller areas that are affected
by the events. Climate-change impacts spread from directly
impacted areas and sectors to other areas and sectors through
extensive and complex linkages. [7.4, 7.5]

Poor communities can be especially vulnerable, in particular
those concentrated in relatively high-risk areas (high
confidence).
They tend to have more limited adaptive capacities, and are
more dependent on climate-sensitive resources such as local
water and food supplies. [7.2, 7.4, 5.4]

Industry, settlements and society are often capable of
considerable adaptation, depending heavily on the
competence and capacity of individuals, communities,
enterprises and local governments, together with access to
financial and other resources (very high confidence).
But that capacity has limits, especially when confronted by
climate changes that are relatively extreme or persistent. [7.4.3,
7.6]

Although most adaptations reflect local circumstances,
adaptation strategies for industry and settlement and, to a
lesser degree, for society, can be supported by linkages with
national and global systems that increase potentials and
resources for action (very high confidence). [7.6.6]

7.1 Introduction

7.1.1 Key issues

Climate change and sustainable development are linked
through their interactions in industries, human settlements and
society. Many of the forces shaping carbon emissions – such as
economic growth, technological transformations, demographic
shifts, lifestyles and governance structures – also underlie diverse
pathways of development, explaining in part why industrialised
countries account for the highest share of carbon emissions. The
same drivers are also related to climate-change impacts,
explaining in part why some regions and sectors, especially from
the developing world, are more vulnerable to climate change than
others because they lack financial, institutional and infrastructural
capacities to cope with the associated stresses (O’Brien and
Leichenko, 2003). Settlements and industry are often key focal
points for linkages between mitigation and adaptation; for
instance, efficient buildings can help in adapting to changing
climate by providing protection against warming, while this
adaptation may involve increased or decreased energy use and
greenhouse gas emissions associated with cooling based on
electricity (Hough, 2004); and society is a key to responses based
on democratic processes of government.

Industries, settlements and human society are accustomed to
variability in environmental conditions, and in many ways they
have become resilient to it when it is a part of their normal
experience. Environmental changes that are more extreme or
persistent than that experience, however, can lead to
vulnerabilities, especially if the changes are not foreseen and/or if
capacities for adaptation are limited; and the IPCC Third
Assessment Report (IPCC, 2001) reported that climate change
would increase the magnitude and frequency of weather extremes.

The central issues for industry, settlement and society are
whether climate-change impacts are likely to require responses
that go beyond normal adaptations to varying conditions, if so,
for whom, and under what conditions responses are likely to be
sufficient to avoid serious effects on people and the
sustainability of their ways of life. Recent experiences such as
Hurricane Katrina suggest that these issues are salient for
developed as well as developing countries (Figure 7.1).
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Scale matters in at least three ways in assessing the impacts of
climate change on industry, settlement and society. First, climate
change is one of a set of multiple stresses operating at diverse
scales in space and through time. Second, both the exposure to
climate change and the distribution of climate-sensitive
settlements and industrial sectors vary greatly across geographic
scale. The primary social and economic conditions that influence
adaptive capacity also differ with scale, such as access to financial
resources. One could say, for instance, that at a national scale
industrialised countries such as the UK and Norway can cope with
most kinds of gradual climate change, but focusing on more
localised differences can show considerable variability in stresses
and capacities to adapt (Environment Canada, 1997; Kates and
Wilbanks, 2003; London Climate Change Partnership, 2004;
O’Brien et al., 2004; Kirshen et al., 2006). Third, temporal scale
is a critical determinant of the capacity of human systems to adapt
to climate change; for instance, rapid changes are usually more
difficult to absorb without painful costs than gradual change
(Section 7.4; Chapter 17).

7.1.2 Scope of the chapter

Guidance for the preparation of the IPCC Fourth
Assessment Report requested particular attention by this
chapter to five systems of interest: industry, services,
utilities/infrastructure, human settlement and social issues.
Chapter 5 of the report deals with impacts and adaptation on
the food, fibre and forest products sectors, and Chapters 9 to
16 deal with impacts and adaptation in global regions.

Chapter 7’s topic of ‘industry, settlement and society’ is
clearly very broad; and many of the components of the
chapter, such as industry and services, settlements, financial
and social issues, are so heterogeneous that each could be the
subject of a separate chapter. Very briefly, however, the
chapter will summarise and assess the literature relevant to
the impacts of climate change on the structure, functioning,
and relationships of all of these components of human systems
potentially affected by climate change, positively or
negatively.
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Figure 7.1. Flood depths in New Orleans, USA, on 3 September, 2005, five days after flooding from Hurricane Katrina, in feet (0.3 m) (Source:
www.katrina.noaa.gov/maps/maps.html).



The chapter (1) identifies current and potential vulnerabilities
and positive or negative impacts of climate change on industrial,
service and infrastructure sectors, human settlements and human
societies; (2) assesses the current knowledge about the costs of
possible impacts; and (3) considers possible adaptive responses.
In general, it emphasises that climate-change impacts, adaptation
potentials, and vulnerabilities are context-specific, related to the
characteristics and development pathways of the location or
sector involved.

7.1.3 Human systems in context

Human systems include social, economic and institutional
structures and processes. Related to industry, settlement and
society, these systems are diverse and dynamic, expressed at the
individual level through livelihoods. They tend to revolve
around such aims of humanity as survival, security, well-being,
equity and progress; and in these regards weather and climate
are often of secondary importance as sources of benefits or
stresses. More important are such issues as access to financial
resources, institutional capacities and potentials for conflict
(Ocampo and Martin, 2003; Thomas and Twyman, 2005) and
such stresses as rapid urbanisation, disease and terrorism. It is in
its complex interactions with these kinds of social contexts that
climate change can make a difference, easing or aggravating
multiple stresses and in some cases potentially pushing a multi-
stressed human system across a threshold of sustainability
(Wilbanks, 2003b).

In most cases, climate (and thus climate change) affects
human systems in three principal ways. First, it provides a
context for climate-sensitive human activities ranging from
agriculture to tourism. For instance, rivers fed by rainfall enable
irrigation and transportation and can enrich or damage
landscapes. Second, climate affects the cost of maintaining
climate-controlled internal environments for human life and
activity; clearly, higher temperatures increase costs of cooling
and reduce costs of heating. Third, climate interacts with other
types of stresses on human systems, in some cases reducing
stresses but in other cases exacerbating them. For example,
drought can contribute to rural-urban migration, which,
combined with population growth, increases stress on urban
infrastructures and socio-economic conditions. In all of these
connections, effects can be positive as well as negative; but
extreme climate events and other abrupt changes tend to affect
human systems more severely than gradual change, because they
offer less time for adaptation, although gradual changes may
also reach thresholds at which effects are notable.

7.1.4 Conclusions of the IPCC Third Assessment
Report

The Third Assessment Report of IPCC Working Group II
(TAR) included a chapter on Human Settlements, Energy, and
Industry (Scott et al., 2001) and also a separate chapter on
Insurance and Other Financial Services (Vellinga et al., 2001).
Together, these two chapters in TAR correspond to a part of this
one chapter in the Fourth Assessment Report; a substantial part
of this chapter is devoted to subject matter not directly addressed

in previous IPCC reports (e.g., services, infrastructures and
social issues).

The first of the TAR chapters (Chapter 7) was largely devoted
to impact issues for human settlements, concluding that
settlements are vulnerable to effects of climate change in three
major ways: through economic sectors affected by changes in
input resource productivity or market demands for goods and
services, through impacts on certain physical infrastructures, and
through impacts of weather and extreme events on the health of
populations. It also concluded that vulnerability tends to be a
function mainly of three factors: location (coastal and riverine
areas at most risk), economy (those dependent on weather-
related sectors at most risk), and size (larger settlements at
greater aggregate risk but having more resources for impact
prevention and adaptation). The most direct risks are from
flooding and landslides due to increases in rainfall intensity and
from sea-level rise and storm surges in coastal areas. Although
some areas are at particular risk, urban flooding could be a
problem in any settlement where drainage infrastructures are
inadequate, especially where informal settlement areas lack
urban services and adaptive capacities. Rapid urbanisation in
relatively high-risk areas is a special concern, because it
concentrates people and assets and is generally increasing global
and regional vulnerability to climate-change impacts. Other
dimensions of vulnerability include general regional
vulnerabilities to impacts (e.g., in polar regions), lack of
economic diversification and fragile urban infrastructures.

Possible impacts of climate change on financial institutions
and risk financing were the focus of a separate chapter (Chapter
8) in the TAR. This chapter concluded that climate change is
likely to raise the actuarial uncertainty in catastrophe risk
assessment, placing upward pressure on insurance premiums and
possibly leading to reductions in risk coverage. It identified a
significant rise in the costs of losses from meteorological
disasters since the early 1980s which, as has been confirmed by
the AR4 (see Chapter 1), appeared to reflect an increase in
catastrophe occurrence over and above the rise in values,
exposures, and vulnerabilities.

7.2 Current sensitivity/vulnerability

A frequent objective of human societies is to reduce their
sensitivity to weather and climate, for example, by controlling
the climate in buildings within which people live, shop and work
or by controlling the channels and flows of rivers or the
configurations of sea coasts. Recent experience with weather
variability, however, reminds us that - at least at feasible levels
of investment and technological development - human control
over climate-related aspects of nature can be limited (see Box
7.4).

In fact, sensitivities of human systems to climate and climate
change abound:

1. Environmental quality is a case in point, where weather and
climate can affect air and water pollution and, in cases of
extreme events, exposures to wastes that are hazardous to
health. Consider the interaction between the ambient air
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temperature of an urban area and its concentration of ozone,
which can have adverse health implications (Hogrefe et al.,
2004; Section 7.4.2.4; Chapter 8), or effects of hurricane
flooding on exposures to health threats (Marris, 2005).

2. Linkage systems, such as transportation and transmission
systems for industry and settlements (e.g., water, food
supply, energy, information systems and waste disposal), are
important in delivering ecosystem and other services to
support human well-being, and can be subject to climate-
related extreme events such as floods, landslides, fire and
severe storms. Such exposed infrastructures as bridges and
electricity transmission networks are especially vulnerable,
as in the experience of Hurricane Georges in 1998, which
threatened port and oil storage facilities in the Dominican
Republic (REC, 2004), or the 2005 experience with
Hurricane Katrina (Box 7.4; Section 7.4.2.3).

3. Other physical infrastructures can be affected by weather
and climate as well. For example, the rate of deterioration of
external shells of building structures is weather-related,
depending on the materials used, and buildings are affected
by water-logging related to precipitation patterns. Another
kind of impact is on demands for physical infrastructures;
for instance, demands for water supplies and energy supplies
related to temperature.

4. Social systems are also vulnerable, especially to extreme
events (e.g., Box 7.1). Storms and floods can damage homes
and other shelters and disrupt social networks and means to
sustain livelihoods; and risks of such impacts shape
structures for emergency preparedness, especially where
impacted populations have a strong influence on policy-
making. Climate is related to the quality of life in complex
ways, including recreational patterns, and changes in
temperature and humidity can change health care challenges

and requirements (Chapter 8). For instance, it has been
estimated that of the 131 million people affected by natural
disasters in Asia in 2004, 97% were affected by weather-
related disasters. Exposures in highly-populated coastal and
riverine areas and small island nations have been especially
significant (ADRC et al., 2005). Moreover, some references
suggest relationships between weather and climate on the
one hand and social stresses on the other, especially in urban
areas where the poor lack access to climate-controlled
shelters (e.g., the term ‘long, hot summers’ associated in the
1960s in the United States with summer urban riots; also see
Arsenault, 1984 and Box 7.1). In some cases, tolerance for
climatic variation is limited, for example in tightly-coupled
urban systems where low capacity drinking water systems
have limited resilience in the face of drought or population
growth, not only in developing countries but also in
industrialised countries. Another case is the sensitivity of
energy production to heatwaves and drought (Box 7.1;
Section 7.4.2.1).

5. Climate can be a factor in an area’s comparative advantage
for economic production and growth. Climate affects some
of an area’s assets for economic production and services,
from agricultural and fibre products (Chapter 5) to tourist
attractions. Climate also affects costs of business operation,
e.g., costs of climate control in office, production and storage
buildings. Not only can climate affect an area’s own
economic patterns; it can also affect the competitive position
of its markets and competitors, and thus affect prospects for
local employment and individual livelihoods. Many workers
are ‘marginal’, whose livelihoods can be especially sensitive
to any changes in conditions affecting local economies.

6. Impacts of climate on industry, settlements and society can
be either direct or indirect. For instance, temperature
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Box 7.1. Impacts of the 2003 heatwave in Europe

The Summer 2003 heatwave in Western Europe affected settlements and economic services in a variety of ways. Economically,
this extreme weather event created stress on health, water supplies, food storage and energy systems. In France, electricity
became scarce, construction productivity fell, and the cold storage systems of 25-30% of all food-related establishments were
found to be inadequate (Létard et al., 2004). The punctuality of the French railways fell to 77%, from 87% twelve months
previously, incurring €1 to €3 million (US$1.25 to 3.75 million) in additional compensation payments, an increase of 7-20%
compared with the usual annual total. Sales of clothing were 8.9% lower than usual in August, but sales of bottled water
increased by 18%, and of ice cream by 14%. The tourist industry in Northern France benefited, but in the South it suffered
(Létard et al., 2004).

Impacts of the heatwave were mainly health- and health-service related (see Chapter 8); but they were also associated with
settlement and social conditions, from inadequate climate conditioning in buildings to the fact that many of the dead were elderly
people, left alone while their families were on vacation. Electricity demand increased with the high heat levels; but electricity
production was undermined by the facts that the temperature of rivers rose, reducing the cooling efficiency of thermal power
plants (conventional and nuclear) and that flows of rivers were diminished; six power plants were shut down completely (Létard
et al., 2004). If the heatwave had continued, as much as 30% of national power production would have been at risk (Létard et
al., 2004). The crisis illustrated how infrastructure can be unable to deal with complex, relatively sudden environmental challenges
(Lagadec, 2004).



increases can affect air pollutant concentrations in urban
areas, which in turn change exposures to respiratory
problems in the population, which then impact health care
systems (Chapter 8). Tropical storms can affect the
livelihoods and economies of coastal communities through
effects on coral reefs, mangroves and other coastal
ecosystems (Adger et al., 2005a). Tracing out such second,
third, and higher-order indirect impacts, especially in
advance, is a significant challenge.

7. Impacts are not equally experienced by every portion of an
industrial structure or a population. Some industrial sectors
and the very young, the very old and the very poor tend to be
more vulnerable to climate impacts than the general
economy and population (Box 7.1; Section 7.4.2.5). Some
of these differences are also regional, more problematic in
developing regions and intricately related to development
processes (ISDR, 2004).

Current sensitivities to climate change are briefly summarised in
Chapter 1 of this Fourth Assessment Report, and in a number of
cases they are relevant for the Millennium Development Goals
(for a brief discussion of MDGs in the context of possible
climate-change impacts on industry, settlement and society see
Section 7.6; also Chapter 20).

Tourism is an example of an economic sector where there has
been substantial recent research to understand its sensitivity to
climate (Besancenot, 1989; Gomez-Martin, 2005); the emphasis
on climate change is, however, more recent (Scott et al., 2005a,
b). For example, travel decisions are often based on a desire for
warm and sunny environments, while winter tourism builds on
expectations of snow and snow-covered landscapes (Chapter 14,
Section 14.4.7; Chapter 12, Section 12.4.9; Chapter 11, Section
11.4.9). Tourism is thus sensitive to a range of climate variables
such as temperature, hours of sunshine, precipitation, humidity,
and storm intensity and frequency (Matzarakis and de Frietas,
2001; Matzarakis et al., 2004), along with the consequences that
may follow, such as fires, floods, landslides, coastal erosion and
disease outbreaks.

7.3 Assumptions about future trends

Defining possible future socio-economic conditions is a key to
understanding future vulnerabilities to climatic change and
assessing the capacity to adapt in the face of new risks and
opportunities. A range of tools, including scenarios and storylines,
has been used to develop characterisations of the future (Chapter
2). While specific characterisations have been developed for
vulnerability and adaptation studies in certain climate-sensitive
sectors (for example, Arnell et al., 2004; Nicholls, 2004), few
characterisations have been developed that relate specifically to
climate impacts as they could affect industry, settlement and
society. Where such characterisations have been done (e.g.,
NACC, 2000; London Climate Change Partnership, 2004; Raskin
et al., 2005), they have common roots in the perspectives
embedded in the IPCC Special Report on Emissions Scenarios
(SRES; Nakićenović and Swart, 2000; see also Chapter 2, Section
2.4.6). Drivers in the SRES scenarios – population, economic
growth, technology and governance – are all highly relevant for
the development of industry, settlement and society.

A key future condition, for instance, is human population
and its distribution. According to the latest United Nations
projections (i.e., post-SRES), even as the rate of population
growth continues to decline, the world’s total population will
rise substantially. The total is expected to reach between 8.7
and 9.3 billion in 2030 (UN, 2004). More than half these
people live in urban centres, and practically all live in
settlements, many depending on industry, services and
infrastructures for jobs, well-being and mobility. Most
population growth will take place in cities, largely in urban
areas of developing countries, especially from Asia and Africa
(Table 7.1). Some mega-cities will grow very substantially, but
the major population growth will take place in medium cities
of 1 to 5 million people and in small cities of under 500,000
people, which still represent half of the world population
(Table 7.1, see also UN-Habitat, 2003).
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Percentage urban Percent of the world’s urban
population living in the region

Percent of urban population in different
size-class of urban centre, 2000

Year 1950 1975 2000 2030* 1950 1975 2000 2030* Under
0.5 m

0.5-1 m 1-5 m 5-10 m 10 m +

Northern America 63.9 73.9 79.1 86.7 15.0 11.9 8.8 7.1 37.4 11.0 34.3 5.4 11.9

Latin America and the
Caribbean

42.0 61.2 75.4 84.3 9.6 13.0 13.9 12.4 49.8 9.0 21.7 4.9 14.7

Oceania 62.0 71.5 70.5 73.8 1.1 1.0 0.8 0.6 41.9 0 58.1 0 0

Europe 50.5 67.9 71.7 78.3 37.8 29.2 18.4 11.1 67.8 9.8 15.1 5.4 1.9

Asia 16.8 24.0 37.1 54.1 32.0 37.9 47.9 53.7 49.0 10.0 22.6 8.8 9.7

Africa 14.7 25.4 36.2 50.7 4.5 7.0 10.3 15.1 60.2 9.6 22.1 4.6 3.5

WORLD 29.0 37.2 46.8 59.9 100 100 100 100 52.6 9.8 22.4 6.8 8.4

Table 7.1. Urban indicators.

* These are obviously speculative (projections based largely on extrapolating past trends) and, since any nation’s or region’s level of
urbanisation is strongly associated with their per capita income, economic performance between 2000 and 2030 will have a strong influence on
the extent to which regional populations continue to urbanise. Source: taken from or derived from statistics in United Nations (2006).



Features of development relevant to adaptation, such as
access to resources, location and institutional capacity, are likely
to be predominantly urban and to be determined by differences
in economic growth and access to assets, which tend to be
increasingly unequal (e.g., the income gap between the richest
and the poorest 20% of the world population went from a factor
of 32 to 78 between 1970 and 2000: UN-Habitat, 2003). It is
estimated that one third of the world’s urban population (923.9
million) live in “overcrowded and unserviced slums, often
situated on marginal and dangerous land” (i.e., steep slopes, food
plains, and industrial zones), and that 43% are in developing
countries (UN-Habitat, 2003). It is projected that in the next 30
years “the total number of slum dwellers will increase to about
2 billion, if firm and concrete action is not taken” (UN-Habitat,
2003).

Risk-prone settlements such as in coastal areas are expected
to experience not only increases in weather-related disasters
(CRED, 2005) but also major increases in population, urban area
and economic activity, especially in developing countries
(Chapter 6). Growing population and wealth in exposed coastal
locations could result in increased economic and social damage,
both in developing and developed countries (Pielke et al., 2005;
Box 7.4).

Global economic growth projections in SRES and SRES-
derived scenarios (Chapter 2) vary significantly - more than
population projections. Under low-growth scenarios (A2 and
B2), world GDP would double by 2020 and increase more than
10-fold by 2100. Under a high-growth scenario (A1), world
GDP would nearly triple by 2020 and grow over 25-fold by
2100. Under all these scenarios, more valuable assets and
activities are likely to become exposed to climate risks, but it is
assumed that the economic potential to respond will also vastly
increase. Economic development will be central to adaptive
capacity (Toth and Wilbanks, 2004). SRES scenarios also
assume convergence of national per capita incomes, which is
contrary to historical tendencies for income gaps between the
rich and the poor to increase. While the ratio of per capita
incomes in developed as compared with developing countries
stood at 16.1 in 1990, SRES scenarios assume a narrowing of
this ratio to between 8.4 and 6.2 in 2020, and between 3.0 and
1.5 in 2100. Smaller differences in relative incomes are likely to
have important consequences for the perception of climate
vulnerability and for the pattern of response.

Because it is potentially highly dynamic, the treatment of
technology varies greatly between global scenario exercises. For
instance, three qualitatively-different technology scenarios were
developed for SRES scenario A1 alone (A1FI, A1T and A1B). An
even broader universe of technological change scenarios can be
developed for global and downscaled national, regional and
sectoral scenarios (e.g., Berkhout and Hertin, 2002). In this
chapter we make no specific assumptions about the rate and
direction of technological change into the future, recognising that
very wide ranges of potentials will exist at the local and
organisational levels at which climate vulnerability and responses
will often be shaped, and also that the knowledge base referenced
in the chapter reflects a range of assumptions about future trends.
Governance is likewise a topic about which different scenario
families make divergent assumptions. The SRES scenarios

include both globally-integrated systems of economic and
political and sustainability governance, as well as more
fragmented, regionalised systems. The Global Scenarios Group
set of scenarios include characterisations in which institutions
and governance as we know them persist with minor reform;
‘barbarisation’ scenarios consider futures in which “absolute
poverty increases and the gap between rich and poor …[and]
national governments lose relevance and power relative to trans-
national corporations and global market forces…” (Gallopin et
al., 1997); ‘great transitions’ scenarios contain storylines in which
sustainable development becomes an organising principle in
governance. In this chapter we also have made no specific
assumptions about the nature of future pattern of governance,
while recognising that institutional capacity will be central to
adaptive capacity (Section 7.6.5; also see Chapter 2).

7.4 Key future impacts and vulnerabilities

The ability to project how climate change may affect industry,
settlement and society is limited by uncertainties about climate
change itself at a relatively fine-grained geographical and sectoral
scale and also by uncertainties about trends in human systems over
the next century regardless of climate change (Chapter 2). In some
cases, uncertainties about socio-economic factors such as
technological and institutional change over many decades
undermine the feasibility of comparing future prospects involving
considerable climate change with prospects involving relatively
little climate change. Typically, therefore, research often focuses
on vulnerabilities to impacts of climate change (defined as the
degree to which a system, subsystem or system component is
likely to experience harm due to exposure to a perturbation or
source of stress (Turner et al., 2003a; also see Clark et al., 2000)
rather than on projections of impacts of change on evolving socio-
economic systems, especially in the longer run.

Furthermore, climate change will not often be a primary
factor in changes for industry, settlement and society. Instead, it
will have an impact by modifying other more significant aspects
of ongoing socio-economic changes. This may have either an
exacerbating or an ameliorating effect in influencing overall
vulnerabilities to multi-causal change. It is especially difficult
to associate levels of climate-change impacts or their costs with
a specified number of degrees of mean global warming or with
a particular time horizon such as 2050 or 2080, when so many
of the main drivers of impacts and costs are not directly climate-
related, even though they may be climate-associated, and when
impacts are often highly localised. Some projections have been
made for particular sectors or areas and they are cited in
appropriate sections below; but in general they should be
considered with caution, especially for longer-range futures.

7.4.1 General effects

Certain kinds of effects follow from particular manifestations
of climate change, wherever those phenomena occur. For
example, increased precipitation in already well-watered areas
can increase concerns about drainage and water-logging
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(Parkinson and Mark, 2005), while reduced precipitation in areas
already subject to water shortages could lead to infrastructure
crises. Sea-level rise will affect land uses and physical
infrastructures in coastal areas. Changes in conditions can affect
requirements for public health services (Chapter 8), water
supplies (Chapter 3) and energy services (such as space heating
and cooling). Effects can either be cumulative (additive), as in
losses of property, or systematic (affecting underlying
processes), as in damages to institutions or systems of
production (Turner et al., 1990). Even very gradual changes can
be associated with thresholds at which the resilience of human
systems switches from adequate to inadequate, such as water-
supply infrastructures faced with shrinking water availability.
Parry et al. (2001), for instance, estimate that many tens of
millions of the world’s population are at risk of hunger due to
climate change, and billions are at risk of water shortages.

Besides gradual changes in climate, human systems are
affected by a change in the magnitude, frequency and/or
intensity of storms and other extreme weather events, as well as
changes in their location. In fact, some assessments suggest that
many impact issues are more directly associated with climatic
extremes than with averages (NACC, 2000). Of some concern is
the possibility of abrupt climate changes (Chapter 19), which
could be associated with locally or regionally catastrophic
impacts if they were to occur.

Although localities differ, interactions between climate
change and human systems are often substantively different for
relatively developed, industrialised countries versus less
developed countries and regions. In many cases, it appears that

possible negative impacts of climate change pose risks of higher
total monetary damages in industrialised areas (i.e., currency
valuations of property damages) but higher total human damages
in less-developed areas (i.e., losses of life and dislocations of
population) – although such events as Hurricane Katrina show
that there are exceptions (Section 7.4.2.5) for developed
countries, and monetary damages in developing countries may
represent a larger share of their GDP.

Not all implications of possible climate change are negative.
For instance, along with possible carbon fertilisation effects and
a longer growing season (Chapter 5), many mid- and upper-
latitude areas see quality-of-life benefits from winter warming,
and some areas welcome changes in precipitation patterns,
although such changes could have other social consequences.
The greater proportion of the research literature, however, is
related to possible adverse impacts. Climate impact concerns
include environmental quality (e.g., more ozone, water-logging
or salinisation), linkage systems (e.g., threats to water and power
supplies), societal infrastructures (e.g., changed
energy/water/health requirements, disruptive severe weather
events, reductions in resources for other social needs and
maintaining sustainable livelihoods, environmental migration
(Box 7.2), placing blame for adverse effects, changes in local
ecologies that undermine a sense of place), physical
infrastructures (e.g., flooding, storm damage, changes in the rate
of deterioration of materials, changed requirements for water or
energy supply), and economic infrastructures and comparative
advantages (e.g., costs and/or risks increased, markets or
competitors affected).
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Box 7.2. Environmental migration

Migration, usually temporary and often from rural to urban areas, is a common response to calamities such as floods and famines
(Mortimore, 1989), and large numbers of displaced people are a likely consequence of extreme events. Their numbers could
increase, and so could the likelihood of their migration becoming permanent, if such events increase in frequency. Yet,
disaggregating the causes of migration is highly problematic, not least since individual migrants may have multiple motivations
and be displaced by multiple factors (Black, 2001). For example, studies of displacement within Bangladesh and to neighbouring
India have drawn obvious links to increased flood hazard as a result of climate change. But such migration also needs to be
placed in the context of changing economic opportunities in the two countries and in the emerging mega-city of Dhaka, rising
aspirations of the rural poor in Bangladesh, and rules on land inheritance and an ongoing process of land alienation in Bangladesh
(Abrar and Azad, 2004).

Estimates of the number of people who may become environmental migrants are, at best, guesswork since (a) migrations in areas
impacted by climate change are not one-way and permanent, but multi-directional and often temporary or episodic; (b) the
reasons for migration are often multiple and complex, and do not relate straightforwardly to climate variability and change; (c)
in many cases migration is a longstanding response to seasonal variability in environmental conditions, it also represents a
strategy to accumulate wealth or to seek a route out of poverty, a strategy with benefits for both the receiving and original
country or region; (d) there are few reliable censuses or surveys in many key parts of the world on which to base such estimates
(e.g., Africa); and (e) there is a lack of agreement on what an environmental migrant is anyway (Unruh et al., 2004; Eakin, 2006).

An argument can also be made that rising ethnic conflicts can be linked to competition over natural resources that are increasingly
scarce as a result of climate change, but many other intervening and contributing causes of inter- and intra-group conflict need to
be taken into account. For example, major environmentally-influenced conflicts in Africa have more to do with relative abundance
of resources, e.g., oil, diamonds, cobalt, and gold, than with scarcity (Fairhead, 2004). This suggests caution in the prediction of such
conflicts as a result of climate change.



Economic sectors, settlements and social groups can also be
affected by climate change response policies. For instance,
certain greenhouse-gas stabilisation strategies can affect
economies whose development paths are dependent on abundant
local fossil-fuel resources, including economic sectors involved
in mining and fuel supply as well as fuel use. In this sense,
relationships between climate-change impacts and sustainable
development (IPCC Working Group II) are linked with
discussions of climate-change mitigation approaches (IPCC
Working Group III).

In many cases, the importance of climate-change effects on
human systems seems to depend on the geographic (or sectoral)
scale of attention (Abler, 2003; Wilbanks, 2003a). At the scale
of a large nation or region, at least in most industrialised nations,
the economic value of sectors and locations with low levels of
vulnerability to climate change greatly exceeds the economic
value of sectors and locations with high levels of vulnerability,
and the capacity of a complex large economy to absorb climate-
related impacts is often considerable. In many cases, therefore,
estimates of aggregate damages of climate change (other than
major abrupt changes) are often rather small as a percentage of
economic production (e.g., Mendelsohn, 2001). On the other
hand, at a more detailed scale, from a small region to a small
country, many specific localities, sectors and societies can be
highly vulnerable, at least to possible low-probability/high-
consequence impacts; and potential impacts can amount to very
severe damages. It appears that large-regional or national
estimates of possible impacts may give a different picture of
vulnerabilities than an aggregation of vulnerabilities defined at
a small-regional or local scale.

7.4.2 Systems of interest

The specified systems of interest for Chapter 7 are industry,
services, utilities/infrastructure, human settlement and social
issues.

7.4.2.1 Industry
Industrial sectors are generally thought to be less vulnerable

to the impacts of climate change than other sectors, such as
agriculture and water services. This is in part because their
sensitivity to climatic variability and change is considered to be
comparatively lower and, in part, because industry is seen as
having a high capacity to adapt in response to changes in
climate. The major exceptions are industrial facilities located in
climate-sensitive areas (such as coasts and floodplains),
industrial sectors dependent on climate-sensitive inputs (such as
food processing) and industrial sectors with long-lived capital
assets (Ruth et al., 2004).

We define industry as including manufacturing, transport,
energy supply and demand, mining, construction and related
informal production activities. Other sectors sometimes included
in industrial classifications, such as wholesale and retail trade,
communications, and real estate and business activities, are
included in the categories of services and infrastructure (below).
Together, industry and economic services account for more than
95% of GDP in highly-developed economies and between 50
and 80% of GDP in less-developed economies (World Bank,

2006), and they are very often at the heart of the economic base
of a location for employment stability and growth.

Industrial activities are, however, vulnerable to direct impacts
such as temperature and precipitation changes. For instance,
weather-related road accidents translate into annual losses of at
least Canadian $1 billion annually in Canada, while more than
a quarter of air travel delays in the United States are weather-
related (Andrey and Mills, 2003). Buildings are also affected by
higher temperatures during hot spells (Livermore, 2005).
Moreover, facilities across a range of industrial sectors are often
located in areas vulnerable to extreme weather events (including
flooding, drought, high winds), as the Hurricane Katrina event
clearly demonstrated. Where extreme events threaten linkage
infrastructures such as bridges, roads, pipelines or transmission
networks, industry can experience substantial economic losses.
In other cases, climate change could lead to reductions in the
direct vulnerability of industry and infrastructures. For instance,
fewer freeze-thaw cycles in temperate regions would lead to less
deterioration of road and runway surfaces (Mills and Andrey,
2002). There exist relatively few quantified assessments of these
direct impacts, suggesting an important role for new research
(Eddowes et al., 2003).

Less direct impacts on industry can also be significant. For
instance, sectors dependent on climate-sensitive inputs for their
raw materials, such as the food processing and pulp and paper
sectors, are likely to experience changes in sources of major
inputs. In the longer term, as the impacts of climate change
become more pronounced, regional patterns of comparative
advantage of industries closely related to climate-sensitive
inputs could be affected, influencing regional shifts in
production (Easterling et al., 2004). Industrial producers will
also be influenced indirectly by regulatory and market changes
made in response to climate change. These may influence
locational and technology choices, as well affecting costs and
demand for goods and services. For instance, increased demand
for space cooling may be one result of higher peak summer
temperatures (Valor et al., 2001; Giannakopoulos and Psiloglou,
2006). A range of direct (awareness of changing weather-related
conditions) and indirect (changing policy, regulation and
behaviour) impacts on three different classes of industry is
identified in Table 7.2.

In developing countries, besides modern production activities
embedded in global supply chains, industry includes a greater
proportion of enterprises that are small-scale, traditional and
informally organised. Impacts of climate change on these
businesses are likely to depend on the determinants identified in
the TAR: location in vulnerable areas, dependence on inputs
sensitive to climate, and access to resources to support adaptive
actions. Many of these activities will be less concerned with
climate risks and will have a high capacity to adapt, while others
will become more vulnerable to direct and indirect impacts of
climate change.

An example of an industrial sector particularly sensitive to
climate change is energy (e.g., Hewer, 2006; Chapter 12, Section
12.4.8.1). Climate change is likely to affect both energy use and
energy production in many parts of the world. Some of the
possible impacts are rather obvious. Where the climate warms
due to climate change, less heating will be needed for industrial,
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commercial and residential buildings, and cooling demands will
increase (Cartalis et al., 2001), with changes varying by region
and by season. Net energy demand at a national scale, however,
will be influenced by the structure of energy supply. The main
source of energy for cooling is electricity, while coal, oil, gas,
biomass and electricity are used for space heating. Regions with
substantial requirements for both cooling and heating could find
that net annual electricity demands increase while demands for
other heating energy sources decline (Hadley et al., 2006).
Critical factors for the USA are the relative efficiency of space
cooling in summer compared to space heating in winter, and the
relative distribution of populations within the U.S. in colder
northern or warmer southern regions. Seasonal variation in total
demand is also important. In some cases, due to infrastructure
limitations, peak demand could go beyond the maximum
capacity of the transmission system.

Tol (2002a, b) estimated the effects of climate change on the
demand for global energy, extrapolating from a simple country-
specific (United Kingdom) model that relates the energy used
for heating or cooling to degree days, per capita income, and
energy efficiency. According to Tol, by 2100 benefits (reduced
heating) will be about 0.75% of gross domestic product (GDP)
and damages (increased cooling) will be approximately 0.45%,
although it is possible that migration from heating-intensive to
cooling-intensive regions could affect such comparisons in some
areas.

In addition to demand-side impacts, energy production is also
likely to be affected by climate change. Except for impacts of
extreme weather events, research evidence is more limited than
for energy consumption; but climate change could affect energy
production and supply (a) if extreme weather events become
more intense, (b) where regions dependent on water supplies for
hydropower and/or thermal powerplant cooling face reductions
in water supplies, (c) where changed conditions affect facility
siting decisions, and (d) where conditions change (positively or
negatively) for biomass, windpower or solar energy production.

For instance, the TAR (Chapter 7) concluded that hydropower
generation is likely to be impacted because it is sensitive to the
amount, timing and geographical pattern of precipitation as well
as temperature (rain or snow, timing of melting). Reduced
stream flows are expected to jeopardise hydropower production

in some areas, whereas greater stream flows, depending on their
timing, might be beneficial (Casola et al., 2005; Voisin et al.,
2006). According to Breslow and Sailor (2002), climate
variability and long term climate change should be considered in
siting wind power facilities (also see Hewer, 2006). Extreme
weather events could threaten coastal energy infrastructures
(e.g., Box 7.4) and electricity transmission and distribution
infrastructures. Moreover, soil subsidence caused by the melting
of permafrost is a risk to gas and oil pipelines, electrical
transmission towers, nuclear-power plants and natural gas
processing plants in the Arctic region (Nelson et al., 2001).
Structural failures in transportation and industrial infrastructure
are becoming more common as a result of permafrost melting in
northern Russia, the effects being more serious in the
discontinuous permafrost zone (ACIA, 2004).

Policies for reducing greenhouse gas (GHG) emissions are
expected to affect the energy sector in many countries. For
instance, Kainuma et al. (2004) compared a global reference
scenario with six different GHG reduction scenarios. In the
reference scenario under which emissions continue to grow, the
use of coal increases from 18% in 2000 to 48% in 2100. In
aggressive mitigation scenarios, the world’s final energy demand
drops to nearly one-half of that in the reference scenario in 2100,
mainly associated with reducing coal use. Kuik (2003) has found
a trade-off between economic efficiency, energy security and
carbon dependency for the EU.

7.4.2.2 Services
Services include a wide variety of human needs, activities

and systems, related both to meeting consumer needs and to
employment in the service activities themselves. This section
includes brief discussions of possible climate-change effects on
trade, retail and commercial services, tourism and risk
financing/insurance as illustrations of the implications of climate
change – not implying that these sectors are the only ones that
could be affected, negatively or positively.

7.4.2.2.1 Trade
Possible impacts of climate change on inter-regional trade are

still rather speculative. Climate change could affect trade by
reshaping regional comparative advantage related to (a) general
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Sector Direct impacts Indirect impacts References

Built Environment:
Construction, civil engineering

Energy costs
External fabric of buildings
Structural integrity
Construction process
Service infrastructure

Climate-driven standards and
regulations

Changing consumer awareness
and preferences

Consodine, 2000; Graves and
Phillipson, 2000; Sanders and
Phillipson, 2003; Spence et al.,
2004; Brewer, 2005; Kirshen et
al., 2006

Infrastructure Industries:
Energy, water,
telecommunications, transport
(see Section 7.4.2.3)

Structural integrity of infrastructures
Operations and capacity
Control systems

Changing average and peak
demand

Rising standards of service

Eddowes et al., 2003; UK Water
Industry Research, 2004; Fowler
et al, 2005

Natural Resource Intensive
Industries:
Pulp and paper, food processing,
etc.

Risks to and higher costs of input
resources

Changing regional pattern of production

Supply chain shifts and
disruption

Changing lifestyles influencing
demand

Anon, 2004; Broadmeadow et
al., 2005

Table 7.2. Direct and indirect climate change impacts on industry.



climate-related influences (Figure 7.2), such as on agricultural
production, (b) exposure to extreme events combined with a lack
of capacity to cope with them, and/or (c) effects of climate-
change mitigation policies that might create markets for
emission-reduction alternatives. In an era of increased
globalisation, small changes in price structures (including
transportation costs) could have amplified effects on regional
economies and employment. Beyond actual climate-change
impacts, a perception of future impacts or regulatory initiatives
could also affect investment and trade.

Climate change may also disrupt transport activities that are
important to national supplies (and travellers) as well as
international trade. For instance, extreme events may
temporarily close ports or transport routes and damage
infrastructure critical to trade. Increases in the frequency or
magnitude of extreme weather events could amplify the costs to
transport companies and state authorities from closed roads, train
delays and cancellations, and other interruptions of activities
(O’Brien et al., 2004). It appears that there could be linkages
between climate-change scenarios and international trade
scenarios, such as a number of regional and sub-regional free
trade agreements, although research on this topic is lacking.

7.4.2.2.2 Retail and commercial services
Retail and other commercial services have often been

neglected in climate-change impact studies. Climate change has
the potential to affect every link in the supply chain, including
the efficiency of the distribution network, the health and comfort
of the workforce (Chapter 8), and patterns of consumption.
Many of the services can be more difficult to move than
industrial facilities, because their locations are focused on where
the people are. In addition, climate-change policies could raise
industrial and transportation costs, alter world trade patterns, and
necessitate changes in infrastructure and design technology. As
one example, distribution networks for commercial activities
would be affected in a variety of ways by changing winter road
conditions (e.g., ACIA, 2004) and negatively affected by an
increase in hazardous weather events. Strong winds can
unbalance high-sided vehicles on roads and bridges, and may
delay the passage of goods by sea. Transportation routes in

permafrost zones may be negatively affected by higher
temperatures which would shorten the winter-road season
(Instanes et al., 2005). Coastal infrastructure and distribution
facilities are vulnerable to inundation and flood damage. In
contrast, transportation of bulk freight by inland waterways,
such as the Rhine, can be disrupted during droughts (Parry,
2000). Further, climate variation creates short-term shifts in
patterns of consumption within specific retail markets, such as
the clothing and footwear market (Agnew and Palutikof, 1999).
However, most impacts entail transfers within the economy
(Subak et al., 2000) and are transitory.

Perishable commodities are one of the most climate-sensitive
retail markets (Lin and Chen, 2003). It is possible that climate
change will alter the sourcing and processing of agricultural
produce; and climate-change policies (e.g., a carbon tax or an
emissions offset payment) may further alter the geographical
distribution of raw materials and product markets.

7.4.2.2.3 Tourism
A substantial research literature has assessed the consequences

of climate change for international tourist flows (e.g., Agnew and
Viner, 2001; Hamilton et al., 2005), for the tourist industries of
nations (Becken, 2005; Ceron and Dubois, 2005), destinations
(Belle and Bramwell, 2005), attractions, such as national parks
(Jones and Scott, 2007; Chapter 14, Section 14.4.7), and tourism
activities (Perry, 2004; Jones et al., 2006) or sectors of tourism
such as ski-tourism (e.g., Elsasser and Burki, 2002; Fukushima
et al., 2003; Hamilton et al., 2003).

Likely effects of climate change on tourism vary widely
according to location, including both direct and indirect effects.
Regarding direct effects, climate change in temperate and high
latitude countries seems to mean a poleward shift in conditions
favourable to many forms of tourism (Chapter 15). This might,
for instance, lead to more domestic tourism in north-west Europe
(Chapter 12, Section 12.4.9; Agnew and Viner, 2001; Maddison,
2001) and in the middle latitudes of North America (Chapter 14,
Section 14.4.7). If winters turn out to be milder but wet and
windy, however, the gains to be expected are less obvious (Ceron,
2000). Areas dependent on the availability of snow are among
those most vulnerable to global warming (Chapter 11, Sections
11.4.9; Chapter 12, Section 12.4.9; Chapter 14, Section 14.4.7).
In summer, destinations already hot could become uncomfortable
(Chapter 12, Section 12.5.9). Tropical destinations might not
suffer as much from an increase in temperatures, since tourists
might expect warm climates as long as indoor comfort is assured
– with implications for greenhouse gas emissions (Gössling and
Hall, 2005). For low-lying islands, sea-level rise and increasingly
frequent and intense weather extremes might become of great
importance in the future (Chapter 16, Section 16.4.2). Extreme
climate events, such as tropical storms, could have substantial
effects on tourist infrastructure and the economies of small-island
states (London, 2004).

Indirect effects include changes in the availability of water
and costs of space cooling, but at least as significant could be
changes in the landscape of areas of tourist interest, which could
be positive or negative (Braun et al.,1999; Uyarra et al., 2005;
Chapter 14, Section 14.4.7). Warmer climates open up the
possibility of extending exotic environments (such as palm trees
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Figure 7.2. General effects of climate change on international trade:
greater net benefits from climate change are likely to show trade
benefits, along with environmental in-migration.



in western Europe), which could be considered by some tourists
as positive but could lead to a spatial extension and amplification
of water- and vector-borne diseases. Droughts and the extension
of arid environments (and the effects of extreme weather events)
might discourage tourists, although it is not entirely clear what
they consider to be unacceptable. In tropical environments,
destruction due to extreme weather events (buildings, coral
reefs, trees and plants) is a concern, but vegetation and landscape
tend to recover relatively quickly with the notable exception of
eroded beaches and damaged coral reefs. One indirect factor of
considerable importance is energy prices, which affect both the
cost of providing comfort in tourist areas and the cost of
travelling to them (Becken et al., 2001). This effect can be
especially significant for smaller, tourist-oriented countries,
often in the developing world; for instance, receipts from
international tourism account for 39% of GDP in the Bahamas,
but only 2.4% for France (World Tourism Organization, 2003).

The environmental context in which tourism will operate in
the future involves considerable uncertainties. The range of
possible scenarios is great, and there have been some attempts
to link the future of tourist activities to SRES scenarios (Chapter
14, Section 14.4.7; Chapter 11, Section 11.4.9) . In these
scenarios, tourist reactions to climate change are assumed to be
constant, notwithstanding the fact that these responses are
currently not satisfactorily understood.

7.4.2.2.4 Insurance
Insurance is a major service sector with the potential to be

directly affected by any increase in damages associated with
climate change, such as more intense and/or frequent extreme
weather events (see Box 7.3). While a number of lines of
insurance have some potential to be affected by catastrophe
losses, the principal impacts are expected to be on property lines.

As the actuarial analysis of recent loss experience is typically
an inadequate guide to catastrophe risk, since the 1990s
probabilistic ‘catastrophe’ modelling software has become
employed by insurers for pricing and managing portfolios of
property catastrophe risk (Grossi and Kunreuther, 2005). At the
start of 2006, the five-year forward-looking activity rate
employed in the most widely used Hurricane Catastrophe Model
was increased relative to mean historical rates with an
acknowledgement that some contribution to this increase is
likely to reflect climate change (Muir Wood et al., 2006).

Within the risk market, reinsurers tend to be more pessimistic
about catastrophe risk-costs than the insurers who are ceding the
risk, and this perspective has been highlighted by statements
from reinsurers going back more than a decade warning of the
potential impacts of climate change (Swiss Re, 2004; Munich
Re, 2005). However, in 2006, insurers also began to
communicate directly with their policyholders regarding the
rising costs of claims attributed to climate change (Allianz and
World Wildlife Fund, 2006; Crichton, 2006).

The specific insurance risk coverages currently available
within a country will have been shaped by the impact of past
catastrophes. Because of the high concentration of losses where,
over the past 50-60 years, there have been catastrophic floods,
private sector flood insurance is generally restricted (or even
unavailable), so that in many developed countries governments

have put in place alternative state-backed flood insurance
schemes (Swiss Re, 1998).

In both developed and developing countries, property insurance
coverage will expand with economic growth. If overall risk
increases under climate change, the insurance industry can be
expected to grow in the volume of premium collected, claims paid
and, potentially, income (where insurers overcome consumer and
regulatory pressures to restrict increases in insurance rates, and
where catastrophe loss cost increases are appropriately anticipated
and modelled). However, market dislocations are also likely, as
in 2006 when, unable for regulatory reasons to pass on higher
technical hurricane risk costs, U.S. insurers declined to cover
homeowners and businesses at the highest-risk coastal locations,
thereby undermining the real estate market and forcing
government intervention in structuring some alternative insurance
provision (Freer, 2006).

After a decade of rising losses (from both natural and man-
made catastrophes), insurance is generally becoming more
restrictive in what is covered. Insurance rates in many areas rose
after 2001 so that, while the 2004 year was the worst (up to that
time) for U.S. catastrophe losses, it was also the most profitable
year ever for U.S. insurers (Dyson, 2005). However, the years
2001 to 2005 were not so profitable for reinsurers, although
increases in prices saw significant new capital entering the
market in 2002 and 2005, while 2006 appeared a benign year
for losses.

Where increased risk costs lead insurers to reduce the
availability of insurance, there will be impacts on local and
regional economies, including housing and industrial activity,
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Box 7.3. The impact of recent hurricane losses

The US$15.5 billion insurance loss of Hurricane Andrew in
1992 (US$45 billion adjusted to 2005 values and exposures)
remains an exemplar of the consequences on the insurance
industry of a catastrophe more severe than had been
anticipated, leading to the insolvency of 12 insurance
companies and significant market disruption. However, after
major adjustments, including the widespread use of
catastrophe models, the private insurance market re-
expanded its role, so that in the four hurricanes of 2004 (with
a total market loss of around US$29 billion from the U.S.,
Caribbean and Gulf Energy sectors) only one small U.S.
insurance company failed, and there was little impact on
reinsurance rates, largely because state-backed insurance
and reinsurance mechanisms in Florida absorbed a significant
proportion of the loss. However, a far greater proportion of the
US$60 billion of insured losses from the 2005 hurricanes in
Mexico, the energy sector in the Gulf of Mexico and the USA
fell onto the international reinsurance market, leading to at
least two situations where medium-sized reinsurers could not
remain independently viable. Following more than 250,000
flood claims in 2005 related to Hurricanes Katrina, Rita and
Wilma, the U.S. federal National Flood Insurance Program
would have gone bankrupt without being given the ability to
borrow an additional US$20.8 billion from the U.S. Treasury.



unless government expands its risk protection roles. In particular
in developed countries, governments are also likely to be the
principal funders of risk mitigation measures (e.g., flood
defences) that can help ensure that properties remain insurable.
In the developing world, the role of insurers and governments in
offering risk protection is generally limited (Mills, 2004).

The use of insurance is far lower in developing and newly-
developed countries (Enz, 2000), as insurance reflects wealth
protection that typically lags a generation behind wealth
generation. As highlighted by events such as 2005 Hurricane
Stan in Mexico and Guatemala, individuals bear the majority of
the risk and manage it through the solidarity of family and other
networks, if at all. However, once development is underway,
insurance typically expands faster than the growth in GDP. With
this in mind there has been a focus on promoting ‘micro-
insurance’ to reduce people’s financial vulnerability when linked
with the broader agenda of risk reduction (ProVention
Consortium, 2004; Abels and Bullen, 2005), sometimes with the
first instalment of the premium paid by the non-governmental
organisation (NGO), e.g., in an insurance scheme against
cyclones offered in eastern Andhra Pradesh and Orissa.

For the finance sector, climate change-related risks are
increasingly considered for specific ‘susceptible’ sectors such
as hydroelectric projects, irrigation and agriculture, and tourism
(UNEP, 2002). In high carbon-emitting sectors, such as power
generation and petrochemicals, future company valuations could
also become affected by threatened litigation around climate-
change impacts (Kiernan, 2005). Some specialised investment
entities, and in particular hedge funds, take positions around
climate related risks, via investments in reinsurance and
insurance companies, resource prices such as oil and gas with
the potential to be affected by Gulf hurricanes, and through
participation in alternative risk transfer products, e.g., insurance-
linked securities such as catastrophe bonds and weather
derivatives (see Jewson et al., 2005).

7.4.2.3 Utilities/infrastructure
Infrastructures are systems designed to meet relatively

general human needs, often through largely or entirely public
utility-type institutions. Infrastructures for industry, settlements
and society include both ‘physical’ (such as water, sanitation,
energy, transportation and communication systems) and
‘institutional’ (such as shelter, health care, food supply, security,
and fire services and other forms of emergency protection). In
many instances, such ‘physical’ and ‘institutional’ infrastructures
are linked. For example, in New York City adaptations of the
physical water supply systems to possible water supply
variability are dependent on changes within the institutions that
manage them; conversely, institutions such as health care are
dependent to some degree on adjustments in physical
infrastructures to maintain effective service delivery
(Rosenzweig and Solecki, 2001a).

These infrastructures are vulnerable to climate change in
different ways and to different degrees, depending on their state
of development, their resilience and their adaptability. In
general, floods induce more physical damage, while drought and
heatwaves tend to have impacts on infrastructure systems that
are more indirect.

Often, the institutional infrastructure is less vulnerable as it
embodies less fixed investment and is more readily adapted
within the time-scale of climate change. Moreover, the effect of
climate change on institutional infrastructure can be small or
even result in an improvement in its resilience; for example, it
could help to trigger an adaptive response (e.g., Bigio, 2003).

There are many points at which impacts on the different
infrastructure sectors interact. For instance, failure of flood
defences can interrupt power supplies, which in turn puts water
and wastewater pumping stations out of action. On the other
hand, this means that measures to protect one sector can also
help to safeguard the others.

7.4.2.3.1Water supplies
Climate change, in terms of change in the means or

variability, could affect water supply systems in a number of
ways. It could affect water demand. Increased temperatures and
changes in precipitation can contribute to increases in water
demand, for drinking, for cooling systems and for garden
watering (Kirshen, 2002). If climate change contributes to the
failure of small local water sources, such as hand-dug wells, or
to inward migration, this may also cause increased demand on
regional water supplies. It could also affect water availability.
Changes in precipitation patterns may lead to reductions in river
flows, falling groundwater tables and, in coastal areas, to saline
intrusion in rivers and groundwater, and the loss of meltwater
will reduce river flows at key times of year in parts of Asia and
Latin America (Chapter 3, Section 3.4.3). Furthermore, climate
change could damage the system itself, including erosion of
pipelines by unusually heavy rainfall.

Water supplies have a life of many years and so are designed
with spare capacity to respond to future growth in demand.
Allowance is also made for anticipated variations in demand with
the seasons and with the time of day. From the point of view of the
impacts of climate change, therefore, most water supply systems
are quite able to cope with the relatively small changes in mean
temperature and precipitation which are anticipated for many
decades, except at the margin where a change in the mean requires
a significant change in the design or technology of the water
supply system, e.g., where reduced precipitation makes additional
reservoirs necessary (Harman et al., 2005) or leads to saline
intrusion into the lower reaches of a river. An example is in
southern Africa (Ruosteenoja et al., 2003), where the city of Beira
in Mozambique is already extending its 50 km pumping main a
further 5 km inland to be certain of freshwater.

More dramatic impacts on water supplies are liable to be felt
under extremes of weather that could arise as a result of climate
change, particularly drought and flooding. Even where water-
resource constraints, rather than system capacity, affect
water-supply functioning during droughts, this often results from
how the resource is allocated rather than absolute insufficiency.
Domestic water consumption, which represents only 2% of
global abstraction (Shiklomanov, 2000), is dwarfed by the far
greater quantities required for agriculture. Water supply systems,
such as those for large coastal cities, are often downstream of
other major users and so are the first to suffer when rivers dry
up. Under Integrated Water Resource Management, such urban
areas would receive priority in allocation, because the value of
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municipal water use is so much greater than agricultural water
use, and therefore they can afford to pay a premium price for the
water (Dinar et al., 1997).

In many countries, additional investment is likely to be needed
to counter increasing water resource constraints due to climate
change. For example, Severn-Trent, one of the nine English water
companies, has estimated that its output is likely to fall by 180
Megalitres/day (roughly 9% of the total) by 2030 due to climate
change, making a new reservoir necessary to maintain the supply
to Birmingham (Environment Agency, 2004). However, such
changes will only become a major problem where they are rapid
compared to the normal rate of water supply expansion, and where
systems have insufficient spare capacity, as in many developing
countries.

During the last century, mean precipitation in all four seasons of
the year has tended to decrease in all the main arid and semi-arid
regions of the world, e.g., northern Chile and the Brazilian North-
East, West Africa and Ethiopia, the drier parts of Southern Africa
and Western China (Folland et al., 2001). If these trends continue,
water resource limitations will become more severe in precisely
those parts of the world where they are already most likely to be
critical (Rhode, 1999).

Flooding by rivers and tidal surges can do lasting damage to
water supplies. Water supply abstraction and treatment works are
sited beside rivers, because it is not technically advisable to pump
raw water for long distances. They are therefore often the first
items of infrastructure to be affected by floods. While
sedimentation tanks and filter beds may be solid enough to suffer
only marginal damage, electrical switchgear and pump motors
require substantial repairs after floods, which cannot normally be
accomplished in less than two weeks. In severe riverine floods with
high flow velocities, pipelines may also be damaged, requiring
more extensive repair work.

7.4.2.3.2 Sanitation and urban drainage
Some of the considerations applying to water supply also apply

to sewered sanitation and drainage systems, but in general the
effect of climate change on sanitation is likely to be less than on
water supply. When water supplies cease to function, sewered
sanitation also becomes unusable. Sewer outfalls are usually into
rivers or the sea, and so they and any sewage treatment works are
exposed to damage during floods (PAHO, 1998). In developing
countries, sewage treatment works are usually absent
(WHO/Unicef, 2000) or involve stabilisation ponds, which are
relatively robust. Sea-level rise will affect the functioning of sea
outfalls, but the rise is slow enough for the outfalls to be adapted
to the changed conditions at modest expense, by pumping if
necessary. Storm drainage systems are also unlikely to suffer
serious storm damage, but they will be overloaded more often if
heavy storms become more frequent, causing local flooding. The
main impact of climate change on on-site sanitation systems such
as pit latrines is likely to be through flood damage. However, they
are more properly considered as part of the housing stock rather
than items of community infrastructure. The main significance of
sanitation here is that sanitation infrastructures (or the lack of
them) are the main determinant of the contamination of urban
flood water with faecal material, presenting a substantial threat of
enteric disease (Ahern et al., 2005).

7.4.2.3.3 Transport, power and communications infrastructures
A general increase in temperature and a higher frequency of

hot summers are likely to result in an increase in buckled rails
and rutted roads, which involve substantial disruption and repair
costs (London Climate Change Partnership, 2004). In temperate
zones, less salting and gritting will be required, and railway
points will freeze less often. Most adaptations to these changes
can be made gradually in the course of routine maintenance, for
instance by the use of more heat-resistant grades of road metal
when resurfacing. Transport infrastructure is more vulnerable to
effects of extreme local climatic events than to changes in the
mean. For instance, 14% of the annual repair and maintenance
budget of the newly-built 760 km Konkan Railway in India is
spent repairing damage to track, bridges and cuttings due to
extreme weather events such as rain-induced landslides. This
amounts to more than Rs. 40 million, or roughly US$1 million
annually. In spite of preventive targeting of vulnerable stretches
of the line, operations must be suspended for an average of seven
days each rainy season because of such damage (Shukla et al.,
2005). Parry (2000) provides an assessment of the impact of
severe local storms on road transportation, much of which also
applies to rail.

Of all the possible impacts on transportation, the greatest in
terms of cost is that of flooding. The cost of delays and lost trips
would be relatively small compared with damage to the
infrastructure and to other property (Kirshen et al., 2006). In the
last ten years, there have been four cases when flooding of urban
underground rail systems have caused damage worth more than
€10 m (US$13m) and numerous cases of lesser damage
(Compton et al., 2002)

Infrastructure for power transmission and communications is
subject to much the same considerations. It is vulnerable to high
winds and ice storms when in the form of suspended overhead
cables and cell phone transmission masts, but is reasonably
resilient when buried underground, although burial is
significantly more expensive. In developing countries, a
common cause of death associated with extreme weather events
in urban areas is electrocution by fallen power cables (Few et
al., 2004). Such infrastructure can usually be repaired at a
fraction of the cost of repairing roads, bridges and railway lines,
and in much less time, but its disruption can seriously hinder the
emergency response to an extreme event.

7.4.2.4 Human settlement
Climate change is almost certain to affect human settlements,

large and small, in a variety of significant ways. Settlements are
important because they are where most of the world’s population
live, often in concentrations that imply vulnerabilities to
location-specific events and processes and, like industry and
certain other sectors of concern, they are distinctive in the
presence of physical capital (buildings, infrastructures) that may
be slow to change.

Beyond the general perspectives of TAR (see Section 7.1.4),
a growing number of case studies of larger settlements indicate
that climate change is likely to increase heat stress in summers
while reducing cold-weather stresses in winter. It is likely to
change precipitation patterns and water availability, to lead to
rising sea levels in coastal locations, and to increase risks of

Chapter 7 Industry, settlement and society

371



extreme weather events, such as severe storms and flooding,
although some kinds of extreme events could decrease, such as
blizzards and ice storms (see city references below; Klein et al.,
2003; London Climate Change Partnership, 2004; Sherbinin et
al., 2006).

Extreme weather events associated with climate change pose
particular challenges to human settlements, because assets and
populations in both developed and developing countries are
increasingly located in coastal areas, slopes, ravines and other
risk-prone regions (Freeman and Warner, 2001; Bigio, 2003;
UN-Habitat, 2003). The population in the near-coastal zone (i.e.,
within 100 m elevation and 100 km distance of the coast) has
been calculated at between 600 million and 1.2 billion; 10% to
23% of the world’s population (Adger et al., 2005b;
McGranahan et al., 2006). Globally, coastal populations are
expected to increase rapidly, while coastal settlements are at
increased risk of climate change-influenced sea-level rise
(Chapter 6). Informal settlements within urban areas of
developing-country cities are especially vulnerable, as they tend
to be built on hazardous sites and to be susceptible to floods,
landslides and other climate-related disasters (Cross, 2001; UN-
Habitat, 2003).

Several recent assessments have considered vulnerabilities of
rapidly growing and/or large urban areas to climate change.
Examples include cities in the developed and developing world
such as Hamilton City, New Zealand (Jollands et al., 2005),
London (London Climate Change Partnership, 2004; Holman et
al., 2005), New York (Rosenzweig and Solecki, 2001a, b),
Boston (Kirshen et al., 2007), Mumbai, Rio de Janeiro, Shanghai
(Sherbinin et al., 2006), Krakow (Twardosz, 1996), Caracas
(Sanderson, 2000), Cochin (ORNL/CUSAT, 2003), Greater
Santa Fe (Clichevsky, 2003), Mexico City, Sao Paolo, Manila,
Tokyo (Wisner, 2003), and Seattle (Office of Seattle Auditor,
2005).

Climate change is likely to interact with and possibly
exacerbate ongoing environmental change and environmental
pressures in settlements. In areas such as the Gulf Coast of the
United States, for example, land subsidence is expected to add
to apparent sea-level rise. For New York City, sea-level rise will
accelerate the inundation of coastal wetlands, threaten vital
infrastructure and water supplies, augment summertime energy
demand, and affect public health (Rosenzweig and Solecki,
2001a; Knowlton et al., 2004; Kinney et al., 2006). Significant
costs of coastal and riverine flooding are possible in the Boston
metropolitan area (Kirshen et al., 2006). Climate change, a city’s
building conditions, and poor sanitation and waste treatment
could coalesce to affect the local quality of life and economic
activity of such cities as Mumbai, Rio de Janeiro and Shanghai
(Sherbinin et al., 2006). In addition, for cities that play leading
roles in regional or global economies, such as New York, effects
could be felt at the national and international scales via
disruptions of business activities linked to other places (Solecki
and Rosenzweig, 2007).

Sea-level rise could raise a wide range of issues in coastal
areas. Studies in the New York City metropolitan area have
projected that climate-change impacts associated with
expectations that sea level will rise, could reduce the return
period of the flood associated with the 100-year storm to 19 to

68 years on average, by the 2050s, and to 4 to 60 years by the
2080s (Rosenzweig and Solecki, 2001a), jeopardising low-lying
buildings and transportation systems. Similar impacts are
expected in the eastern Caribbean, Mumbai, Rio de Janeiro and
Shanghai, where coastal infrastructure, population and economic
activities could be vulnerable to sea-level rise (Lewsey et al.,
2004; Sherbinin et al., 2006). Due to a long coastline and
extensive low-lying coastal areas, projected sea-level rise in
Estonia and the Baltic Sea region could endanger natural
ecosystems, cover beach areas high in recreational value, and
cause environmental contamination (Kont et al., 2003).

Another body of evidence suggests that human settlements,
coastal and otherwise, are affected by climate change-related
shifts in precipitation. Concerns include increased flooding
potential from more sizeable rain events (Shepherd et al., 2002).
Conversely, as suggested by the TAR, any change in climate that
reduces precipitation and impairs underground water resource
replenishment would be a very serious concern for some human
settlements, particularly in arid and semi-arid areas (Rhode,
1999), in settlements with human-induced water scarcity
(Romero Lankao, 2006), and in regions dependent on melted
snowpack and glaciers (Chapter 1, Box 1.1; Chapter 12, Section
12.4.3; Chapter 13, Section 13.6.2).

A wider range of health implications of climate change also
can affect settlements. For example, besides heat stress and
respiratory distress from air quality, changes in temperature,
precipitation and/or humidity affect environments for water- and
vector-borne diseases and create conditions for disease
outbreaks (see Chapters 4 and 8). Projections of climate-change
impacts in New York City show significant increases in
respiratory-related diseases and hospitalisation (Rosenzweig and
Solecki, 2001a).

With growing urbanisation and development of modern
industry, air quality and haze have become more salient issues in
urban areas. Many cities in the world, especially in developing
countries, are experiencing air pollution problems, such as
Buenos Aires, London, Chongqing, Lanzhou, Mexico City and
São Paulo. How climate change might interact with these
problems is not clear as a general rule, although temperature
increases would be expected to aggravate ozone pollution in
many cities (e.g., Molina and Molina, 2002; Kinney et al.,
2006). A study evaluating the effects of changing global climate
on regional ozone of 15 cities in the U.S. finds, for instance, that
average summertime daily maximum ozone concentrations
could increase by 2.7 parts per billion (ppb) for a 5-year span in
the 2020s and 4.2 ppb for a 5-year span in the 2050s. As a result,
more people (especially the elderly and young) might be forced
to restrict outdoor activities (NRDC, 2004).

Another issue is urban heat island (UHI) effects: higher
temperatures occur in urban areas than in outlying rural areas
because of diurnal cycles of absorption and later re-radiation of
solar energy and (to a much lesser extent) heat generation from
built/paved physical structures. The causes of UHI are complex,
as is the interaction between atmospheric processes at different
scales (Oke, 1982). UHI can affect the climatic comfort of the
urban population, potentially related to health, labour
productivity and leisure activities; there are also economic
effects, such as the additional cost of climate control within
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buildings, and environmental effects, such as the formation of
smog in cities and the degradation of green spaces. Even such
small coastal towns as Aveiro in Portugal have been shown to
create a heat island (Pinho and Orgaz, 2000). Rosenzweig et al.
(2005) found that climate change based on downscaled general
circulation model (GCM) projections would exacerbate the New
York City UHI by increasing baseline temperatures and reducing
local wind speeds.

In sum, settlements are vulnerable to impacts that can be
exacerbated by direct climate changes (e.g., severe storms and
associated coastal and riverine flooding, especially when
combined with sea-level rise, snow storms and freezes, and fire).
Yet climate change is not the only stress on human settlements,
but rather it coalesces with other stresses, such as scarcity of
water or governance structures that are inadequate even in the
absence of climate change (Feng et al., 2006; Sherbinin et al.,
2006; Solecki and Rosenzweig, 2007). Such phenomena as
unmet resource requirements, congestion, poverty, political and
economic inequity, and insecurity can be serious enough in some
settlements (UN-Habitat, 2003) that any significant additional
stress could be the trigger for serious disruptive events and
impacts. Other stresses may include institutional and
jurisdictional fragmentation, limited revenue streams for public-
sector roles, and inflexible patterns of land use (UNISDR, 2004).
These types of stress do not take the same form in every city and
community, nor are they equally severe everywhere. Many of
the places where people live across the world are under pressure
from some combination of continuing growth, pervasive
inequity, jurisdictional fragmentation, fiscal strains and aging
infrastructure (UN-Habitat, 2003).

7.4.2.5 Social issues
Social system vulnerabilities to impacts of climate variability

and change are often related to geographical location. For
instance, indigenous societies in polar regions and settlements
close to glaciers in Latin America and in Europe are already
experiencing threats to their traditional livelihoods (Chapter 12,
Section 12.4.3; Chapter 13, Section 13.6.2). Low-lying island
nations are also threatened (Chapter 16). Rising temperatures in
mountain areas, and in temperate zones needing space-heating
during the winter may result in energy cost savings for their
populations (Section 7.4.2.1). On the other hand, areas relying
on electric fans or air-conditioning may see increased pressures
on household budgets as average temperatures rise.

It is increasingly recognised that social impacts associated
with climate change will be mainly determined by how the
changes interact with economic, social and institutional
processes to exacerbate or ameliorate stresses associated with
human and ecological systems (Turner et al., 2003b; Adger et
al., 2005b; NRC, 2006). As studies undertaken in Latin America,
Asia, Africa and the Arctic show, climate change is not the only
stress on rural and urban livelihoods. The livelihoods of the Inuit
in the Arctic are threatened by multiple stresses (e.g., loss of
traditional food sources, growing dependence upon distant fish
markets and externally driven values and attitudes). These
processes could overtax their adaptive capacity, reduce the role
of kinship and family as the centre of social organisation around
fishing, and lead to divisions within and between fisher and

hunter organisations (Turner et al., 2003b; ACIA, 2004). Rural
communities do struggle daily with scarce resources, with
insufficient access to commercial markets for their products, and
with development policies and other institutional barriers, which
frequently limit their ability to cope with extreme climate events
(O’Brien et al., 2004; Eakin, 2006). Similarly, in urban
settlements, climate change could coalesce with other processes
and factors, such as land subsidence due to groundwater
withdrawal, the poor condition of many buildings and
infrastructures, weak governance structures, and modest income
levels, to impact on peoples’ livelihoods (Wood and Salway,
2000; Bull-Kamanga et al., 2003; Sherbinin et al., 2006).

The vulnerability of human societies to climate change could
vary with economic, social and institutional conditions:
particularly socio-economic diversity within urban and rural
settlements and their productive sectors, linkage systems and
infrastructure (Eakin, 2006; O’Brien et al., 2006). In already-
warm areas exposed to further warming, for instance,
less-advantaged populations are less likely to have access to air-
conditioning in homes and workplaces. Urban neighbourhoods
that are well served by health facilities and public utilities, or
have additional economic and technical resources, are better
equipped to deal with weather extremes than poor and informal
settlement areas, and their actions can affect the poor as well
(Sherbinin et al., 2006). Relatively-wealthy market-oriented
farmers can afford more expensive deep-well pumps. In coastal
settlements, large-scale fishing entrepreneurs can afford to
relocate or diversify. By contrast, poverty and marginalisation
raise serious issues for impacts and responses, including the
following:

a. The poor, who make up half of the world’s population and
earn less than US$2 a day (UN-Habitat, 2003), cannot afford
adaptation mechanisms such as air-conditioning, heating or
climate-risk insurance (which is unavailable or significantly
restricted in most developing countries). The poor depend
on water, energy, transportation and other public
infrastructures which, when affected by climate-related
disasters, are not immediately replaced (Freeman and
Warner, 2001). Instead, they base their responses on
diversification of their livelihoods or on remittances and
other social assets (Klinenberg, 2002; Wolmer and Scoones,
2003; Eakin 2006). In many countries, recent reductions in
services and support from central governments have
decreased the resources available to provide adequate
preparedness and protection (UN-Habitat, 2003; Eakin and
Lemos, 2006). This does not necessarily mean that “the poor
are lost”; they have other coping mechanisms (see Section
7.6), but climate change might go beyond what traditional
coping mechanisms can handle (Wolmer and Scoones,
2003).

b.Especially in developing countries, where more than 90% of
the deaths related to natural disasters occur (UNISDR, 2004)
and 43% of the urban slums are located (UN-Habitat, 2003),
the poor tend to live in informal settlements, with irregular
land tenure and self-built substandard houses, lacking
adequate water, drainage and other public services and often
situated in risk-prone areas (Romero Lankao et al., 2005).
Events such as the December 1999 flash floods and
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landslides in Caracas, killing nearly 30,000, and the 2001
severe flooding in Cape Town, damaging 15,641 informal
dwellings, show us that the poor in these countries are the
most likely to be killed or harmed by extreme weather-
related events (Sherbinin et al., 2006). During 1985 and 1999
the world’s wealthiest nations suffered 57.3% of the
measured economic losses due to disasters, about 2.5% of
their GDP. The world’s poorest countries suffered 24.4% of
the economic toll of disasters, but this represented 13.4% of
their combined GDP (ADRC et al., 2005).

c. Impacts of climate change are likely to be felt most acutely
not only by the poor, but also by certain segments of the
population, such as the elderly, the very young, the
powerless, indigenous people, and recent immigrants,
particularly if they are linguistically isolated, i.e., those most
dependent on public support. Impacts will also differ
according to gender (Cannon, 2002; Klinenberg, 2002; Box
7.4). This happens particularly in developing countries,
where gendered cultural expectations, such as women
undertaking multiple tasks at home, persist (Wood and
Salway, 2000), and the ratios of women affected or killed by
climate-related disasters to the total population are already
higher than in developed nations (ADRC et al., 2005).

Government/institutional capacities and resources could also be
affected by climate change. Examples from Mexico City, Tokyo,
Los Angeles and Manila include requirements for public health
care, disaster risk reduction, land-use management, social
services to the elderly, public transportation, and even public
security, where climate-related stresses are associated with
uncoordinated planning, legal barriers, staffing shortages and
other institutional constrains (Wisner, 2003; UNISDR, 2004).
Where budgets of local or regional governments are affected by
increased demands, such effects can lead to calls for either
increases in revenue bases or reductions in other government
expenditures, which implies a vulnerability of governance
systems to climate change (Freeman and Warner, 2001). The
disruption of social networks and solidarity by extreme weather
events and repeated lower impact events can reduce resilience
(Thomas and Twyman, 2005). As sources of stress multiply and
magnify in consequence of global climate change, the resilience
of already overextended economic, political and administrative
institutions will tend to decrease, especially in the most
impoverished regions. As Hurricane Katrina has shown, it is
likely that if things go wrong people will blame “the
Government” (Sherbinin et al., 2006). To avoid such outcomes,
governance systems are likely to react to perceptions of growing
stresses through regulation and strengthening of emergency
management systems (Christie and Hanlon, 2001).

7.4.3 Key vulnerabilities

As a general statement about a wide diversity of
circumstances, the major climate-change vulnerabilities of
industries, settlements and societies are:

1.vulnerabilities to extreme weather and climate events,
particularly if abrupt major climate change should occur,
along with possible thresholds associated with more gradual
changes;

2.vulnerabilities to climate change as one aspect of a larger
multi-stress context: relationships between climate change
and thresholds of stress in other regards;

3.vulnerabilities of particular geographical areas such as
coastal and riverine areas vulnerable to flooding and
continental locations where changes have particular impacts
on human livelihoods; most vulnerable are likely to be
populations in areas where subsistence is at the margin of
viability or near boundaries between major ecological zones,
such as tundra thawing in polar regions and shifts in
ecosystem boundaries along the margins of the Sahel that
may undergo significant shifts in climate;

4.vulnerabilities of particular populations with limited
resources for coping with and adapting to climate-change
impacts;

5.vulnerabilities of particular economic sectors sensitive to
climate conditions, such as tourism, risk financing and agro-
industry.

All of these concerns can be linked both with direct effects and
indirect effects through inter-connections and linkages, both
between systems (such as flooding and health) and between
locations.

Most key vulnerabilities are related to (a) climate phenomena
that exceed thresholds for adaptation, i.e., extreme weather
events and/or abrupt climate change, often related to the
magnitude and rate of climate change (see Box 7.4), and (b)
limited access to resources (financial, technical, human,
institutional) to cope, rooted in issues of development context.
Most key vulnerabilities are relatively localised, in terms of
geographic location, sectoral focus and segments of the
population affected, although the literature to support such
detailed findings about potential impacts is very limited. Based
on the information summarised in the sections above (Table 7.3),
key vulnerabilities of industry, settlement and society include
the following, each characterised by a level of confidence.

• Interactions between climate change and urbanisation: most
notably in developing countries, where urbanisation is often
focused in vulnerable areas (e.g., coastal), especially when
mega-cities and rapidly growing mid-sized cities approach
possible thresholds of sustainability (very high confidence).

• Interactions between climate change and global economic
growth: relevant stresses are linked not only to impacts of
climate change on such things as resource supply and waste
management but also to impacts of climate change response
policies, which could affect development paths by requiring
higher cost fuel choices (high confidence).

• Increasingly strong and complex global linkages: climate-
change effects cascade through expanding series of
international trade, migration and communication patterns to
produce a variety of indirect effects, some of which may be
unanticipated, especially if the globalised economy becomes
less resilient and more interdependent (very high confidence).

• Fixed physical infrastructures that are important in meeting
human needs: infrastructures susceptible to damage from
extreme weather events or sea-level rise and/or
infrastructures already close to being inadequate, where an
additional source of stress could push the system over a
threshold of failure (high confidence).
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• Interactions with governmental and social/cultural structures
that are already stressed in some places by other kinds of
change: examples include population pressure and limited
economic resources, where in some cases structures could
become no longer viable when climate change is added as a
further stress (medium confidence).

In all of these cases, the valuation of vulnerabilities depends
considerably on the development context. For instance,
vulnerabilities in more developed areas are often focused on
physical assets and infrastructures and their economic value and
replacement costs, along with linkages to global markets, while
vulnerabilities in less developed areas are often focused on
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Climate Driven
Phenomena

Evidence for Current Impact/
Vulnerability

Other Processes/
Stresses

Projected Future Impact/
Vulnerability

Zones, Groups Affected

a) Changes in extremes

Tropical
cyclones, storm
surge

Flood and wind casualties and
damages; economic losses:
transport, tourism,
infrastructure (e.g., energy,
transport), insurance (7.4.2;
7.4.3; Box 7.3; 7.5)

Land use/ population
density in flood-prone
areas; flood defences;
institutional capacities

Increased vulnerability in storm-
prone coastal areas; possible
effects on settlements, health,
tourism, economic and
transportation systems, buildings
and infrastructures

Coastal areas, settlements
and activities; regions and
populations with limited
capacities and resources;
fixed infrastructures;
insurance sector

Extreme rainfall,
riverine floods

Erosion/landslides; land
flooding; settlements;
transportation systems;
infrastructure (7.4.2)
(see regional Chapters)

As for tropical cyclones
and storm surge, plus
drainage infrastructure

As for tropical cyclones and storm
surge, plus drainage infrastructure

As for tropical cyclones and
storm surge, plus flood plains

Heat or cold-
waves

Effects on human health; social
stability; requirements for
energy, water and other
services (e.g., water or food
storage), infrastructures (e.g.,
energy transportation) (7.2; Box
7.1; 7.4.2.2; 7.4.2.3)

Building design and
internal temperature
control; social contexts;
institutional capacities

Increased vulnerabilities in some
regions and populations; health
effects; changes in energy
requirements

Mid-latitude areas; elderly,
very young, ill and/or very
poor populations

Drought Water availability, livelihoods;
energy generation; migration,;
transportation in water bodies
(7.4.2.2; 7.4.2.3; 7.4.2.5)

Water systems;
competing water uses;
energy demand;
water demand
constraints

Water resource challenges in
affected areas; shifts in locations
of population and economic
activities; additional investments
in water supply

Semi-arid and arid regions;
poor areas and populations;
areas with human-induced
water scarcity

b) Changes in means

Temperature Energy demands and costs;
urban air quality; thawing of
permafrost soils; tourism and
recreation; retail consumption;
livelihoods; loss of melt water
(7.4.2.1; 7.4.2.2; 7.4.2.4;
7.4.2.5)

Demographic and
economic changes;
land-use changes;
technological
innovations; air
pollution; institutional
capacities

Shifts in energy demand;
worsening of air quality; impacts
on settlements and livelihoods
depending on melt water; threats
to settlements/infrastructure from
thawing permafrost soils in some
regions

Very diverse, but greater
vulnerabilities in places and
populations with more limited
capacities and resources for
adaptation

Precipitation Agricultural livelihoods; saline
intrusion; tourism; water
infrastructures; energy supplies
(7.4.2.1; 7.4.2.2; 7.4.2.3)

Competition from other
regions/sectors.
Water resource
allocation

Depending on the region,
vulnerabilities in some areas to
effects of precipitation increases
(e.g., flooding, but could be
positive) and in some areas to
decreases (see drought above)

Poor regions and populations

Saline intrusion Effects on water infrastructures
(7.4.2.3)

Trends in groundwater
withdrawal

Increased vulnerabilities in coastal
areas

Low-lying coastal areas,
especially those with limited
capacities and resources

Sea-level rise Coastal land uses; flood risk,
water logging; water
infrastructures (7.4.2.3; 7.4.2.4)

Trends in coastal
development,
settlement and land
uses

Long-term increases in
vulnerabilities of low-lying coastal
areas

As for saline intrusion,

c) Abrupt climate change

Analyses of potentials Demographic,
economic, and
technological changes;
institutional
developments

Possible significant effects on
most places and populations in
the world, at least for a limited
time

Most zones and groups

Orange shading indicates very significant in some areas and/or sectors; yellow indicates significant; white indicates that significance is less-
clearly established.

Table 7.3. Selected examples of current and projected climate-change impacts on industry, settlement and society and their interaction with other
processes.



human populations and institutions, which need different metrics
for valuation. On the other hand, vulnerabilities to physical and
economic costs can have a greater proportional impact in
developing areas.

Although it would be useful to be able to associate such
general vulnerabilities with particular impact criteria, climate-
change scenarios, and/or time frames, the current knowledge
base does not support such specificity with an adequate level of
confidence.

7.5 Costs and other socio-economic issues

Costs or benefits of climate change-related impacts on
industry, settlements and society are difficult to estimate.
Reasons include the facts that effects to date that are clearly
attributable to climate change are limited, most of the relatively
small number of estimates of macroeconomic costs of climate
change refer to total economies rather than to the more specific
subject matter of this chapter, and generalising from scattered
cases that are not necessarily representative of the global
portfolio of situations is risky. Historical experience is of limited
value when the potentially impacted systems are themselves
changing (e.g., with global economic restructuring and
development, and technological change), and many types of
costs – especially to society – are poorly captured by monetary
metrics. In many cases, the only current guides to projecting
possible costs of climate change are costs associated with recent
extreme weather events of types projected to increase in
intensity and/or frequency, although this is only one kind of
possible impact and cannot be assumed to be representative of
aggregate costs and benefits of all aspects of climate change,
including more gradual change.

Estimates of aggregate macroeconomic costs of climate
change at a global scale (e.g., Smith et al., 2001) are not directly
useful for this chapter, other than generally illustrating that
because many locations, industrial sectors and settlements are
not highly vulnerable, total monetary impacts at that scale might
not be large in proportion to the global economy. As Section 7.4
indicates, however, vulnerabilities of or opportunities for
particular localities and/or sectors and/or societies could be
considerable. A possible example is climate-related
contributions to changes already being experienced by societies
and settlements in the Arctic, which include destabilised
buildings, roads, airports and industrial facilities and other
effects of permafrost conditions, requiring substantial rebuilding,
maintenance and investments (ACIA, 2004). An impact
assessment in the UK projected that annual weather-related
damages to land uses and properties could increase by 3 to 9
times by the 2080s (Harman et al., 2005). More generally, as one
specific aspect of vulnerabilities to climate change, possible
economic costs of sea-level rise have been estimated, since
exposures of coastal areas to a specified scenario can be
analysed for costs of the change v. costs of protecting against
the change; and effects of direct costs in coastal areas can be
projected for other parts of a regional or national economy
(Nicholls and Tol, 2006; Tol et al., 2006). Generally, these

studies conclude that the costs of full protection are greater than
the costs of losing land to sea-level rise, although they do not
estimate non-monetary costs of social and cultural effects.

Recent climate-related extreme weather events have been
associated with cost estimates for countries and economic sectors;
and trends in these costs have been examined, especially by the
reinsurance industry (e.g., Swiss Re, 2004; Munich Re, 2005; also
Chapter 1, Section 1.3.8). According to these estimates, an
increase in the intensity and/or frequency of weather-based natural
disasters, such as hurricanes, floods or droughts, could be
associated with very large costs to targeted regions in terms of
economic losses and losses of life and disruptions of livelihoods,
depending on such variables as the level of social and economic
development, the economic value of property and infrastructure
affected, capacities of local institutions to cope with the resulting
stresses, and the effective use of risk reduction strategies.
Estimates of impacts on a relatively small country’s GDP in the
year of the event range from 4 to 6% (Mozambique flooding:
Cairncross and Alvarinho, 2006) to 3% (El Niño in Central
America: www.eclac.cl/mexico/ and follow the link to ’desastres‘)
to 7% (Hurricane Mitch in Honduras: Figure 7.3). Even though
these macroeconomic impacts appear relatively minor, countries
facing an emergency found it necessary to incur increased public
spending and obtain significant support from the international
donor community in order to meet the needs of affected
populations. This increased fiscal imbalances and current account
external deficits in many countries.

For specific regions and locales, of course, the impact on a
local economy can be considerably greater (see Box 7.4).
Estimates suggest that impacts can exceed GDP and gross
capital formation in percentages that vary from less than 10%
in larger, more developed and diversified impacted regions to
more than 50% in less developed, less diversified, more natural
resource-dependent regions (Zapata-Marti, 2004).

It seems likely that if extreme weather events become more
intense and/or more frequent with climate change, GDP growth
over time could be adversely affected unless investments are
made in adaptation and resilience.
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Figure 7.3. Economic impact of Hurricane Mitch and the 1998 to 1999
drought on Honduras ( http://siteresources.worldbank.org/
INTDISMGMT/Resources/eclac_LAC&Asia.pdf).



Research has also considered costs of extreme weather-
related events on certain sectors of interest, especially
water-supply infrastructures. For instance, if reduced
precipitation due to climate change were to result in an
interruption of urban water supplies, effects could include
disruptions of industrial activity as well as hardships for
population, especially the poor, who have the fewest options for
alternative supplies. The cost of extending pipelines is
considerable, especially if it means that water treatment works
also have to be relocated. As a rough working rule, the cost of
construction of the abstraction and treatment works and the
pumping main for an urban settlement’s water supply is about
half the cost of the entire system. The cost of flood damage is
often even more considerable. For example, the catastrophic
flooding of southern Mozambique in 2000 caused damage to

water supplies which cost US$13.4 million to repair, or roughly
US$50 per person directly affected, of the same order as the cost
of providing them with water supplies in the first place (World
Bank, 2000). Part of the explanation is that the damaged water
supplies also served people whose homes were not directly
affected by the flooding; this can be expected to occur in other
floods. Nicholls (2004) has estimated that some 10 million
people are affected annually by coastal flooding, and that this
number is likely to increase until 2020 under all four SRES
scenarios, largely because of the increase in the exposed
population.

A longer-term concern for industry, settlements and society
in developed countries is the prospect of abrupt climate change,
which could exceed coping mechanisms in many settlements
and societies that would be resilient to gradual climate change
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Box 7.4. Vulnerabilities to extreme weather events in megadeltas in a context of
multiple stresses: the case of Hurricane Katrina

It is possible to say with a high level of confidence that sustainable development in some densely populated megadeltas of the
world will be challenged by climate change, not only in developing countries but in developed countries also. The experience
of the U.S. Gulf Coast with Hurricane Katrina in 2005 is a dramatic example of the impact of a tropical cyclone – of an intensity
expected to become more common with climate change – on the demographic, social, and economic processes and stresses
of a major city located in a megadelta.

In 2005, the city of New Orleans had a population of about half a million, located on the delta of the Mississippi River along the
U.S. Gulf Coast. The city is subject not only to seasonal storms (Emanuel, 2005) but also to land subsidence at an average rate
of 6 mm/yr rising to 10-15 mm/year or more (Dixon et al., 2006). Embanking the main river channel has led to a reduction in
sedimentation leading to the loss of coastal wetlands that tend to reduce storm surge flood heights, while urban development
throughout the 20th century has significantly increased land use and settlement in areas vulnerable to flooding. A number of
studies of the protective levee system had indicated growing vulnerabilities to flooding, but actions were not taken to improve
protection.

In late August 2005, Hurricane Katrina – which had been a Category 5 storm but weakened to Category 3 before landfall –
moved onto the Louisiana and Mississippi coast with a storm surge, supplemented by waves, reaching up to 8.5 m above sea
level along the southerly-facing shallow Mississippi Coast (see also Chapter 6, Box 6.4). In New Orleans, the surge reached
around 5 m, overtopping and breaching sections of the city’s 4.5 m defences, flooding 70 to 80% of New Orleans, with 55% of
the city’s properties inundated by more than 1.2 m of water and maximum flood depths up to 6 m. In Louisiana 1,101 people
died, nearly all related to flooding, concentrated among the poor and elderly.

Across the whole region, there were 1.75 million private insurance claims, costing in excess of US$40 billion (Hartwig, 2006), while
total economic costs are projected to be significantly in excess of US$100 billion. Katrina also exhausted the federally-backed
National Flood Insurance Program (Hunter, 2006), which had to borrow US$20.8 billion from the Government to fund the Katrina
residential flood claims. In New Orleans alone, while flooding of residential structures caused US$8 to 10 billion in losses, US$3
to 6 billion was uninsured. Of the flooded homes, 34,000 to 35,000 carried no flood insurance, including many that were not in
a designated flood risk zone (Hartwig, 2006).

Beyond the locations directly affected by the storm, areas that hosted tens of thousands of evacuees had to provide shelter and
schooling, while storm damage to the oil refineries and production facilities in the Gulf region raised highway vehicle fuel prices
nationwide. Reconstruction costs have driven up the costs of building construction across the southern U.S., and federal
government funding for many programmes was reduced because of commitments to provide financial support for hurricane
damage recovery. Six months after Katrina, it was estimated that the population of New Orleans was 155,000, with this number
projected to rise to 272,000 by September 2008; 56% of its pre-Katrina level (McCarthy et al., 2006).



(National Research Council, 2002). In such a case, fixed
infrastructures are especially vulnerable, although the research
literature is very limited.

Reliable estimates of costs associated with more gradual
climate change are scarce, for reasons summarised above,
although in some cases cost estimates of adaptation strategies
are available (Chapter 17). In general, costs that can be
addressed strategically over periods of time have different
implications for industry, settlements and society than relatively
sudden costs (e.g., Hallegatte et al., 2007). For a combination of
gradual changes and extreme events, several recent studies
indicate that climate change could reduce the rate of GDP
growth over time unless vulnerabilities are addressed (Van
Kooten, 2004; Stern, 2007).

The existing literature is, in these ways, useful in considering
possible costs of climate change for industry, settlement and
society; but it is not sufficient to estimate costs globally or
regionally associated with any specific scenario of climate
change. What can be said at the present time is that economic
costs of extreme weather events at a large national or large
regional scale, estimated as a percent of gross product in the year
of the event, are unlikely to represent more than several percent
of the value of the total economy, except for possible abrupt
changes (high confidence), while net aggregate economic costs
of extreme event impacts in smaller locations, especially in
developing countries, could in the short run exceed 25% of the
gross product in that year (high confidence). To the degree that
these events increase in intensity and/or frequency, they will
represent significant costs due to climate change. For industry,
settlements and society, economic valuations of other costs and
benefits associated with climate change are generally not yet
available.

7.6 Adaptation: practices, options and
constraints

7.6.1 General perspectives

Challenges to adapt to variations and changes in
environmental conditions have been a part of every phase of
human history, and human societies have generally been highly
adaptable (Ausubel and Langford, 1997). Adaptations may be
anticipatory or reactive, self-induced and decentralised or
dependent on centrally-initiated policy changes and social
collaboration, gradual and evolutionary or rooted in abrupt
changes in settlement patterns or economic activity. Historically,
adaptations to climate change have probably been most salient
in coastal areas vulnerable to storms and flooding, such as the
Netherlands, and in arid areas needing water supplies; but
human settlements and activities exist in the most extreme
environments on earth, which shows that the capacity to adapt
to known conditions, given economic and human resources and
access to knowledge, is considerable.

Adaptation strategies vary widely depending on the exposure
of a place or sector to dimensions of climate change, its
sensitivity to such changes, and its capacities to cope with the

changes (Chapter 17). Some of the strategies are multi-sectoral,
such as improving climate and weather forecasting at a local
scale, emergency preparedness and public education. One
example of cross-cutting adaptation is improving information
and institutions for emergency preparedness. Systematic disaster
preparedness at community level has helped reduce death tolls;
for instance, new warning systems and evacuation procedures
in Andhra Pradesh, India, reduced deaths from coastal tropical
cyclones by 90%, comparing 1979 with 1977 (Winchester,
2000), and poor societies in other parts of the Bay of Bengal
area have undertaken practical measures to reduce flood risks
due to high levels of awareness and motivation among local
communities. However, the effectiveness of such systems in
reaching marginal populations, and their responses to such
warnings, is uneven; and the timing of decisions to adapt affects
the likely benefits.

Other strategies are focused on a sector, such as water, energy,
tourism and health (see Chapters 3 and 8). Some are
geographically focused, such as coastal area and floodplain
adaptations, which can involve such initiatives as changing land
uses in highly vulnerable areas and protecting critical areas.
Adaptation, in fact, tends very often to be context-specific, within
larger market and policy structures (Adger et al., 2005a), although
it generally takes place within the larger context of globalisation
(Benson and Clay, 2003; Sperling and Szekely, 2005).

There is a considerable literature on adaptations to climate
variation and on vulnerabilities to extreme events, especially in
developed countries; but research on potentials and costs of
adaptation by industry, settlement and society to climate change
is still in an early stage (Chapter 17). One challenge is that it is
still difficult to project changes in particular places and sectors
with much precision, whether by downscaling global climate
models or by extrapolating from past experience with climate
variation. Uncertainty about the distribution and timing of
climate-change impacts at the local level makes judgments about
the scale and timing of adaptation actions very difficult. Where
there are co-benefits between climate-change adaptation and
other economic or social objectives, there will be reasons for
early action. In other cases, limits on predictability tend to delay
adaptation (Wright and Erickson, 2003). In addition, there is
little scientific basis as yet for assessing possible limits of
adaptation, especially differences among locations and systems.
In particular, the knowledge base about costs of adaptation is
less well developed than the knowledge base about possible
adaptation benefits. At least in some cases, costs might exceed
actual benefits.

7.6.2 Industry

The extent to which potential vulnerabilities of industry are
likely to motivate adaptation will depend to a large extent on the
flexibility of business and on its capacity to adapt. In general,
those industries with longer-lived capital assets (e.g., energy),
fixed or weather-dependent resources (mining, food and
agriculture), and extended supply chains (e.g., the retail-
distribution industry) are likely to be more vulnerable to
climate-change impacts. But many of these industries, especially
in the industrialised world, are likely to have the technological
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and economic resources necessary both to recover from the
impacts of extreme events (partly by sharing and spreading risk
or by moving to safer locations), and to adapt over the longer
term to more gradual changes. It is also clear that many other
economic and social factors are likely to play a more important
role in influencing innovation and change in industry than
climate change. For many businesses, climate risk management
can be integrated into overall business strategy and operations
where it will be regarded as one among many issues that demand
attention, to the degree that such adaptation is supported by
investors and shareholders.

There is now considerable evidence emerging in Europe,
North America and Japan that the construction and
transportation sectors are paying attention to climate-change
impacts and the need for adaptation (Lisø et al., 2003; Shimoda,
2003; Salagnac, 2004; Chapter 17, Section 17.2.2). As one
example, the US$1 billion 12.9 km Confederation Bridge
between New Brunswick and Prince Edward Island in Canada,
which opened in 1997, was built one metre higher to
accommodate anticipated sea-level rise over its 100-year
lifespan (McKenzie and Parlee, 2003). A range of technical
advice is now available to planners, architects and engineers on
climate impacts risk assessment (Willows and Connell, 2003),
including specialised advice on options for responding to these
risks (Lancaster et al., 2004). A few early estimates of possible
costs of adaptation measures are beginning to be available; for
instance, O’Connell and Hargreaves (2004) show that measures
to reduce wind damage, flood risk and indoor heat would add
about 5% to the cost of a typical new house in New Zealand.

Business adaptations will be in response to both direct impacts
(involving direct observations of risks and opportunities as a result
of changing climatic conditions) and indirect impacts (including
changing regulatory pressures and consumer demand) as
illustrated in Table 7.2. Adaptations can also take a wide variety
of forms. They may include changes in business processes,
technologies or business models (Hertin et al., 2003), or changes
in the location of activities. Many of these adaptations represent
incremental adjustments to current business activities (Berkhout
et al., 2006). For instance, techniques already exist for adapting
buildings in response to greater risks of ground movement (deeper
foundations), higher temperatures (passive and active cooling)
and driving rain (building techniques and cladding technologies).
Frequently these adaptations are relatively low-cost and represent
best practice (ACIA, 2004). For more structural adaptations – such
as choice of location for industrial facilities – planning guidance,
government policy and risk management by insurers will play
major roles.

Awareness, capabilities and access to resources that facilitate
adaptation are likely to be much less widely available in less
developed contexts, where industrial production often takes place
in areas vulnerable to flooding, coastal erosion and land slips.
Production is also more likely to be tied to natural resources
affected by changing climates. Potentials for adaptation to climate
change in informal sectors in developing countries depend largely
on the context: e.g., the impacts involved, the sensitivity of the
industrial activity to those impacts, and the resources available for
coping. Examples of adaptive strategies could include relocating
away from risk-prone locations, diversifying production activities,

and reducing stresses associated with other operating conditions
to add general resiliency. Informal industry employs minimal
capital and few fixed assets, so that it usually adapts relatively
quickly to gradual changes. But adaptations that are substantial
may call for an awareness of threats and responses to them that go
beyond historical experience, a willingness to depart from
traditional activity patterns, and access to financial resources not
normally available to some small producers.

The energy sector can adapt to climate-change vulnerabilities
and impacts by anticipating possible impacts and taking steps to
increase its resilience, e.g., by diversifying energy supply sources,
expanding its linkages with other regions, and investing in
technological change to further expand its portfolio of options
(Hewer, 2006; Chapter 12, Section 12.5.8). This sector has
impressive investment resources and experience with risk
management, and it has the potential to be a leader in industrial
adaptation initiatives, whether related to reducing risks associated
with extreme events or coping with more gradual changes such as
in water availability. On the other hand, many energy sector
strategies involve high capital costs, and social acceptance of
climate-change response alternatives that might imply higher
energy prices could be limited. Adaptation prospects are likely to
depend considerably on the availability of information about
possible climate-change effects to inform decisions about adaptive
management.

7.6.3 Services

Concerns about vulnerabilities and impacts for services are
likewise concentrated on sectors especially sensitive to climate
variation, such as recreation and tourism; and adaptations are
also likely to be associated with changes in costs/prices,
applications of technology, and attention to risk financing. For
instance, wholesale and retail trades are likely to adapt by
increasing or reducing space cooling and/or heating, by
changing storage and distribution systems to reduce
vulnerabilities, and by changing the consumer goods and
services offered in particular locations. Some of these
adaptations, although by no means all of them, could increase
prices of goods and services to consumers.

Where climate change affects comparative advantages for
regions in the global economy, trade patterns are likely to adapt
largely through market mechanisms as the changes unfold rather
than through strategies to reduce risk in anticipation of changes
(Figure 7.2). In a general sense, there will be ‘winners’ and
‘losers’ as a result, potentially affecting economic growth and
employment in both kinds of cases, which suggests the possible
value of anticipatory planning and policy discourse. In many
cases, building robust ties with the globalising economy could
be a useful response to possible climate changes for places and
societies built around small-scale social interactions and
enterprises, because those ties could open up a wider range of
possible alternatives for adaptation.

The short time-scales at which most commercial services
operate allow great flexibility for adapting to climate change.
Within the retail industry, it is likely that commerce will
capitalise on long-term trends in consumer behaviour and
lifestyle, relating to climate change through an expansion of
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markets for cooling equipment, and facilities and goods for
outdoor recreation in temperate climates. Large injections of
capital may be required to relocate commercial premises from
low-lying areas vulnerable to flooding. In addition,
technological investment will be required to reduce carbon
emissions while maintaining competitive prowess in the global
market. The most vulnerable are communities (particularly in
developing countries) whose economy is based on the
production and distribution of a restricted range of climate-
sensitive commodities. For these communities, economic
diversification should be a key response to reduce vulnerability.

The tourism sector may in some cases be able to adapt to long-
term trends in climate change, such as increasing temperatures, at
a cost, for instance by investing in snow-making equipment (see
Chapter 14, Section 14.4.7), beach enhancement (see Chapter 6,
Sections 6.5.2 and 6.6.1.1), or additional air-conditioning. The
sustainability of some adaptation processes may be questionable:
air-conditioning because of its energy use, snowmaking for its
pressure on water resources or its costs (O’Brien et al., 2004).
However, climate change is not likely to be linear, and the
frequency and intensity of extreme climatic events, which affect
not only the reality of risks, but also the subjective risk-perception
of tourists, might become a far greater problem for the tourist
industry. There are three categories of adaptation processes:
technological, managerial and behavioural. While tourism
providers tend to focus on the first two (preserving tourism assets,
diversifying supply), tourists might rather change behaviour: they
might visit new, suitable locations (for example snow-safe ski
resorts at higher altitudes or in other regions) or they might travel
during other periods of the year (for example, they might visit a
site in spring instead of summer to avoid extreme temperatures).
Awareness, adaptive capacities and strategies are likely to vary
according to the wealth and the education of different categories
of tourists and also among other stakeholders. For example, large
tour operators should be able to adapt to changes in tourist
destinations, as they are familiar with strategic planning, do not
own the infrastructures and can, to some extent, shape demand
through marketing.

Perhaps of even greater importance is the role of mobility in
future tourism. Increasing prices for fuel and the need to reduce
emissions might have substantial effects on transport availability
and costs. For instance, the price of air transport, now the means
of transport of 42% of all international tourists, is expected to
rise in stabilisation scenarios (Gössling and Hall, 2005). This
might call for adaptation in terms of leisure lifestyles, such as the
substitution of long-distance travel by vacationing at home or
nearby (Dubois and Ceron, 2005).

It also seems likely that tourism based on natural
environments will see the most substantial changes due to
climate change, including changes in economic costs (Gössling
and Hall, 2005) and changes in travel flows. Tropical island
nations and low-lying coastal areas may be especially
vulnerable, as they might be affected by sea-level rise, changes
in storm tracks and intensities (Chapter 16; Chapter 4, Section
4.2), changes in perceived climate-related risks, and changes in
transport costs, all resulting in concomitant detrimental effects
for their often tourism-based economies. In any of these cases,
the implications are most notable for areas in which tourism

represents a relatively large share of the local or regional
economy, and these are areas where adaptation might represent
a relatively significant need and a relatively significant cost.

The insurance sector has an important role to play in
adaptation (Mills, 2004) as it is in the business of calculating
risk costs and has begun to explore how risks can be expected to
change into the future (Association of British Insurers, 2002).
By communicating risk information to individual stakeholders,
as through insurance pricing signals, insurers can help inform
appropriate adaptive behaviours, although regulated markets or
flat-rated insurance systems obstruct the transmission of the
information required to motivate adaptation. Through reductions
in premiums charged, insurance can also reward actions taken to
reduce risk, such as by fitting hurricane shutters on a building or
by the construction of local flood defences.

Where new risks are emerging, or known risks are increasing,
new insurance coverages have been designed to help spread
losses. Examples include the creation of weather derivatives,
crop insurance and expanded property insurance coverage.

Generally, it is recognised that ‘ex-ante’ (before the fact)
funding mechanisms in the form of insurance should be more
beneficial for the affected community and the whole country’s
economy than ex-post (after the fact) mechanisms by means of
credit, government subsidies or private donations. Only the ex-
ante approach offers the surety of payments as well as the
potential to influence the level of risk, through linking insurance
prices and conditions with government policy on hazard
mitigation, implementation, and supervision of building codes
etc., thus reducing a country’s financial vulnerability and giving
improved prospects for investment and economic growth
(Gurenko, 2004). However, in developing countries there are
questions about the viability of such approaches, concerning
who in a poor country is able to afford an ex-ante premium and
how real reductions in risk can be achieved in a society with
relatively low risk literacy (Linnerooth-Bayer et al., 2005). Other
potential sources of developing country adaptation funding are
discussed by Bouwer and Aerts (2006).

Besides incentivising adaptation, the insurance industry itself
will need to adapt to stay financially healthy. The main threat is
a combination of very high loss events in a short time period (as
almost happened in September 2005 with Hurricane Rita
heading for the city of Houston after Hurricane Katrina had hit
New Orleans). Trends that contribute to increasing the
robustness of the sector include better risk management, greater
diversification, better risk and capital auditing, greater
integration of insurance with other financial services, and
improved tools to transfer risks out of the insurance market into
the capital markets through catastrophe risk securitisations
(European Environment Agency, 2004), which have seen
significant increases in value issued since 2004.

The key vulnerability of the current system of risk-bearing
concerns the non-availability or withdrawal of private insurance
cover, in particular related to flood risk. However, the threat of
withdrawal can itself be a spur for adaptation. Following the
October-November 2000 floods in England and Wales, the
Association of British Insurers negotiated an increased
allocation of government expenditure on flood defences and a
stakeholder role in decisions around future development in
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floodplains, by threatening to withdraw flood insurance from
locations at greatest risk (Association of British Insurers, 2002).
With expectations for rising levels of flood risk in developed
countries, political pressures demand that if private insurance is
withdrawn, state-backed alternatives should be created leading
to increased liabilities for governments. Without such a backstop
more significant adaptive measures may be triggered. In the
northern Bahaman islands of Abaco and Grand Bahama (hit by
three major hurricanes and their associated storm surges between
1999 and 2004), in 2005 flood insurance was withdrawn for
some residential developments, ending the ability to raise a
bank-loan mortgage. Without a state-backed alternative, houses
became abandoned as their value collapsed (Woon and Rose,
2004). Meanwhile, builders have begun to construct new houses
in the Bahamian coastal floodplain on concrete stilts, bringing
some properties back into the domain of insurability. Similar
adaptive outcomes can be expected in other coastal regions
affected by increasing flood risk.

7.6.4 Utilities/infrastructure

The most general form of adaptation by infrastructures
vulnerable to impacts of climate change is investment in increased
resilience, for instance in new sources of water supply for urban
areas. Most fields of infrastructure management, including water,
sanitation, transportation and energy management, incorporate
vulnerabilities to changing trends of supply and demand, and risks
of disturbances in their normal planning.

In a situation where climate change, observed or projected,
indicates a need for different patterns or priorities in infrastructure
planning and investment, common strategies are likely to include
increases in reserve margins and other types of backup capacity,
attention to system designs that allow adaptation and modification
without major redesign and that can handle more extreme
conditions for operation. In many cases an issue is tradeoffs
between capital costs and operating expenditures.

With regard to infrastructure where adaptation requires long
lead times, such as water supply, there is evidence that
adaptation to climate change is already taking place. An example
would be the planning of British water companies mentioned in
Section 7.4.2.3.1 above, undertaken at the behest of the UK
Environment Agency (Environment Agency, 2004). Another
would be the decision taken in 2004 to install a desalination
plant to supplement the dwindling flows available for water
supply for the city of Perth, Australia (Chapter 11, Section 11.6).

The infrastructure whose adaptation is especially important
for the reduction of key vulnerabilities is that installed for flood
protection. For example, London (UK) is protected from major
flooding by a combination of tidal defences, including the
Thames Barrier, and river defences upstream of the Barrier. The
current standard for the tidal defences is about a 2000 to 1
chance of flooding in any year or 0.05% risk of flooding, and
this is anticipated to decline to its original design standard of a
1000 to 1 chance, or 0.1% risk of flooding, as sea level rises, by
2030. The defences are being reviewed, in the light of expected
climate changes. Preliminary estimates of the cost of providing
a 0.1% standard through to the year 2100 show that a major
investment in London’s flood defence infrastructure of the order

of UK£4 billion will be required within the next 40 years
(London Climate Change Partnership, 2004). The capacity of
storm drainage systems will also need to be increased to prevent
local flooding by increasingly intense storms (UK Water
Industry Research, 2004).

7.6.5 Human settlement

Adaptation strategies for human settlements, large and small,
include assuring effective governance, increasing the resilience
of physical and linkage infrastructures, changing settlement
locations over a period of time, changing settlement form,
reducing heat-island effects, reducing emissions and industry
effluents as well as improving waste handling, providing
financial mechanisms for increasing resiliency, targeting
assistance programmes for especially impacted segments of the
population, and adopting sustainable community development
practices (Wilbanks et al., 2005). The choice of strategies from
among the options depends in part on their relationships with
other social and ecological processes (O’Brien and Leichenko,
2000) and the general level of economic development, but recent
research indicates that adaptation can make a significant
difference; for instance, the New York climate impact
assessment projects significant increases in heat-related deaths
(Rosenzweig and Solecki, 2001a), based on historical
relationships, while the Boston CLIMB assessment (Kirshen et
al., 2007) projects that heat-related deaths will decline because
of adaptation over the coming century.

The recent case study of London demonstrates that climate
change could bring opportunities as well as challenges,
depending on socio-economic conditions, institutional settings,
and cultural and consumer values (London Climate Change
Partnership, 2004). One of the opportunities, especially in
growing settlements, is to work towards a more sustainable city
and to improve the quality of life for residents (Box 7.5). This
can be achieved by making sure that urban planning takes into
account the construction density, the distribution and impact of
heat emissions, transportation patterns, and green spaces that
can reduce not only heat-island effects.

Models have been established to predict the impact of urban
thermal property manipulation strategies resulting from albedo
and vegetation changes (Akbari et al., 1997) and urban form
manipulation (Emmanuel, 2005). The diurnal air temperature
inside urban wooded sites and the cooling effect of trees on
urban streets and courtyards, and of groves and lawns, has been
extensively quantified in Tel-Aviv, Israel (Shashua-Bar and
Hoffman, 2002, 2004). For the Los Angeles region, several
studies (Taha, 1996; Taha et al., 1997) projected the effects of
increasing citywide albedo levels on mitigating the regional heat
island (California’s South Coast Air Basin, or SoCAB). A
doubling of the surface albedo or a doubling of vegetative cover
were each projected to reduce air temperature by approximately
2°C. Moreover, the study area was projected to experience a
decrease in ozone concentration.

Other adaptive responses by settlements to concerns about
climate change tend to focus on institutional development, often
including improved structures for co-ordination between
individual settlements and other parties, such as enhanced
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regional water supply planning and infrastructure development
(Rosenzweig and Solecki, 2001a; Bulkeley and Betsill, 2003).
Often, settlements exist in a splintered political landscape that
makes coherent collaborative adaptation strategies difficult to
contemplate. Policy responses and planning decisions are also
hampered by the reactive nature of much policymaking and by
the failure to co-ordinate across relevant professional disciplines,
related mainly to current obvious problems, when climate
change is viewed as a long-term issue with considerable
uncertainty.

One approach for improving the understanding of how
settlements may respond to climate-change impacts is to
consider ‘analogues’ - circumstances in recent history when
those settlements have confronted other environmental
management challenges. In Vietnam for example villagers have
been forced over the centuries to clean, repair and strengthen
their irrigation channels and sea dykes before the start of every
annual tropical storm season (UNISDR, 2004). In many cases,
settlements have acted under the pressure of immediate crises
to seek solutions by going beyond their own borders. Cities such
as Mexico City have both drawn upon water from and sent
sewage water to hinterlands outside their boundaries to deal with
weather-related water scarcity and floods. These actions have
imposed externalities on those hinterlands (Romero Lankao,
2006).

7.6.6 Social issues

There has been a recent shift in perceptions of how settlements
and society can better adapt to climate related disasters, away from
humanitarian and post-disaster actions toward more anticipatory
integrative risk reduction measures that include environmental
management, structural measures, protection of critical facilities,
land-use planning, financial instruments and early warning systems
(UNISDR, 2004). These strategies recognise (a) linkages between
risks, vulnerability and development, (b) the importance of creating
community assets and capacity to face sudden and slow onset
disasters, (c) the key role of a democratic implementation of such
strategies, and (d) the need to relate those actions to sustainability
goals (UNISDR, 2004; Velásquez, 2005). This approach is practised
successfully in countries such as the Philippines, Bangladesh, India,
Cuba, Vietnam, Malaysia, Switzerland and France (UNISDR,
2004). In Manizales and Medellin, Colombia, and Uganda, for
example, the economic damage and death toll due to landslides and
floods has diminished noticeably, thanks to actions such as
reforestation, improved drainage systems, poverty reduction and
decentralisation of risk avoidance planning (Velásquez, 2005). On
the other hand, the experience of a disaster is likely to reduce the
adaptive capacity of the affected society for a time; adaptive
capacity is often reduced during periods of recovery.

The most difficult challenges occur when decision makers lack
training and access to information about climate-change
implications, risk management and possible responses, when fiscal
constrains limit local flexibility, and when infrastructure,
technological and institutional capacities for coping with any major
challenge are inadequate (UN-Habitat, 2003). However, in the best-
case scenarios, policy focusing on adaptation has the potential to
create positive synergies between outcomes (better managed natural
and social systems) and processes (governance that promotes
democratic decision making, participatory management strategies,
equity, transparency and accountability), which in turn will result in
more resilient systems (UNISDR, 2004; Adger et al., 2005b).

Yet adaptation is not limited to purposeful actions to reduce
societies’ sensibility to climate change, alter the exposure of the
system to it, and increase the resilience of the system to it (Smit et
al., 2000). It also includes spontaneous actions which can be
implemented at different scales, from individuals to systems, and
are not uniform. Individual adaptations may not produce systemic
adaptation, and adaptation at a system level may not benefit all
individuals (Thomas and Twyman, 2005). Indeed, some adaptations
(e.g., warning systems) may not reach poor communities or not fit
their information needs (Ferguson, 2003). They may increase the
vulnerability of some peoples and places. For example, coastal
planning for increased erosion rates includes engineering decisions
that potentially impact neighbouring coastal settlements through
sediment transport and other physical processes (Adger et al.,
2006). As climate change and adaptation becomes a widespread
need, there is likely to be competition for resources – investment in
one place, sector or risk will reduce the funds available for others,
and possibly reduce funding for other social needs (Winchester,
2000).

One challenge to both private (including businesses and
NGOs) and public actors is how to build adaptive capacity in
the context of current institutional reforms, new trade
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Box 7.5. Climate-change adaptation and
local government

Threats and opportunities presented by climate change are
typically focused at a local scale; and it makes sense for
local authorities, including mayors, to consider adaptive
responses. Climate change can threaten lives, property,
environmental quality and future prosperity by increasing the
risk of storms, flooding, landslides, heatwaves and drought
and by overloading water, drainage and energy supply
systems.

Local governments around the world already play a part in
climate-change mitigation, but they can also play a role in
adaptation (see Chapter 14, Section 14.5.1; Chapter 18,
Section 18.7.2), as guarantors of public services and as
facilitators, mobilising stakeholders – such as local
businesses, developers, utilities, insurers, educational
institutions and community organisations – to contribute
their technical and even financial resources to a joint
initiative, such as the one formed for London (London
Climate Change Partnership, 2004).

In many cases, in fact, good governance is a key to climate-
change risk management strategies. For example, effective
zoning can prevent the encroachment of housing on slopes
prone to erosion and landslides; and adequate investment in
and maintenance of infrastructure will make the settlement
less vulnerable to weather extremes.



agreements and changing relationships between the private and
public sectors (Lemos and Agrawal, 2003), including roles of
environmental organisations. On the one hand, the emergence
of new governance structures at the global level (such as the
United Nations Framework Convention on Climate Change -
UNFCCC) and across the public-private divide (such as public-
private partnerships) has provided new tools for policy design
and implementation that may build adaptive capacity (Mitchell
and Romero Lankao, 2004; Sperling and Szekely, 2005; Eakin
and Lemos, 2006). On the other hand, a transfer of authority
from the state to lower levels (through decentralisation and
privatisation), in some cases related to developments with
international regimes and organisations, may have diminished
national government capacities to implement adaptation policies
(Jessop, 2002; UN-Habitat, 2003). For example, while
decentralisation in Latin America, in principle, allows for better
decision-making at the local level, it also constrains the state’s
ability to regulate and distribute critical resources to adaptation
(Eakin and Lemos, 2006). Similarly, West African pastoral
Peulhs or Fulbes lost access to water and pastures at the hands
of settled agricultural people who gained local power in the
process of decentralisation (Van Dijk et al., 2004). In contrast,
the design of participatory, integrated and decentralised
institutions such as in Brazil’s recent water reform is likely to
build adaptive capacity to climate change in settlements and
societies by improving availability and access to technology,
involving stakeholders, and encouraging sustainable resource
use (Lemos and Oliveira, 2004).

Adaptive capacity is highly uneven across human societies
(Adger et al., 2005a, 2006). Among communities that rely on the
exploration of natural resources, adaptation practices may benefit
some parts of the community more than others. Even within
countries with seemingly high capacities to adapt (based on
aggregate national indicators for GDP, education levels and
technology), there are likely to be some regions and groups that
face barriers and constraints to adaptation (O’Brien et al., 2006).
For a discussion of strategies for reducing vulnerabilities of the
poor to climate change through adaptation, see UNDP et al. (2003).

Among rural communities in Africa and Latin America, one
strategy to build adaptive capacity has been to diversify
livelihood strategies (Thomas and Twyman, 2005; Eakin, 2006).
Rural settlements can cope with a seasonal downturn in rainfall
or a mid-season drought by moving livestock, harvesting water,
shifting crop mixes and migrating (Scoones et al., 1996);
however, without occasional high rainfall periods, and without
institutional support, longer-term livelihood sustainability is
severely compromised (Eakin, 2006; Eakin and Lemos, 2006).
Measures focussed on reducing poverty and increasing access
to resources (e.g., the referred landslide management
programmes) may enhance the resilience of affected
communities or economic sectors.

7.6.7 Key adaptation issues

The central issues for adaptation to climate change by
industry, settlements and society are (a) impact types and
magnitudes and their associated adaptation requirements, (b)
potential contributions by adaptation strategies to reducing

stresses and impacts, (c) costs of adaptation strategies relative to
benefits, and (d) limits of adaptation in reducing stresses and
impacts under realistically conceivable sets of policy and
investment conditions (Downing, 2003). Underlying all of these
issues, of course, is the larger issue of the adaptive capacity of
a population, a community, or an organisation: the degree to
which it can (or is likely to) act, through individual agency or
collective policies, to reduce stresses and increase coping
capacities (Chapter 17). In many cases, this capacity differs
significantly between developing and developed countries, and
it may differ considerably among locations, economic sectors
and populations even within the same region (Millennium
Ecosystem Assessment, 2005).

Many of the possibly-impacted activities and groups
addressed by this chapter are capable of being highly adaptable
over time, given information to inform awareness of possible
risks and opportunities and financial and human resources for
responses (Chapter 17). In some cases, adaptations to possible
climate changes can offer opportunities for positive impacts,
especially where those actions also address other adaptive
management issues (Chapter 20). The knowledge base on
disaster response suggests that a number of approaches may be
helpful in enhancing and facilitating adaptive behaviour:
systems to provide advance warning of changes, especially
extreme events; institutional structures that facilitate collective
action and provide external linkages; economic systems that
offer access to alternatives; increased attention to adaptive
structures that are locally appropriate, geographically and/or
sectorally; contingency planning and risk financing, which may
include strategic stockpiles; incorporating climate-change
vulnerability into land-use planning and environmental
management for the long term; public awareness/capacity
building regarding risks of climate-change impacts; and in some
cases physical facility investment, such as flood walls, beach
restoration or emergency shelters.

Although the research literatures on adaptation prospects for
industry, settlement and society are as yet rather limited, it
appears that:

1.Prospects for adaptation depend on the magnitude and rate of
climate change: adaptation is more feasible when climate
change is moderate and gradual than when it is massive
and/or abrupt. However, actual adaptation strategies and
measures are often triggered by relatively extreme weather
events (high confidence).

2.Climate-change adaptation strategies are inseparable from
increasingly strong and complex global linkages. Industrial
planning, human settlements and social development are not
isolated from changes in other systems or scales. The urban
and rural are interconnected, as are developed and
developing societies. This issue is becoming more salient as
the globalised economy becomes more interdependent.
Adaptation decisions for local activities owned or controlled
by external systems involve different processes from
adaptation decisions for local activities that are under local
control (high confidence).

3.Climate change is one of many challenges to human
institutions to manage risks. In any society, institutions have
developed risk management mechanisms for such purposes,
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from family and community self-help to insurance and re-
insurance. It is not clear whether, where and to what degree
existing risk management structures are adequate for climate
change; but these institutions have considerable potential to
be foundations for a number of kinds of adaptations (high
confidence).

4.Adaptation actions can be effective in achieving their
specific goals, but they may have other effects as well. These
might be unintended consequences (e.g., increased flood risk
downstream), reducing support for mitigation (e.g., higher
energy demand with air-conditioning), or reducing resources
available to address vulnerabilities elsewhere (e.g., budget
constraints affecting other development goals). The benefits
of adaptation may be delayed or not realised at all, for
example, when design standards are raised to protect against
a storm of a certain magnitude that does not occur for another
fifty years, if then (medium confidence).

7.7 Conclusions: implications for
sustainable development

Sustainable development is largely about people, their well-
being, and equity in their relationships with each other, in a
context where nature-society imbalances can threaten economic
and social stability. Because climate change, its drivers, its
impacts and its policy responses will interact with economic
production and services, human settlements and human
societies, climate change is likely to be a significant factor in
the sustainable development of many areas (e.g., Downing,
2002). Simply stated, climate change has the potential to affect
many aspects of human development, positively or negatively,
depending on the geographic location, the economic sector, and
the level of economic and social development already attained
(e.g., regarding particular vulnerabilities of the poor, see Dow
and Wilbanks, 2003). Because settlements and industry are often
focal points for both mitigation and adaptation policy-making
and action, these interactions are likely to be at the heart of many
kinds of development-oriented responses to concerns about
climate change.

In most cases, with the Arctic being a notable exception
(ACIA, 2004), these connections between climate change and
sustainable development will only begin to emerge in the next
decade or two (e.g., during the period embraced by the
Millennium Development Goals) as a result of significant
impacts that can be attributed to climate change. But industry,
settlements and societies will be important foci of mitigation
actions and adaptations involving land uses and capital
investments with relatively long lifetimes. In the meantime,
however, actions that address challenges of climate variability,
including extreme events, contribute to environmental risk
management as well as reducing possible impacts of climate
change.

The most serious issues for sustainable development
associated with climate-change impacts on the subjects of this
chapter are: (a) threats to vulnerable regions and localities from
gradual ecological changes leading to impact thresholds and

extreme events that could disrupt the sustainability of societies
and cultures, with particular attention to coastal areas in current
storm tracks and to economies and societies in polar areas, dry
land areas and low-lying islands, and (b) threats to fragile social
and environmental systems, both from abrupt climate changes
and thresholds associated with more gradual climate changes
that would exceed the adaptive capacities of affected sectors,
locations and societies. Examples include effects on resource
supply for urban and industrial growth and waste management
(e.g., flooding). As a very general rule, sensitivities of more-
developed economies to the implications of climate change are
less than in developing economies; but effects of crossing
thresholds of sustainability could be especially large in
developed economies whose structures are relatively rigid
rather than adaptable. In the case of either developed or
developing countries, social system inertia may delay adaptive
responses when experienced climate change is gradual and
moderate.

In general, however, climate change is an issue for
sustainable development mainly as one of many sources of
possible stress (e.g., O’Brien and Leichenko, 2000, 2003;
Wilbanks, 2003b). Its significance lies primarily in its
interactions with other stresses and stress-related thresholds,
such as population growth and redistribution, social and
political instability, and poverty and inequity. In the longer run,
climate change is likely to affect sustainable development by
reshaping the world map of comparative advantage which, in a
globalising economy, will support sustainable development in
some areas but endanger it in others, especially in areas with
limited capacities to adapt. Underlying such questions, of
course, are the magnitude and pace of climate change. Most
human activities and societies can adapt given information, time
and resources, which suggests that actions which moderate the
rate of climate change are likely to reduce the negative effects
of climate change on sustainable development (Wilbanks,
2003b).

At the same time, development paths may increase or
decrease vulnerabilities to climate-change impacts. For instance,
development that intensifies land use in areas vulnerable to
extreme weather events or sea-level rise adds to risks of climate-
change impacts. Another example is development that moves an
economy and society toward specialisation in a single economic
activity if that activity is climate-sensitive; development that is
more diversified is likely to be less risky. In many cases, actions
that increase resilience of industry, settlements and society to
climate change will also contribute to development with or
without climate change by reducing vulnerabilities to climate
variation and increasing capacities to cope with other stresses
and uncertainties (Wilbanks, 2003b).

Impacts of climate change on development paths also include
impacts of climate-change response policies, which can affect a
wide range of development-related choices, from energy sources
and costs to industrial competitiveness to patterns of tourism.
Areas and sectors most heavily dependent on fossil fuels are
especially likely to be affected economically, often calling for
adaptation strategies that may in some cases require assistance
with capacity building, technological development and transition
financing.
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7.8 Key uncertainties and research priorities

Because research on vulnerabilities and adaptation potentials
of human systems has lagged behind research on physical
environmental systems, ecological impacts and mitigation,
uncertainties dominate the subject matter of this chapter. Key
issues include (a) uncertainties about climate-change impacts at
a relatively fine-grained geographic and sectoral scale, both
harmful and beneficial, which undermine efforts to assess
potential benefits from investments in adaptation; (b) improved
understanding of indirect second and third order impacts: i.e.,
the trickle down of primary effects, such as temperature or
precipitation change, storm behaviour change and sea-level rise,
through interrelationships among human systems; (c)
relationships between specific effects in one location and the
well-being of other locations, through linkages in
inflows/outflows and inter-regional trade and migration flows;
(d) uncertainties about potentials, costs and limits of adaptation
in keeping stressful impacts within acceptable limits, especially
in developing countries and regions (see Parson et al., 2003);
and (e) uncertainties about possible trends in societal, economic
and technological change with or without climate change. A
particular challenge is improving the capacity to provide more
quantitative estimates of impacts and adaptation potentials under
the sets of assumptions included in SRES and other climate-
change scenarios and scenarios of greenhouse gas emissions
stabilisation, especially for time horizons of interest to decision
makers, such as 2020, 2050 and 2080.

All of these issues are very high priorities for research in both
developed and developing countries, with certain differences in
emphasis related to the different development contexts. As a
broad generalisation, the primary impact issue for developed
countries is the possibility of abrupt climate change, which could
cause changes too rapid and disruptive even for a relatively
developed country to absorb, at least over a period of several
decades. High priorities include reducing uncertainty about the
potential for adaptation to cope with climate-change impacts in
the absence of abrupt climate change, considering possible
responses to threats from low-probability/high consequence
contingencies, and considering interactions between climate
change and other stresses. The primary impact issue for
developing countries is the possibility that climate change,
combined with other stresses affecting sustainable development,
could jeopardise livelihoods and societies in many regions. High
priorities include improving the understanding of multiple-stress
contexts for sustainable development and improving the
understanding of climate-sensitive thresholds for components of
sustainable development paths.

Some of these uncertainties call for careful location- and
sector-specific research, including better information about the
geographic distribution of vulnerabilities of settlements and
societies at a relatively localised scale, emphasising especially
vulnerable areas, such as coastal areas in lower-income
developing countries, and especially vulnerable sectors, such as
tourism, and possible financial thresholds regarding the
insurability of climate-change impact risks. Others call for
attention to cross-sectoral and multi-locational relationships

between climate change, adaptation and mitigation (Chapter 18),
including both complementarities and trade-offs in policy and
investment strategies. Underlying all of these issues for industry,
settlement and society are relationships between possible
climate-change impact vulnerabilities and adaptation responses
and broader processes of sustainable economic and social
development, which suggest a need for a much greater emphasis
on research that investigates such linkages. In some cases,
because of the necessarily speculative nature of research about
future contingencies, it is likely to be useful to consider past
experiences with climate variability and analogues drawn from
other experiences with managing risks and adapting to
environmental changes and stresses (e.g., Abler, 2003). In many
others, an important step will be to establish mechanisms for
monitoring interactions between emerging climate changes and
other processes and stresses in order both to learn from the
observations and to provide early alerts regarding potential
problems or opportunities.

Underlying all of these research needs are often very serious
limitations on available data to support valid analysis, especially
data on nature-society linkages and data on relatively detailed-
scale contexts in both developed and developing countries (e.g.,
Wilbanks et al., 2003). If information about possible impacts,
vulnerabilities and adaptation potentials for industry, settlement
and society is to be substantially improved, serious attention is
needed towards establishing improved data sources on human-
environmental relationships in both developing and developed
countries, improving the integration of physical and earth
science data from space-based and in situ observation systems
with socioeconomic data, and improving the ability to associate
data systems with high-priority questions.
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Executive summary

Climate change currently contributes to the global burden
of disease and premature deaths (very high confidence).
Human beings are exposed to climate change through changing
weather patterns (temperature, precipitation, sea-level rise and
more frequent extreme events) and indirectly through changes in
water, air and food quality and changes in ecosystems,
agriculture, industry and settlements and the economy. At this
early stage the effects are small but are projected to
progressively increase in all countries and regions. [8.4.1]

Emerging evidence of climate change effects on human
health shows that climate change has:

• altered the distribution of some infectious disease vectors
(medium confidence) [8.2.8];

• altered the seasonal distribution of some allergenic pollen
species (high confidence) [8.2.7];

• increased heatwave-related deaths (medium confidence)
[8.2.1].

Projected trends in climate-change-related exposures of
importance to human health will:

• increase malnutrition and consequent disorders, including
those relating to child growth and development (high
confidence) [8.2.3, 8.4.1];

• increase the number of people suffering from death, disease
and injury from heatwaves, floods, storms, fires and droughts
(high confidence) [8.2.2, 8.4.1];

• continue to change the range of some infectious disease
vectors (high confidence) [8.2, 8.4];

• have mixed effects on malaria; in some places the
geographical range will contract, elsewhere the geographical
range will expand and the transmission season may be
changed (very high confidence) [8.4.1.2];

• increase the burden of diarrhoeal diseases (medium
confidence) [8.2, 8.4];

• increase cardio-respiratory morbidity and mortality associated
with ground-level ozone (high confidence) [8.2.6, 8.4.1.4];

• increase the number of people at risk of dengue (low
confidence) [8.2.8, 8.4.1];

• bring some benefits to health, including fewer deaths from
cold, although it is expected that these will be outweighed by
the negative effects of rising temperatures worldwide,
especially in developing countries (high confidence) [8.2.1,
8.4.1].

Adaptive capacity needs to be improved everywhere;
impacts of recent hurricanes and heatwaves show that even
high-income countries are not well prepared to cope with
extreme weather events (high confidence). [8.2.1, 8.2.2]

Adverse health impacts will be greatest in low-income
countries. Those at greater risk include, in all countries, the
urban poor, the elderly and children, traditional societies,
subsistence farmers, and coastal populations (high
confidence). [8.1.1, 8.4.2, 8.6.1.3, 8.7]

Economic development is an important component of
adaptation, but on its own will not insulate the world’s
population from disease and injury due to climate change
(very high confidence).
Critically important will be the manner in which economic
growth occurs, the distribution of the benefits of growth, and
factors that directly shape the health of populations, such as
education, health care, and public-health infrastructure. [8.3.2]

8.1 Introduction

This chapter describes the observed and projected health
impacts of climate change, current and future populations at risk,
and the strategies, policies and measures that have been and can
be taken to reduce impacts. The chapter reviews the knowledge
that has emerged since the Third Assessment Report (TAR)
(McMichael et al., 2001). Published research continues to focus
on effects in high-income countries, and there remain important
gaps in information for the more vulnerable populations in low-
and middle-income countries.

8.1.1 State of health in the world

Health includes physical, social and psychological well-
being. Population health is a primary goal of sustainable
development. Human beings are exposed to climate change
through changing weather patterns (for example more intense
and frequent extreme events) and indirectly though changes in
water, air, food quality and quantity, ecosystems, agriculture,
livelihoods and infrastructure (Figure 8.1). These direct and
indirect exposures can cause death, disability and suffering. Ill-
health increases vulnerability and reduces the capacity of
individuals and groups to adapt to climate change. Populations
with high rates of disease and debility cope less successfully
with stresses of all kinds, including those related to climate
change.

In many respects, population health has improved remarkably
over the last 50 years. For instance, average life expectancy at
birth has increased worldwide since the 1950s (WHO, 2003b,
2004b). However, improvement is not apparent everywhere, and
substantial inequalities in health persist within and between
countries (Casas-Zamora and Ibrahim, 2004; McMichael et al.,
2004; Marmot, 2005; People’s Health Movement et al., 2005).
In parts of Africa, life expectancy has fallen in the last 20 years,
largely as a consequence of HIV/AIDS; in some countries more
than 20% of the adult population is infected (UNDP, 2005).
Globally, child mortality decreased from 147 to 80 deaths per
1,000 live births from 1970 to 2002 (WHO, 2002b). Reductions
were largest in countries in the World Health Organization
(WHO) regions of the Eastern Mediterranean, South-East Asia
and Latin America. In sixteen countries (fourteen of which are
in Africa), current levels of under-five mortality are higher than
those observed in 1990 (Anand and Barnighausen, 2004). The
Millennium Development Goal (MDG) of reducing under-five
mortality rates by two-thirds by 2015 is unlikely to be reached
in these countries.
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Non-communicable diseases, such as heart disease, diabetes,
stroke and cancer, account for nearly half of the global burden
of disease (at all ages) and the burden is growing fastest in low-
and middle-income countries (Mascie-Taylor and Karim, 2003).
Communicable diseases are still a serious threat to public health
in many parts of the world (WHO, 2003a) despite immunisation
programmes and many other measures that have improved the
control of once-common human infections. Almost 2 million
deaths a year, mostly in young children, are caused by diarrhoeal
diseases and other conditions that are attributable to unsafe water
and lack of basic sanitation (Ezzati et al., 2003). Malaria, another
common disease whose geographical range may be affected by
climate change, causes around 1 million child deaths annually
(WHO, 2003b). Worldwide, 840 million people were under-
nourished in 1998-2000 (FAO, 2002). Progress in overcoming
hunger is very uneven. Based on current trends, only Latin
America and the Caribbean will achieve the MDG target of
halving the proportion of people who are hungry by 2015 (FAO,
2005; UN, 2006a).

8.1.2 Findings from the Third Assessment Report

The main findings of the IPCC TAR (McMichael et al., 2001)
were as follows.

• An increase in the frequency or intensity of heatwaves will
increase the risk of mortality and morbidity, principally in
older age groups and among the urban poor.

• Any regional increases in climate extremes (e.g., storms,
floods, cyclones, droughts) associated with climate change
would cause deaths and injuries, population displacement,
and adverse effects on food production, freshwater
availability and quality, and would increase the risks of
infectious disease, particularly in low-income countries.

• In some settings, the impacts of climate change may cause
social disruption, economic decline, and displacement of
populations. The health impacts associated with such socio-
economic dislocation and population displacement are
substantial.

• Changes in climate, including changes in climate variability,
would affect many vector-borne infections. Populations at
the margins of the current distribution of diseases might be
particularly affected.

• Climate change represents an additional pressure on the
world’s food supply system and is expected to increase yields
at higher latitudes and decrease yields at lower latitudes. This
would increase the number of undernourished people in the
low-income world, unless there was a major redistribution
of food around the world.

• Assuming that current emission levels continue, air quality
in many large urban areas will deteriorate. Increases in
exposure to ozone and other air pollutants (e.g., particulates)
could increase morbidity and mortality.

8.1.3 Key developments since the Third
Assessment Report

Overall, research over the last 6 years has provided new
evidence to expand the findings of the TAR. Empirical research

has further quantified the health effects of heatwaves (see
Section 8.2.1). There has been little additional research on the
health effects of other extreme weather events. The early effects
of climate change on health-relevant exposures have been
investigated in the context of changes in air quality and plant
and animal phenology (see Chapter 1 and Sections 8.2.7 and
8.2.8). There has been research on a wider range of health issues,
including food safety and water-related infections. The
contribution made by climate change to the overall burden of
disease has been estimated (see Section 8.4.1) (McMichael, 2004).
Several countries have conducted health-impact assessments of
climate change; either as part of a multi-sectoral study or as a
stand-alone project (see Tables 8.1, 8.3 and 8.4). These provide
more detailed information on population vulnerability to climate
change (see Section 8.4.2). The effect of climate has been studied
in the context of other social and environmental determinants of
health outcomes (McMichael et al., 2003a; Izmerov et al., 2005).
Little advancement has been made in the development of climate–
health impact models that project future health effects. Climate
change is now an issue of concern for health policy in many
countries. Some adaptation measures specific to climate
variability have been developed and implemented within and
beyond the health sector (see Section 8.6). Many challenges
remain for climate- and health-impact and adaptation research.
The most important of these is the limited capacity for research
and adaptation in low- and middle-income countries.

8.1.4 Methods used and gaps in knowledge

The evidence for the current sensitivity of population health
to weather and climate is based on five main types of empirical
study:

• health impacts of individual extreme events (e.g., heatwaves,
floods, storms, droughts, extreme cold);

• spatial studies where climate is an explanatory variable in
the distribution of the disease or the disease vector;

• temporal studies assessing the health effects of interannual
climate variability, of short-term (daily, weekly) changes in
temperature or rainfall, and of longer-term (decadal) changes
in the context of detecting early effects of climate change;

• experimental laboratory and field studies of vector, pathogen,
or plant (allergen) biology;

• intervention studies that investigate the effectiveness of
public-health measures to protect people from climate
hazards.

This assessment of the potential future health impacts of
climate change is conducted in the context of:

• limited region-specific projections of changes in exposures
of importance to human health;

• the consideration of multiple, interacting and multi-causal
health outcomes;

• the difficulty of attributing health outcomes to climate or
climate change per se;

• the difficulty of generalising health outcomes from one
setting to another, when many diseases (such as malaria)
have important local transmission dynamics that cannot
easily be represented in simple relationships;
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• limited inclusion of different developmental scenarios in
health projections;

• the difficulty in identifying climate-related thresholds for
population health;

• limited understanding of the extent, rate, limiting forces and
major drivers of adaptation of human populations to a
changing climate.
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Table 8.1. National health impact assessments of climate change published since the TAR.

Country Key findings Adaptation recommendations

Australia
(McMichael et al., 2003b)

Increase in heatwave-related deaths; drowning from floods;
diarrhoeal disease in indigenous communities; potential change in
the geographical range of dengue and malaria; likely increase in
environmental refugees from Pacific islands.

Not considered.

Bolivia
(Programa Nacional de
Cambios Climaticos
Componente Salud et al.,
2000)

Intensification of malaria and leishmaniasis transmission. Indigenous
populations may be most affected by increases in infectious
diseases.

Not considered.

Bhutan
(National Environment
Commission et al., 2006)

Loss of life from frequent flash floods; glacier lake outburst floods;
landslides; hunger and malnutrition; spread of vector-borne diseases
into higher elevations; loss of water resources; risk of water-borne
diseases.

Ensure safe drinking water; regular vector
control and vaccination programmes; monitor
air and drinking water quality; establishment of
emergency medical services.

Canada
(Riedel, 2004)

Increase in heatwave-related deaths; increase in air pollution-related
diseases; spread of vector- and rodent-borne diseases; increased
problems with contamination of both domestic and imported
shellfish; increase in allergic disorders; impacts on particular
populations in northern Canada.

Monitoring for emerging infectious diseases;
emergency management plans; early warning
systems; land-use regulations; upgrading water
and wastewater treatment facilities; measures
for reducing the heat-island effect.

Finland
(Hassi and Rytkonen, 2005)

Small increase in heat-related mortality; changes in phenological
phases and increased risk of allergic disorders; small reduction in
winter mortality.

Awareness-building and training of medical
doctors.

Germany
(Zebisch et al., 2005)

Observed excess deaths from heatwaves; changing ranges in tick-
borne encephalitis; impacts on health care.

Increase information to the population; early
warning; emergency planning and cooling of
buildings; insurance and reserve funds.

India
(Ministry of Environment
and Forest and Government
of India, 2004)

Increase in communicable diseases. Malaria projected to move to
higher latitudes and altitudes in India.

Surveillance systems; vector control measures;
public education.

Japan
(Koike, 2006)

Increased risk of heat-related emergency visits, Japanese cedar
pollen disease patients, food poisoning; and sleep disturbance.

Heat-related emergency visit surveillance.

The Netherlands
(Bresser, 2006)

Increase in heat-related mortality, air pollutants; risk of Lyme disease,
food poisoning and allergic disorders.

Not considered.

New Zealand
(Woodward et al., 2001)

Increases in enteric infections (food poisoning); changes in some
allergic conditions; injuries from more intense floods and storms; a
small increase in heat-related deaths.

Systems to ensure food quality; information to
population and health care providers; flood
protection; vector control.

Panama
(Autoridad Nacional del
Ambiente, 2000)

Increase of vector-borne and other infectious diseases; health
problems due to high ozone levels in urban areas; increase in
malnutrition.

Not considered.

Portugal
(Casimiro and Calheiros,
2002; Calheiros and
Casimiro, 2006)

Increase in heat-related deaths and malaria (Tables 8.2, 8.3), food-
and water-borne diseases, West Nile fever, Lyme disease and
Mediterranean spotted fever; a reduction in leishmaniasis risk in
some areas.

Address thermal comfort; education and
information as well as early warning for hot
periods; and early detection of infectious
diseases.

Spain
(Moreno, 2005)

Increase in heat-related mortality and air pollutants; potential change
of ranges of vector- and rodent-borne diseases.

Awareness-raising; early warning systems for
heatwaves; surveillance and monitoring; review
of health policies.

Tajikistan
(Kaumov and
Muchmadeliev, 2002)

Increase in heat-related deaths. Not considered.

Switzerland
(Thommen Dombois and
Braun-Fahrlaender, 2004)

Increase of heat-related mortality; changes in zoonoses; increase in
cases of tick-borne encephalitis.

Heat information, early warning; greenhouse
gas emissions reduction strategies to reduce
secondary air pollutants; setting up a working
group on climate and health.

United Kingdom
(Department of Health and
Expert Group on Climate
Change and Health in the
UK, 2001)

Health impacts of increased flood events; increased risk of
heatwave-related mortality; and increased ozone-related exposure.

Awareness-raising.



8.2 Current sensitivity and vulnerability

Systematic reviews of empirical studies provide the best
evidence for the relationship between health and weather or
climate factors, but such formal reviews are rare. In this section,
we assess the current state of knowledge of the associations
between weather/climate factors and health outcome(s) for the
population(s) concerned, either directly or through multiple
pathways, as outlined in Figure 8.1. The figure shows not only
the pathways by which health can be affected by climate change,
but also shows the concurrent direct-acting and modifying
(conditioning) influences of environmental, social and health-
system factors.

Published evidence so far indicates that:
• climate change is affecting the seasonality of some allergenic

species (see Chapter 1) as well as the seasonal activity and
distribution of some disease vectors (see Section 8.2.8);

• climate plays an important role in the seasonal pattern or
temporal distribution of malaria, dengue, tick-borne diseases,
cholera and some other diarrhoeal diseases (see Sections
8.2.5 and 8.2.8);

• heatwaves and flooding can have severe and long-lasting
effects.

8.2.1 Heat and cold health effects

The effects of environmental temperature have been studied
in the context of single episodes of sustained extreme

temperatures (by definition, heatwaves and cold-waves) and as
population responses to the range of ambient temperatures
(ecological time-series studies).

8.2.1.1 Heatwaves
Hot days, hot nights and heatwaves have become more

frequent (IPCC, 2007a). Heatwaves are associated with marked
short-term increases in mortality (Box 8.1). There has been more
research on heatwaves and health since the TAR in North
America (Basu and Samet, 2002), Europe (Koppe et al., 2004)
and East Asia (Qiu et al., 2002; Ando et al., 2004; Choi et al.,
2005; Kabuto et al., 2005).

A variable proportion of the deaths occurring during
heatwaves are due to short-term mortality displacement (Hajat
et al., 2005; Kysely, 2005). Research indicates that this
proportion depends on the severity of the heatwave and the
health status of the population affected (Hemon and Jougla,
2004; Hajat et al., 2005). The heatwave in 2003 was so severe
that short-term mortality displacement contributed very little to
the total heatwave mortality (Le Tertre et al., 2006).

Eighteen heatwaves were reported in India between 1980 and
1998, with a heatwave in 1988 affecting ten states and causing
1,300 deaths (De and Mukhopadhyay, 1998; Mohanty and
Panda, 2003; De et al., 2004). Heatwaves in Orissa, India, in
1998, 1999 and 2000 caused an estimated 2,000, 91 and 29
deaths, respectively (Mohanty and Panda, 2003) and heatwaves
in 2003 in Andhra Pradesh, India, caused more than 3000 deaths
(Government of Andhra Pradesh, 2004). Heatwaves in South
Asia are associated with high mortality in rural populations, and
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Figure 8.1. Schematic diagram of pathways by which climate change affects health, and concurrent direct-acting and modifying (conditioning)
influences of environmental, social and health-system factors.



among the elderly and outdoor workers (Chaudhury et al., 2000)
(see Section 8.2.9). The mortality figures probably refer to
reported deaths from heatstroke and are therefore an
underestimate of the total impact of these events.

8.2.1.2 Cold-waves
Cold-waves continue to be a problem in northern latitudes,

where very low temperatures can be reached in a few hours and

extend over long periods. Accidental cold exposure occurs
mainly outdoors, among socially deprived people (alcoholics,
the homeless), workers, and the elderly in temperate and cold
climates (Ranhoff, 2000). Living in cold environments in polar
regions is associated with a range of chronic conditions in the
non-indigenous population (Sorogin et al, 1993) as well as with
acute risk from frostbite and hypothermia (Hassi et al., 2005). In
countries with populations well adapted to cold conditions, cold-
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Box 8.1. The European heatwave 2003: impacts and adaptation

In August 2003, a heatwave in France caused more than 14,800 deaths (Figure 8.2). Belgium, the Czech Republic, Germany,
Italy, Portugal, Spain, Switzerland, the Netherlands and the UK all reported excess mortality during the heatwave period, with
total deaths in the range of 35,000 (Hemon and Jougla, 2004; Martinez-Navarro et al., 2004; Michelozzi et al., 2004;
Vandentorren et al., 2004; Conti et al., 2005; Grize et al., 2005; Johnson et al., 2005). In France, around 60% of the heatwave
deaths occurred in persons aged 75 and over (Hemon and Jougla, 2004). Other harmful exposures were also caused or
exacerbated by the extreme weather, such as outdoor air pollutants (tropospheric ozone and particulate matter) (EEA, 2003),
and pollution from forest fires.

Figure 8.2. (a) The distribution of excess mortality in France from 1 to 15 August 2003, by region, compared with the previous three years
(INVS, 2003); (b) the increase in daily mortality in Paris during the heatwave in early August (Vandentorren and Empereur-Bissonnet, 2005).

A French parliamentary inquiry concluded that the health impact was ‘unforeseen’, surveillance for heatwave deaths was
inadequate, and the limited public-health response was due to a lack of experts, limited strength of public-health agencies,
and poor exchange of information between public organisations (Lagadec, 2004; Sénat, 2004).

In 2004, the French authorities implemented local and national action plans that included heat health-warning systems, health
and environmental surveillance, re-evaluation of care of the elderly, and structural improvements to residential institutions (such
as adding a cool room) (Laaidi et al., 2004; Michelon et al., 2005). Across Europe, many other governments (local and national)
have implemented heat health-prevention plans (Michelozzi et al., 2005; WHO Regional Office for Europe, 2006).

Since the observed higher frequency of heatwaves is likely to have occurred due to human influence on the climate system
(Hegerl et al., 2007), the excess deaths of the 2003 heatwave in Europe are likely to be linked to climate change.

(a) (b)



waves can still cause substantial increases in mortality if
electricity or heating systems fail. Cold-waves also affect health
in warmer climates, such as in South-East Asia (EM-DAT,
2006).

8.2.1.3 Estimates of heat and cold effects
Methods for the quantification of heat and cold effects have

seen rapid development (Braga et al., 2002; Curriero et al., 2002;
Armstrong et al., 2004), including the identification of medical,
social, environmental and other factors that modify the
temperature–mortality relationship (Basu and Samet, 2002;
Koppe et al., 2004). Local factors, such as climate, topography,
heat-island magnitude, income, and the proportion of elderly
people, are important in determining the underlying
temperature–mortality relationship in a population (Curriero et
al., 2002; Hajat, 2006). High temperatures contribute to about
0.5 - 2% of annual mortality in older age groups in Europe
(Pattenden et al., 2003; Hajat et al., 2006), although large
uncertainty remains in quantifying this burden in terms of years
of life lost.

The sensitivity of a population to temperature extremes
changes over decadal time-scales (Honda et al., 1998). There is
some indication that populations in the USA became less
sensitive to high temperatures over the period 1964 to 1988 (as
measured imprecisely by population- and period-specific
thresholds in the mortality response) (Davis et al., 2002, 2003,
2004). Heat-related mortality has declined since the 1970s in
South Carolina, USA, and south Finland, but this trend was less
clear for the south of England (Donaldson et al., 2003). Cold-
related mortality in European populations has also declined since
the 1950s (Kunst et al., 1991; Lerchl, 1998; Carson et al., 2006).
Cold days, cold nights and frost days have become rarer, but
explain only a small part of this reduction in winter mortality; as
improved home heating, better general health and improved
prevention and treatment of winter infections have played a
more significant role (Carson et al., 2006). In general, population
sensitivity to cold weather is greater in temperate countries with
mild winters, as populations are less well-adapted to cold
(Eurowinter Group, 1997; Healy, 2003).

8.2.2 Wind, storms and floods

Floods are low-probability, high-impact events that can
overwhelm physical infrastructure, human resilience and social
organisation. Floods are the most frequent natural weather
disaster (EM-DAT, 2006). Floods result from the interaction of
rainfall, surface runoff, evaporation, wind, sea level and local
topography. In inland areas, flood regimes vary substantially
depending on catchment size, topography and climate. Water
management practices, urbanisation, intensified land use and
forestry can substantially alter the risks of floods (EEA, 2005).
Windstorms are often associated with floods.

Major storm and flood disasters have occurred in the last two
decades. In 2003, 130 million people were affected by floods in
China (EM-DAT, 2006). In 1999, 30,000 died from storms
followed by floods and landslides in Venezuela. In 2000/2001,
1,813 died in floods in Mozambique (IFRC, 2002; Guha-Sapir
et al., 2004). Improved structural and non-structural measures,

particularly improved warnings, have decreased mortality from
floods and storm surges in the last 30 years (EEA, 2005);
however, the impact of weather disasters in terms of social and
health effects is still considerable and is unequally distributed
(see Box 8.2). Flood health impacts range from deaths, injuries,
infectious diseases and toxic contamination, to mental health
problems (Greenough et al., 2001; Ahern et al., 2005).

In terms of deaths and populations affected, floods and
tropical cyclones have the greatest impact in South Asia and
Latin America (Guha-Sapir et al., 2004; Schultz et al., 2005).
Deaths recorded in disaster databases are from drowning and
severe injuries. Deaths from unsafe or unhealthy conditions
following the extreme event are also a health consequence, but
such information is rarely included in disaster statistics (Combs
et al., 1998; Jonkman and Kelman, 2005). Drowning by storm
surge is the major killer in coastal storms where there are large
numbers of deaths. An assessment of surges in the past 100 years
found that major events were confined to a limited number of
regions, with many events occurring in the Bay of Bengal,
particularly Bangladesh (Nicholls, 2003).

Populations with poor sanitation infrastructure and high
burdens of infectious disease often experience increased rates
of diarrhoeal diseases after flood events. Increases in cholera
(Sur et al., 2000; Gabastou et al., 2002), cryptosporidiosis
(Katsumata et al., 1998) and typhoid fever (Vollaard et al., 2004)
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Box 8.2. Gender and natural disasters

Men and women are affected differently in all phases of
a disaster, from exposure to risk and risk perception; to
preparedness behaviour, warning communication and
response; physical, psychological, social and economic
impacts; emergency response; and ultimately to
recovery and reconstruction (Fothergill, 1998). Natural
disasters have been shown to result in increased
domestic violence against, and post-traumatic stress
disorders in, women (Anderson and Manuel, 1994;
Garrison et al., 1995; Wilson et al., 1998; Ariyabandu and
Wickramasinghe, 2003; Galea et al., 2005). Women
make an important contribution to disaster reduction,
often informally through participating in disaster
management and acting as agents of social change.
Their resilience and their networks are critical in
household and community recovery (Enarson and
Morrow, 1998; Ariyabandu and Wickramasinghe, 2003).
After the 1999 Orissa cyclone, most of the relief efforts
were targeted at or through women, giving them control
over resources. Women received the relief kits, including
house-building grants and loans, resulting in improved
self-esteem and social status (Briceño, 2002). Similarly,
following a disastrous 1992 flood in Pakistan in the
Sarghoda district, women were involved in the
reconstruction design and were given joint ownership of
the homes, promoting their empowerment.



have been reported in low- and middle-income countries. Flood-
related increases in diarrhoeal disease have also been reported in
India (Mondal et al., 2001), Brazil (Heller et al., 2003) and
Bangladesh (Kunii et al., 2002; Schwartz et al., 2006). The
floods in Mozambique in 2001 were estimated to have caused
over 8,000 additional cases and 447 deaths from diarrhoeal
disease in the following months (Cairncross and Alvarinho,
2006).

The risk of infectious disease following flooding in high-
income countries is generally low, although increases in
respiratory and diarrhoeal diseases have been reported after
floods (Miettinen et al., 2001; Reacher et al., 2004; Wade et al.,
2004). An important exception was the impact of Hurricanes
Katrina and Rita in the USA in 2005, where contamination of
water supplies with faecal bacteria led to many cases of
diarrhoeal illness and some deaths (CDC, 2005; Manuel, 2006).

Flooding may lead to contamination of waters with dangerous
chemicals, heavy metals or other hazardous substances, from
storage or from chemicals already in the environment (e.g.,
pesticides). Chemical contamination following Hurricane
Katrina in the USA included oil spills from refineries and storage
tanks, pesticides, metals and hazardous waste (Manuel, 2006).
Concentrations of most contaminants were within acceptable
short-term levels, except for lead and volatile organic
compounds (VOCs) in some areas (Pardue et al., 2005). There
are also health risks associated with long-term contamination of
soil and sediment (Manuel, 2006); however, there is little
published evidence demonstrating a causal effect of chemical
contamination on the pattern of morbidity and mortality
following flooding events (Euripidou and Murray, 2004; Ahern
et al., 2005). Increases in population density and accelerating
industrial development in areas subject to natural disasters
increase the probability of future disasters and the potential for
mass human exposure to hazardous materials released during
disasters (Young et al., 2004).

There is increasing evidence of the importance of mental
disorders as an impact of disasters (Mollica et al., 2004; Ahern
et al., 2005). Prolonged impairment resulting from common
mental disorders (anxiety and depression) may be considerable.
Studies in both low- and high-income countries indicate that the
mental-health aspect of flood-related impacts has been
insufficiently investigated (Ko et al., 1999; Ohl and Tapsell,
2000; Bokszczanin, 2002; Tapsell et al., 2002; Assan-
arigkornchai et al., 2004; Norris et al., 2004; North et al., 2004;
Ahern et al., 2005; Kohn et al., 2005; Maltais et al., 2005). A
systematic review of post-traumatic stress disorder in high-
income countries found a small but significant effect following
disasters (Galea et al., 2005). There is also evidence of medium-
to long-term impacts on behavioural disorders in young children
(Durkin et al., 1993; Becht et al., 1998; Bokszczanin, 2000,
2002).

Vulnerability to weather disasters depends on the attributes
of the person at risk (including where they live, age, income,
education and disability) and on broader social and
environmental factors (level of disaster preparedness, health
sector responses and environmental degradation) (Blaikie et al.,
1994; Menne, 2000; Olmos, 2001; Adger et al., 2005; Few and
Matthies, 2006). Poorer communities, particularly slum

dwellers, are more likely to live in flood-prone areas. In the
USA, lower-income groups were most affected by Hurricane
Katrina, and low-income schools had twice the risk of being
flooded compared with the reference group (Guidry and
Margolis, 2005).

High-density populations in low-lying coastal regions
experience a high health burden from weather disasters, such as
settlements along the North Sea coast in north-west Europe, the
Seychelles, parts of Micronesia, the Gulf Coast of the USA and
Mexico, the Nile Delta, the Gulf of Guinea, and the Bay of
Bengal (see Chapter 6). Environmentally degraded areas are
particularly vulnerable to tropical cyclones and coastal flooding
under current climate conditions.

8.2.3 Drought, nutrition and food security

The causal chains through which climate variability and
extreme weather influence human nutrition are complex and
involve different pathways (regional water scarcity, salinisation
of agricultural lands, destruction of crops through flood events,
disruption of food logistics through disasters, and increased
burden of plant infectious diseases or pests) (see Chapter 5).
Both acute and chronic nutritional problems are associated with
climate variability and change. The effects of drought on health
include deaths, malnutrition (undernutrition, protein-energy
malnutrition and/or micronutrient deficiencies), infectious
diseases and respiratory diseases (Menne and Bertollini, 2000).

Drought diminishes dietary diversity and reduces overall food
consumption, and may therefore lead to micronutrient
deficiencies. In Gujarat, India, during a drought in the year 2000,
diets were found to be deficient in energy and several vitamins.
In this population, serious effects of drought on anthropometric
indices may have been prevented by public-health measures
(Hari Kumar et al., 2005). A study in southern Africa suggests
that HIV/AIDS amplifies the effect of drought on nutrition
(Mason et al., 2005). Malnutrition increases the risk both of
acquiring and of dying from an infectious disease. A study in
Bangladesh found that drought and lack of food were associated
with an increased risk of mortality from a diarrhoeal illness
(Aziz et al., 1990).

Drought and the consequent loss of livelihoods is also a major
trigger for population movements, particularly rural to urban
migration. Population displacement can lead to increases in
communicable diseases and poor nutritional status resulting
from overcrowding, and a lack of safe water, food and shelter
(Choudhury and Bhuiya, 1993; Menne and Bertollini, 2000; del
Ninno and Lundberg, 2005). Recently, rural to urban migration
has been implicated as a driver of HIV transmission (White,
2003; Coffee et al., 2005). Farmers in Australia also appear to be
at increased risk of suicide during periods of drought (Nicholls
et al., 2005). The range of health impacts associated with a
drought event in Brazil are described in Box 8.3.

8.2.3.1 Drought and infectious disease
Countries within the ‘Meningitis Belt’ in semi-arid sub-

Saharan Africa experience the highest endemicity and epidemic
frequency of meningococcal meningitis in Africa, although other
areas in the Rift Valley, the Great Lakes, and southern Africa are
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also affected. The spatial distribution, intensity and seasonality
of meningococcal (epidemic) meningitis appear to be strongly
linked to climatic and environmental factors, particularly
drought, although the causal mechanism is not clearly
understood (Molesworth et al., 2001, 2002a, b, 2003). Climate
plays an important part in the interannual variability in
transmission, including the timing of the seasonal onset of the
disease (Molesworth et al., 2001; Sultan et al., 2005). The
geographical distribution of meningitis has expanded in West
Africa in recent years, which may be attributable to
environmental change driven by both changes in land use and
regional climate change (Molesworth et al., 2003).

The transmission of some mosquito-borne diseases is
affected by drought events. During droughts, mosquito activity
is reduced and, as a consequence, the population of non-
immune persons increases. When the drought breaks, there is a
much larger proportion of susceptible hosts to become infected,
thus potentially increasing transmission (Bouma and Dye,
1997; Woodruff et al., 2002). In other areas, droughts may
favour increases in mosquito populations due to reductions in
mosquito predators (Chase and Knight, 2003). Other drought-
related factors that may result in a short-term increase in the
risk for infectious disease outbreaks include stagnation and
contamination of drainage canals and small rivers. In the long
term, the incidence of mosquito-borne diseases such as malaria
decreases because the mosquito vector lacks the necessary
humidity and water for breeding. The northern limit of
Plasmodium falciparum malaria in Africa is the Sahel, where
rainfall is an important limiting factor in disease transmission
(Ndiaye et al., 2001). Malaria has decreased in association with
long-term decreases in annual rainfall in Senegal and Niger
(Mouchet et al., 1996; Julvez et al., 1997). Drought events are
also associated with dust storms and respiratory health effects
(see Section 8.2.6). Droughts are also associated with water

scarcity; the risks of water-washed diseases are addressed in
Section 8.2.5.

8.2.4 Food safety

Several studies have confirmed and quantified the effects of
high temperatures on common forms of food poisoning, such as
salmonellosis (D’Souza et al., 2004; Kovats et al., 2004; Fleury
et al., 2006). These studies found an approximately linear
increase in reported cases with each degree increase in weekly
or monthly temperature. Temperature is much less important
for the transmission of Campylobacter (Kovats et al., 2005;
Louis et al., 2005; Tam et al., 2006).

Contact between food and pest species, especially flies,
rodents and cockroaches, is also temperature-sensitive. Fly
activity is largely driven by temperature rather than by biotic
factors (Goulson et al., 2005). In temperate countries, warmer
weather and milder winters are likely to increase the abundance
of flies and other pest species during the summer months, with
the pests appearing earlier in spring.

Harmful algal blooms (HABs) (see Chapter 1, Section
1.3.4.2) produce toxins that can cause human diseases, mainly
via consumption of contaminated shellfish. Warmer seas may
thus contribute to increased cases of human shellfish and reef-
fish poisoning (ciguatera) and poleward expansions of these
disease distributions (Kohler and Kohler, 1992; Lehane and
Lewis, 2000; Hall et al., 2002; Hunter, 2003; Korenberg, 2004).
For example, sea-surface temperatures influence the growth of
Gambierdiscus spp., which is associated with reports of
ciguatera in French Polynesia (Chateau-Degat et al., 2005). No
further assessments of the impact of climate change on shellfish
poisoning have been carried out since the TAR.
Vibrio parahaemolyticus and Vibrio vulnificus are

responsible for non-viral infections related to shellfish
consumption in the USA, Japan and South-East Asia (Wittmann
and Flick, 1995; Tuyet et al., 2002). Abundance is dependent on
the salinity and temperature of the coastal water. A large
outbreak in 2004 due to the consumption of contaminated
oysters (V. parahaemolyticus) was linked to atypically high
temperatures in Alaskan coastal waters (McLaughlin et al.,
2005).

Another example of the implications that climate change can
have for food safety is the methylation of mercury and its
subsequent uptake by fish and human beings, as observed in
the Faroe Islands (Booth and Zeller, 2005; McMichael et al.,
2006).

8.2.5 Water and disease

Climate-change-related alterations in rainfall, surface water
availability and water quality could affect the burden of water-
related diseases (see Chapter 3). Water-related diseases can be
classified by route of transmission, thus distinguishing between
water-borne (ingested) and water-washed diseases (caused by
lack of hygiene). There are four main considerations to take into
account when evaluating the relationship between health
outcomes and exposure to changes in rainfall, water availability
and quality:
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Box 8.3. Drought in the Amazon

In the dry season of 2005, an intense drought affected the
western and central part of the Amazon region, especially
Bolivia, Peru and Brazil. In Brazil alone, 280,000 to 300,000
people were affected (see, e.g., Folha, 2006; Socioambiental,
2006). The drought was unusual because it was not caused
by an El Niño event, but was linked to a circulation pattern
powered by warm seas in the Atlantic – the same
phenomenon responsible for the intense Atlantic hurricane
season (CPTEC, 2005). There were increased risks to health
due to water scarcity, food shortages and smoke from forest
fires. Most affected were rural dwellers and riverine traditional
subsistence farmers with limited spare resources to mobilise
in an emergency. The local and national governments in Brazil
provided financial assistance for the provision of safe drinking
water, food supplies, medicines and transportation to
thousands of people isolated in their communities due to
rivers drying up (World Bank, 2005).



• linkages between water availability, household access to
improved water, and the health burden due to diarrhoeal
diseases;

• the role of extreme rainfall (intense rainfall or drought) in
facilitating water-borne outbreaks of diseases through piped
water supplies or surface water;

• effects of temperature and runoff on microbiological and
chemical contamination of coastal, recreational and surface
waters;

• direct effects of temperature on the incidence of diarrhoeal
disease.

Access to safe water remains an extremely important global
health issue. More than 2 billion people live in the dry regions
of the world and suffer disproportionately from malnutrition,
infant mortality and diseases related to contaminated or
insufficient water (WHO, 2005). A small and unquantified
proportion of this burden can be attributed to climate variability
or climate extremes. The effect of water scarcity on food
availability and malnutrition is discussed in Section 8.2.3, and
the effect of rainfall on outbreaks of mosquito-borne and rodent-
borne disease is discussed in Section 8.2.8.

Childhood mortality due to diarrhoea in low-income countries,
especially in sub-Saharan Africa, remains high despite
improvements in care and the use of oral rehydration therapy
(Kosek et al., 2003). Children may survive the acute illness but
may later die due to persistent diarrhoea or malnutrition. Children
in poor rural and urban slum areas are at high risk of diarrhoeal
disease mortality and morbidity. Several studies have shown that
transmission of enteric pathogens is higher during the rainy season
(Nchito et al., 1998; Kang et al., 2001). Drainage and storm water
management is important in low-income urban communities, as
blocked drains are one of the causes of increased disease
transmission (Parkinson and Butler, 2005).

Climate extremes cause both physical and managerial stresses
on water supply systems (see Chapters 3 and 7), although well-
managed public water supply systems should be able to cope
with climate extremes (Nicholls, 2003; Wilby et al., 2005).
Reductions in rainfall lead to low river flows, reducing effluent
dilution and leading to increased pathogen loading. This could
represent an increased challenge to water-treatment plants.
During the dry summer of 2003, low flows of rivers in the
Netherlands resulted in apparent changes in water quality
(Senhorst and Zwolsman, 2005).

Extreme rainfall and runoff events may increase the total
microbial load in watercourses and drinking-water reservoirs
(Kistemann et al., 2002), although the linkage to cases of human
disease is less certain (Schwartz and Levin, 1999; Aramini et al.,
2000; Schwartz et al., 2000; Lim et al., 2002). A study in the
USA found an association between extreme rainfall events and
monthly reports of outbreaks of water-borne disease (Curriero et
al., 2001). The seasonal contamination of surface water in early
spring in North America and Europe may explain some of the
seasonality in sporadic cases of water-borne diseases such as
cryptosporidiosis and campylobacteriosis (Clark et al., 2003;
Lake et al., 2005). The marked seasonality of cholera outbreaks
in the Amazon is associated with low river flow in the dry season
(Gerolomo and Penna, 1999), probably due to pathogen
concentrations in pools.

Higher temperature was found to be strongly associated with
increased episodes of diarrhoeal disease in adults and children in
Peru (Checkley et al., 2000; Speelmon et al., 2000; Checkley et
al., 2004; Lama et al., 2004). Associations between monthly
temperature and diarrhoeal episodes have also been reported in
the Pacific islands, Australia and Israel (Singh et al., 2001;
McMichael et al., 2003b; Vasilev, 2003).

Although there is evidence that the bimodal seasonal pattern
of cholera in Bangladesh is correlated with sea-surface
temperatures in the Bay of Bengal and with seasonal plankton
abundance (a possible environmental reservoir of the cholera
pathogen, Vibrio cholerae) (Colwell, 1996; Bouma and Pascual,
2001), winter peaks in disease further inland are not associated
with sea-surface temperatures (Bouma and Pascual, 2001). In
many countries cholera transmission is primarily associated with
poor sanitation. The effect of sea-surface temperatures in cholera
transmission has been most studied in the Bay of Bengal
(Pascual et al., 2000; Lipp et al., 2002; Rodo et al., 2002; Koelle
et al., 2005). In sub-Saharan Africa, cholera outbreaks are often
associated with flood events and faecal contamination of the
water supplies.

8.2.6 Air quality and disease

Weather at all time scales determines the development,
transport, dispersion and deposition of air pollutants, with the
passage of fronts, cyclonic and anticyclonic systems and their
associated air masses being of particular importance. Air-
pollution episodes are often associated with stationary or
slowly migrating anticyclonic or high pressure systems, which
reduce pollution dispersion and diffusion (Schichtel and Husar,
2001; Rao et al., 2003). Airflow along the flanks of
anticyclonic systems can transport ozone precursors, creating
the conditions for an ozone event (Lennartson and Schwartz,
1999; Scott and Diab, 2000; Yarnal et al., 2001; Tanner and
Law, 2002). Certain weather patterns enhance the development
of the urban heat island, the intensity of which may be
important for secondary chemical reactions within the urban
atmosphere, leading to elevated levels of some pollutants
(Morris and Simmonds, 2000; Junk et al., 2003; Jonsson et al.,
2004).

8.2.6.1 Ground-level ozone
Ground-level ozone is both naturally occurring and, as the

primary constituent of urban smog, is also a secondary
pollutant formed through photochemical reactions involving
nitrogen oxides and volatile organic compounds in the
presence of bright sunshine with high temperatures. In urban
areas, transport vehicles are the key sources of nitrogen oxides
and volatile organic compounds. Temperature, wind, solar
radiation, atmospheric moisture, venting and mixing affect
both the emissions of ozone precursors and the production of
ozone (Nilsson et al., 2001a, b; Mott et al., 2005). Because
ozone formation depends on sunlight, concentrations are
typically highest during the summer months, although not all
cities have shown seasonality in ozone concentrations (Bates,
2005). Concentrations of ground-level ozone are increasing
in most regions (Wu and Chan, 2001; Chen et al., 2004).
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Exposure to elevated concentrations of ozone is associated
with increased hospital admissions for pneumonia, chronic
obstructive pulmonary disease, asthma, allergic rhinitis and
other respiratory diseases, and with premature mortality (e.g.,
Mudway and Kelly, 2000; Gryparis et al., 2004; Bell et al., 2005,
2006; Ito et al., 2005; Levy et al., 2005). Outdoor ozone
concentrations, activity patterns and housing characteristics,
such as the extent of insulation, are the primary determinants of
ozone exposure (Suh et al., 2000; Levy et al., 2005). Although
a considerable amount is known about the health effects of
ozone in Europe and North America, few studies have been
conducted in other regions.

8.2.6.2 Effects of weather on concentrations of other air
pollutants

Concentrations of air pollutants in general, and fine
particulate matter (PM) in particular, may change in response to
climate change because their formation depends, in part, on
temperature and humidity. Air-pollution concentrations are the
result of interactions between variations in the physical and
dynamic properties of the atmosphere on time-scales from hours
to days, atmospheric circulation features, wind, topography and
energy use (McGregor, 1999; Hartley and Robinson, 2000; Pal
Arya, 2000). Some air pollutants demonstrate weather-related
seasonal cycles (Alvarez et al., 2000; Kassomenos et al., 2001;
Hazenkamp-von Arx et al., 2003; Nagendra and Khare, 2003;
Eiguren-Fernandez et al., 2004). Some locations, such as Mexico
City and Los Angeles, are predisposed to poor air quality
because local weather patterns are conducive to chemical
reactions leading to the transformation of emissions, and
because the topography restricts the dispersion of pollutants
(Rappengluck et al., 2000; Kossmann and Sturman, 2004).

Evidence for the health impacts of PM is stronger than that
for ozone. PM is known to affect morbidity and mortality (e.g.,
Ibald-Mulli et al., 2002; Pope et al., 2002; Kappos et al., 2004;
Dominici et al., 2006), so increasing concentrations would have
significant negative health impacts.

8.2.6.3 Air pollutants from forest fires
In some regions, changes in temperature and precipitation are

projected to increase the frequency and severity of fire events
(see Chapter 5). Forest and bush fires cause burns, damage from
smoke inhalation and other injuries. Large fires are also
accompanied by an increased number of patients seeking
emergency services (Hoyt and Gerhart, 2004). Toxic gaseous
and particulate air pollutants are released into the atmosphere,
which can significantly contribute to acute and chronic illnesses
of the respiratory system, particularly in children, including
pneumonia, upper respiratory diseases, asthma and chronic
obstructive pulmonary diseases (WHO, 2002a; Bowman and
Johnston, 2005; Moore et al., 2006). For example, the 1997
Indonesia fires increased hospital admissions and mortality from
cardiovascular and respiratory diseases, and negatively affected
activities of daily living in South-East Asia (Sastry, 2002;
Frankenberg et al., 2005; Mott et al., 2005). Pollutants from
forest fires can affect air quality for thousands of kilometres
(Sapkota et al., 2005).

8.2.6.4 Long-range transport of air pollutants
Changes in wind patterns and increased desertification may

increase the long-range transport of air pollutants. Under certain
atmospheric circulation conditions, the transport of pollutants,
including aerosols, carbon monoxide, ozone, desert dust, mould
spores and pesticides, may occur over large distances and over
time-scales typically of 4-6 days, which can lead to adverse
health impacts (Gangoiti et al., 2001; Stohl et al., 2001;
Buchanan et al., 2002; Chan et al., 2002; Martin et al., 2002;
Ryall et al., 2002; Ansmann et al., 2003; He et al., 2003; Helmis
et al., 2003; Moore et al., 2003; Shinn et al., 2003; Unsworth et
al., 2003; Kato et al., 2004; Liang et al., 2004; Tu et al., 2004).
Sources of such pollutants include biomass burning, as well as
industrial and mobile sources (Murano et al., 2000; Koe et al.,
2001; Jaffe et al., 2003, 2004; Moore et al., 2003).

Windblown dust originating in desert regions of Africa,
Mongolia, Central Asia and China can affect air quality and
population health in remote areas. When compared with non-
dust weather conditions, dust can carry large concentrations of
respirable particles, trace elements that can affect human health,
fungal spores and bacteria (Claiborn et al., 2000; Fan et al.,
2002; Shinn et al., 2003; Cook et al., 2005; Prospero et al., 2005;
Xie et al., 2005; Kellogg and Griffin, 2006). However, recent
studies have not found statistically significant associations
between Asian dust storms and hospital admissions in Canada
and Taiwan (Chen and Tang, 2005; Yang et al., 2005a; Bennett
et al., 2006). Evidence suggests that local mortality, particularly
from cardiovascular and respiratory diseases, is increased in the
days following a dust storm (Kwon et al., 2002; Chen et al.,
2004).

8.2.7 Aeroallergens and disease

Climate change has caused an earlier onset of the spring pollen
season in the Northern Hemisphere (see Chapter 1, Section
1.3.7.4; D’Amato et al., 2002; Weber, 2002; Beggs, 2004). It is
reasonable to conclude that allergenic diseases caused by pollen,
such as allergic rhinitis, have experienced some concomitant
change in seasonality (Emberlin et al., 2002; Burr et al., 2003).
There is limited evidence that the length of the pollen season has
also increased for some species. Although there are suggestions
that the abundance of a few species of air-borne pollens has
increased due to climate change, it is unclear whether the
allergenic content of these pollen types has changed (pollen
content remaining the same or increasing would imply increased
exposure) (Huynen and Menne, 2003; Beggs and Bambrick,
2005). Few studies show patterns of increasing exposure for
allergenic mould spores or bacteria (Corden et al., 2003; Harrison
et al., 2005). Changes in the spatial distribution of natural
vegetation, such as the introduction of new aeroallergens into an
area, increases sensitisation (Voltolini et al., 2000; Asero, 2002).
The introduction of new invasive plant species with highly
allergenic pollen, in particular ragweed (Ambrosia artemisiifolia),
presents important health risks; ragweed is spreading in several
parts of the world (Rybnicek and Jaeger, 2001; Huynen and
Menne, 2003; Taramarcaz et al., 2005; Cecchi et al., 2006).
Several laboratory studies show that increasing CO2
concentrations and temperatures increase ragweed pollen
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production and prolong the ragweed pollen season (Wan et al.,
2002; Wayne et al., 2002; Singer et al., 2005; Ziska et al., 2005;
Rogers et al., 2006a) and increase some plant metabolites that can
affect human health (Ziska et al., 2005; Mohan et al., 2006).

8.2.8 Vector-borne, rodent-borne and other
infectious diseases

Vector-borne diseases (VBD) are infections transmitted by
the bite of infected arthropod species, such as mosquitoes, ticks,
triatomine bugs, sandflies and blackflies. VBDs are among the
most well-studied of the diseases associated with climate
change, due to their widespread occurrence and sensitivity to
climatic factors. There is some evidence of climate-change-
related shifts in the distribution of tick vectors of disease, of
some (non-malarial) mosquito vectors in Europe and North
America, and in the phenology of bird reservoirs of pathogens
(see Chapter 1 and Box 8.4).

Northern or altitudinal shifts in tick distribution have been
observed in Sweden (Lindgren and Talleklint, 2000; Lindgren
and Gustafson, 2001) and Canada (Barker and Lindsay, 2000),
and altitudinal shifts have been observed in the Czech Republic
(Daniel et al., 2004). Geographical changes in tick-borne
infections have been observed in Denmark (Skarphedinsson et
al., 2005). Climate change alone is unlikely to explain recent
increases in the incidence of tick-borne diseases in Europe or
North America. There is considerable spatial heterogeneity in
the degree of increase of tick-borne encephalitis, for example,
within regions of Europe likely to have experienced similar
levels of climate change (Patz, 2002; Randolph, 2004; Sumilo et
al., 2006). Other explanations cannot be ruled out, e.g., human
impacts on the landscape, increasing both the habitat and
wildlife hosts of ticks, and changes in human behaviour that may
increase human contact with infected ticks (Randolph, 2001).

In north-eastern North America, there is evidence of recent
micro-evolutionary (genetic) responses of the mosquito species
Wyeomyia smithii to increased average land surface
temperatures and earlier arrival of spring in the past two
decades (Bradshaw and Holzapfel, 2001). Although not a vector
of human disease, this species is closely related to important
arbovirus vector species that may be undergoing similar
evolutionary changes.

Cutaneous leishmaniasis has been reported in dogs (reservoir
hosts) further north in Europe, although the possibility of
previous under-reporting cannot be excluded (Lindgren and
Naucke, 2006). Changes in the geographical distribution of the
sandfly vector have been reported in southern Europe (Aransay
et al., 2004; Afonso et al., 2005). However, no study has
investigated the causes of these changes. The re-emergence of
kala-azar (visceral leishmaniasis) in cities of the semi-arid
Brazilian north-eastern region in the early 1980s and 1990s was
caused by rural–urban migration of subsistence farmers who had
lost their crops due to prolonged droughts (Franke et al., 2002;
Confalonieri, 2003).

8.2.8.1 Dengue
Dengue is the world’s most important vector-borne viral

disease. Several studies have reported associations between

spatial (Hales et al., 2002), temporal (Hales et al., 1999; Corwin
et al., 2001; Gagnon et al., 2001) or spatiotemporal patterns of
dengue and climate (Hales et al., 1999; Corwin et al., 2001;
Gagnon et al., 2001; Cazelles et al., 2005). However, these
reported associations are not entirely consistent, possibly
reflecting the complexity of climatic effects on transmission,
and/or the presence of competing factors (Cummings, 2004).
While high rainfall or high temperature can lead to an increase
in transmission, studies have shown that drought can also be a
cause if household water storage increases the number of
suitable mosquito breeding sites (Pontes et al., 2000; Depradine
and Lovell, 2004; Guang et al., 2005).

Climate-based (temperature, rainfall, cloud cover) density
maps of the main dengue vector Stegomyia (previously called
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Box 8.4. Climate change, migratory
birds and infectious diseases

Several species of wild birds can act as biological or
mechanical carriers of human pathogens as well as of
vectors of infectious agents (Olsen et al., 1995; Klich et
al., 1996; Gylfe et al., 2000; Friend et al., 2001; Pereira et
al., 2001; Broman et al., 2002; Moore et al., 2002;
Niskanen et al., 2003; Rappole and Hubalek, 2003; Reed
et al., 2003; Fallacara et al., 2004; Hubalek, 2004; Krauss
et al., 2004). Many of these birds are migratory species
that seasonally fly long distances through different
continents (de Graaf and Rappole, 1995; Webster et al.,
2002b). Climate change has been implicated in changes
in the migratory and reproductive phenology
(advancement in breeding and migration dates) of
several bird species, their abundance and population
dynamics, as well as a northward expansion of their
geographical range in Europe (Sillett et al., 2000;
Barbraud and Weimerskirch, 2001; Parmesan and Yohe,
2003; Brommer, 2004; Visser et al., 2004; Both and
Visser, 2005). Two possible consequences of these
phenological changes in birds to the dispersion of
pathogens and their vectors are:

1. shifts in the geographical distribution of the vectors
and pathogens due to altered distributions or
changed migratory patterns of bird populations;

2. changes in the life cycles of bird-associated
pathogens due to the mistiming between bird
breeding and the breeding of vectors, such as
mosquitoes. One example is the transmission of St.
Louis encephalitis virus, which depends on
meteorological triggers (e.g., precipitation) to bring
the pathogen, vector and host (nestlings) cycles into
synchrony, allowing an overlap that initiates and
facilitates the cycling necessary for virus
amplification between mosquitoes and wild birds
(Day, 2001).



Aedes) aegypti are a good match with the observed disease
distribution (Hopp and Foley, 2003). The model of vector
abundance has good agreement with the distribution of reported
cases of dengue in Colombia, Haiti, Honduras, Indonesia,
Thailand and Vietnam (Hopp and Foley, 2003). Approximately
one-third of the world’s population lives in regions where the
climate is suitable for dengue transmission (Hales et al., 2002;
Rogers et al., 2006b).

8.2.8.2 Malaria
The spatial distribution, intensity of transmission, and

seasonality of malaria is influenced by climate in sub-Saharan
Africa; socio-economic development has had only limited
impact on curtailing disease distribution (Hay et al., 2002a;
Craig et al., 2004).

Rainfall can be a limiting factor for mosquito populations
and there is some evidence of reductions in transmission
associated with decadal decreases in rainfall. Interannual
malaria variability is climate-related in specific eco-
epidemiological zones (Julvez et al., 1992; Ndiaye et al., 2001;
Singh and Sharma, 2002; Bouma, 2003; Thomson et al., 2005).
A systematic review of studies of the El Niño-Southern
Oscillation (ENSO) and malaria concluded that the impact of El
Niño on the risk of malaria epidemics is well established in
parts of southern Asia and South America (Kovats et al., 2003).
Evidence of the predictability of unusually high or low malaria
anomalies from both sea-surface temperature (Thomson et al.,
2005) and multi-model ensemble seasonal climate forecasts in
Botswana (Thomson et al., 2006) supports the practical and
routine use of seasonal forecasts for malaria control in southern
Africa (DaSilva et al., 2004).

The effects of observed climate change on the geographical
distribution of malaria and its transmission intensity in highland
regions remains controversial. Analyses of time-series data in
some sites in East Africa indicate that malaria incidence has
increased in the apparent absence of climate trends (Hay et al.,
2002a, b; Shanks et al., 2002). The proposed driving forces
behind the malaria resurgence include drug resistance of the
malaria parasite and a decrease in vector control activities.
However, the validity of this conclusion has been questioned
because it may have resulted from inappropriate use of the
climatic data (Patz, 2002). Analysis of updated temperature data
for these regions has found a significant warming trend since
the end of the 1970s, with the magnitude of the change affecting
transmission potential (Pascual et al., 2006). In southern Africa,
long-term trends for malaria were not significantly associated
with climate, although seasonal changes in case numbers were
significantly associated with a number of climatic variables
(Craig et al., 2004). Drug resistance and HIV infection were
associated with long-term malaria trends in the same area (Craig
et al., 2004).

A number of further studies have reported associations
between interannual variability in temperature and malaria
transmission in the African highlands. An analysis of de-trended
time-series malaria data in Madagascar indicated that minimum
temperature at the start of the transmission season,
corresponding to the months when the human–vector contact is
greatest, accounts for most of the variability between years

(Bouma, 2003). In highland areas of Kenya, malaria admissions
have been associated with rainfall and unusually high maximum
temperatures 3-4 months previously (Githeko and Ndegwa,
2001). An analysis of malaria morbidity data for the period from
the late 1980s until the early 1990s from 50 sites across Ethiopia
found that epidemics were associated with high minimum
temperatures in the preceding months (Abeku et al., 2003). An
analysis of data from seven highland sites in East Africa reported
that short-term climate variability played a more important role
than long-term trends in initiating malaria epidemics (Zhou et
al., 2004, 2005), although the method used to test this hypothesis
has been challenged (Hay et al., 2005b).

There is no clear evidence that malaria has been affected by
climate change in South America (Benitez et al., 2004) (see
Chapter 1) or in continental regions of the Russian Federation
(Semenov et al., 2002). The attribution of changes in human
diseases to climate change must first take into account the
considerable changes in reporting, surveillance, disease control
measures, population changes, and other factors such as land-
use change (Kovats et al., 2001; Rogers and Randolph, 2006).

Despite the known causal links between climate and malaria
transmission dynamics, there is still much uncertainty about the
potential impact of climate change on malaria at local and global
scales (see also Section 8.4.1) because of the paucity of
concurrent detailed historical observations of climate and
malaria, the complexity of malaria disease dynamics, and the
importance of non-climatic factors, including socio-economic
development, immunity and drug resistance, in determining
infection and infection outcomes. Given the large populations
living in highland areas of East Africa, the limitations of the
analyses conducted, and the significant health risks of epidemic
malaria, further research is warranted.

8.2.8.3 Other infectious diseases
Recent investigations of plague foci in North America and

Asia with respect to the relationships between climatic variables,
human disease cases (Enscore et al., 2002) and animal reservoirs
(Stapp et al., 2004; Stenseth, 2006) have suggested that temporal
variations in plague risk can be estimated by monitoring key
climatic variables.

There is good evidence that diseases transmitted by rodents
sometimes increase during heavy rainfall and flooding because
of altered patterns of human–pathogen–rodent contact. There
have been reports of flood-associated outbreaks of leptospirosis
(Weil’s diseases) from a wide range of countries in Central and
South America and South Asia (Ko et al., 1999; Vanasco et al.,
2002; Confalonieri, 2003; Ahern et al., 2005). Risk factors for
leptospirosis for peri-urban populations in low-income countries
include flooding of open sewers and streets during the rainy
season (Sarkar et al., 2002).

Cases of hantavirus pulmonary syndrome (HPS) were first
reported in Central America (Panama) in 2000, and a suggested
cause was the increase in peri-domestic rodents following
increased rainfall and flooding in surrounding areas (Bayard et
al., 2000), although this requires further investigation. There are
climate-related differences in hantavirus dynamics between
northern and central Europe (Vapalahti et al., 2003; Pejoch and
Kriz, 2006).
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The distribution and emergence of other infectious diseases
have been affected by weather and climate variability. ENSO-
driven bush fires and drought, as well as land-use and land-cover
changes, have caused extensive changes in the habitat of some
bat species that are the natural reservoirs for the Nipah virus.
The bats were driven to farms to find food (fruits), consequently
shedding virus and causing an epidemic in Malaysia and
neighbouring countries (Chua et al., 2000).

The distribution of schistosomiasis, a water-related parasitic
disease with aquatic snails as intermediate hosts, may be affected
by climatic factors. In one area of Brazil, the length of the dry
season and human population density were the most important
factors limiting schistosomiasis distribution and abundance
(Bavia et al., 1999). Over a larger area, there was an inverse
association between prevalence rates and the length of the dry
period (Bavia et al., 2001). Recent studies in China indicate that
the increased incidence of schistosomiasis over the past decade
may in part reflect the recent warming trend. The critical ‘freeze
line’ limits the survival of the intermediate host (Oncomelania
water snails) and hence limits the transmission of the parasite
Schistosoma japonicum. The freeze line has moved northwards,
putting an additional 20.7 million people at risk of
schistosomiasis (Yang et al., 2005b).

8.2.9 Occupational health

Changes in climate have implications for occupational health
and safety. Heat stress due to high temperature and humidity is
an occupational hazard that can lead to death or chronic ill-
health from the after-effects of heatstroke (Wyndham, 1965;
Afanas’eva et al., 1997; Adelakun et al., 1999). Both outdoor
and indoor workers are at risk of heatstroke (Leithead and Lind,
1964; Samarasinghe, 2001; Shanks and Papworth, 2001). The
occupations most at risk of heatstroke, based on data from the
USA, include construction and agriculture/forestry/fishing work
(Adelakun et al., 1999; Krake et al., 2003). Acclimatisation in
tropical environments does not eliminate the risk, as evidenced
by the occurrence of heatstroke in metal workers in Bangladesh
(Ahasan et al., 1999) and rickshaw pullers in South Asia
(OCHA, 2003). Several of the heatstroke deaths reported in the
2003 and 2006 heatwaves in Paris were associated with
occupational exposure (Senat, 2004)

Hot working environments are not just a question of comfort,
but a concern for health protection and the ability to perform
work tasks. Working in hot environments increases the risk of
diminished ability to carry out physical tasks (Kerslake, 1972),
diminishes mental task ability (Ramsey, 1995), increases
accident risk (Ramsey et al., 1983) and, if prolonged, may lead
to heat exhaustion or heatstroke (Hales and Richards, 1987) (see
Section 8.5).

8.2.10 Ultraviolet radiation and health

Solar ultraviolet radiation (UVR) exposure causes a range of
health impacts. Globally, excessive solar UVR exposure has
caused the loss of approximately 1.5 million disability-adjusted
life years (DALYs) (0.1% of the total global burden of disease)
and 60,000 premature deaths in the year 2000. The greatest

burdens result from UVR-induced cortical cataracts, cutaneous
malignant melanoma, and sunburn (although the latter estimates
are highly uncertain due to the paucity of data) (Prüss-Üstün et
al., 2006). UVR exposure may weaken the immune response to
certain vaccinations, which would reduce their effectiveness.
However, there are also important health benefits: exposure to
radiation in the ultraviolet B frequency band is required for the
production of vitamin D in the body. Lack of sun exposure may
lead to osteomalacia (rickets) and other disorders caused by
vitamin D deficiencies.

Climate change will alter human exposure to UVR exposure
in several ways, although the balance of effects is difficult to
predict and will vary depending on location and present
exposure to UVR. Greenhouse-induced cooling of the
stratosphere is expected to prolong the effect of ozone-depleting
gases, which will increase levels of UVR reaching some parts of
the Earth’s surface (Beggs, 2005; IPCC/TEAP, 2005). Climate
change will alter the distribution of clouds which will, in turn,
affect UVR levels at the surface. Higher ambient temperatures
will influence clothing choices and time spent outdoors,
potentially increasing UVR exposure in some regions and
decreasing it in others. If immune function is impaired and
vaccine efficacy is reduced, the effects of climate-related shifts
in infections may be greater than would occur in the absence of
high UVR levels (Zwander, 2002; de Gruijl et al., 2003; Holick,
2004; Gallagher and Lee, 2006; Samanek et al., 2006).

8.3 Assumptions about future trends

The impacts of developmental, climatic and environmental
scenarios on population health are important for health-system
planning processes. Also, future trends in health are relevant to
climate change because the health of populations is an
important element of adaptive capacity.

8.3.1 Health in scenarios

The use of scenarios to explore future effects of climate
change on population health is at an early stage of development
(see Section 8.4.1). Published scenarios describe possible future
pathways based on observed trends or explicit storylines, and
have been developed for a variety of purposes, including the
Millennium Ecosystem Assessment (Millennium Ecosystem
Assessment, 2005), the IPCC Special Report on Emissions
Scenarios (SRES, Nakićenović and Swart, 2000), GEO3
(UNEP, 2002) and the World Water Report (United Nations
World Water Assessment Programme, 2003; Ebi and Gamble,
2005). Examples of the many possible futures that have been
described include possible changes in the patterns of infectious
diseases, medical technology, and health and social inequalities
(Olshansky et al., 1998; IPCC, 2000; Martens and Hilderink,
2001; Martens and Huynen, 2003). Infectious diseases could
become more prominent if public-health systems unravel, or if
new pathogens arise that are resistant to our current methods of
disease control, leading to falling life expectancies and reduced
economic productivity (Barrett et al., 1998). An age of
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expanded medical technology could result from increased
economic growth and improvements in technology, which may
to some extent offset deteriorations in the physical and social
environment, but at the risk of widening current health
inequalities (Martens and Hilderink, 2001). Alternatively, an
age of sustained health could result from more wide-ranging
investment in social and medical services, leading to a reduction
in the incidence of disease, benefiting most segments of the
population.

Common to these scenarios is a view that major risks to
health will remain unless the poorest countries share in the
growth and development experienced by richer parts of the
world. It is envisaged also that greater mobility and more rapid
spread of ideas and technology worldwide will bring a mix of
positive and negative effects on health, and that a deliberate
focus on sustainability will be required to reduce the impacts of
human activity on climate, water and food resources (Goklany,
2002).

8.3.2 Future vulnerability to climate change

The health of populations is an important element of
adaptive capacity. Where there is a heavy burden of disease and
disability, the effects of climate change are likely to be more
severe than otherwise. For example, in Africa and Asia the
future course of the HIV/AIDS epidemic will significantly
influence how well populations can cope with challenges such
as the spread of climate-related infections (vector- or water-
borne), food shortages, and increased frequency of storms,
floods and droughts (Dixon et al., 2002).

The total number of people at risk, the age structure of the
population, and the density of settlement are important variables
in any projections of the effects of climate change. Many
populations will age appreciably in the next 50 years. This is
relevant to climate change because the elderly are more
vulnerable than younger age groups to injury resulting from
weather extremes such as heatwaves, storms and floods. It is
assumed (with a high degree of confidence) that over the course
of the 21st century the population will grow substantially in
many of the poorest countries of the world, while numbers will
remain much the same, or decline, in the high-income countries.
The world population will increase from its current 6.4 billion
to somewhat below 9 billion by the middle of the century (Lutz
et al., 2000), but regional patterns will vary widely. For
example, the population density of Europe is projected to fall
from 32 to 27 people/km2, while that of Africa could rise from
26 to 60 people/km2 (Cohen, 2003). Currently, 70% of all
episodes of clinical Plasmodium falciparummalaria worldwide
occur in Africa, and that fraction will rise substantially in the
future (World Bank et al., 2004). Also relevant to considerations
of the impacts of climate change is urbanisation, because the
effects of higher temperatures and altered patterns of rainfall
are strongly modified by the local environment. For instance,
during hot weather, temperatures tend to be higher in built-up
areas, due to the urban heat-island effect. Almost all the growth
in population in the next 50 years is expected to occur in cities
(and in particular, cities in poor countries) (Cohen, 2003). These

trends in population dominate calculations of the possible
consequences of climate change. These are two examples:
projections of the numbers of people affected by coastal
flooding and the spread of malaria are more sensitive to
assumptions about future population trajectories than to the
choice of climate-change model (Nicholls, 2004; van Lieshout
et al., 2004).

For much of the world’s population, the ability to lead a
healthy life is limited by the direct and indirect effects of
poverty (World Bank et al., 2004). Although the percentage of
people living on less than US$1/day has decreased in Asia and
Latin America since 1990, in the sub-Saharan region 46% of
the population is now living on less than US$1/day and little
improvement is expected in the short and medium term. Poverty
levels in Europe and Central Asia show few signs of
improvement (World Bank, 2004; World Bank et al., 2004).
Economic growth in the richest regions has outstripped
advances in other parts of the world, meaning that global
disparities in income have increased in the last 20 years (UNEP
and WCMC, 2002).

In the future, vulnerability to climate will depend not only on
the extent of socio-economic change, but also on how evenly
the benefits and costs are distributed, and the manner in which
change occurs (McKee and Suhrcke, 2005). Economic growth
is double-sided. Growth entails social change, and while this
change may be wealth-creating, it may also, in the short term at
least, cause significant social stress and environmental damage.
Rapid urbanisation (leading to plummeting population health)
in western Europe in the 19th century, and extensive land
clearance (causing widespread ecological damage) in South
America and South-East Asia in the 20th century, are two
examples of negative consequences of rapid economic growth
(Szreter, 2004). Social disorder, conflict, and lack of effective
civic institutions will also increase vulnerability to health risks
resulting from climate change.

Health services provide a buffer against the hazards of
climate variability and change. For instance, access to cheap,
effective anti-malarials, insecticide-treated bed nets and indoor
spray programmes will be important for future trends in
malaria. Emergency medical services have a role (although not
a predominant one) in limiting excess mortality due to
heatwaves and other extreme climate events.

There are other determinants of vulnerability that relate to
particular threats, or particular settings. Heatwaves, for
example, are exacerbated by the urban heat-island effect, so that
impacts of high temperatures will be modified by the size and
design of future cities (Meehl and Tebaldi, 2004). The
consequences of changes in food production due to climate
change will depend on access to international markets and the
conditions of trade. If these conditions exclude or penalise poor
countries, then the risks of disease and ill-health due to
malnutrition will be much higher than if a more inclusive
economic order is achieved. Changes in land-use practices for
the production of biofuels in place of grain and other food crops
will have benefits for greenhouse gas emissions reductions, but
the way in which the fuels are burnt is also important (see
Section 8.7.1).
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8.4 Key future impacts and vulnerabilities

The impacts of climate change have been projected for a
limited range of health determinants and outcomes for which the
epidemiologic evidence base is well developed. The studies
reviewed in Section 8.4.1 used quantitative and qualitative
approaches to project the incidence and geographical range of
health outcomes under different climate and socio-economic
scenarios. Section 8.4.2 assesses the possible consequences of
climate-change-related health impacts on particularly vulnerable
populations and regions in the next few decades

Overall, climate change is projected to have some health
benefits, including reduced cold-related mortality, reductions in
some pollutant-related mortality, and restricted distribution of
diseases where temperatures or rainfall exceed upper thresholds
for vectors or parasites. However, the balance of impacts will
be overwhelmingly negative (see Section 8.7). Most projections
suggest modest changes in the burden of climate-sensitive health
outcomes over the next few decades, with larger increases
beginning mid-century. The balance of positive and negative
health impacts will vary from one location to another and will
alter over time as temperatures continue to rise.

8.4.1 Projections of climate-change-related health
impacts

Projections of climate-change-related health impacts use
different approaches to classify the risk of climate-sensitive
health determinants and outcomes. For malaria and dengue,
results from projections are commonly presented as maps of
potential shifts in distribution. Health-impact models are
typically based on climatic constraints on the development of
the vector and/or parasite, and include limited population
projections and non-climate assumptions. However, there are
important differences between disease risk (on the basis of
climatic and entomological considerations) and experienced
morbidity and mortality. Although large portions of Europe and
the USA may be at potential risk for malaria based on the
distribution of competent disease vectors, locally acquired cases
have been virtually eliminated, in part due to vector- and
disease-control activities. Projections for other health outcomes
often estimate populations-at-risk or person-months at risk.

Economic scenarios cannot be directly related to disease
burdens because the relationships between gross domestic
product (GDP) and burdens of climate-sensitive diseases are
confounded by social, environmental and climate factors (Arnell
et al., 2004; van Lieshout et al., 2004; Pitcher et al., 2007). The
assumption that increasing per capita income will improve
population health ignores the fact that health is determined by
factors other than income alone; that good population health in
itself is a critical input into economic growth and long-term
economic development; and that persistent challenges to
development are a reality in many countries, with continuing
high burdens from relatively easy-to-control diseases (Goklany,
2002; Pitcher et al., 2007).

8.4.1.1 Global burden of disease study
The World Health Organization conducted a regional and

global comparative risk assessment to quantify the amount of
premature morbidity and mortality due to a range of risk factors,
including climate change, and to estimate the benefit of
interventions to remove or reduce these risk factors. In the year
2000, climate change is estimated to have caused the loss of
over 150,000 lives and 5,500,000 DALYs (0.3% of deaths and
0.4% of DALYs, respectively) (Campbell-Lendrum et al., 2003;
Ezzati et al., 2004; McMichael, 2004). The assessment also
addressed how much of the future burden of climate change
could be avoided by stabilising greenhouse gas emissions
(Campbell-Lendrum et al., 2003). The health outcomes
included were chosen based on known sensitivity to climate
variation, predicted future importance, and availability of
quantitative global models (or the feasibility of constructing
them):

• episodes of diarrhoeal disease,
• cases of Plasmodium falciparum malaria,
• fatal accidental injuries in coastal floods and inland

floods/landslides,
• the non-availability of recommended daily calorie intake

(as an indicator for the prevalence of malnutrition).
Limited adjustments for adaptation were included in the
estimates.

The projected relative risks attributable to climate change in
2030 vary by health outcome and region, and are largely
negative, with most of the projected disease burden being due
to increases in diarrhoeal disease and malnutrition, primarily in
low-income populations already experiencing a large burden of
disease (Campbell-Lendrum et al., 2003; McMichael, 2004).
Absolute disease burdens depend on assumptions of population
growth, future baseline disease incidence and the extent of
adaptation.

The analyses suggest that climate change will bring some
health benefits, such as lower cold-related mortality and greater
crop yields in temperate zones, but these benefits will be greatly
outweighed by increased rates of other diseases, particularly
infectious diseases and malnutrition in low-income countries. A
proportional increase in cardiovascular disease mortality
attributable to climate extremes is projected in tropical regions,
and a small benefit in temperate regions. Climate change is
projected to increase the burden of diarrhoeal diseases in low-
income regions by approximately 2 to 5% in 2020. Countries
with an annual GDP per capita of US$6,000 or more are
assumed to have no additional risk of diarrhoea. Coastal
flooding is projected to result in a large proportional mortality
increase under unmitigated emissions; however, this is applied
to a low burden of disease, so the aggregate impact is small.
The relative risk is projected to increase as much in high- as in
low-income countries. Large changes are projected in the risk
of Plasmodium falciparum malaria in countries at the edge of
the current distribution, with relative changes being much
smaller in areas that are currently highly endemic for malaria
(McMichael et al., 2004; Haines et al., 2006).
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8.4.1.2 Malaria, dengue and other infectious diseases
Studies published since the TAR support previous projections

that climate change could alter the incidence and geographical
range of malaria. The magnitude of the projected effect may be
smaller than that reported in the TAR, partly because of
advances in categorising risk. There is greater confidence in
projected changes in the geographical range of vectors than in
changes in disease incidence because of uncertainties about
trends in factors other than climate that influence human cases
and deaths, including the status of the public-health
infrastructure.

Table 8.2 summarises studies that project the impact of
climate change on the incidence and geographical range of
malaria, dengue fever and other infectious diseases. Models
with incomplete parameterisation of biological relationships
between temperature, vector and parasite often over-emphasise
relative changes in risk, even when the absolute risk is small.
Several modelling studies used the SRES climate scenarios, a
few applied population scenarios, and none incorporated
economic scenarios. Few studies incorporate adequate
assumptions about adaptive capacity. The main approaches used
are inclusion of current ‘control capacity‘ in the observed
climate–health function (Rogers and Randolph, 2000; Hales et
al., 2002) and categorisation of the model output by adaptive
capacity, thereby separating the effects of climate change from
the effects of improvements in public health (van Lieshout et
al., 2004).

Malaria is a complex disease to model and all published
models have limited parameterisation of some of the key factors
that influence the geographical range and intensity of malaria
transmission. Given this limitation, models project that,
particularly in Africa, climate change will be associated with
geographical expansions of the areas suitable for stable
Plasmodium falciparum malaria in some regions and with
contractions in other regions (Tanser et al., 2003; Thomas et al.,
2004; van Lieshout et al., 2004; Ebi et al., 2005). Projections
also suggest that some regions will experience a longer season
of transmission. This may be as important as geographical
expansion for the attributable disease burden. Although an
increase in months per year of transmission does not directly
translate into an increase in malaria burden (Reiter et al., 2004),
it would have important implications for vector control.

Few models project the impact of climate change on malaria
outside Africa. An assessment in Portugal projected an increase
in the number of days per year suitable for malaria transmission;
however, the risk of actual transmission would be low or
negligible if infected vectors are not present (Casimiro et al.,
2006). Some central Asian areas are projected to be at increased
risk of malaria, and areas in Central America and around the
Amazon are projected to experience reductions in transmission
due to decreases in rainfall (van Lieshout et al., 2004). An
assessment in India projected shifts in the geographical range
and duration of the transmission window for Plasmodium
falciparum and P. vivax malaria (Bhattacharya et al., 2006). An
assessment in Australia based on climatic suitability for the main
anopheline vectors projected a likely southward expansion of
habitat, although the future risk of endemicity would remain low
due to the capacity to respond (McMichael et al., 2003a).

Dengue is an important climate-sensitive disease that is
largely confined to urban areas. Expansions of vector species
that can carry dengue are projected for parts of Australia and
New Zealand (Hales et al., 2002; Woodruff, 2005). An empirical
model based on vapour pressure projected increases in
latitudinal distribution. It was estimated that, in the 2080s, 5-6
billion people would be at risk of dengue as a result of climate
change and population increase, compared with 3.5 billion
people if the climate remained unchanged (Hales et al., 2002).

The projected impacts of climate change on other vector-
borne diseases, including tick-borne encephalitis and Lyme
disease, are discussed in the chapters dealing with Europe
(Chapter 12) and North America (Chapter 14).

8.4.1.3 Heat- and cold-related mortality
Evidence of the relationship between high ambient

temperature and mortality has strengthened since the TAR, with
increasing emphasis on the health impacts of heatwaves. Table
8.3 summarises projections of the impact of climate change on
heat- and cold-related mortality. There is a lack of information
on the effects of thermal stress on mortality outside the
industrialised countries.

Reductions in cold-related deaths due to climate change are
projected to be greater than increases in heat-related deaths in the
UK (Donaldson et al., 2001). However, projections of cold-
related deaths, and the potential for decreasing their numbers
due to warmer winters, can be overestimated unless they take
into account the effects of influenza and season (Armstrong et
al., 2004).

Heat-related morbidity and mortality is projected to increase.
Heat exposures vary widely, and current studies do not quantify
the years of life lost due to high temperatures. Estimates of the
burden of heat-related mortality attributable to climate change
are reduced, but not eliminated, when assumptions about
acclimatisation and adaptation are included in models. On the
other hand, increasing numbers of older adults in the population
will increase the proportion of the population at risk because a
decreased ability to thermo-regulate is a normal part of the aging
process. Overall, the health burden could be relatively small for
moderate heatwaves in temperate countries, because deaths
occur primarily in susceptible persons. Additional research is
needed to understand how the balance of heat-related and cold-
related mortality could change under different socio-economic
scenarios and climate projections.

8.4.1.4 Urban air quality
Background levels of ground-level ozone have risen since

pre-industrial times because of increasing emissions of methane,
carbon monoxide and nitrogen oxides; this trend is expected to
continue over the next 50 years (Fusco and Logan, 2003; Prather
et al., 2003). Changes in concentrations of ground-level ozone
driven by scenarios of future emissions and/or weather patterns
have been projected for Europe and North America (Stevenson
et al., 2000; Derwent et al., 2001; Johnson et al., 2001; Taha,
2001; Hogrefe et al., 2004). Future emissions are, of course,
uncertain, and depend on assumptions of population growth,
economic development, regulatory actions and energy use (Syri
et al., 2002; Webster et al., 2002a). Assuming no change in the
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emissions of ozone precursors, the extent to which climate
change affects the frequency of future ‘ozone episodes‘ will
depend on the occurrence of the required meteorological
conditions (Jones and Davies, 2000; Sousounis et al., 2002;
Hogrefe et al., 2004; Laurila et al., 2004; Mickley et al., 2004).
Table 8.4 summarises projections of future morbidity and
mortality based on current exposure–mortality relationships
applied to projected ozone concentrations. An increase in ozone
concentrations will affect the ability of regions to achieve air-
quality targets. There are no projections for cities in low- or
middle-income countries, despite the heavier pollution burdens
in these populations.

There are few models of the impact of climate change on
other pollutants. These tend to emphasise the role of local

abatement strategies in determining the future levels of,
primarily, particulate matter, and tend to project the probability
of air-quality standards being exceeded instead of absolute
concentrations (Jensen et al., 2001; Guttikunda et al., 2003;
Hicks, 2003; Slanina and Zhang, 2004); the results vary by
region. The severity and duration of summertime regional air
pollution episodes (as diagnosed by tracking combustion carbon
monoxide and black carbon) are projected to increase in the
north-eastern and Midwest USA by 2045-2052 because of
climate-change-induced decreases in the frequency of surface
cyclones (Mickley et al., 2004). A UK study projected that
climate change will result in a large decrease in days with high
particulate concentrations due to changes in meteorological
conditions (Anderson et al., 2001). Because transboundary
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Area Health
effect

Model Climate
scenario, time
slices

Temperature
increase and
baseline

Population
projections
and other
assumptions

Main results Reference

UK Heat- and
cold-related
mortality

Empirical-
statistical
model
derived from
observed
mortality

UKCIP
scenarios
2020s, 2050s,
2080s

0.57 to 1.38°C
in 2020s; 0.89
to 2.44°C in
2050s; 1.13 to
3.47°C in 2080s
compared with
1961-1990
baseline

Population held
constant at
1996. No
acclimatisation
assumed.

Annual heat-related deaths increase
from 798 in 1990s to 2,793 in 2050s
and 3,519 in the 2080s under the
medium-high scenario. Annual cold-
related deaths decrease from 80,313 in
1990s to 60,021 in 2050s and 51,243
in 2080s under the medium-high
scenario.

Donaldson
et al., 2001

Germany,
Baden-
Wuertemberg

Heat- and
cold-related
mortality

Thermo-
physiological
model
combined
with
conceptual
model for
adaptation

ECHAM4-
OPYC3 driven
by SRES A1B
emissions
scenario. 2001-
2055 compared
with 1951-2001

Population
growth and
aging and short-
term adaptation
and
acclimatisation.

About a 20% increase in heat-related
mortality. Increase not likely to be
compensated by reductions in cold-
related mortality.

Koppe,
2005

Lisbon,
Portugal

Heat-related
mortality

Empirical-
statistical
model
derived from
observed
summer
mortality

PROMES and
HadRM2
2020s, 2050s,
2080s

1.4 to 1.8°C in
2020s; 2.8 to
3.5°C in 2050s;
5.6 to 7.1°C in
2080s,
compared with
1968-1998
baseline

SRES
population
scenarios.
Assumes some
acclimatisation.

Increase in heat-related mortality from
baseline of 5.4 to 6 deaths/100,000 to
5.8 to 15.1 deaths/100,000 by the
2020s, 7.3 to 35.9 deaths/100,000 by
the 2050s, 19.5 to 248.4
deaths/100,000 by the 2080s

Dessai,
2003

Four cities in
California,
USA (Los
Angeles,
Sacramento,
Fresno,
Shasta Dam)

Annual
number of
heatwave
days, length
of heatwave
season, and
heat-related
mortality

Empirical-
statistical
model
derived from
observed
summer
mortality

PCM and
HadCM3 driven
by SRES B1
and A1FI
emissions
scenarios
2030s, 2080s

1.35 to 2.0°C in
2030s; 2.3 to
5.8°C in 2080s
compared with
1961-1990
baseline

SRES
population
scenarios.
Assumes some
adaptation.

Increase in annual number of days
classified as heatwave conditions. By
2080s, in Los Angeles, number of
heatwave days increases 4-fold under
B1 and 6 to 8-fold under A1FI. Annual
number of heat-related deaths in Los
Angeles increases from about 165 in
the 1990s to 319 to 1,182 under
different scenarios.

Hayhoe,
2004

Australian
capital cities
(Adelaide,
Brisbane,
Canberra,
Darwin,
Hobart,
Melbourne,
Perth,
Sydney)

Heat-related
mortality in
people older
than
65 years

Empirical-
statistical
model,
derived from
observed
daily mortality

CSIROMk2,
ECHAM4, and
HADCM2 driven
by SRES A2
and B2
emissions
scenarios and
a stabilisation
scenario at 450
ppm 2100

0.8 to 5.5°C
increase in
annual
maximum
temperature in
the capital cities,
compared with
1961-1990
baseline

Population
growth and
population
aging. No
acclimatisation.

Increase in temperature-attributable
death rates from 82/100,000 across
all cities under the current climate to
246/100,000 in 2100; death rates
decreased with implementation of
policies to mitigate GHG.

McMichael
et al., 2003b

Table 8.3. Projected impacts of climate change on heat- and cold-related mortality.



transport of pollutants plays a significant role in determining
local to regional air quality (Holloway et al., 2003; Bergin et al.,
2005), changing patterns of atmospheric circulation at the
hemispheric to global level are likely to be just as important as
regional patterns for future local air quality (Takemura et al.,
2001; Langmann et al., 2003).

8.4.2 Vulnerable populations and regions

Human health vulnerability to climate change was assessed
based on a range of scientific evidence, including the current
burdens of climate-sensitive health determinants and outcomes,
projected climate-change-related exposures, and trends in
adaptive capacity. Box 8.5 describes trends in climate-change-
related exposures of importance to human health. As highlighted
in the following sections, particularly vulnerable populations
and regions are more likely to suffer harm, have less ability to
respond to stresses imposed by climate variability and change,
and have exhibited limited progress in reducing current
vulnerabilities. For example, all persons living in a flood plain

are at risk during a flood, but those with lowered ability to
escape floodwaters and their consequences (such as children and
the infirm, or those living in sub-standard housing) are at higher
risk.

8.4.2.1 Vulnerable urban populations
Urbanisation and climate change may work synergistically to

increase disease burdens. Urban populations are growing faster
in low-income than in high-income countries. The urban
population increased from 220 million in 1900 to 732 million in
1950, and is estimated to have reached 3.2 billion in 2005 (UN,
2006b). In 2005, 74% of the population in more-developed
regions was urban, compared with 43% in less-developed
regions. Approximately 4.9 billion people are projected to be
urban dwellers in 2030, about 60% of the global population,
including 81% of the population in more-developed regions and
56% of the population in less-developed regions.

Urbanisation can positively influence population health; for
example, by making it easier to provide safe water and improved
sanitation. However, rapid and unplanned urbanisation is often
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Area Health
effect

Model Climate
scenario,
time slices

Temperature
increase and
baseline

Population
projections and
other assumptions

Main results Reference

New York
metropolitan
region, USA

Ozone-
related
deaths by
county

Concentration
response
function from
published
epidemiological
literature.
Gridded ozone
concentrations
from CMAQ
(Community
Multiscale Air
Quality model).

GISS driven
by SRES A2
emissions
scenario
downscaled
using MM5
2050s

1.6 to 3.2°C
in 2050s
compared
with 1990s

Population and age
structure held
constant at year
2000. Assumes no
change from United
States Environmental
Protection Agency
(USEPA) 1996
national emissions
inventory and A2-
consistent increases
in NOx and VOCs by
2050s.

A2 climate only: 4.5%
increase in ozone-related
deaths. Ozone elevated in
all counties. A2 climate and
precursors: 4.4% increase
in ozone-related deaths.
(Ozone not elevated in all
areas due to NOx
interactions.)

Knowlton et al.,
2004

50 cities,
eastern USA

Ozone-
related
hospitalis-
ations and
deaths

Concentration
response
function from
published
epidemiological
literature.
Gridded ozone
concentrations
from CMAQ.

GISS driven
by SRES A2
emissions
scenario
downscaled
using MM5
2050s

1.6 to 3.2°C
in 2050s
compared
with 1990s

Population and age
structure held
constant at year
2000. Assumes no
change from USEPA
1996 national
emissions inventory
and A2-consistent
increases in NOx
and VOCs by 2050s.

Maximum ozone
concentrations increased
for all cities, with the largest
increases in cities with
currently higher
concentrations. 68%
increase in average number
of days/summer exceeding
the 8-hour regulatory
standard, resulting in 0.11
to 0.27% increase in non-
accidental mortality and an
average 0.31% increase in
cardiovascular disease
mortality.

Bell et al., 2007

England and
Wales

Exceedance
days (ozone,
particulates,
NOx)

Statistical, based
on meteorological
factors for high-
pollutant days
(temperature,
wind speed).

UKCIP
scenarios
2020s, 2050s,
2080s

0.57 to 1.38°C
in 2020s; 0.89
to 2.44°C in
2050s; 1.13 to
3.47°C in
2080s
compared with
1961-1990
baseline

Emissions held
constant.

Over all time periods,
large decreases in days
with high particulates and
SO2, small decrease in
other pollutants except
ozone, which may increase.

Anderson et al.,
2001

Table 8.4. Projected impacts of climate change on ozone-related health effects.



associated with adverse health outcomes. Urban slums and
squatter settlements are often located in areas subject to
landslides, floods and other natural hazards. Lack of water and
sanitation in these settlements are not only problems in
themselves, but also increase the difficulty of controlling disease
reservoirs and vectors, facilitating the emergence and re-
emergence of water-borne and other diseases (Obiri-Danso et
al., 2001; Akhtar, 2002; Hay et al., 2005a). Combined with

declining economies, unplanned urbanisation may affect the
burden and control of malaria, with the disease burden
increasing among urban dwellers (Keiser et al., 2004). Currently,
approximately 200 million people in Africa (24.6% of the total
population) live in urban settings where they are at risk of
malaria. In India, unplanned urbanisation has contributed to the
spread of Plasmodium vivax malaria (Akhtar et al., 2002) and
dengue (Shah et al., 2004). In addition, noise, overcrowding and
other possible features of unplanned urbanisation may increase
the prevalence of mental disorders, such as depression, anxiety,
chronic stress, schizophrenia and suicide (WHO, 2001).
Problems associated with rapid and unplanned urbanisation are
expected to increase over the next few decades, especially in
low-income countries.

Populations in high-density urban areas with poor housing
will be at increased risk with increases in the frequency and
intensity of heatwaves, partly due to the interaction between
increasing temperatures and urban heat-island effects (Wilby,
2003). Adaptation will require diverse strategies which could
include physical modification to the built environment and
improved housing and building standards (Koppe et al., 2004).

8.4.2.2 Vulnerable rural populations
Climate change could have a range of adverse effects on some

rural populations and regions, including increased food
insecurity due to geographical shifts in optimum crop-growing
conditions and yield changes in crops, reduced water resources
for agriculture and human consumption, flood and storm
damage, loss of cropping land through floods, droughts, a rise in
sea level, and increased rates of climate-sensitive health
outcomes. Water scarcity itself is associated with multiple
adverse health outcomes, including diseases associated with
water contaminated with faecal and other hazardous substances
(including parasites), vector-borne diseases associated with
water-storage systems, and malnutrition (see Chapter 3). Water
scarcity constitutes a serious constraint to sustainable
development particularly in savanna regions: these regions cover
approximately 40% of the world land area (Rockstrom, 2003).

8.4.2.3 Food insecurity
Although the International Food Policy Research Institute’s

International Model for Policy Analysis of Agricultural
Commodities and Trade projects that global cereal production
could increase by 56% between 1997 and 2050, primarily in
temperate regions, and livestock production by 90% (Rosegrant
and Cline, 2003), expert assessments of future food security are
generally pessimistic over the medium term. There are
indications that it will take approximately 35 additional years to
reach the World Food Summit 2002 target of reducing world
hunger by half by 2015 (Rosegrant and Cline, 2003; UN
Millennium Project, 2005). Child malnutrition is projected to
persist in regions of low-income countries, although the total
global burden is expected to decline without considering the
impact of climate change.

Attribution of current and future climate-change-related
malnutrition burdens is problematic because the determinants of
malnutrition are complex. Due to the very large number of
people that may be affected, malnutrition linked to extreme
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Box 8.5. Projected trends in climate-
change-related exposures of
importance to human health

Heatwaves, floods, droughts and other extreme events:
IPCC (2007b) concludes, with high confidence, that
heatwaves will increase, cold days will decrease over
mid- to low-latitudes, and the proportion of heavy
precipitation events will increase, with differences in the
spatial distribution of the changes (although there will be
a few areas with projected decreases in absolute
numbers of heavy precipitation events) (Meehl et al.,
2007). Water availability will be affected by changes in
runoff due to alterations in the rainy and dry seasons.

Air quality: Climate change could affect tropospheric
ozone by modifying precursor emissions, chemistry and
transport; each could cause positive or negative
feedbacks to climate change. Future climate change
may cause either an increase or a decrease in
background tropospheric ozone, due to the competing
effects of higher water vapour and higher stratospheric
input; increases in regional ozone pollution are expected,
due to higher temperatures and weaker circulation.
Future climate change may cause significant air-quality
degradation by changing the dispersion rate of
pollutants, the chemical environment for ozone and
aerosol generation, and the strength of emissions from
the biosphere, fires and dust. The sign and magnitude
of these effects are highly uncertain and will vary
regionally (Denman et al., 2007).

Crop yields: Chapter 5 concluded that crop productivity
is projected to increase slightly at mid- to high latitudes
for local mean temperature increases of up to 1-3°C
depending on the crop, and then decrease beyond that
in some regions. At lower latitudes, especially seasonally
dry and tropical regions, crop productivity is projected
to decrease for even small local temperature increases
(1-2°C), which would increase the risk of hunger, with
large negative effects on sub-Saharan Africa.
Smallholder and subsistence farmers, pastoralists and
artisanal fisherfolk will suffer complex, localised impacts
of climate change.



climatic events may be one of the most important consequences
of climate change. For example, climate change is projected to
increase the percentage of the Malian population at risk of
hunger from 34% to between 64% and 72% by the 2050s,
although this could be substantially reduced by the effective
implementation of a range of adaptive strategies (Butt et al.,
2005). Climate-change models project that those likely to be
adversely affected are the regions already most vulnerable to
food insecurity, notably Africa, which may lose substantial
agricultural land. Overall, climate change is projected to increase
the number of people at risk of hunger (FAO, 2005).

8.4.2.4 Populations in coastal and low-lying areas
One-quarter of the world’s population resides within 100 km

distance and 100 m elevation of the coastline, with increases
likely over the coming decades (Small and Nicholls, 2003).
Climate change could affect coastal areas through an accelerated
rise in sea level; a further rise in sea-surface temperatures; an
intensification of tropical cyclones; changes in wave and storm
surge characteristics; altered precipitation/runoff; and ocean
acidification (see Chapter 6). These changes could affect human
health through coastal flooding and damaged coastal
infrastructure; saltwater intrusion into coastal freshwater
resources; damage to coastal ecosystems, coral reefs and coastal
fisheries; population displacement; changes in the range and
prevalence of climate-sensitive health outcomes; amongst
others. Although some Small Island States and other low-lying
areas are at particular risk, there are few projections of the health
impact of climate variability and change. Climate-sensitive
health outcomes of concern in Small Island States include
malaria, dengue, diarrhoeal diseases, heat stress, skin diseases,
acute respiratory infections and asthma (WHO, 2004a).

A model of a 4°C increase of the summer temperature
maximum in the Netherlands in 2100, in combination with water
column stratification, projected a doubling of the growth rates of
selected species of potentially harmful phytoplankton in the
North Sea, increasing the frequency and intensity of algal
blooms that can negatively affect human health (Peperzak,
2005). Projections of impacts are complex because of substantial
differences in the sensitivity to increasing ocean temperatures
of phytoplankton harmful to human health.

The population at risk of flooding by storm surges throughout
the 21st century has been projected based on a range of global
mean sea-level rise and socio-economic scenarios (Nicholls,
2004). Under the baseline conditions, it was estimated that in
1990 about 200 million people lived beneath the 1-in-1,000-year
storm surge height (e.g., people in the hazard zone), and about
10 million people/yr experienced flooding. Across all time
slices, population growth increased the number of people living
in a hazard zone under the four SRES scenarios (A1FI, A2, B1
and B2). Assuming that defences are upgraded against existing
risks as countries become wealthier, but sea level rise is ignored,
the number of people affected by flooding decreases by the
2080s under the A1FI, B1 and B2 scenarios. Under the A2
scenario, a two-to-three-fold increase is projected in the number
of people flooded per year in the 2080s compared with 1990.
Island regions are especially vulnerable, particularly in the A1FI
world, especially in South-East Asia, South Asia, the Indian

Ocean coast of Africa, the Atlantic coast of Africa and the
southern Mediterranean (Nicholls, 2004).

Densely populated regions in low-lying areas are vulnerable
to climate change. In Bangladesh, it is projected that 4.8% of
people living in unprotected dryland areas could face inundation
by a water depth of 30 to 90 cm based on assumptions of a 2°C
temperature increase, a 30 cm increase in sea level, an 18%
increase in monsoon precipitation, and a 5% increase in
monsoon discharge into major rivers (BCAS/RA/Approtech,
1994). This could increase to 57% of people based on
assumptions of a 4°C temperature increase, a 100 cm increase in
sea level, a 33% increase in monsoon precipitation, and a 10%
increase in monsoon discharge into major rivers. Some areas
could face higher levels of inundation (90 to 180 cm).

Studies in industrialised countries indicate that densely
populated urban areas are at risk from sea-level rise (see Chapter
6). As demonstrated by Hurricane Katrina, areas of New Orleans
(USA) and its vicinity are 1.5 to 3 m below sea level (Burkett et
al., 2003). Considering the rate of subsidence and using the TAR
mid-range estimate of 480 mm sea-level rise by 2100, it is
projected that this region could be 2.5 to 4.0 m or more below
mean sea level by 2100, and that a storm surge from a Category
3 hurricane (estimated at 3 to 4 m without waves) could be 6 to
7 m above areas that were heavily populated in 2004 (Manuel,
2006).

8.4.2.5 Populations in mountain regions
Changes in climate are affecting many mountain glaciers, with

rapid glacier retreat documented in the Himalayas, Greenland,
the European Alps, the Andes Cordillera and East Africa (WWF,
2005). Changes in the depth of mountain snowpacks and glaciers,
and changes in their seasonal melting, can have significant
impacts on the communities from mountains to plains that rely on
freshwater runoff. For example, in China, 23% of the population
live in the western regions where glacial melt provides the
principal dry season water source (Barnett et al., 2005). A long-
term reduction in annual glacier snow melt could result in water
insecurity in some regions.

Little published information is available on the possible
health consequences of climate change in mountain regions.
However, it is likely that vector-borne pathogens could take
advantage of new habitats at altitudes that were formerly
unsuitable, and that diarrhoeal diseases could become more
prevalent with changes in freshwater quality and availability
(WHO Regional Office for South-East Asia, 2006). More
extreme rainfall events are likely to increase the number of
floods and landslides. Glacier lake outburst floods are a risk
unique to mountain regions; these are associated with high
morbidity and mortality and are projected to increase as the rate
of glacier melting increases.

8.4.2.6 Populations in polar regions
The approximately 10% of the circumpolar population that

is indigenous is particularly vulnerable to climate change
(ACIA, 2005). Factors contributing to their vulnerability include
their close relationship with the land, location of communities in
coastal regions, reliance on the local environment for aspects of
their diet and economy, and socio-economic and other factors
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(Berner and Furgal, 2005). The interactions of climate change
with underlying social, cultural, economic and political trends
are projected to have significant impacts on Arctic residents
(Curtis et al., 2005).

Increasing winter temperatures in Arctic regions are projected
to reduce excess winter mortality, primarily through a reduction
in cardiovascular and respiratory deaths. A reduction in cold-
related injuries is projected, assuming that cold protection,
including human behavioural factors, does not change (Nayha,
2005). Observations in northern Canadian Aboriginal
communities suggest that the number of land-based accidents
and injuries associated with unpredictable environmental
conditions such as thinning and earlier break-up of sea ice are
likely to increase (e.g., Furgal et al., 2002a, b). Diseases
transmitted by wildlife and insects are projected to have a longer
season in some regions such as the north-western North
American Arctic, resulting in increased burdens of disease in
key animal species (e.g., marine mammals, birds, fish and
shellfish) that can be transmitted to humans (Bradley et al.,
2005; Parkinson and Butler, 2005). The traditional diet of
circumpolar residents is likely to be negatively affected by
changes in animal migrations and distribution, and human access
to them, partly because of the impacts of increasing temperatures
on snow and ice timing and distribution. Further, increasing
temperatures may indirectly influence human exposure to
environmental contaminants in some foods (e.g., marine
mammal fats). Temperature increases in the North Atlantic are
projected to increase rates of mercury methylation in fish and
marine mammals, thus increasing human exposure via
consumption (Booth and Zeller, 2005).

8.5 Costs

Studies focusing on the welfare costs (and benefits) of
climate-change impacts aggregate the ‘damage’ costs of
climate change (Tol, 1995, 1996, 2002a, b; Fankhauser and
Tol, 1997; Fankhauser et al., 1997) or estimate the costs and
benefits of measures to reduce climate change (Nordhaus,
1991; Cline, 1992, 2004; Nordhaus and Boyer, 2000). The
global economic value of loss of life due to climate change
ranges between around US$6 billion and US$88 billion, in
1990 dollar prices (Tol, 1995, 1996, 2002a, b; Fankhauser and
Tol, 1997; Fankhauser et al., 1997). The economic methods for
estimating welfare costs (and benefits) have several
shortcomings; the studies include only a limited number of
health outcomes, generally heat- and cold-related mortality and
malaria. Some assessments of the direct costs of health impacts
at the national level have been undertaken, but the evidence
base for estimating the health effects is relatively weak (IGCI,
2000; Turpie et al., 2002; Woodruff et al., 2005). Where they
have been estimated, the welfare costs of health impacts
contribute substantially to the total costs of climate change
(Cline, 1992; Tol, 2002a). Given the importance of these types
of assessments, further research is needed.

Mortality attributable to climate change is projected to be
greatest in low-income countries, where economists traditionally

assign a lower value to life (van der Pligt et al., 1998; Hammitt
and Graham, 1999; Viscusi and Aldy, 2003). Some estimates
suggest that replacing national values with a ‘global average
value’ would increase the mortality costs by as much as five
times (Fankhauser et al., 1997). Climate change is also likely to
have important direct effects on productivity via exposure of
workers to heat stress (see Section 8.2.9). Estimates of economic
impacts via changes in productivity ignore important health
impacts in children and the elderly. Further research is needed to
estimate productivity costs.

8.6 Adaptation: practices, options and
constraints

Adaptation is needed now in order to reduce current
vulnerability to the climate change that has already occurred and
additional adaptation is needed in order to address the health
risks projected to occur over the coming decades. Current levels
of vulnerability are partly a function of the programmes and
measures in place to reduce burdens of climate-sensitive health
determinants and outcomes, and partly a result of the success of
traditional public-health activities, including providing access
to safe water and improved sanitation to reduce diarrhoeal
diseases, and implementing surveillance programmes to identify
and respond to outbreaks of malaria and other infectious
diseases. Weak public-health systems and limited access to
primary health care contribute to high levels of vulnerability and
low adaptive capacity for hundreds of millions of people.

Current national and international programmes and measures
that aim to reduce the burdens of climate-sensitive health
determinants and outcomes may need to be revised, reoriented
and, in some regions, expanded to address the additional
pressures of climate change. The degree to which programmes
will need to be augmented will depend on factors such as the
current burden of climate-sensitive health outcomes, the
effectiveness of current interventions, projections of where,
when and how the burden could change with changes in climate
and climate variability, access to the human and financial
resources needed to implement activities, stressors that could
increase or decrease resilience to impacts, and the social,
economic and political context within which interventions are
implemented (Yohe and Ebi, 2005; Ebi et al., 2006a). Some
recent programmes and measures implemented to address
climate variability and change are highlighted in the examples
that follow.

The planning horizon of public-health decision-makers is
short relative to the projected impacts of climate change, which
will require modification of current risk-management
approaches that focus only on short-term risks (Ebi et al.,
2006b). A two-tiered approach may be needed, with
modifications to incorporate current climate change concerns
into ongoing programmes and measures, along with regular
evaluations to determine a programme’s likely effectiveness to
cope with projected climate risks. For example, epidemic
malaria is a public-health problem in most areas in Africa, with
programmes in place to reduce the morbidity and mortality
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associated with these epidemics. Some projections suggest that
climate change may facilitate the spread of malaria further up
some highland areas (see Section 8.4.1.2). Therefore,
programmes should not only continue their current focus, but
should also consider where and when to implement additional
surveillance to identify and prevent epidemics if the Anopheles
vector changes its range.

How public health and other infrastructure will develop is a
key uncertainty (see Section 8.3) that is not determined by GDP
per capita alone. Public awareness, effective use of local
resources, appropriate governance arrangements and community
participation are necessary to mobilise and prepare for climate
change (McMichael, 2004). These present particular challenges
in low-income countries. Furthermore, the status of and trends
in other sectors affect public health, particularly water quantity,
quality and sanitation (see Chapter 3), food quality and quantity
(see Chapter 5), the urban environment (see Chapter 7), and
ecosystems (see Chapter 4). These sectors will also be affected
by climate change, creating feedback loops that can increase or
decrease population vulnerability, particularly in low-income
countries (Figure 8.1).

8.6.1 Approaches at different scales

Pro-active adaptation strategies, policies and measures need
to be implemented by regional and national governments,
including Ministries of Health, by international organisations
such as the World Health Organization, and by individuals.
Because the range of possible health impacts of climate change
is broad and the local situations diverse, the examples that follow
are illustrative and not comprehensive.

8.6.1.1 National- and regional-level responses
Climate-based early warning systems for heatwaves and

malaria outbreaks have been implemented at national and local
levels to alert the population and relevant authorities that a
disease outbreak can be expected based on climatic and
environmental forecasts (Abeku et al., 2004; Teklehaimanot et
al., 2004; Thomson et al., 2005; Kovats and Ebi, 2006). To be
effective in reducing health impacts, such systems must be
coupled with a specific intervention plan and have an ongoing
evaluation of the system and its components (Woodruff et al.,
2005; Kovats and Ebi, 2006).

Seasonal forecasts can be used to increase resilience to
climate variability, including to weather disasters. For example,
the Pacific ENSO Application Center (PEAC) alerted
governments, when a strong El Niño was developing in
1997/1998, that severe droughts could occur, and that some
islands were at unusually high risk of tropical cyclones
(Hamnett, 1998). The interventions launched, such as public
education and awareness campaigns, were effective in reducing
the risk of diarrhoeal and vector-borne diseases. For example,
despite the water shortage in Pohnpei, fewer children were
admitted to hospital with severe diarrhoeal disease than normal
because of frequent public-health messages about water safety.
However, the interventions did not eliminate all negative health
impacts, such as micronutrient deficiencies in pregnant women
in Fiji.

Participatory approaches that include governments,
researchers and community residents are increasingly being used
to build awareness of climate-related health impacts and
adaptation options, and to take advantage of local knowledge
and perspectives (see Box 8.6).

8.6.1.2 Responses by international organisations and
agencies

Improvements in international surveillance systems facilitate
national and regional preparedness and reduce future
vulnerability to epidemic-prone diseases. At present,
surveillance systems in many parts of the world are incomplete
and slow to respond to disease outbreaks. It is expected that this
will improve through the implementation of the International
Health Regulations. Improvements in the responsiveness and
accuracy of current surveillance programmes, including
addressing spatial and temporal limitations, are needed to
account for and anticipate the increased pressures on disease-
control programmes that are projected to result from climate
change. Earth observations, monitoring and surveillance, such as
remote sensing and biosensors, may increase the accuracy and
precision of some of these activities (Maynard, 2006).

Donors, international and national aid agencies, emergency
relief agencies, and a range of non-governmental organisations
play key roles through direct aid, support of research and
development, and other approaches developed in conjunction
with national Ministries of Health to improve current public-
health responses and to more effectively incorporate
climate-change-related risks into the design, implementation and
evaluation of disease-control policies and measures.
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Box 8.6. Cross-cutting case study:
indigenous populations and adaptation

A series of workshops organised by the national Inuit
organisation in Canada, Inuit Tapiriit Kantami,
documented climate-related changes and impacts, and
identified and developed potential adaptation measures
for local response (Furgal et al., 2002a, b; Nickels et al.,
2003). The strong engagement of Inuit community
residents will facilitate the successful adoption of the
adaptation measures identified, such as using netting
and screens on windows and house entrances to
prevent bites from mosquitoes and other insects that
have become more prevalent.

Another example is a study of the links between malaria
and agriculture that included participation and input from
a farming community in Mwea division, Kenya (Mutero
et al., 2004). The approach facilitated identification of
opportunities for long-term malaria control in irrigated
rice-growing areas through the integration of agro-
ecosystem practices aimed at sustaining livestock
systems within a broader strategy for rural development.



Two or more countries can develop international responses
jointly when adverse health outcomes and their drivers cross
borders. For example, flood prevention guidelines were
developed through the United Nations Economic Commission
for Europe for countries along the Elbe, Danube, Rhine and
other transboundary rivers where floods have intensified due to
human alteration of the environment (UN, 2000). The guidelines
recognise that co-operation is needed both within and between
riparian countries in order to reduce current impacts and increase
future resilience.

8.6.1.3 Individual-level responses
The effectiveness of warning systems for extreme events

depends on individuals taking appropriate actions, such as
responding to heat alerts and flood warnings. Individuals can
reduce their personal exposure by adjusting clothing and activity
levels in response to high ambient temperatures and by
modifying built environments, such as by the use of fans, to
reduce the heat load (Davis et al., 2004; Kovats and Koppe,
2005). Weather can partially determine cultural practices that
may affect exposure.

8.6.1.4 Adaptation in health systems
Health systems need to plan for and respond to climate change

(Menne and Bertollini, 2005). There are effective interventions
for many of the most common causes of ill-health, but frequently
these interventions do not reach those who could benefit most.
One way of promoting adaptation and reducing vulnerability to
climate change is to promote the uptake of effective clinical and
public-health interventions in high-need cities and regions of the
world. For example, health in Africa must be treated as a high
priority investment in the international development portfolio
(Sachs, 2001). Funding health programmes is a necessary step
towards reducing vulnerability but will not be enough on its own
(Brewer and Heymann, 2004; Regidor, 2004a, b; de Vogli et al.,
2005; Macintyre et al., 2005). Progress depends also on
strengthening public institutions; building health systems that
work well, treating people fairly and providing universal primary
health care; providing adequate education, generating demand for
better and more accessible services; and ensuring that there are
enough staff to do the required work (Haines and Cassels, 2004).
Health-service infrastructure needs to be resilient to extreme
events (EEA, 2005). Efforts are needed to train health
professionals to understand the threats posed by climate change.

8.6.2 Integration of responses across scales

Adaptation responses to specific health risks will often cut
across scales. For example, an integrated response to heatwaves
could include, in addition to measures already discussed,
consideration of climate change projections in the design and
construction of new buildings and in the planning of new urban
areas (Kovats and Koppe, 2005). In addition, national energy
efficiency programmes and transport policies could include
approaches for reducing both urban heat islands and emissions
of ozone and other air pollutants.

Interventions designed to increase the adaptive capacity of a
community or region could also facilitate the achievement of

greenhouse gas mitigation targets. For example, measures to
reduce the urban heat-island effect, such as planting trees, roof
gardens, growth planned to reduce urban heat islands, and other
measures, increase the resilience of communities to heatwaves
while reducing energy requirements. Increasing the proportion
of energy derived from solar, wind and other renewable
resources would reduce emissions of greenhouse gases and other
air pollutants from the burning of fossil fuels.

8.6.3 Limits to adaptation

Constraints to adaptation arise when one or more of the
prerequisites for public-health prevention have not been met: an
awareness that a problem exists; a sense that the problem matters;
an understanding of what causes the problem; the capability to
influence; and the political will to influence the problem (Last,
1998). Decision-makers will choose which adaptations to
implement where, when and how, based on assessments of the
balance between competing priorities (Scheraga et al., 2003). For
example, different regions may make different assessments of the
public-health and environmental-welfare implications of the
ecological consequences of draining wetlands to reduce vector-
breeding sites. Local laws and social customs may constrain
adaptation options. For example, although the application of
pesticides for vector control may be an effective adaptation
measure, residents may object to spraying, even in communities
with regulations to assure appropriate use. Increasing awareness
of climate-change-related health impacts and knowledge diffusion
of adaptation options are of fundamental importance to better
decision-making.

Although specific limits will vary by health outcome and
region, fundamental constraints exist in low-income countries
where adaptation will partially depend on development pathways
in the public-health, water, agriculture, transport, energy and
housing sectors. Poverty is the most serious obstacle to effective
adaptation. Despite economic growth, low-income countries are
likely to remain poor and vulnerable over the medium term, with
fewer options than high-income countries for adapting to climate
change. Therefore, adaptation strategies should be designed in the
context of development, environment, and health policies. Many
of the options that can be used to reduce future vulnerability are
of value in adapting to current climate and can be used to achieve
other environmental and social objectives. However, because
resources used for adaptation will be shared across other problems
of concern to society, there is the potential for conflicts among
stakeholders with differing priorities. Questions also will arise
about equity (i.e., a decision that leads to differential health
impacts among different demographic groups), efficiency (i.e.,
targeting those programmes that will yield the greatest
improvements in public health), and political feasibility
(McMichael et al., 2003a).

8.6.4 Health implications of adaptation strategies,
policies and measures

Because adaptation strategies, policies and measures can have
inadvertent short- and long-term negative health consequences,
potential risks should be evaluated before implementation. For
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example, a microdam and irrigation programme in Ethiopia
developed to increase resilience to famine increased local
malaria mortality by 7.3-fold (Ghebreyesus et al., 1999).
Increased ambient temperatures due to climate change could
further exacerbate the problem. In another example, air-
conditioning of private and public spaces is a primary measure
used in the USA to reduce heat-related morbidity and mortality
(Davis et al., 2003); however, depending on the energy source
used to generate electricity, an increased use of air conditioning
can increase greenhouse gas emissions, air pollution and the
urban heat island.

Measures to combat water scarcity, such as the re-use of
wastewater for irrigation, have implications for human health
(see Chapter 3). Irrigation is currently an important determinant
of the spread of infectious diseases such as malaria and
schistosomiasis (Sutherst, 2004). Strict water-quality guidelines
for wastewater irrigation are designed to prevent health risks
from pathogenic organisms and to guarantee crop quality
(Steenvoorden and Endreny, 2004). However, in rural and peri-
urban areas of most low-income countries, the use of sewage
and wastewater for irrigation, a common practice, is a source of
faecal–oral disease transmission. The use of wastewater for
irrigation is likely to increase with climate change, and the
treatment of wastewater remains unaffordable for low-income
populations (Buechler and Scott, 2000)

8.7 Conclusions: implications for
sustainable development

Evidence has grown that climate change already contributes
to the global burden of disease and premature deaths. Climate
change plays an important role in the spatial and temporal
distribution of malaria, dengue, tick-borne diseases, cholera and
other diarrhoeal diseases; is affecting the seasonal distribution
and concentrations of some allergenic pollen species; and has
increased heat-related mortality. The effects are unequally
distributed, and are particularly severe in countries with already
high disease burdens, such as sub-Saharan Africa and Asia.

The projected health impacts of climate change are
predominately negative, with the most severe impacts being seen
in low-income countries, where the capacity to adapt is weakest.
Vulnerable groups in developed countries will also be affected
(Haines et al., 2006). Projected increases in temperature and
changes in rainfall patterns can increase malnutrition; disease
and injury due to heatwaves, floods, storms, fires and droughts;
diarrhoeal illness; and the frequency of cardio-respiratory
diseases due to higher concentrations of ground-level ozone.
There are expected to be some benefits to health, including fewer
deaths due to exposure to the cold and reductions in climate
suitability for vector-borne diseases in some regions. Figure 8.3
summarises the relative direction and magnitude of projected
health impacts, taking into account the likely numbers of people
at risk and potential adaptive capacity.

Health is central to the achievement of the Millennium
Development Goals and to sustainable development, both
directly (in the case of child mortality, maternal health,

HIV/AIDS, malaria and other diseases) and indirectly (ill-health
contributes to extreme poverty, hunger and lower educational
achievements) (Haines and Cassels, 2004). Rapid and intense
climate change is likely to delay progress towards achieving
development targets in some regions. Recent events demonstrate
that populations and health systems may be unable to cope with
increases in the frequency and intensity of extreme events. These
events can reduce the resilience of communities, affect
vulnerable regions and localities, and overwhelm the coping
capacities of most societies.

There is a need to develop and implement adaptation
strategies, policies and measures at different levels and scales.
Current national and international programmes and measures
that aim to reduce the burdens of climate-sensitive health
determinants and outcomes may need to be revised, reoriented
and, in some regions, expanded to address the additional
pressures of climate change. This includes the consideration of
climate-change-related risks in disease monitoring and
surveillance systems, health system planning, and preparedness.
Many of the health outcomes are mediated through changes in
the environment. Measures implemented in the water,
agriculture, food, and construction sectors should be designed
to benefit human health. However, adaptation is not enough.

8.7.1 Health and climate protection: clean energy

There is general agreement that health co-benefits from
reduced air pollution as a result of actions to reduce GHG
emissions can be substantial and may offset a substantial fraction
of mitigation costs (Barker et al., 2001, 2007; Cifuentes et al.,
2001; West et al., 2004). In addition, actions to reduce methane
emissions will decrease global concentrations of surface ozone.
A portfolio of actions, including energy efficiency, renewable
energy, and transport measures, is needed in order to achieve
these reductions (see IPCC, 2007c).
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Figure 8.3. Direction and magnitude of change of selected health
impacts of climate change (confidence levels are assigned based on
the IPCC guidelines on uncertainty, see
http://www.ipcc.ch/activity/uncertaintyguidancenote.pdf).



In many low-income countries, access to electricity is limited.
Over half of the world’s population still relies on biomass fuels
and coal to meet their energy needs (WHO, 2006). These
biomass fuels have low combustion efficiency and a significant,
but unknown, portion is harvested non-renewably, thus
contributing to net carbon emissions. The products of incomplete
combustion from small-scale biomass combustion contain a
number of health-damaging pollutants, including small particles,
carbon monoxide, polyaromatic hydrocarbons and a range of
toxic volatile organic compounds (Bruce et al., 2000). Human
exposures to these pollutants within homes are large in
comparison with outdoor air pollution exposures. Current best
estimates, based on published epidemiological studies, are that
biomass fuels in households are responsible annually for
approximately 0.7 to 2.1 million premature deaths in low-
income countries (from a combination of lower-respiratory
infections, chronic obstructive pulmonary disease and lung
cancer). About two-thirds occur in children under the age of five
and most of the rest occur in women (Smith et al., 2004).

Clean development and other mechanisms could require
calculation of the co-benefits for health when taking decisions
about energy projects, including the development of alternative
fuel sources (Smith et al., 2000, 2005). Projects promoting co-
benefits in low-income populations show promise to help
achieve cost-effective, long-term protection from climate
impacts as well as promoting immediate sustainable
development goals (Smith et al., 2000).

8.8 Key uncertainties and research priorities

More empirical epidemiological research on the observed
health effects of climate change have been published since the
TAR, and the few national health impact assessments that have
been conducted have provided valuable information on
population vulnerability. However, the lack of appropriate
longitudinal health data makes attribution of adverse health
outcomes to observed climate trends difficult. Further, most
studies have focused on middle- and high-income countries.
Gaps in information persist on trends in climate, health and
environment in low-income countries, where data are limited
and other health priorities take precedence for research and
policy development. Climate-change-related health impact
assessments in low- and middle-income countries will be
instrumental in guiding adaptation projects and investments.

Advances have been made in the development of climate–
health impact models that project the health effects of climate
change under a range of climate and socio-economic scenarios.
The models are still limited to a few infectious diseases, thermal
extremes and air pollution. Considerable uncertainties surround
the projections, including uncertainty about how population
health is likely to evolve based on changes in the level of
commitment to preventing avoidable ill-health, technological
developments, economic growth and other factors; the rate and
intensity of future climate change; uncertainty about how the
climate–health relationship might change over time; and
uncertainty about the extent, rate, limiting forces and major

drivers of adaptation (McMichael et al., 2004). Uncertainties
include not just whether the key health outcomes described in
this chapter will improve, but how fast, where, when, at what
cost, and whether all population groups will be able to share in
these developments. Significant advances will occur by
improving social and economic development, governance and
resources. It is apparent that these problems will only be solved
over time-frames longer than decades.

Considerable uncertainty will remain about projected climate
change at geographical and temporal scales of relevance to
decision-makers, increasing the importance of risk management
approaches to climate risks. However, no matter what the degree
of preparedness is, projections suggest that some future extreme
events will be catastrophic because of the unexpected intensity
of the event and the underlying vulnerability of the affected
population. The European heatwave in 2003 and Hurricane
Katrina are examples. The consequences of particularly severe
extreme events will be greater in low-income countries. A better
understanding is needed of the factors that convey vulnerability
and, more importantly, the changes that need to be made in
health care, emergency services, land use, urban design and
settlement patterns to protect populations against heatwaves,
floods, and storms.

Key research priorities include addressing the major
challenges for research on climate change and health in the
following ways.

• Development of methods to quantify the current impacts of
climate and weather on a range of health outcomes,
particularly in low- and middle-income countries.

• Development of health-impacts models for projecting
climate-change-related impacts under different climate and
socio-economic scenarios.

• Investigations on the costs of the projected health impacts of
climate change; effectiveness of adaptation; and the limiting
forces, major drivers and costs of adaptation.

Low-income countries face additional challenges, including
limited capacity to identify key issues, collect and analyse data,
and design, implement and monitor adaptation options. There is
a need to strengthen institutions and mechanisms that can more
systematically promote interactions among researchers, policy-
makers and other stakeholders to facilitate the appropriate
incorporation of research findings into policy decisions in order
to protect population health no matter what the climate brings
(Haines et al., 2004).
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Executive summary

Africa is one of the most vulnerable continents to climate
change and climate variability, a situation aggravated by
the interaction of ‘multiple stresses’, occurring at various
levels, and low adaptive capacity (high confidence).
Africa’s major economic sectors are vulnerable to current climate
sensitivity, with huge economic impacts, and this vulnerability
is exacerbated by existing developmental challenges such as
endemic poverty, complex governance and institutional
dimensions; limited access to capital, including markets,
infrastructure and technology; ecosystem degradation; and
complex disasters and conflicts. These in turn have contributed
to Africa’s weak adaptive capacity, increasing the continent’s
vulnerability to projected climate change. [9.2.2, 9.5, 9.6.1]

African farmers have developed several adaptation
options to cope with current climate variability, but such
adaptations may not be sufficient for future changes of
climate (high confidence).
Human or societal adaptive capacity, identified as being low
for Africa in the Third Assessment Report, is now better
understood and this understanding is supported by several case
studies of both current and future adaptation options.
However, such advances in the science of adaptation to climate
change and variability, including both contextual and outcome
vulnerabilities to climate variability and climate change, show
that these adaptations may be insufficient to cope with future
changes of climate. [9.2, 9.4, 9.5, 9.6.2, Table 9.2]

Agricultural production and food security (including
access to food) in many African countries and regions are
likely to be severely compromised by climate change and
climate variability (high confidence).
A number of countries in Africa already face semi-arid
conditions that make agriculture challenging, and climate
change will be likely to reduce the length of growing season
as well as force large regions of marginal agriculture out of
production. Projected reductions in yield in some countries
could be as much as 50% by 2020, and crop net revenues could
fall by as much as 90% by 2100, with small-scale farmers
being the most affected. This would adversely affect food
security in the continent. [9.2.1, 9.4.4, 9.6.1]

Climate change will aggravate the water stress currently
faced by some countries, while some countries that
currently do not experience water stress will become at
risk of water stress (very high confidence).
Climate change and variability are likely to impose additional
pressures on water availability, water accessibility and water
demand in Africa. Even without climate change, several
countries in Africa, particularly in northern Africa, will
exceed the limits of their economically usable land-based
water resources before 2025. About 25% of Africa’s
population (about 200 million people) currently experience
high water stress. The population at risk of increased water
stress in Africa is projected to be between 75-250 million and

350-600 million people by the 2020s and 2050s, respectively.
[9.2.1, 9.2.2, 9.4.1]

Changes in a variety of ecosystems are already being
detected, particularly in southern African ecosystems, at a
faster rate than anticipated (very high confidence).
Climate change, interacting with human drivers such as
deforestation and forest fires, are a threat to Africa’s forest
ecosystems. Changes in grasslands and marine ecosystems are
also noticeable. It is estimated that, by the 2080s, the
proportion of arid and semi-arid lands in Africa is likely to
increase by 5-8%. Climate change impacts on Africa’s
ecosystems will probably have a negative effect on tourism as,
according to one study, between 25 and 40% of mammal
species in national parks in sub-Saharan Africa will become
endangered. [9.2.2, 9.4.4, 9.4.5]

Climate variability and change could result in low-lying
lands being inundated, with resultant impacts on coastal
settlements (high confidence).
Climate variability and change, coupled with human-induced
changes, may also affect ecosystems e.g., mangroves and coral
reefs, with additional consequences for fisheries and tourism.
The projection that sea-level rise could increase flooding,
particularly on the coasts of eastern Africa, will have
implications for health. Sea-level rise will probably increase
the high socio-economic and physical vulnerability of coastal
cities. The cost of adaptation to sea-level rise could amount to
at least 5-10% of gross domestic product. [9.4.3, 9.4.6, 9.5.2]

Human health, already compromised by a range of factors,
could be further negatively impacted by climate change
and climate variability, e.g., malaria in southern Africa and
the East African highlands (high confidence).
It is likely that climate change will alter the ecology of some
disease vectors in Africa, and consequently the spatial and
temporal transmission of such diseases. Most assessments of
health have concentrated on malaria and there are still debates
on the attribution of malaria resurgence in some African areas.
The need exists to examine the vulnerabilities and impacts of
future climate change on other infectious diseases such as
dengue fever, meningitis and cholera, among others. [9.2.1.2,
9.4.3 9.5.1]

9.1 Introduction

9.1.1 Summary of knowledge assessed in the Third
Assessment Report

The Third Assessment Report (TAR) of the IPCC identified
a range of impacts associated with climate change and
variability, including decreases in grain yields; changes in
runoff and water availability in the Mediterranean and southern
countries of Africa; increased stresses resulting from increased
droughts and floods; and significant plant and animal species
extinctions and associated livelihood impacts. Such factors
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were shown, moreover, to be aggravated by low adaptive
capacity (IPCC, 2001). Many of these conclusions, as shown
below, remain valid for this Fourth Assessment Report1.

9.1.2 New advances and approaches used in the
Fourth Assessment Report

Recent scientific efforts, including a focus on both an
impacts-led approach as well as a vulnerability-led approach
(see Adger et al., 2004, for a summary), have enabled a more
detailed assessment of the interacting roles of climate and a
range of other factors driving change in Africa. This approach
has been used to frame much of what follows in this chapter and
has enabled a greater sensitivity to, and a deeper understanding
of, the role of ‘multiple stresses’ in heightening vulnerability to
climate stress. Several of these stresses (outlined in Sections
9.2.1, 9.2.2 and 9.4) are likely to be compounded by climate
change and climate variability in the future. Recent additional
case studies on adaptation have also been undertaken, providing
new insights (see Section 9.5, Table 9.2).

9.2 Current sensitivity/vulnerability

9.2.1 Current sensitivity to climate and weather

The climate of the continent is controlled by complex
maritime and terrestrial interactions that produce a variety of
climates across a range of regions, e.g., from the humid tropics
to the hyper-arid Sahara (see Christensen et al., 2007). Climate
exerts a significant control on the day-to-day economic
development of Africa, particularly for the agricultural and
water-resources sectors, at regional, local and household scales.
Since the TAR, observed temperatures have indicated a greater
warming trend since the 1960s. Although these trends seem to be
consistent over the continent, the changes are not always
uniform. For instance, decadal warming rates of 0.29°C in the
African tropical forests (Malhi and Wright, 2004) and 0.1 to
0.3°C in South Africa (Kruger and Shongwe, 2004) have been
observed. In South Africa and Ethiopia, minimum temperatures
have increased slightly faster than maximum or mean
temperatures (Conway et al., 2004; Kruger and Shongwe, 2004).
Between 1961 and 2000, there was an increase in the number of
warm spells over southern and western Africa, and a decrease in
the number of extremely cold days (New et al., 2006). In eastern
Africa, decreasing trends in temperature from weather stations
located close to the coast or to major inland lakes have been
observed (King’uyu et al., 2000).

For precipitation, the situation is more complicated. Rainfall
exhibits notable spatial and temporal variability (e.g., Hulme et
al., 2005). Interannual rainfall variability is large over most of
Africa and, for some regions, multi-decadal variability is also
substantial. In West Africa (4°-20°N; 20°W-40°E), a decline in

annual rainfall has been observed since the end of the 1960s,
with a decrease of 20 to 40% noted between the periods 1931-
1960 and 1968-1990 (Nicholson et al., 2000; Chappell and
Agnew, 2004; Dai et al., 2004). In the tropical rain-forest zone,
declines in mean annual precipitation of around 4% in West
Africa, 3% in North Congo and 2% in South Congo for the
period 1960 to 1998 have been noted (e.g., Malhi and Wright,
2004). A 10% increase in annual rainfall along the Guinean coast
during the last 30 years has, however, also been observed
(Nicholson et al., 2000). In other regions, such as southern
Africa, no long-term trend has been noted. Increased interannual
variability has, however, been observed in the post-1970 period,
with higher rainfall anomalies and more intense and widespread
droughts reported (e.g., Richard et al., 2001; Fauchereau et al.,
2003). In different parts of southern Africa (e.g., Angola,
Namibia, Mozambique, Malawi, Zambia), a significant increase
in heavy rainfall events has also been observed (Usman and
Reason, 2004), including evidence for changes in seasonality
and weather extremes (Tadross et al., 2005a; New et al., 2006).
During recent decades, eastern Africa has been experiencing an
intensifying dipole rainfall pattern on the decadal time-scale.
The dipole is characterised by increasing rainfall over the
northern sector and declining amounts over the southern sector
(Schreck and Semazzi, 2004).

Advances in our understanding of the complex mechanisms
responsible for rainfall variability have been made (see Reason
et al., 2005; Warren et al., 2006; Washington and Preston, 2006;
Christensen et al., 2007). Understanding how possible climate-
regime changes (e.g., in El Niño-Southern Oscillation (ENSO)
events) may influence future climate variability is critical in
Africa and requires further research. The drying of the Sahel
region since the 1970s has, for example, been linked to a positive
trend in equatorial Indian Ocean sea-surface temperature (SST),
while ENSO is a significant influence on rainfall at interannual
scales (Giannini et al., 2003; Christensen et al., 2007). In the
same region, the intensity and localisation of the African
Easterly Jet (AEJ) and the Tropical Easterly Jet (TEJ) also
influence rainfall variability (Nicholson and Grist, 2003), as well
as SSTs in the Gulf of Guinea (Vizy and Cook, 2001), and a
relationship has also been identified between the warm
Mediterranean Sea and abundant rainfall (Rowell, 2003). The
influence of ENSO decadal variations has also been recognised
in south-west Africa, influenced in part by the North Atlantic
Oscillation (NAO) (Nicholson and Selato, 2000). Changes in the
ways these mechanisms influence regional weather patterns
have been identified in southern Africa, where severe droughts
have been linked to regional atmospheric-oceanic anomalies
before the 1970s but to ENSO in more recent decades
(Fauchereau et al., 2003).

Several studies also have highlighted the importance of
terrestrial vegetation cover and the associated dynamic
feedbacks on the physical climate (see Christensen et al., 2007).
An increase in vegetation density, for example, has been
suggested to result in a year-round cooling of 0.8°C in the
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tropics, including tropical areas of Africa (Bounoua et al., 2000).
Complex feedback mechanisms, mainly due to
deforestation/land-cover change and changes in atmospheric
dust loadings, also play a role in climate variability, particularly
for drought persistence in the Sahel and its surrounding areas
(Wang and Eltahir, 2000, 2002; Nicholson, 2001; Semazzi and
Song, 2001; Prospero and Lamb, 2003; Zeng, 2003). The
complexity of the interactions precludes ‘simple interpretations’;
for instance, the role of human-induced factors (e.g., migration),
together with climate, can contribute to changes in vegetation
in the Sahel that feed back into the overall physical system in
complex ways (see, e.g., Eklundh and Olsson, 2003; Held et al.,
2005; Herrmann et al., 2005; Olsson et al., 2005). Mineral dust
is the largest cause of uncertainty in the radiative forcing of the
planet and the key role of the Sahara has long been known.
Better quantitative estimates of Saharan dust loadings and
controls on emissions have now emerged from both satellite and
field campaigns (e.g., Washington and Todd, 2005; Washington
et al., 2006).

Finally, changes in extreme events, such as droughts and
floods, have major implications for numerous Africans and
require further attention. Droughts, notwithstanding current
limitations in modelling capabilities and understanding of
atmospheric system complexity, have attracted much interest
over the past 30 years (AMCEN/UNEP, 2002), particularly with
reference to impacts on both ecological systems and on society.
Droughts have long contributed to human migration, cultural
separation, population dislocation and the collapse of prehistoric
and early historic societies (Pandey et al., 2003). One-third of the
people in Africa live in drought-prone areas and are vulnerable
to the impacts of droughts (World Water Forum, 2000). In
Africa, for example, several million people regularly suffer
impacts from droughts and floods. These impacts are often
further exacerbated by health problems, particularly diarrhoea,
cholera and malaria (Few et al., 2004). During the mid-1980s
the economic losses from droughts totalled several hundred
million U.S. dollars (Tarhule and Lamb, 2003). Droughts have
mainly affected the Sahel, the Horn of Africa and southern
Africa, particularly since the end of the 1960s (see Section 9.6.2;
Richard et al., 2001; L’Hôte et al., 2002; Brooks, 2004;
Christensen et al., 2007; Trenberth et al., 2007). Floods are also
critical and impact on African development. Recurrent floods in
some countries are linked, in some cases, with ENSO events.
When such events occur, important economic and human losses
result (e.g., in Mozambique – see Mirza, 2003; Obasi, 2005).
Even countries located in dry areas (Algeria, Tunisia, Egypt,
Somalia) have not been flood-free (Kabat et al., 2002).

9.2.1.1 Sensitivity/vulnerability of the water sector
The water sector is strongly influenced by, and sensitive to,

changes in climate (including periods of prolonged climate
variability). Evidence of interannual lake-level fluctuations and
lake-level volatility, for example, has been observed since the
1960s, probably owing to periods of intense droughts followed
by increases in rainfall and extreme rainfall events in late 1997
(e.g., in Lakes Tanganyika, Victoria and Turkana; see Riebeek,
2006). After the 1997 flood, Lake Victoria rose by about 1.7 m
by 1998, Lake Tanganyika by about 2.1 m, and Lake Malawi by

about 1.8 m, and very high river-flows were recorded in the
Congo River at Kinshasha (Conway et al., 2005). The heavy
rains and floods have been possibly attributed to large-scale
atmosphere-ocean interactions in the Indian Ocean (Mercier et
al., 2002).

Changes in runoff and hydrology linked to climate through
complex interactions also include those observed for southern
Africa (Schulze et al., 2001; New, 2002), south-central Ethiopia
(Legesse et al., 2003), Kenya and Tanzania (Eriksen et al., 2005)
and the wider continent (de Wit and Stankiewicz, 2006; Nkomo
et al., 2006). Fewer assessments of impacts and vulnerabilities
with regard to groundwater and climate interactions are
available, and yet these are clearly of great concern for those
dependent on groundwater for their water supply.

About 25% of the contemporary African population
experiences high water stress. About 69% of the population lives
under conditions of relative water abundance (Vörösmarty et al.,
2005). However, this relative abundance does not take into
account other equally important factors such as access to clean
drinking water and sanitation, which effectively reduces the
quantity of freshwater available for human use. Despite the
considerable improvements in access to freshwater in the 1990s,
only about 62% of the African population had access to improved
water supplies in 2000 (WHO/UNICEF, 2000; Vörösmarty,
2005). As illustrated in Section 9.2.2, issues that affect access to
water, including water governance, also need to be considered in
any discussion of vulnerability to water stress in Africa.

9.2.1.2 Sensitivity/vulnerability of the health sector
Assessments of health in Africa show that many communities

are already impacted by health stresses that are coupled to
several causes, including poor nutrition. These assessments
repeatedly pinpoint the implications of the poor health status of
many Africans for future development (Figure 9.1a-d) (e.g.,
Sachs and Malaney, 2002; Sachs, 2005). An estimated 700,000
to 2.7 million people die of malaria each year and 75% of those
are African children (see http://www.cdc.gov/malaria/; Patz and
Olson, 2006). Incidences of malaria, including the recent
resurgence in the highlands of East Africa, however, involve a
range of multiple causal factors, including poor drug-treatment
implementation, drug resistance, land-use change, and various
socio-demographic factors including poverty (Githeko and
Ndegwa, 2001; Patz et al., 2002; Abeku et al., 2004; Zhou et al.,
2004; Patz and Olson, 2006). The economic burden of malaria
is estimated as an average annual reduction in economic growth
of 1.3% for those African countries with the highest burden
(Gallup and Sachs, 2001).

The resurgence of malaria and links to climate and/or other
causal ‘drivers’ of change in the highlands of East Africa has
recently attracted much attention and debate (e.g., Hay et al.,
2002a; Pascual et al., 2006). There are indications, for example,
that in areas that have two rainy seasons – March to June
(MAMJ) and September to November (SON) – more rain is
falling in SON than previously experienced in the northern
sector of East Africa (Schreck and Semazzi, 2004). The SON
period is relatively warm, and higher rainfall is likely to increase
malaria transmission because of a reduction in larval
development duration. The spread of malaria into new areas (for
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Figure 9.1. Examples of current ‘hotspots’ or risk areas for Africa: (a) ‘hunger’; (b) ‘natural hazard-related disaster risks’; (c) regions prone to
malaria derived from historical rainfall and temperature data (1950-1996); and (d) modelled distribution of districts where epidemics of
meningococcal meningitis are likely to occur, based on epidemic experience, relative humidity (1961-1990) and land cover (adapted from IRI et al.,
2006, p. 5; for further details see also Molesworth et al., 2003; Balk et al., 2005; Dilley et al., 2005; Center for International Earth Science
Information Network, 2006; Connor et al., 2006).



example, observations of malaria vector Anopheles arabiensis in
the central highlands of Kenya, where no malaria vectors have
previously been recorded) has also been documented (Chen et
al., 2006). Recent work (e.g., Pascual et al., 2006) provides
further new insights into the observed warming trends from the
end of the 1970s onwards in four high-altitude sites in East
Africa. Such trends may have significant biological implications
for malaria vector populations.

New evidence regarding micro-climate change due to land-
use changes, such as swamp reclamation for agricultural use and
deforestation in the highlands of western Kenya, suggests that
suitable conditions for the survival of Anopheles gambiae larvae
are being created and therefore the risk of malaria is increasing
(Munga et al., 2006). The average ambient temperature in the
deforested areas of Kakamega in the western Kenyan highlands,
for example, was 0.5°C higher than that of the forested area over
a 10-month period (Afrane et al., 2005). Mosquito pupation rates
and larval-to-pupal development have been observed to be
significantly faster in farmland habitats than in swamp and forest
habitats (Munga et al., 2006). Floods can also trigger malaria
epidemics in arid and semi-arid areas (e.g., Thomson et al.,
2006).

Other diseases are also important to consider with respect to
climate variability and change, as links between variations in
climate and other diseases, such as cholera and meningitis, have
also been observed. About 162 million people in Africa live in
areas with a risk of meningitis (Molesworth et al., 2003; Figure
9.1d). While factors that predispose populations to
meningococcal meningitis are still poorly understood, dryness,
very low humidity and dusty conditions are factors that need to
be taken into account. A recent study, for example, has
demonstrated that wind speeds in the first two weeks of February
explained 85% of the variation in the number of meningitis cases
(Sultan et al., 2005).

9.2.1.3 Sensitivity/vulnerability of the agricultural sector
The agricultural sector is a critical mainstay of local

livelihoods and national GDP in some countries in Africa
(Mendelsohn et al., 2000a, b; Devereux and Maxwell, 2001).
The contribution of agriculture to GDP varies across countries
but assessments suggest an average contribution of 21%
(ranging from 10 to 70%) of GDP (Mendelsohn et al., 2000b).
This sector is particularly sensitive to climate, including periods
of climate variability (e.g., ENSO and extended dry spells; see
Usman and Reason, 2004). In many parts of Africa, farmers and
pastoralists also have to contend with other extreme natural-
resource challenges and constraints such as poor soil fertility,
pests, crop diseases, and a lack of access to inputs and improved
seeds. These challenges are usually aggravated by periods of
prolonged droughts and/or floods and are often particularly
severe during El Niño events (Mendelsohn et al., 2000a, b;
Biggs et al., 2004; International Institute of Rural
Reconstruction, 2004; Vogel, 2005; Stige et al., 2006).

9.2.1.4 Sensitivity/vulnerability of ecosystems
Ecosystems are critical in Africa, contributing significantly

to biodiversity and human well-being (Biggs et al., 2004;
Muriuki et al., 2005). The rich biodiversity in Africa, which

occurs principally outside formally conserved areas, is under
threat from climate variability and change and other stresses (see
Chapter 4, Section 4.2). Africa’s social and economic
development is constrained by climate change, habitat loss,
over-harvesting of selected species, the spread of alien species,
and activities such as hunting and deforestation, which threaten
to undermine the integrity of the continent’s rich but fragile
ecosystems (UNEP/GRID-Arendal, 2002; Thomas et al., 2004).

Approximately half of the sub-humid and semi-arid parts of
the southern African region are at moderate to high risk of
desertification (e.g., Reich et al., 2001; Biggs et al., 2004). In
West Africa, the long-term decline in rainfall from the 1970s to
the 1990s caused a 25-35 km southward shift of the Sahelian,
Sudanese and Guinean ecological zones in the second half of
the 20th century (Gonzalez, 2001). This has resulted in a loss of
grassland and acacia, the loss of flora/fauna, and shifting sand-
dunes in the Sahel (ECF and Potsdam Institute, 2004).

The 1997/1998 coral bleaching episode observed in the
Indian Ocean and Red Sea was coupled to a strong ENSO. In
the western Indian Ocean region, a 30% loss of corals resulted
in reduced tourism in Mombasa and Zanzibar, and caused
financial losses of about US$12-18 million (Payet and Obura,
2004). Coral reefs are also exposed to other local anthropogenic
threats, including sedimentation, pollution and over-fishing,
particularly when they are close to important human settlements
such as towns and tourist resorts (Nelleman and Corcoran,
2006). Recent outbreaks of the ‘crown-of-thorns’ starfish have
occurred in Egypt, Djibouti and western Somalia, along with
some local bleaching (Kotb et al., 2004).

Observed changes in ecosystems are not solely attributable to
climate. Additional factors, such as fire, invasive species and land-
use change, interact and also produce change in several African
locations (Muriuki et al., 2005). Sensitive mountain environments
(e.g., Mt. Kilimanjaro, Mt. Ruwenzori) demonstrate the complex
interlinkages between various atmospheric processes including
solar radiation micro-scale processes, glacier-climate interactions,
and the role of vegetation changes and climate interactions (Kaser
et al., 2004). For example, the drop in atmospheric moisture at the
end of the 19th century, and the drying conditions that then
occurred, have been used to explain some of the observed glacier
retreat on Kilimanjaro (Kaser et al., 2004). Ecosystem change,
also induced by complex land-use/climate interactions, including
the migration of species and the interaction with fire (e.g., Hemp,
2005), produces a number of feedbacks or ‘knock-on’ impacts.
Changes in the range of plant and animal species, for example,
are already occurring because of forest fires on Kilimanjaro, and
may place additional pressure on ecosystem services (Agrawala,
2005). The loss of ‘cloud forests’ through fire since 1976 has
resulted in an estimated 25% annual reduction in ‘fog water’ (the
equivalent of the annual drinking water demand of 1 million
people living on Kilimanjaro) and is another critical impact in this
region (see Chapter 4, Section 4.2; Box 9.1; Agrawala, 2005;
Hemp, 2005).

9.2.1.5 Sensitivity/vulnerability of settlements and
infrastructure

Impacts on settlements and infrastructure are well recorded
for recent extreme climate events (e.g., the 2000 flooding event
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in Mozambique – Christie and Hanlon, 2001; IFRCRCS, 2002;
see also various infrastructural loss estimates from severe storm
events in the western Cape, South Africa –
http://www.egs.uct.ac.za/dimp/; and southern Africa – Reason
and Keibel, 2004). Large numbers of people are currently at risk
of floods (see, for example, UNDP, 2004; UNESCO-WWAP,
2006), particularly in coastal areas, where coastal erosion is
already destroying infrastructure, housing and tourism facilities
(e.g., in the residential region of Akpakpa in Benin (Niasse et
al., 2004; see also Chapter 7, Section 7.2.).

9.2.2 Current sensitivity and vulnerability to other
stresses

Complex combinations of socio-economic, political,
environmental, cultural and structural factors act and interact
to affect vulnerability to environmental change, including
climate change and variability. Economic development in
Africa has been variable (Ferguson, 2006). African economies
have recently registered a significant overall increase in
activity (growing by more than 5% in 2004 – OECD,
2004/2005; World Bank, 2006a, b). Sub-Saharan Africa, for
example, has shown an increase of 1.2%/yr growth in average
income since 2000 (UNDP, 2005). Despite this positive
progress, boosted in part by increases in oil exports and high
oil prices, several African economies, including informal and
local-scale economic activities and livelihoods, remain
vulnerable to regional conflicts, the vagaries of the weather
and climate, volatile commodity prices and the various
influences of globalisation (see, e.g., Devereux and Maxwell,
2001; OECD, 2004/2005; Ferguson, 2006). Certain countries
in sub-Saharan Africa suffer from deteriorating food security
(Figure 9.1a) and declines in overall real wealth, with estimates
that the average person in sub-Saharan Africa becomes poorer
by a factor of two every 25 years (Arrow et al., 2004; Sachs,
2005). The interaction between economic stagnation and slow
progress in education has been compounded by the spread of
HIV/AIDS. In 2003, 2.2 million Africans died of the disease
and an estimated 12 million children in sub-Saharan Africa lost
one or both parents to HIV/AIDS (UNAIDS, 2004; Ferguson,
2006). This has produced a ‘freefall’ in the Human
Development Index ranking, with southern African countries
accounting for some of the steepest declines (UNDP, 2005).
Indeed, some commentators have noted that sub-Saharan
Africa is the only region in the world that has become poorer
in this generation (Devereux and Maxwell, 2001; Chen and
Ravallion, 2004).

A large amount of literature exists on the various factors that
influence vulnerability to the changes taking place in Africa
(e.g., to climate stress), and this section outlines some of the
key issues (see, for example, Figure 9.1a-d). However, these
factors do not operate in isolation, and usually interact in
complex and ‘messy’ ways, frustrating attempts at appropriate
interventions to increase resilience to change.

9.2.2.1 Globalisation, trade and market reforms
There are important macro-level processes that serve to

heighten vulnerability to climate variability and change across a
range of scales in Africa (Sachs et al., 2004; UNDP, 2005;
Ferguson, 2006). Issues of particular importance include
globalisation, trade and equity (with reference to agriculture, see
FAO, 2005; Schwind, 2005) and modernity and social justice
(e.g., Ferguson, 2006). Numerous ‘structural’ factors are
‘driving’ and ‘shaping’ poverty and livelihoods (Hulme and
Shepherd, 2003) and changing the face of rural Africa (e.g.,
intensification versus extensification, see Bryceson, 2004;
Section 9.6.1). Structural adjustment accompanied by complex
market reforms and market liberalisation (e.g., access to credit
and subsidy arrangements) has aggravated the vulnerability of
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Box 9.1. Environmental changes
on Mt. Kilimanjaro

There is evidence that climate is modifying natural mountain
ecosystems via complex interactions and feedbacks
including, for example, solar radiation micro-scale
processes on Mt. Kilimanjaro (Mölg and Hardy, 2004; Lemke
et al., 2007). Other drivers of change are also modifying
environments on the mountain, including fire, vegetation
changes and human modifications (Hemp, 2005). During the
20th century, the areal extent of Mt. Kilimanjaro’s ice fields
decreased by about 80% (Figure 9.2). It has been suggested
that if current climatological conditions persist, the
remaining ice fields are likely to disappear between 2015
and 2020 (Thompson et al., 2002).

Figure 9.2. Decrease in surface area of Mt. Kilimanjaro glaciers
from 1912 to 2003 (modified from Cullen et al., 2006).



many in Africa, particularly those engaged in agriculture (see,
e.g., Eriksen, 2004; Kherallah et al., 2004). Fertiliser prices, for
example, have risen in response to subsidy removal, resulting in
some mixed responses to agricultural reforms (Kherallah et al.,
2004; Institute of Development Studies, 2005). Market-related
and structural issues can thus serve to reduce people’s
agricultural productivity and reduce resilience to further
agricultural stresses associated with climate change.

9.2.2.2 Governance and institutions
Complex institutional dimensions are often exposed during

periods of climate stress. Public service delivery is hampered by
poor policy environments in some sectors which provide critical
obstacles to economic performance (Tiffen, 2003). Africa is also
characterised by institutional and legal frameworks that are, in
some cases, insufficient to deal with environmental degradation
and disaster risks (Sokona and Denton, 2001; Beg et al., 2002).
Various actors, structures and networks are therefore required to
reconfigure innovation processes in Africa (e.g., in agriculture)
to improve responses to climate variability and change in both
rural and urban contexts (Tiffen, 2003; Scoones, 2005; Reid and
Vogel, 2006; see also Section 9.5).

9.2.2.3 Access to capital, including markets, infrastructure
and technology

Constraints in technological options, limited infrastructure,
skills, information and links to markets further heighten
vulnerability to climate stresses. In the agricultural sector, for
example, many African countries depend on inefficient
irrigation systems (UNEP, 2004) which heighten vulnerability
to climate variability and change. Africa has been described as
the world’s great laggard in technological advance in the area
of agriculture (Sachs et al., 2004). For instance, most of the
developing world experienced a Green Revolution: a surge in
crop yields in the 1970s through to the 1990s as a result of
scientific breeding that produced high-yielding varieties
(HYVs), combined with an increased use of fertilisers and
irrigation. Africa’s uptake of HYVs was the lowest in the
developing world. The low levels of technological innovation
and infrastructural development in Africa result in the
extraction of natural resources for essential amenities such as
clean water, food, transportation, energy and shelter (Sokona
and Denton, 2001). Such activities degrade the environment
and compound vulnerability to a range of stresses, including
climate-related stress. Sub-Saharan African countries also have
extremely low per capita densities of rail and road
infrastructure (Sachs, 2005). As a result, cross-country
transport connections within Africa tend to be extremely poor
and are in urgent need of extension in order to reduce intra-
regional transport costs and promote cross-border trade (Sachs,
2005). Such situations often exacerbate drought and flood
impacts (see, for example, the role of information access in
IFRCRCS, 2005) as well as hindering adaptation to climate
stresses (see Section 9.5; Chapter 17, Section 17.3.2).

9.2.2.4 Population and environment interactions

Notwithstanding the range of uncertainties related to the
accuracy of census data, the African continent is witnessing
some of the most rapid population growth, particularly in urban
areas (Tiffen, 2003). During the period 1950 to 2005, the urban
population in Africa grew by an average annual rate of 4.3%
from 33 million to 353 million (ECA, 2005; Yousif, 2005).
Complex migration patterns, which are usually undertaken to
ensure income via remittances (Schreider and Knerr, 2000) and
which often occur in response to stress-induced movements
linked to conflict and/or resource constraints, can further
trigger a range of environmental and socio-economic changes.
Migration is also associated with the spread of HIV/AIDS and
other diseases. Several studies have shown that labour migrants
tend to have higher HIV infection rates than non-migrants
(UNFPA, 2003). Increases in population also exert stresses on
natural resources. Agricultural intensification and/or expansion
into marginal lands can trigger additional conflicts, cause crop
failure, exacerbate environmental degradation (e.g., Olsson et
al., 2005) and reduce biodiversity (Fiki and Lee, 2004), and
this then, in turn, feeds back, via complex pathways, into the
biophysical system. Variations in climate, both short and long
term, usually aggravate such interactions. Changes in rain-fed
livestock numbers in Africa, a sector often noted for exerting
noticeable pressure on the environment, are already strongly
coupled with variations in rainfall but are also linked to other
socio-economic and cultural factors (see, for example, Little
et al., 2001; Turner, 2003; Boone et al., 2004; Desta and
Coppock, 2004; Thornton et al., 2004).

9.2.2.5 Water access and management
Water access and water resource management are highly

variable across the continent (Ashton, 2002; van Jaarsveld et al.,
2005; UNESCO-WWAP, 2006). The 17 countries in West Africa
that share 25 transboundary rivers have notably high water
interdependency (Niasse, 2005). Eastern and southern African
countries are also characterised by water stress brought about
by climate variability and wider governance issues (Ashton,
2002; UNESCO-WWAP, 2006). Significant progress has,
however, been recorded in some parts of Africa to improve this
situation, with urban populations in the southern African region
achieving improved water access over recent years (van
Jaarsveld et al., 2005). Despite this progress, about 35 million
people in the region are still using unimproved water sources;
the largest proportion being in Mozambique, followed by
Angola, South Africa, Zambia and Malawi (Mutangadura et al.,
2005). When water is available it is often of poor quality, thus
contributing to a range of health problems including diarrhoea,
intestinal worms and trachoma. Much of the suffering from lack
of access to safe drinking water and sanitation is borne by the
poor, those who live in degraded environments, and
overwhelmingly by women and children. The relevance of the
problem of water scarcity is evident in North Africa, considering
that estimates for the average annual growth of the population
are the world’s highest: 2.9% for the period 1990-2002. The
Water Exploitation Index2 is high in several countries in the sub-
region: >50% for Tunisia, Algeria, Morocco and Sudan, and
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>90% for Egypt and Libya (Gueye et al., 2005). Until recently,
these countries have adopted a supply-oriented approach to
managing their water resources. However, managing the supply
of water cannot in itself ensure that the needs of a country can
be met in a sustainable way.

Attributing sensitivity and vulnerability in the water sector
solely to variations in climate is problematic. The complex
interactions between over-fishing, industrial pollution and
sedimentation, for example, are also degrading local water
sources such as Lake Victoria (Odada et al., 2004), which
impacts on catches. Integrated analyses of climate change in
Egypt, moreover, show that population changes, land-use
changes and domestic growth strategies may be more important
in water management decision-making than a single focus on
climate change (Conway, 2005).

9.2.2.6 Health management
In much the same way as the aforementioned sectors, the

health sector is affected by the interaction of several ‘human
dimensions’, e.g., inadequate service management, poor
infrastructure, the stigma attached to HIV/AIDS, and the ‘brain
drain’. HIV/AIDS is contributing to vulnerability with regard to
a range of stresses (Mano et al., 2003; USAID, 2003; Gommes
et al., 2004). Maternal malaria, for example, has been shown to
be associated with a twice as high HIV-1 viral concentration (ter
Kuile et al., 2004) and infection rates are estimated to be 5.5%
and 18.8% in populations with a HIV prevalence of 10% and
40%, respectively. The deadly duo of HIV/AIDS and food
insecurity in southern Africa are key drivers of the humanitarian
crisis (Gommes et al., 2004; see also Section 9.6). While
infectious diseases such as cholera are being eradicated in other
parts of the world, they are re-emerging in Africa. A major
challenge facing the continent is the relative weakness in disease
surveillance and reporting systems, which hampers the detection
and control of cholera epidemics, and, as a side effect, makes it
difficult to obtain the long-term linked data sets on climate and
disease that are necessary for the development of early warning
systems (WHO, 2005).

9.2.2.7 Ecosystem degradation
Human ‘drivers’ are also shaping ecosystem services that

impact on human well-being (e.g., Muriuki et al., 2005; van
Jaarsveld et al., 2005). Several areas, for example, Zimbabwe,
Malawi, eastern Zambia, central Mozambique as well as the
Congo Basin rainforests in the Democratic Republic of Congo,
underwent deforestation at estimated rates of about 0.4% per
year during the 1990s (Biggs et al., 2004). Further threats to
Africa’s forests are also posed by the high dependency on
fuelwood and charcoal, major sources of energy in rural areas,
that are estimated to contribute about 80 to 90% of the
residential energy needs of low-income households in the
majority of sub-Saharan countries (IEA, 2002). Moreoever, fire
incidents represent a huge threat to tropical forests in Africa. An
estimated 70% of detected forest fires occur in the tropics, with
50% of them being in Africa. More than half of all forested areas
were estimated to have burned in Africa in 2000 (Dwyer et al.,
2000; Kempeneers et al., 2002). Bush fires are a particular threat
to woodlands, causing enormous destruction of both flora and

fauna in eastern and southern Africa (for an extensive and
detailed review on the role of fire in southern Africa, see
SAFARI, 2004). The African continent also suffers from the
impacts of desertification. At present, almost half (46%) of
Africa’s land area is vulnerable to desertification (Granich,
2006).

9.2.2.8 Energy
Access to energy is severely constrained in sub-Saharan

Africa, with an estimated 51% of urban populations and only
about 8% of rural populations having access to electricity. This
is compared with about 99% of urban populations and about
80% of rural populations who have access in northern Africa
(IEA, 2002). Other exceptions also include South Africa, Ghana
and Mauritius. Extreme poverty and the lack of access to other
fuels mean that 80% of the overall African population relies
primarily on biomass to meet its residential needs, with this fuel
source supplying more than 80% of the energy consumed in sub-
Saharan Africa (Hall and Scrase, 2005). In Kenya, Tanzania,
Mozambique and Zambia, for example, nearly all rural
households use wood for cooking and over 90% of urban
households use charcoal (e.g., IEA, 2002, p. 386; van Jaarsveld
et al., 2005). Dependence on biomass can promote the removal
of vegetation. The absence of efficient and affordable energy
services can also result in a number of other impacts including
health impacts associated with the carrying of fuelwood, indoor
pollution and other hazards (e.g., informal settlement fires - IEA,
2002). Further challenges from urbanisation, rising energy
demands and volatile oil prices further compound energy issues
in Africa (ESMAP, 2005).

9.2.2.9 Complex disasters and conflicts
The juxtaposition of many of the complex socio-economic

factors outlined above and the interplay between biophysical
hazards (e.g., climate hazards - tropical cyclones, fire, insect
plagues) is convincingly highlighted in the impacts and
vulnerabilities to disaster risks and conflicts in several areas of
the continent (see, for example, several reports of the
International Federation of the Red Cross and Red Crescent
Societies (IFRCRCS) of the past few years, available online at
http://www.ifrc.org/; and several relevant documents such as
those located on http://www.unisdr.org/) (see Figure 9.1b). Many
disasters are caused by a combination of a climate stressor (e.g.,
drought, flood) and other factors such as conflict, disease
outbreaks and other ‘creeping’ factors e.g., economic
degradation over time (Benson and Clay, 2004; Reason and
Keibel, 2004; Eriksen et al., 2005). The role of these multiple
interactions is well illustrated in the case of Malawi and
Mozambique. In 2000 in Malawi, agriculture accounted for
about 40% of the GDP, a drop of about 4% from 1980. The real
annual fluctuations in agricultural, non-agricultural and total
GDP for 1980 to 2001 show that losses during droughts (e.g., as
occurred in the mid-1990s) were more severe than disaster losses
during the floods in 2001 (Benson and Clay, 2004) (for more
details on structural causes and drought interactions and impacts,
e.g., food security, see Section 9.6.1). Likewise, the floods in
Mozambique in 2000 revealed a number of existing
vulnerabilities that were heightened by the floods. These
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included: poverty (an estimated 40% of the population lives on
less than US$1 per day and another 40% on less than US$2 per
day); the debt problem, which is one of the biggest challenges
facing the country; the fact that most of the floodwaters
originated in cross-border shared basins; the poor disaster risk-
reduction strategies with regard to dam design and management;
and the poor communication networks (Christie and Hanlon,
2001; IFRCRCS, 2002; Mirza, 2003).

Conflicts, armed and otherwise, have recently occurred in the
Greater Horn of Africa (Somalia, Ethiopia and Sudan) and the
Great Lakes region (Burundi, Rwanda and the Democratic
Republic of Congo) (Lind and Sturman, 2002; Nkomo et al.,
2006). The causes of such conflicts include structural
inequalities, resource mismanagement and predatory States.
Elsewhere, land distribution and land scarcity have promoted
conflict (e.g., Darfur, Sudan; see, for example, Abdalla, 2006),
often exacerbated by environmental degradation. Ethnicity is
also often a key driving force behind conflict (Lind and Sturman,
2002; Balint-Kurti, 2005; Ron, 2005). Climate change may
become a contributing factor to conflicts in the future,
particularly those concerning resource scarcity, for example,
scarcity of water (Ashton, 2002; Fiki and Lee, 2004),).

It is against this background that an assessment of
vulnerability to climate change and variability has to be
contextualised. Although the commonly used indicators have
limitations in capturing human well-being (Arrow et al., 2004),
some aggregated proxies for national-level vulnerability to
climate change for the countries in Africa have been developed
(e.g., Vincent, 2004; Brooks et al., 2005). These indicators
include elements of economy, health and nutrition, education,
infrastructure, governance, demography, agriculture, energy and
technology. The majority of countries classified as vulnerable in
an assessment using such proxies were situated in sub-Saharan
Africa (33 of the 50 assessed by Brooks et al., 2005, were sub-
Saharan African countries). At the local level, several case
studies similarly show that it is the interaction of such ‘multiple
stresses’, including composition of livelihoods, the role of social
safety nets and other social protection measures, that affects
vulnerability and adaptive capacity in Africa (see Section 9.5).

9.3 Assumptions about future trends

9.3.1 Climate-change scenarios

In this section, the limits of the regions are those defined by
Ruosteenoja et al. (2003). Very few regional to sub-regional
climate change scenarios using regional climate models or
empirical downscaling have been constructed in Africa mainly
due to restricted computational facilities and lack of human
resources (Hudson and Jones, 2002; Swart et al., 2002) as well
as problems of insufficient climate data (Jenkins et al., 2002).
Under the medium-high emissions scenario (SRES A1B, see the
Special Report on Emissions Scenarios: Nakićenović et al.,
2000), used with 20 General Circulation Models (GCMs) for the
period 2080-2099, annual mean surface air temperature is
expected to increase between 3 and 4°C compared with the

1980-1999 period, with less warming in equatorial and coastal
areas (Christensen et al., 2007). Other experiments (e.g.,
Ruosteenoja et al., 2003) indicate higher levels of warming with
the A1FI emissions scenario and for the 2070-2099 period: up to
9°C for North Africa (Mediterranean coast) in June to August,
and up to 7°C for southern Africa in September to November.
Regional Climate Model (RCM) experiments generally give
smaller temperature increases (Kamga et al., 2005). For southern
Africa (from the equator to 45°S and from 5° to 55°E, which
includes parts of the surrounding oceans), Hudson and Jones
(2002), using the HadRM3H RCM with the A2 emissions
scenario, found for the 2080s a 3.7°C increase in summer
(December to February) mean surface air temperature and a 4°C
increase in winter (June to August). As demonstrated by
Bounoua et al. (2000), an increase in vegetation density, leading
to a cooling of 0.8°C/yr in the tropics, including Africa, could
partially compensate for greenhouse warming, but the reverse
effect is simulated in the case of land cover conversion, which
will probably increase in the next 50 years (DeFries et al., 2002).
A stabilisation of the atmospheric CO2 concentration at 550 ppm
(by 2150) or 750 ppm (by 2250) could also delay the expected
greenhouse gas-induced warming by 100 and 40 years,
respectively, across Africa (Arnell et al., 2002). For the same
stabilisation levels in the Sahel (10°-20°N, 20°W-40°E) the
expected annual mean air temperature in 2071-2100 (5°C) will
be reduced, respectively, by 58% (2.1°C) and 42% (2.9°C)
(Mitchell et al., 2000; Christensen et al., 2007).

Precipitation projections are generally less consistent with
large inter-model ranges for seasonal mean rainfall responses.
These inconsistencies are explained partly by the inability of
GCMs to reproduce the mechanisms responsible for
precipitation including, for example, the hydrological cycle
(Lebel et al., 2000), or to account for orography (Hudson and
Jones, 2002). They are also explained partly by model
limitations in simulating the different teleconnections and
feedback mechanisms which are responsible for rainfall
variability in Africa. Other factors that complicate African
climatology include dust aerosol concentrations and sea-surface
temperature anomalies, which are particularly important in the
Sahel region (Hulme et al., 2001; Prospero and Lamb, 2003) and
southern Africa (Reason, 2002), deforestation in the equatorial
region (Semazzi and Song, 2001; Bounoua et al., 2002), and soil
moisture in southern Africa (New et al., 2006). These
uncertainties make it difficult to provide any precise estimation
of future runoff, especially in arid and semi-arid regions where
slight changes in precipitation can result in dramatic changes in
the runoff process (Fekete et al., 2004). Nonetheless, estimations
of projected future rainfall have been undertaken.

With the SRES A1B emissions scenario and for 2080-2099,
mean annual rainfall is very likely to decrease along the
Mediterranean coast (by 20%), extending into the northern
Sahara and along the west coast to 15°N, but is likely increase
in tropical and eastern Africa (around +7%), while austral winter
(June to August) rainfall will very probably decrease in much of
southern Africa, especially in the extreme west (up to 40%)
(Christensen et al., 2007). In southern Africa, the largest changes
in rainfall occur during the austral winter, with a 30% decrease
under the A2 scenario, even though there is very little rain during
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this season (Hudson and Jones, 2002). There are, however,
differences between the equatorial regions (north of 10°S and
east of 20°E), which show an increase in summer (December to
February) rainfall, and those located south of 10°S, which show
a decrease in rainfall associated with a decrease in the number
of rain days and in the average intensity of rainfall. Recent
downscaling experiments for South Africa indicate increased
summer rainfall over the convective region of the central and
eastern plateau and the Drakensberg Mountains (Hewitson and
Crane, 2006). Using RCMs, Tadross et al. (2005b), found a
decrease in early summer (October to December) rainfall and
an increase in late summer (January to March) rainfall over the
eastern parts of southern Africa.

For the western Sahel (10 to 18°N, 17.5°W to 20°E), there
are still discrepancies between the models: some projecting a
significant drying (e.g., Hulme et al., 2001; Jenkins et al., 2005)
and others simulating a progressive wetting with an expansion
of vegetation into the Sahara (Brovkin, 2002; Maynard et al.,
2002; Claussen et al., 2003; Wang et al., 2004; Haarsma et al.,
2005; Kamga et al., 2005; Hoerling et al., 2006). Land-use
changes and degradation, which are not simulated by some
models, could induce drier conditions (Huntingford et al., 2005;
Kamga et al., 2005). The behaviour of easterly jets and squall
lines is also critical for predicting the impacts of climate change
on the sub-region, given the potential links between such
phenomena and the development of the rainy season (Jenkins et
al., 2002; Nicholson and Grist, 2003).

Finally, there is still limited information available on extreme
events (Christensen et al., 2007), despite frequent reporting of
such events, including their impacts (see Section 9.2.1). A recent
study using four GCMs for the Sahel region (3.75 to 21.25°N,
16.88°W to 35.63°E) showed that the number of extremely dry
and wet years will increase during the present century
(Huntingford et al., 2005). Modelling of global drought
projections for the 21st century, based on the SRES A2
emissions scenario, shows drying for northern Africa that
appears consistent with the rainfall scenarios outlined above,
and wetting over central Africa (Burke et al., 2006). On a global
basis, droughts were also estimated to be slightly more frequent
and of much longer duration by the second half of the 21st
century relative to the present day. Other experiments indicate
that in a warmer world, and by the end of the century (2080-
2100), there could also be more frequent and intense tropical
storms in the southern Indian Ocean (e.g., McDonald et al.,
2005). Tropical cyclones are likely to originate over the
Seychelles from October to June due to the southward
displacement of the Near Equatorial Trough (Christensen et al.,
2007). There could very probably be an increase of between 10
and 20% in cyclone intensity with a 2-4°C SST rise (e.g., Lal,
2001), but this observation is further complicated by the fact that
SST does not account for all the changes in tropical storms
(McDonald et al., 2005).

9.3.2 Socio-economic scenarios

The SRES scenarios adopt four storylines or ‘scenario
families’ that describe how the world populations, economies
and political structures may evolve over the next few decades

(Nakićenović et al., 2000). The ‘A’ scenarios focus on economic
growth, the ‘B’ scenarios on environmental protection, the ‘1’
scenarios assume more globalisation, and the ‘2’ scenarios
assume more regionalisation. While some authors have criticised
the population and economic details included in the SRES
scenarios, the scenarios still provide a useful baseline for
studying impacts related to greenhouse gas emissions (Tol et al.,
2005). The situation for the already-vulnerable region of sub-
Saharan Africa still appears bleak, even in the absence of climate
change and variability. For example, 24 countries in sub-Saharan
Africa are projected to be unable to meet several of the
Millennium Development Goals (MDGs), and not one sub-
Saharan country with a significant population is on track to meet
the target with respect to child and maternal health (UNDP,
2005). The sub-Saharan share of the global total of those earning
below US$1/day is also estimated to rise sharply from 24%
today to 41% by 2015 (UNDP, 2005). It is within this context,
coupled with the multiple stresses presented in Section 9.2.2,
that the following summary of key future impacts and
vulnerabilities associated with possible climate change and
variability needs to be assessed.

9.4 Expected key future impacts and
vulnerabilities, and their spatial
variation

Having provided some background on existing sensitivities/
vulnerabilities generated by a range of factors, including climate
stress, some of the impacts and vulnerabilities that may arise
under a changing climate in Africa, using the various scenarios
and model projections as guides, are presented for various
sectors. Note that several authors (e.g., Agoumi, 2003; Legesse
et al., 2003; Conway, 2005, Thornton et al., 2006) warn against
the over-interpretation of results, owing to the limitations of
some of the projections and models used. For other assessments
see also Biggs et al. (2004), Muriuki et al. (2005) and Nkomo et
al. (2006).

9.4.1 Water

Climate change and variability have the potential to impose
additional pressures on water availability, water accessibility and
water demand in Africa. Even in the absence of climate change
(see Section 9.2.2), present population trends and patterns of
water use indicate that more African countries will exceed the
limits of their “economically usable, land-based water resources
before 2025” (Ashton, 2002, p. 236). In some assessments, the
population at risk of increased water stress in Africa, for the full
range of SRES scenarios, is projected to be 75-250 million and
350-600 million people by the 2020s and 2050s, respectively
(Arnell, 2004). However, the impact of climate change on water
resources across the continent is not uniform. An analysis of six
climate models (HadCM3, ECHAM4-OPYC, CSIRO-Mk2,
CGCM2, GFDL_r30 and CCSR/NIES2) and the SRES
scenarios (Arnell, 2004) shows a likely increase in the number
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of people who could experience water stress by 2055 in northern
and southern Africa (Figure 9.3). In contrast, more people in
eastern and western Africa will be likely to experience a
reduction rather than an increase in water stress (Arnell, 2006a).

Clearly these estimations are at macro-scales and may mask
a range of complex hydrological interactions and local-scale
differences (for other assessments on southern Africa, where
some of these interacting scalar issues have been addressed, see
Schulze et al., 2001). Detailed assessments in northern Africa
based on temperature increases of 1-4°C and reductions in
precipitation of between 0 and 10% show that the Ouergha
watershed in Morocco is likely to undergo changes for the period
2000-2020. A 1°C increase in temperature could change runoff
by of the order of 10%, assuming that the precipitation levels
remain constant. If such an annual decrease in runoff were to
occur in other watersheds, the impacts in such areas could be
equivalent to the loss of one large dam per year (Agoumi, 2003).
Further interactions between climate and other factors
influencing water resources have also been well highlighted for
Egypt (Box 9.2).
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Figure 9.3. Number of people (millions) with an increase in water
stress (Arnell, 2006b). Scenarios are all derived from HadCM3 and the
red, green and blue lines relate to different population projections.

Box 9.2. Climate, water availability and
agriculture in Egypt

Egypt is one of the African countries that could be
vulnerable to water stress under climate change. The water
used in 2000 was estimated at about 70 km3 which is
already far in excess of the available resources (Gueye et
al., 2005). A major challenge is to close the rapidly
increasing gap between the limited water availability and the
escalating demand for water from various economic
sectors. The rate of water utilisation has already reached its
maximum for Egypt, and climate change will exacerbate this
vulnerability.

Agriculture consumes about 85% of the annual total water
resource and plays a significant role in the Egyptian national
economy, contributing about 20% of GDP. More than 70%
of the cultivated area depends on low-efficiency surface
irrigation systems, which cause high water losses, a decline
in land productivity, waterlogging and salinity problems (El-
Gindy et al., 2001. Moreover, unsustainable agricultural
practices and improper irrigation management affect the
quality of the country’s water resources. Reductions in
irrigation water quality have, in their turn, harmful effects on
irrigated soils and crops.

Institutional water bodies in Egypt are working to achieve
the following targets by 2017 through the National
Improvement Plan (EPIQ, 2002; ICID, 2005):
• improving water sanitation coverage for urban and rural
areas;

• wastewater management;
• optimising use of water resources by improving irrigation
efficiency and agriculture drainage-water reuse.

However, with climate change, an array of serious threats is
apparent.
• Sea-level rise could impact on the Nile Delta and on
people living in the delta and other coastal areas
(Wahab, 2005).

• Temperature rises will be likely to reduce the productivity
of major crops and increase their water requirements,
thereby directly decreasing crop water-use efficiency
(Abou-Hadid, 2006; Eid et al., 2006).

• There will probably be a general increase in irrigation
demand (Attaher et al., 2006).

• There will also be a high degree of uncertainty about the
flow of the Nile.

• Based on SRES scenarios, Egypt will be likely to
experience an increase in water stress, with a projected
decline in precipitation and a projected population of
between 115 and 179 million by 2050. This will increase
water stress in all sectors.

• Ongoing expansion of irrigated areas will reduce the
capacity of Egypt to cope with future fluctuation in flow
(Conway, 2005).



Using ten scenarios derived by using five climate models
(CSIRO2, HadCM3, CGCM2, ECHAM and PCM) in
conjunction with two different emissions scenarios, Strzepek
and McCluskey (2006) arrived at the following conclusions
regarding impacts of climate change on streamflow in Africa.
First, the possible range of Africa-wide climate-change impacts
on streamflow increases significantly between 2050 and 2100.
The range in 2050 is from a decrease of 15% in streamflow to
an increase of 5% above the 1961-1990 baseline. For 2100, the
range is from a decrease of 19% to an increase of 14%. Second,
for southern Africa, almost all countries except South Africa will
probably experience a significant reduction in streamflow. Even
for South Africa, the increases under the high emissions
scenarios are modest at under 10% (Strzepek and McCluskey,
2006).

Additional assessments of climate change impacts on
hydrology, based on six GCMs and a composite ensemble of
African precipitation models for the period 2070-2099 derived
from 21 fully coupled ocean-atmosphere GCMs, show various
drainage impacts across Africa (de Wit and Stankiewicz, 2006).
A critical ‘unstable’ area is identified for some parts, for
example, the east-west band from Senegal to Sudan, separating
the dry Sahara from wet Central Africa. Parts of southern Africa
are projected to experience significant losses of runoff, with
some areas being particularly impacted (e.g., parts of South
Africa) (New, 2002; de Wit and Stankiewicz, 2006). Other
regional assessments report emerging changes in the hydrology
of some of the major water systems (e.g., the Okavango River
basin) which could be negatively impacted by changes in
climate; impacts that could possibly be greater than those
associated with human activity (Biggs et al., 2004; Anderssen
et al., 2006).

Assessments of impacts on water resources, as already
indicated, currently do not fully capture multiple future water
uses and water stress and must be approached with caution (see,
e.g., Agoumi, 2003; Conway, 2005). Conway (2005) argues that
there is no clear indication of how Nile flow will be affected by
climate change because of the uncertainty about rainfall patterns
in the basin and the influence of complex water management
and water governance structures. Clearly, more detailed research
on water hydrology, drainage and climate change is required.
Future access to water in rural areas, drawn from low-order
surface water streams, also needs to be addressed by countries
sharing river basins (see de Wit and Stankiewicz, 2006). Climate
change should therefore be considered among a range of other
water governance issues in any future negotiations to share Nile
water (Conway, 2005; Stern, 2007).

9.4.2 Energy

There are remarkably few studies available that examine the
impacts of climate change on energy use in Africa (but see a
recent regional assessment by Warren et al., 2006). However,
even in the absence of climate change, a number of changes are
expected in the energy sector. Africa’s recent and rapid urban
growth (UNEP, 2005) will lead to increases in aggregate
commercial energy demand and emissions levels (Davidson et
al., 2003), as well as extensive land-use and land-cover changes,

especially from largely uncontrolled urban, peri-urban and rural
settlements (UNEP/GRID-Arendal, 2002; du Plessis et al.,
2003). These changes will alter existing surface microclimates
and hydrology and will possibly exacerbate the scope and scale
of climate-change impacts.

9.4.3 Health

Vigorous debate among those working in the health sector
has improved our understanding of the links between climate
variability (including extreme weather events) and infectious
diseases (van Lieshout et al., 2004; Epstein and Mills, 2005;
McMichael et al., 2006; Pascual et al., 2006; Patz and Olson,
2006). Despite various contentious issues (see Section 9.2.1.2),
new assessments of the role of climate change impacts on health
have emerged since the TAR. Results from the “Mapping
Malaria Risk in Africa” project (MARA/ARMA) show a
possible expansion and contraction, depending on location, of
climatically suitable areas for malaria by 2020, 2050 and 2080
(Thomas et al., 2004). By 2050 and continuing into 2080, for
example, a large part of the western Sahel and much of southern
central Africa is shown to be likely to become unsuitable for
malaria transmission. Other assessments (e.g., Hartmann et al.,
2002), using 16 climate-change scenarios, show that by 2100,
changes in temperature and precipitation could alter the
geographical distribution of malaria in Zimbabwe, with
previously unsuitable areas of dense human population
becoming suitable for transmission. Strong southward expansion
of the transmission zone will probably continue into South
Africa.

Using parasite survey data in conjunction with results from
the HadCM3 GCM, projected scenarios estimate a 5-7%
potential increase (mainly altitudinal) in malaria distribution,
with little increase in the latitudinal extent of the disease by 2100
(Tanser et al., 2003). Previously malaria-free highland areas in
Ethiopia, Kenya, Rwanda and Burundi could also experience
modest incursions of malaria by the 2050s, with conditions for
transmission becoming highly suitable by the 2080s. By this
period, areas currently with low rates of malaria transmission in
central Somalia and the Angolan highlands could also become
highly suitable. Among all scenarios, the highlands of eastern
Africa and areas of southern Africa are likely to become more
suitable for transmission (Hartmann et al., 2002).

As the rate of malaria transmission increases in the highlands,
the likelihood of epidemics may increase due to the lack of
protective genetic modifications in the newly-affected
populations. Severe malaria-associated disease is more common
in areas of low to moderate transmission, such as the highlands
of East Africa and other areas of seasonal transmission. An
epidemic in Rwanda, for example, led to a four-fold increase in
malaria admissions among pregnant women and a five-fold
increase in maternal deaths due to malaria (Hammerich et al.,
2002). The social and economic costs of malaria are also huge
and include considerable costs to individuals and households as
well as high costs at community and national levels (Holding
and Snow, 2001; Utzinger et al., 2001; Malaney et al., 2004).

Climate variability may also interact with other background
stresses and additional vulnerabilities such as immuno-
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compromised populations (HIV/AIDS) and conflict and war
(Harrus and Baneth, 2005) in the future, resulting in increased
susceptibility and risk of other infectious diseases (e.g., cholera)
and malnutrition. The potential for climate change to intensify or
alter flood patterns may become a major additional driver of
future health risks from flooding (Few et al., 2004). The
probability that sea-level rise could increase flooding,
particularly on the coasts of eastern Africa (Nicholls, 2004), may
also have implications for health (McMichael et al., 2006).

Relatively fewer assessments of possible future changes in
animal health arising from climate variability and change have
been undertaken. The demographic impacts on trypanosomiasis,
for example, can arise through modification of the habitats
suitable for the tsetse fly. These modifications can be further
exacerbated by climate variability and climate change. Climate
change is also expected to affect both pathogen and vector
habitat suitability through changes in moisture and temperature
(Baylis and Githeko, 2006). Changes in disease distribution,
range, prevalence, incidence and seasonality can all be expected.
However, there is low certainty about the degree of change. Rift
Valley Fever epidemics, evident during the 1997/98 El Niño
event in East Africa and associated with flooding, could increase
with a higher frequency of El Niño events. Finally, heat stress
and drought are likely to have further negative impacts on
animal health and production of dairy products, as already
observed in the USA (St-Pierre et al., 2003; see also Warren et
al., 2006).

9.4.4 Agriculture

Results from various assessments of impacts of climate
change on agriculture based on various climate models and
SRES emissions scenarios indicate certain agricultural areas that
may undergo negative changes. It is estimated that, by 2100,
parts of the Sahara are likely to emerge as the most vulnerable,
showing likely agricultural losses of between 2 and 7% of GDP.
Western and central Africa are also vulnerable, with impacts
ranging from 2 to 4%. Northern and southern Africa, however,
are expected to have losses of 0.4 to 1.3% (Mendelsohn et al.,
2000b).

More recent assessments combining global- and regional-
scale analysis, impacts of climate change on growing periods
and agricultural systems, and possible livelihood implications,
have also been examined (Jones and Thornton, 2003;
Huntingford et al., 2005; Thornton et al., 2006). Based on the
A1FI scenario, both the HadCM3 and ECHAM4 GCMs agree
on areas of change in the coastal systems of southern and eastern
Africa (Figure 9.4). Under both the A1 and B1 scenarios, mixed
rain-fed semi-arid systems are shown to be affected in the Sahel,
as well as mixed rain-fed and highland perennial systems in the
Great Lakes region and in other parts of East Africa. In the B1
world, marginal areas (e.g., semi-arid lands) become more
marginal, with moderate impacts on coastal systems (Thornton
et al., 2006; see Chapter 5, Section 5.4.2). Such changes in the
growing period are important, especially when viewed against
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Figure 9.4. Agricultural areas within the livestock-only systems (LGA) in arid and semi-arid areas, and rain-fed mixed crop/livestock systems (MRA)
in semi-arid areas, are projected by the HadCM3 GCM to undergo >20% reduction in length of growing period to 2050, SRES A1 (left) and B1
(right) emissions scenarios, after Thornton et al. (2006).



possible changes in seasonality of rainfall, onset of rain days and
intensity of rainfall, as indicated in Sections 9.2.1 and 9.3.1.

Other recent assessments using the FAO/IIASA Agro-
Ecological Zones model (AEZ) in conjunction with IIASA’s
world food system or Basic Linked System (BSL), as well as
climate variables from five different GCMs under four SRES
emissions scenarios, show further agricultural impacts such as
changes in agricultural potential by the 2080s (Fischer et al.,
2005). By the 2080s, a significant decrease in suitable rain-fed
land extent and production potential for cereals is estimated
under climate change. Furthermore, for the same projections, for
the same time horizon the area of arid and semi-arid land in
Africa could increase by 5-8% (60-90 million hectares). The
study shows that wheat production is likely to disappear from
Africa by the 2080s. On a more local scale, assessments have
shown a range of impacts. Southern Africa would be likely to
experience notable reductions in maize production under
possible increased ENSO conditions (Stige et al., 2006).

In other countries, additional risks that could be exacerbated
by climate change include greater erosion, deficiencies in yields
from rain-fed agriculture of up to 50% during the 2000-2020
period, and reductions in crop growth period (Agoumi, 2003). A
recent study on South African agricultural impacts, based on
three scenarios, indicates that crop net revenues will be likely to
fall by as much as 90% by 2100, with small-scale farmers being
the most severely affected. However, there is the possibility that
adaptation could reduce these negative effects (Benhin, 2006). In
Egypt, for example, climate change could decrease national
production of many crops (ranging from –11% for rice to –28%
for soybeans) by 2050 compared with their production under
current climate conditions (Eid et al., 2006). Other agricultural
activities could also be affected by climate change and
variability, including changes in the onset of rain days and the
variability of dry spells (e.g., Reason et al., 2005; see also
Chapter 5).

However, not all changes in climate and climate variability
will be negative, as agriculture and the growing seasons in
certain areas (for example, parts of the Ethiopian highlands and
parts of southern Africa such as Mozambique), may lengthen
under climate change, due to a combination of increased
temperature and rainfall changes (Thornton et al., 2006). Mild
climate scenarios project further benefits across African
croplands for irrigated and, especially, dryland farms. However,
it is worth noting that, even under these favourable scenarios,
populated regions of the Mediterranean coastline, central,
western and southern Africa are expected to be adversely
affected (Kurukulasuriya and Mendelsohn, 2006a).

Fisheries are another important source of revenue,
employment and proteins. They contribute over 6% of
Namibia’s and Senegal’s GDP (Njaya and Howard, 2006).
Climate-change impacts on this sector, however, need to be
viewed together with other human activities, including impacts
that may arise from governance of fresh and marine waters
(AMCEN/UNEP, 2002). Fisheries could be affected by different
biophysical impacts of climate change, depending on the
resources on which they are based (Niang-Diop, 2005; Clark,
2006). With a rise in annual global temperature (e.g. of the order
of 1.5 to 2.0°C) fisheries in North West Africa and the East

African lakes are shown to be impacted (see ECF and Potsdam
Institute, 2004; Warren et al., 2006). In coastal regions that have
major lagoons or lake systems, changes in freshwater flows and
a greater intrusion of salt water into lagoons will affect the
species that are the basis of inland fisheries or aquaculture
(République de Côte d’Ivoire, 2000; République du Congo,
2001; Cury and Shannon, 2004). In South Africa, fisheries could
be affected by changes in estuaries, coral reefs and upwelling;
with those that are dependent on the first two ecosystems being
the most vulnerable (Clark, 2006). Recent simulations based on
the NCAR GCM under a doubling of carbon dioxide indicate
that extreme wind and turbulence could decrease productivity
by 50-60%, while turbulence will probably bring about a 10%
decline in productivity in the spawning grounds and an increase
of 3% in the main feeding grounds (Clark et al., 2003).

The impact of climate change on livestock farming in Africa
was examined by Seo and Mendelsohn (2006a, b). They showed
that a warming of 2.5°C could increase the income of small
livestock farms by 26% (+US$1.4 billion). This increase is
projected to come from stock expansion. Further increases in
temperature would then lead to a gradual fall in net revenue per
animal. A warming of 5°C would probably increase the income
of small livestock farms by about 58% (+US$3.2 billion), largely
as a result of stock increases. By contrast, a warming of 2.5°C
would be likely to decrease the income of large livestock farms
by 22% (–US$13 billion) and a warming of 5°C would probably
reduce income by as much as 35% (–US$20 billion). This
reduction in income for large livestock farms would probably
result both from a decline in the number of stock and a reduction
in the net revenue per animal. Increased precipitation of 14%
would be likely to reduce the income of small livestock farms by
10% (–US$ 0.6 billion), mostly due to a reduction in the number
of animals kept. The same reduction in precipitation would be
likely to reduce the income of large livestock farms by about 9%
(–US$5 billion), due to a reduction both in stock numbers and in
net revenue per animal.

The study by Seo and Mendelsohn (2006a) further shows that
higher temperatures are beneficial for small farms that keep
goats and sheep because it is easy to substitute animals that are
heat-tolerant. By contrast, large farms are more dependent on
species such as cattle, which are not heat-tolerant. Increased
precipitation is likely to be harmful to grazing animals because
it implies a shift from grassland to forests and an increase in
harmful disease vectors, and also a shift from livestock to crops.

Assessing future trends in agricultural production in Africa,
even without climate change, remains exceedingly difficult (e.g.,
contributions to GDP and impacts on GDP because of climate
variability and other factors - see, for example, Mendelsohn et
al., 2000b; Tiffen, 2003; Arrow et al., 2004; Desta and Coppock,
2004; Ferguson, 2006). While agriculture is a key source of
livelihood in Africa, there is evidence that off-farm incomes are
also increasing in some areas - up to 60 to 80% of total incomes
in some cases (Bryceson, 2002). Urbanisation and off-farm
increases in income also seem to be contributing to reduced farm
sizes. Future scenarios and projections may thus need to include
such changes, as well as relevant population estimates, allowing
for the impact of HIV/AIDS, especially on farm labour
productivity (Thornton et al., 2006).
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9.4.5 Ecosystems

A range of impacts on terrestrial and aquatic ecosystems has
been suggested under climate change (see, for example,
Leemans and Eickhout, 2004), some of which are summarised
in Table 9.1 (for further details see Chapter 4; Nkomo et al.,
2006; Warren et al., 2006).

Mountain ecosystems appear to be undergoing significant
observed changes (see Section 9.2.1.4), aspects of which are
likely to be linked to complex climate-land interactions and
which may continue under climate change (e.g., IPCC, 2007a).
By 2020, for example, indications are that the ice cap on Mt.
Kilimanjaro could disappear for the first time in 11,000 years
(Thompson et al., 2002). Changes induced by climate change
are also likely to result in species range shifts, as well as in
changes in tree productivity, adding further stress to forest
ecosystems (UNEP, 2004). Changes in other ecosystems, such as
grasslands, are also likely (for more detail, see assessments by
Muriuki et al., 2005; Levy, 2006).

Mangroves and coral reefs, the main coastal ecosystems in
Africa, will probably be affected by climate change (see Chapter
4, Box 4.4; Chapter 6, Section 6.4.1, Box 6.1). Endangered
species associated with these ecosystems, including manatees
and marine turtles, could also be at risk, along with migratory
birds (Government of Seychelles, 2000; Republic of Ghana,
2000; République Démocratique du Congo, 2000). Mangroves
could also colonise coastal lagoons because of sea-level rise
(République du Congo, 2001; Rocha et al., 2005).

The coral bleaching following the 1997/1998 extreme El
Niño, as mentioned in Section 9.2.1, is an indication of the

potential impact of climate change-induced ocean warming on
coral reefs (Lough, 2000; Muhando, 2001; Obura, 2001);
disappearance of low-lying corals and losses of biodiversity
could also be expected (République de Djibouti, 2001; Payet
and Obura, 2004). The proliferation of algae and dinoflagellates
during these warming events could increase the number of
people affected by toxins (such as ciguatera) due to the
consumption of marine food sources (Union des Comores, 2002;
see also Chapter 16, Section 16.4.5). In the long term, all these
impacts will have negative effects on fisheries and tourism (see
also Chapter 5, Box 5.4). In South Africa, changes in estuaries
are expected mainly as a result of reductions in river runoff and
the inundation of salt marshes following sea-level rise (Clark,
2006).

The species sensitivity of African mammals in 141 national
parks in sub-Saharan Africa was assessed using two climate-
change scenarios (SRES A2 and B2 emissions scenarios with
the HadCM3 GCM, for 2050 and 2080), applying a simple
IUCN Red List assessment of potential range loss (Thuiller et
al., 2006). Assuming no migration of species, 10-15% of the
species were projected to fall within the IUCN Critically
Endangered or Extinct categories by 2050, increasing to 25-40%
of species by 2080. Assuming unlimited species migration, the
results were less extreme, with these proportions dropping to
approximately 10-20% by 2080. Spatial patterns of loss and gain
showed contrasting latitudinal patterns, with a westward range
shift of species around the species-rich equatorial transition zone
in central Africa, and an eastward shift in southern Africa; shifts
which appear to be related mainly to the latitudinal aridity
gradients across these ecological transition zones
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Ecosystem impacts Area affected Scenario used and source

About 5,000 African plant species impacted:
substantial reductions in areas of suitable
climate for 81-97% of the 5,197 African plants
examined, 25-42% lose all area by 2085.

Africa HadCM3 for years 2025, 2055, 2085, plus other models –
shifts in climate suitability examined
(McClean et al., 2005)

Fynbos and succulent Karoo biomes:
losses of between 51 and 61%.

South Africa Projected losses by 2050, see details of scenarios
(Midgley et al., 2002; see Chapter 4, Section 4.4, Table 4.1)

Critically endangered taxa (e.g. Proteaceae):
losses increase, and up to 2% of the 227 taxa
become extinct.

Low-lying coastal areas 4 land use and 4 climate change scenarios (HadCM2
IS92aGGa) (Bomhard et al., 2005)

Losses of nyala and zebra:
Kruger Park study estimates 66% of species
lost.

Malawi
South Africa (Kruger Park)

(Dixon et al., 2003)
Hadley Centre Unified Model, no sulphates (Erasmus et al.,
2002; see Chapter 4, Section 4.4.3)

Loss of bird species ranges: (restriction of
movements). An estimated 6 species could
lose substantial portions of their range.

Southern African bird species
(Nama-Karoo area)

Projected losses of over 50% for some species by 2050
using the HadCM3 GCM with an A2 emissions scenario
(Simmons et al., 2004; see Chapter 4, Section 4.4.8)

Sand-dune mobilisation: enhanced dune
activity.

Southern Kalahari basin – northern
South Africa, Angola and Zambia.
For details in Sahel, see Section
9.6.2 and Chapter 4, Section 4.3.

Scenarios: HadCM3 GCM, SRES A2, B2 and A1fa, IS92a.
By 2099 all dune fields shown to be highly dynamic
(Thomas et al., 2005; see Chapter 4, Section 4.4.2)

Lake ecosystems, wetlands Lake Tanganyika Carbon isotope data show aquatic losses of about 20%
with a 30% decrease in fish yields. It is estimated that
climate change may further reduce lake productivity
(O’Reilly et al., 2003; see Chapter 4, Section 4.4.8)

Grasslands Complex impacts on grasslands inc-
luding the role of fire (southern Africa)

See detailed discussion Chapter 4, Section 4.4.3

Table 9.1. Significant ecosystem responses estimated in relation to climate change in Africa. These estimations are based on a variety of scenarios
(for further details on models used and impacts see Chapter 4, Section 4.4 and Table 4.1).



9.4.6 Coastal zones

In Africa, highly productive ecosystems (mangroves,
estuaries, deltas, coral reefs), which form the basis for
important economic activities such as tourism and fisheries,
are located in the coastal zone. Forty percent of the population
of West Africa live in coastal cities, and it is expected that the
500 km of coastline between Accra and the Niger delta will
become a continuous urban megalopolis of more than
50 million inhabitants by 2020 (Hewawasam, 2002). By 2015,
three coastal megacities of at least 8 million inhabitants will
be located in Africa (Klein et al., 2002; Armah et al., 2005;
Gommes et al., 2005). The projected rise in sea level will have
significant impacts on these coastal megacities because of the
concentration of poor populations in potentially hazardous
areas that may be especially vulnerable to such changes (Klein
et al., 2002; Nicholls, 2004). Cities such as Lagos and
Alexandria will probably be impacted. In very recent
assessments of the potential flood risks that may arise by 2080
across a range of SRES scenarios and climate change
projections, three of the five regions shown to be at risk of
flooding in coastal and deltaic areas of the world are those
located in Africa: North Africa, West Africa and southern
Africa (see Nicholls and Tol, 2006; for more detailed
assessments, see Warren et al., 2006).

Other possible direct impacts of sea-level rise have been
examined (Niang-Diop et al., 2005). In Cameroon, for
example, indications are that a 15% increase in rainfall by 2100
would be likely to decrease the penetration of salt water in the
Wouri estuary (République de Côte d’Ivoire, 2000).
Alternatively, with an 11% decrease in rainfall, salt water could
extend up to about 70 km upstream. In the Gulf of Guinea, sea-
level rise could induce overtopping and even destruction of the
low barrier beaches that limit the coastal lagoons, while
changes in precipitation could affect the discharges of rivers
feeding them. These changes could also affect lagoonal
fisheries and aquaculture (République de Côte d’Ivoire, 2000).
Indian Ocean islands could also be threatened by potential
changes in the location, frequency and intensity of cyclones;
while East African coasts could be affected by potential
changes in the frequency and intensity of ENSO events and
coral bleaching (Klein et al., 2002). Coastal agriculture (e.g.,
plantations of palm oil and coconuts in Benin and Côte
d’Ivoire, shallots in Ghana) could be at risk of inundation and
soil salinisation. In Kenya, losses for three crops (mangoes,
cashew nuts and coconuts) could cost almost US$500 million
for a 1 m sea-level rise (Republic of Kenya, 2002). In Guinea,
between 130 and 235 km2 of rice fields (17% and 30% of the
existing rice field area) could be lost as a result of permanent
flooding, depending on the inundation level considered
(between 5 and 6 m) by 2050 (République de Guinée, 2002).
In Eritrea, a 1 m rise in sea level is estimated to cause damage
of over US$250 million as a result of the submergence of
infrastructure and other economic installations in Massawa,
one of the country’s two port cities (State of Eritrea, 2001).
These results confirm previous studies stressing the great
socio-economic and physical vulnerability of settlements
located in marginal areas.

9.4.7 Tourism

Climate change could also place tourism at risk, particularly
in coastal zones and mountain regions. Important market
changes could also result from climate change (World Tourism
Organization, 2003) in such environments. The economic
benefits of tourism in Africa, which according to 2004 statistics
accounts for 3% of worldwide tourism, may change with climate
change (World Tourism Organization, 2005). However, very few
assessments of projected impacts on tourism and climate change
are available, particularly those using scenarios and GCM
outputs. Modelling climate changes as well as human behaviour,
including personal preferences, choices and other factors, is
exceedingly complex. Although scientific evidence is still
lacking, it is probable that flood risks and water-pollution-related
diseases in low-lying regions (coastal areas), as well as coral
reef bleaching as a result of climate change, could impact
negatively on tourism (McLeman and Smit, 2004). African
places of interest to tourists, including wildlife areas and parks,
may also attract fewer tourists under marked climate changes.
Climate change could, for example, lead to a poleward shift of
centres of tourist activity and a shift from lowland to highland
tourism (Hamilton et al., 2005).

9.4.8 Settlements, industry and infrastructure

Climate variability, including extreme events such as storms,
floods and sustained droughts, already has marked impacts on
settlements and infrastructure (Freeman and Warner, 2001;
Mirza, 2003; Niasse et al., 2004; Reason and Keibel, 2004).
Indeed, for urban planners, the biggest threats to localised
population concentrations posed by climate variability and
change are often expected to be from little-characterised and
unpredictable rapid-onset disasters such as storm surges, flash
floods and tropical cyclones (Freeman, 2003). Negative impacts
of climate change could create a new set of refugees, who may
migrate into new settlements, seek new livelihoods and place
additional demands on infrastructure (Myers, 2002; McLeman
and Smit, 2005). A variety of migration patterns could thus
emerge, e.g., repetitive migrants (as part of ongoing adaptation
to climate change) and short-term shock migrants (responding to
a particular climate event). However, few detailed assessments
of such impacts using climate as a driving factor have been
undertaken for Africa.

In summary, a range of possible impacts of climate change
has been discussed in this section (for other summaries, see
Epstein and Mills, 2005; Nkomo et al., 2006). The roles of some
other stresses that may compound climate-induced changes have
also been considered. Clearly, several areas require much more
detailed investigation (particularly in the energy, tourism,
settlement and infrastructure sectors). Despite the uncertainty of
the science and the huge complexity of the range of issues
outlined, initial assessments show that several regions in Africa
may be affected by different impacts of climate change (Figure
9.5). Such impacts, it is argued here, may further constrain
development and the attainment of the MDGs in Africa.
Adaptive capacity and adaptation thus emerge as critical areas
for consideration on the continent.
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Figure 9.5. Examples of current and possible future impacts and vulnerabilities associated with climate variability and climate change for Africa (for
details see sections highlighted in bold). Note that these are indications of possible change and are based on models that currently have
recognised limitations.

Assessments of water availability, including water stress and water drainage, show that parts of 
southern Africa are highly vulnerable to climate variability and change. Possible heightened water 
stress in some river basins. (9.4.3)
Southward expansion of the transmission zone of malaria may likely occur. (9.4.3)
By 2099, dune fields may become highly dynamic, from northern South Africa to Angola and Zambia. 
(9.4.5)
Some biomes, for example the Fynbos and Succulent Karoo in southern Africa, are likely to be the 
most vulnerable ecosystems to projected climate changes, whilst the savanna is argued to be more 
resilient. (9.4.5)
Food security, already a humanitarian crisis in the region, is likely to be further aggravated by 
climate variability and change, aggravated by HIV/AIDs, poor governance and poor adaptation. 
(9.4.4) (9.6.1)

Rainfall is likely to increase in some parts of 
East Africa, according to some projections, 
resulting in various hydrological outcomes.

Previously malaria-free highland areas in 
Ethiopia, Kenya, Rwanda and Burundi could 
experience modest changes to stable 
malaria by the 2050s, with conditions for 
transmission becoming highly suitable by 
the 2080s. (9.4.3)
Ecosystem impacts, including impacts on 
mountain biodiversity, could occur. Declines 
in fisheries in some major East African lakes 
could occur. (9.4.5)

Impacts on crops, under a range of scenarios. 
(9.4.4)
Possible agricultural GDP losses ranging from 
2% to 4% with some model estimations.  
(9.4.4)
Populations of West Africa living in coastal 
settlements could be affected by projected rise 
in sea levels and flooding. (9.4.8)
Changes in coastal environments (e.g. 
mangroves and coastal degradation) could 
have negative impacts on fisheries and 
tourism. (9.4.6)

West and Central Africa

East Africa

North Africa

Southern Africa

Climate change could decrease mixed rain-fed and semi-arid systems, 
particularly the length of the growing period, e.g. on the margins of the Sahel. 
(9.4.4)
Some assessments show increased water stress and possible runoff
decreases in parts of North Africa by 2050. While climate change should be 
considered in any future negotiations to share Nile water, the role of water
basin management is also key. (9.4.1)

 (9.4.1)
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9.5 Adaptation constraints and
opportunities

The covariant mix of climate stresses and other factors in
Africa means that for many in Africa adaptation is not an option
but a necessity (e.g., Thornton et al., 2006). A growing cohort of
studies is thus emerging on adaptation to climate variability and
change in Africa, examples of which are given below (see also
Chapter 18). Owing to constraints of space, not all cases nor all
details can be provided here. A range of factors including wealth,
technology, education, information, skills, infrastructure, access
to resources, and various psychological factors and management
capabilities can modify adaptive capacity (e.g., Block and Webb,
2001; Ellis and Mdoe, 2003; Adger and Vincent, 2005; Brooks
et al., 2005; Grothmann and Patt, 2005). Adaptation is shown to
be successful and sustainable when linked to effective
governance systems, civil and political rights and literacy
(Brooks et al., 2005).

9.5.1 Adaptation practices

Of the emerging range of livelihood adaptation practices
being observed (Table 9.2), diversification of livelihood
activities, institutional architecture (including rules and norms
of governance), adjustments in farming operations, income-
generation projects and selling of labour (e.g., migrating to earn
an income – see also Section 9.6.1) and the move towards off-
or non-farm livelihood incomes in parts of Africa repeatedly
surface as key adaptation options (e.g., Bryceson, 2004;
Benhin, 2006; Osman-Elasha et al., 2006). As indicated in
Section 9.2.1, reducing risks with regard to possible future
events will depend on the building of stronger livelihoods to
ensure resilience to future shocks (IFRCRCS, 2002). The role
of migration as an adaptive measure, particularly as a response
to drought and flood, is also well known. Recent evidence,
however, shows that such migration is not only driven by
periods of climate stress but is also driven by a range of other
possible factors (see, for example, Section 9.2.2.9). Migration
is a dominant mode of labour (seasonal migration), providing
a critical livelihood source. The role of remittances derived
from migration provides a key coping mechanism in drought
and non-drought years but is one that can be dramatically
affected by periods of climate shock, when adjustments to basic
goods such as food prices are impacted by food aid and other
interventions (Devereux and Maxwell, 2001).

Institutions and their effective functioning play a critical role
in successful adaptation; it is therefore important to understand
the design and functioning of such institutions (Table 9.2). The
role of institutions at more local scales, both formal and
informal institutions, also needs to be better understood (e.g.,
Reid and Vogel, 2006)

Other opportunities for adaptation that can be created
include many linked to technology. The role of seasonal
forecasts, and their production, dissemination, uptake and
integration in model-based decision-making support systems,
has been fairly extensively examined in several African
contexts (Table 9.2). Significant constraints, however, include

the limited support for climate risk management in agriculture
and therefore a limited demand for such seasonal forecast
products (e.g., O’Brien and Vogel, 2003).

Enhanced resilience to future periods of drought stress may
also be supported by improvements in existing rain-fed farming
systems (Rockström, 2003), such as water-harvesting systems
to supplement irrigation practices in semi-arid farming systems
(‘more crop per drop’ strategies, see Table 9.2). Improved early
warning systems and their application may also reduce
vulnerability to future risks associated with climate variability
and change. In malaria research, for example, it has been shown
that, while epidemics in the highlands have been associated
with positive anomalies in temperature and rainfall (Githeko
and Ndegwa, 2001; as discussed in Section 9.4.3), those in the
semi-arid areas are mainly associated with excessive rainfall
(Thomson et al., 2006). Using such climate information it may
be possible to give outlooks with lead times of between 2 and
6 months before the onset of an event (Thomson et al., 2006).
Such lead times provide opportunities for putting interventions
in place and for preventing excessive morbidity and mortality
during malaria epidemics.

In Africa, biotechnology research could also yield
tremendous benefits if it leads to drought- and pest-resistant
rice, drought-tolerant maize and insect-resistant millet,
sorghum and cassava, among other crops (ECA, 2002). Wheat
grain yield cultivated under current and future climate
conditions (for example, increases of 1.5 and 3.6°C) in Egypt
highlight a number of adaptation measures, including various
technological options that may be required under an irrigated
agriculture system (e.g., Abou-Hadid, 2006). A detailed study
of current crop selection as an adaptation strategy to climate
change in Africa (Kurukulasuriya and Mendelsohn, 2006b)
shows that farmers select sorghum and maize-millet in the
cooler regions of Africa, maize-beans, maize-groundnut and
maize in moderately warm regions, and cowpea, cowpea-
sorghum and millet-groundnut in hot regions. The study further
shows that farmers choose sorghum and millet-groundnut when
conditions are dry, cowpea, cowpea-sorghum, maize-millet and
maize when medium-wet, and maize-beans and maize-
groundnut when very wet. As the weather becomes warmer,
farmers tend to shift towards more heat-tolerant crops.
Depending upon whether precipitation increases or decreases,
farmers will shift towards water-loving or drought-tolerant
crops, respectively.

The design and use of proactive rather than reactive
strategies can also enhance adaptation. Proactive, ex ante,
interventions, such as agricultural capital stock and extension
advice in Zimbabwe (Owens et al., 2003), can raise household
welfare and heighten resilience during non-drought years. In
many cases these interventions can also be coupled with
disaster risk-reduction strategies (see several references on
http://www.unisdr.org/). Capital and extension services can also
increase net crop incomes without crowding-out net private
transfers. Other factors that could be investigated to enhance
resilience to shocks such as droughts include: national grain
reserves, grain future markets, weather insurance, the role of
food price subsidies, cash transfers and school feeding schemes
(for a detailed discussion, see Devereux, 2003).
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9.5.2 Adaptation costs, constraints and
opportunities

Many of the options outlined above come with a range of
costs and constraints, including large transaction costs. However,
deriving quantitative estimates of the potential costs of the
impacts of climate change (or those associated with climate
variability, such as droughts and floods) and costs without
adaptation (Yohe and Schlesinger, 2002) is difficult. Limited
availability of data and a variety of uncertainties relating to
future changes in climate, social and economic conditions, and
the responses that will be made to address those changes,
frustrate precise cost and economic loss inventories. Despite
these problems, some economic loss inventories and estimations
have been undertaken (e.g., Mirza, 2003). In some cases (e.g.,
Egypt and Senegal), assessments have attempted to measure
costs that may arise with and without adaptation to climate-

change impacts. Large populations are estimated to be at risk of
impacts linked to possible climate change. Assessments of the
impacts of sea-level rise in coastal countries show that costs of
adaptation could amount to at least 5-10% of GDP (Niang-Diop,
2005). However, if no adaptation is undertaken, then the losses
due to climate change could be up to 14% GDP (Van Drunen et
al., 2005). In South Africa, initial assessments of the costs of
adaptation in the Berg River Basin also show that the costs of not
adapting to climate change can be much greater than the costs of
including flexible and efficient approaches to adapting to climate
change into management options (see Stern, 2007).

Despite some successes (see examples in Table 9.2), there is
also evidence of an erosion of coping and adaptive strategies as a
result of varying land-use changes and socio-political and cultural
stresses. Continuous cultivation, for example, at the expense of
soil replenishment, can result in real ‘agrarian dramas’ (e.g.,
Rockström, 2003). The interaction of both social (e.g., access to
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Theme Emerging characteristics of adaptation Authors

Social resilience

Social networks
and social
capital

• Perceptions of risks by rural communities are important in configuring the
problem (e.g., climate risk). Perceptions can shape the variety of adaptive
actions taken.

• Networks of community groups are also important.
• Local savings schemes, many of them based on regular membership fees,
are useful financial ‘stores’ drawn down during times of stress.

Ellis and Bahiigwa, 2003; Quinn et al., 2003;
Eriksen et al., 2005; Grothmann and Patt,
2005.

Institutions • Role and architecture of institutional design and function is critical for
understanding and better informing policies/measures for enhanced
resilience to climate change.

• Interventions linked to governance at various levels (state, region and local
levels) either enhance or constrain adaptive capacity.

Batterbury and Warren, 2001; Ellis and Mdoe,
2003; Owuor et al., 2005; Osman-Elasha et al.,
2006; Reid and Vogel, 2006.

Economic resilience

Equity • Issues of equity need to be viewed on several scales
• Local scale: (within and between communities)
- Interventions to enhance community resilience can be hampered by
inaccessibility of centres for obtaining assistance (aid/finance)

• Global scale: see IPCC, 2007b, re CDMS etc.

Sokona and Denton, 2001; AfDB et al., 2002;
Thomas and Twyman, 2005.

Diversification
of livelihoods

• Diversification has been shown to be a very strong and necessary
economic strategy to increase resilience to stresses.

• Agricultural intensification, for example based on increased livestock
densities, the use of natural fertilisers, soil and water conservation, can be
useful adaptation mechanisms.

Ellis, 2000; Toulmin et al., 2000; Block and
Webb, 2001; Mortimore and Adams, 2001;
Ellis, 2003; Ellis and Mdoe, 2003; Eriksen and
Silva, 2003; Bryceson, 2004; Chigwada, 2005.

Technology • Seasonal forecasts, their production, dissemination, uptake and integration
in model-based decision-making support systems have been examined in
several African contexts (see examples given).

• Enhanced resilience to future periods of drought stress may also be
supported by improvements in present rain-fed farming systems through:
- water-harvesting systems;
- dam building;
- water conservation and agricultural practices;
- drip irrigation;
- development of drought-resistant and early-maturing crop varieties and
alternative crop and hybrid varieties.

Patt, 2001; Phillips et al., 2001; Roncoli et al.,
2001; Hay et al., 2002b; Monyo, 2002; Patt
and Gwata, 2002; Archer, 2003; Rockström,
2003; Ziervogel and Calder, 2003; Gabre-
Madhin and Haggblade, 2004; Malaney et al.,
2004; Ziervogel, 2004; Ziervogel and Downing,
2004; Chigwada, 2005; Orindi and Ochieng,
2005; Patt et al., 2005; Matondo et al., 2005;
Seck et al., 2005; Van Drunen et al., 2005;
Ziervogel et al., 2005; Abou-Hadid, 2006;
Osman-Elasha et al., 2006.

Infrastructure • Improvements in the physical infrastructure may improve adaptive capacity.
• Improved communication and road networks for better exchange of
knowledge and information.

• General deterioration in infrastructure threatens the supply of water during
droughts and floods.

Sokona and Denton, 2001.

Table 9.2. Some examples of complex adaptations already observed in Africa in response to climate and other stresses (adapted from the initial
categorisation of Rockström, 2003).



food) and biophysical (e.g., drought) stresses thus combine to
aggravate critical stress periods (e.g., during and after ENSO
events). Traditional coping strategies (see Section 9.6.2) may not
be sufficient in this context, either currently or in the future, and
may lead to unsustainable responses in the longer term. Erosion of
traditional coping responses not only reduces resilience to the next
climatic shock but also to the full range of shocks and stresses to
which the poor are exposed (DFID, 2004). Limited scientific
capacity and other scientific resources are also factors that
frustrate adaptation (see, e.g., Washington et al., 2004, 2006).

As shown in several sections in this chapter, the low adaptive
capacity of Africa is due in large part to the extreme poverty of
many Africans, frequent natural disasters such as droughts and
floods, agriculture that is heavily dependent on rainfall, as well
as a range of macro- and micro-structural problems (see Section
9.2.2). The full implications of climate change for development
are, however, currently not clearly understood. For example,
factors heightening vulnerability to climate change and affecting
national-level adaptation have been shown to include issues of
local and national governance, civil and political rights and
literacy (e.g., Brooks et al., 2005). The most vulnerable nations
in the assessment undertaken by Brooks et al. (2005) (using
mortality from climate-related disasters as an indication of
climate outcomes) were those situated in sub-Saharan Africa and
those that have recently experienced conflict. At the more local
level, the poor often cannot adopt diversification as an adaptive
strategy and often have very limited diversification options
available to them (e.g., Block and Webb, 2001; Ellis and Mdoe,
2003). Micro-financing and other social safety nets and social
welfare grants, as a means to enhance adaptation to current and
future shocks and stresses, may be successful in overcoming
such constraints if supported by local institutional arrangements
on a long-term sustainable basis (Ellis, 2003; Chigwada, 2005).

Africa needs to focus on increasing adaptive capacity to climate
variability and climate change over the long term. Ad hoc
responses (e.g., short-term responses, unco-ordinated processes,
isolated projects) are only one type of solution (Sachs, 2005).
Other solutions that could be considered include mainstreaming
adaptation into national development processes (Huq and Reid,
2004; Dougherty and Osman, 2005). There may be several
opportunities to link disaster risk reduction, poverty and
development (see, for example, several calls and plans for such
action such as the Hyogo Declaration - http://www.unisdr.org/
wcdr/intergover/official-doc/L-docs/Hyo-go-declaration-english
.pdf). Where communities live with various risks, coupling risk
reduction and development activities can provide additional
adaptation benefits (e.g., Yamin et al., 2005). Unprecedented
efforts by governments, humanitarian and development agencies
to collaborate in order to find ways to move away from reliance
on short-term emergency responses to food insecurity to longer-
term development-oriented strategies that involve closer
partnerships with governments, are also increasing (see food
insecurity case study below and SARPN - http://www.sarpn.org/
- for several case studies and examples; see also Table 9.2 for other
possible adaptation options).

Notwithstanding these efforts and suggestions, the context
and the realities of the causes of vulnerability to a range of
stresses, not least climate change and variability, must be kept at

the forefront, including a deeper and further examination of the
causes of poverty (both structural and other) at international,
national and local levels (Bryceson, 2004). The causes, impacts
and legacies of various strategies - including liberalisation
policies, decades of structural adjustment programmes (SAP)
and market conditions - cannot be ignored in discussions on
poverty alleviation and adaptation to stresses, including climate
change. Some of the complex interactions of such drivers and
climate are further illustrated in the two case studies below.

9.6 Case studies

9.6.1 Food insecurity: the role of climate variability,
change and other stressors

It has long been recognised that climate variability and
change have an impact on food production, (e.g., Mendelsohn et
al., 2000a, b; Devereux and Maxwell, 2001; Fischer et al., 2002;
Kurukulasuriya and Rosenthal, 2003), although the extent and
nature of this impact is as yet uncertain. Broadly speaking, food
security is less seen in terms of sufficient global and national
agricultural food production, and more in terms of livelihoods
that are sufficient to provide enough food for individuals and
households (Devereux and Maxwell, 2001; Devereux, 2003;
Gregory et al., 2005). The key recognition in this shifting focus
is that there are multiple factors, at all scales, that impact on an
individual or household’s ability to access sufficient food: these
include household income, human health, government policy,
conflict, globalisation, market failures, as well as environmental
issues (Devereux and Maxwell, 2001; Marsland, 2004;
Misselhorn, 2005).

Building on this recognition, three principal components of
food security may be identified:

i. the availability of food (through the market and through
own production);

ii. adequate purchasing and/or relational power to acquire or
access food;

iii. the acquisition of sufficient nutrients from the available
food, which is influenced by the ability to digest and
absorb nutrients necessary for human health, access to
safe drinking water, environmental hygiene and the
nutritional content of the food itself (Swaminathan, 2000;
Hugon and Nanterre 2003).

Climate variability, such as periods of drought and flood as well
as longer-term change, may – either directly or indirectly –
profoundly impact on all these three components in shaping food
security (Ziervogel et al., 2006; Figure 9.6).

The potential impacts of climate change on food access in
Figure 9.6 may, for example, be better understood in the light
of changes in Africa’s livelihoods landscape. A trajectory of
diversification out of agricultural-based activities –
‘deagrarianisation’ – has been found in the livelihoods of rural
people in many parts of sub-Saharan Africa. Less reliance on
food production as a primary source of people’s food security
runs counter to the assumption that people’s food security in
Africa derives solely (or even primarily) from their own
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agricultural production (Bryceson, 2000, 2004; Bryceson and
Fonseca, 2006). At the same time, however, for the continent as
a whole, the agriculture sector, which is highly dependent on
precipitation, is estimated to account for approximately 60% of
total employment, indicating its crucial role in livelihoods and
food security derived through food access through purchase
(Slingo et al., 2005).

There are a number of other illustrative impacts that climate
variability and change have on livelihoods and food access,
many of which also impact on food availability and nutrient
access aspects of food security. These include impacts on the
tourism sector (e.g., Hamilton et al., 2005), and on market
access, which both affect the ability of farmers to obtain
agricultural inputs, sell surplus crops, and purchase alternative

foods. These impacts affect food security through altering or
restraining livelihood strategies, while also affecting the variety
of foods available and nutritional intake (Kelly et al., 2003).
Market access is influenced not only by broader socio-economic
and political factors, but also by distance from markets and the
condition of the infrastructure, such as roads, which can be
damaged during climate events (e.g., Abdulai and Crolerees,
2001; Ellis, 2003).

The key issues, therefore, in relation to the potential impacts
of climate variability and change on food security in Africa
encompass not only a narrow understanding of such impacts on
food production but also a wider understanding of how such
changes and impacts might interact with other environmental,
social, economic and political factors that determine the
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Figure 9.6. Linkages identified between climate change in Africa and three major components of food security. Adapted from inputs of (1)
Swaminathan, 2000; Fischer et al., 2002; Turpie et al., 2002; Rosegrant and Cline, 2003; Slingo et al., 2005. (2) Fischer et al., 2002; Slingo et al.,
2005. (3) Turpie et al., 2002; African Union, 2005. (4) Piot and Pinstrup-Anderson, 2002; Turpie et al., 2002; Mano et al., 2003; USAID, 2003;
Gommes et al., 2004; van Lieshout et al., 2004. (5) Adger and Vincent, 2005; Brooks et al., 2005; Gregory et al., 2005; Thomas and Twyman, 2005;
O’Brien, 2006. (6) Slingo et al., 2005. (7) Swaminathan, 2000; Schulze et al., 2001; Gommes et al., 2004.



vulnerability of households, communities and countries, as well
as their capacity to adapt (Swaminathan, 2000; Adger and
Vincent, 2005; Brooks et al., 2005). The impact of climate
variability and change on food security therefore cannot be
considered independently of the broader issue of human security
(O’Brien, 2006). The inclusion of climate variability and change
in understanding human vulnerability and adaptation is being
increasingly explored at household and community levels, as
well as though regional agro-climatological studies in Africa
(e.g., Verhagen et al., 2001).

A number of studies have been undertaken that show that
resource-poor farmers and communities use a variety of coping
and adaptive mechanisms to ensure food security and sustainable
livelihoods in the face of climate change and variability (see also
Table 9.2). Adaptive capacity and choices, however, are based on
a variety of complex causal mechanisms. Crop choices, for
example, are not based purely on resistance to drought or disease
but on factors such as cultural preferences, palatability, and seed
storage capacity (Scoones et al., 2005). Research elsewhere in
the world also indicates that elements of social capital (such as
associations, networks and levels of trust) are important
determinants of social resilience and responses to climate
change, but how these develop and are used in mitigating
vulnerability remains unclear.

While exploring the local-level dynamics of people’s
vulnerability to climate change, of which adaptive capacity is a
key component, it is important to find ways to embed such
findings into wider scales of assessment (e.g., country and
regional scales) (Brooks et al., 2005). A number of recent studies
are beginning to probe the enormous challenges of developing
scenarios of adaptive capacity at multiple scales. From these
studies, a complex range of factors, including behavioural
economics (Grothmann and Patt, 2005), national aspirations and
socio-political goals (Haddad, 2005), governance, civil and
political rights and literacy, economic well-being and stability,
demographic structure, global interconnectivity, institutional
stability and well-being, and natural resource dependence
(Adger and Vincent, 2005), are all emerging as powerful
determinants of vulnerability and the capacity to adapt to climate
change. Such determinants permeate through food ‘systems’ to
impact on food security at various levels. Attainment of the
Millennium Development Goals, particularly the first goal of
eradicating extreme poverty and hunger, in the face of climate
change will therefore require science that specifically considers
food insecurity as an integral element of human vulnerability
within the context of complex social, economic, political and
biophysical systems, and that is able to offer usable findings for
decision-makers at all scales.

9.6.2 Indigenous knowledge systems

The term ‘indigenous knowledge’ is used to describe the
knowledge systems developed by a community as opposed to
the scientific knowledge that is generally referred to as ‘modern’
knowledge (Ajibade, 2003). Indigenous knowledge is the basis
for local-level decision-making in many rural communities. It
has value not only for the culture in which it evolves, but also for
scientists and planners striving to improve conditions in rural

localities. Incorporating indigenous knowledge into climate-
change policies can lead to the development of effective
adaptation strategies that are cost-effective, participatory and
sustainable (Robinson and Herbert, 2001).

9.6.2.1 Indigenous knowledge in weather forecasting
Local communities and farmers in Africa have developed

intricate systems of gathering, predicting, interpreting and
decision-making in relation to weather. A study in Nigeria, for
example, shows that farmers are able to use knowledge of
weather systems such as rainfall, thunderstorms, windstorms,
harmattan (a dry dusty wind that blows along the north-west
coast of Africa) and sunshine to prepare for future weather
(Ajibade and Shokemi, 2003). Indigenous methods of weather
forecasting are known to complement farmers’ planning
activities in Nigeria. A similar study in Burkina Faso showed
that farmers’ forecasting knowledge encompasses shared and
selective experiences. Elderly male farmers formulate
hypotheses about seasonal rainfall by observing natural
phenomena, while cultural and ritual specialists draw predictions
from divination, visions or dreams (Roncoli et al., 2001). The
most widely relied-upon indicators are the timing, intensity and
duration of cold temperatures during the early part of the dry
season (November to January). Other forecasting indicators
include the timing of fruiting by certain local trees, the water
level in streams and ponds, the nesting behaviour of small quail-
like birds, and insect behaviour in rubbish heaps outside
compound walls (Roncoli et al., 2001).

9.6.2.2 Indigenous knowledge in mitigation and adaptation
African communities and farmers have always coped with

changing environments. They have the knowledge and practices
to cope with adverse environments and shocks. The
enhancement of indigenous capacity is a key to the
empowerment of local communities and their effective
participation in the development process (Leautier, 2004).
People are better able to adopt new ideas when these can be
seen in the context of existing practices. A study in Zimbabwe
observed that farmers’ willingness to use seasonal climate
forecasts increased when the forecasts were presented in
conjunction with and compared with the local indigenous
climate forecasts (Patt and Gwata, 2002).

Local farmers in several parts of Africa have been known to
conserve carbon in soils through the use of zero-tilling practices
in cultivation, mulching, and other soil-management techniques
(Dea and Scoones, 2003). Natural mulches moderate soil
temperatures and extremes, suppress diseases and harmful
pests, and conserve soil moisture. The widespread use of
indigenous plant materials, such as agrochemicals to combat
pests that normally attack food crops, has also been reported
among small-scale farmers (Gana, 2003). It is likely that
climate change will alter the ecology of disease vectors, and
such indigenous practices of pest management would be useful
adaptation strategies. Other indigenous strategies that are
adopted by local farmers include: controlled bush clearing;
using tall grasses such as Andropogon gayanus for fixing soil
surface nutrients washed away by runoff; erosion-control
bunding to reduce significantly the effects of runoff; restoring

Africa Chapter 9

456



lands by using green manure; constructing stone dykes;
managing low-lying lands and protecting river banks
(AGRHYMET, 2004).

Adaptation strategies that are applied by pastoralists in times
of drought include the use of emergency fodder, culling of weak
livestock for food, and multi-species composition of herds to
survive climate extremes. During drought periods, pastoralists
and agro-pastoralists change from cattle to sheep and goat
husbandry, as the feed requirements of the latter are lower (Seo
and Mendelsohn, 2006b). The pastoralists’ nomadic mobility
reduces the pressure on low-capacity grazing areas through
their cyclic movements from the dry northern areas to the wetter
southern areas of the Sahel.

African women are particularly known to possess indigenous
knowledge which helps to maintain household food security,
particularly in times of drought and famine. They often rely on
indigenous plants that are more tolerant to droughts and pests,
providing a reserve for extended periods of economic hardship
(Ramphele, 2004; Eriksen, 2005). In southern Sudan, for
example, women are directly responsible for the selection of all
sorghum seeds saved for planting each year. They preserve a
spread of varieties of seeds that will ensure resistance to the
range of conditions that may arise in any given growing season
(Easton and Roland, 2000).

9.7 Conclusion: links between
climate change and
sustainable development

African people and the environment have always battled the
vagaries of weather and climate (see Section 9.2.1). These
struggles, however, are increasingly waged alongside a range of
other stresses, such as HIV/AIDS, conflict and land struggles
(see Section 9.2.2). Despite good economic growth in some
countries and sectors in Africa (OECD, 2004/2005), large
inequalities still persist, and some sources suggest that hopes of
reaching the MDGs by 2015 are slipping (UNDP, 2005). While
climate change may not have featured directly in the setting of
the MDGs, it is clear from the evidence presented here that
climate change and variability may be an additional impediment
to achieving them (Table 9.3; Thornton et al., 2006).

Although future climate change seems to be marginally
important when compared to other development issues
(Davidson et al., 2003), it is clear that climate change and
variability, and associated increased disaster risks, will seriously
hamper future development. On an annual basis, for example,
developing countries have already absorbed US$35 billion in
direct losses from natural disasters (Mirza, 2003). However,
these figures do not include livelihood assets and losses and
overall emotional and other stresses that are often more difficult
to assess. A challenge, therefore, is to shape and manage
development that also builds resilience to shocks, including
those related to climate change and variability (Davidson et al.,
2003; Adger et al., 2004).

9.8 Key uncertainties, confidence
levels, unknowns, research
gaps and priorities

While much is being discovered about climate variability and
change, the impacts and possible responses to such changes
result in significant areas that require more concerted effort and
learning.

9.8.1 Uncertainties, confidence levels and
unknowns

• While climate models are generally consistent regarding the
direction of warming in Africa, projected changes in
precipitation are less consistent.

• The role of land-use and land-cover change (i.e., land
architecture in various guises) emerges as a key theme. The
links between land-use changes, climate stress and possible
feedbacks are not yet clearly understood.

• The contribution of climate to food insecurity in Africa is
still not fully understood, particularly the role of other
multiple stresses that enhance impacts of droughts and
floods and possible future climate change. While drought
may affect production in some years, climate variability
alone does not explain the limits of food production in
Africa. Better models and methods to improve
understanding of multiple stresses, particularly at a range of
scales, e.g., global, regional and local, and including the role
of climate change and variability, are therefore required.

• Several areas of debate and contention, some shown here,
also exist, with particular reference to health, the water
sector and certain ecosystem responses, e.g., in mountain
environments. More research on such areas is clearly
needed.

• Impacts in the water sector, while addressed by global- and
regional-scale model assessments, are still relatively poorly
researched, particularly for local assessments and for
groundwater impacts. Detailed ‘systems’ assessments,
including hydrological systems assessments, also need to be
expanded upon.

• Several of the impacts and vulnerabilities presented here
derived from global models do not currently resolve local-
level changes and impacts. Developing and improving
regional and local-level climate models and scenarios could
improve the confidence attached to the various projections.

• Local-scale assessments of various sorts, including
adaptation studies, are still focused on understanding current
vulnerabilities and adaptation strategies. Few
comprehensive, comparable studies are available within
regions, particularly those focusing on future options and
pathways for adaptation.

• Finally, there is still much uncertainty in assessing the role
of climate change in complex systems that are shaped by
interacting multiple stressors. Preliminary investigations
give some indications of these interactions, but further
analysis is required.
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9.8.2 Research gaps and priorities



9.8.2.3 Energy
There is very little detailed information on the impacts and

vulnerabilities of the energy sector in Africa specific to climate
change and variability, particularly using and applying SRES
scenarios and GCMs outputs. There is also a need to identify
and assess the barriers (technical, economic and social) to the
transfer and adoption of alternative and renewable energy
sources, specifically solar energy, as well as the design,
implications, impacts and possible benefits of current mitigation
options (e.g., Clean Development Mechanisms (CDMs),
including carbon sequestration).

9.8.2.4 Ecosystems
There is a great need for a well-established programme of

research and technology development in climate prediction,
which could assess the risks and impacts of climate change on
ecosystems. Assessment of the impacts of climate variability and
change on important, sensitive and unique ecosystems in Africa
(hotspots), on the rainforests of the Congo Basin, on other areas
of mountain biodiversity, as well as inland and on marine fish
stocks, still requires further research.

9.8.2.5 Tourism
There is a need to enhance practical research regarding the

vulnerability and impacts of climate change on tourism, as
tourism is one of the most important and highly promising
economic activities in Africa. Large gaps appear to exist in
research on the impacts of climate variability and change on
tourism and related matters, such as the impacts of climate
change on coral reefs and how these impacts might affect
ecotourism.

9.8.2.6 Health
Most assessments on health have concentrated on malaria,

and there are still debates on the attribution of malaria
resurgence in some African areas. The need exists to examine
the impacts of future climate change on other health problems,
e.g., dengue fever, meningitis, etc, and their associated
vulnerabilities. There is also an urgent need to begin a dialogue
and research effort on the heightened vulnerabilities associated
with HIV/AIDS and periods of climate stress and climate
change.

9.8.2.7 Agriculture
More regional and local research is still required on a

range of issues, such as the study of the relationship between
CO2-enrichment and future production of agricultural crops in
Africa, salt-tolerant plants, and other trees and plants in coastal
zones. Very little research has been conducted on the impacts of
climate change on livestock, plant pests and diseases. The
livestock sector is very important in Africa and is considered
very vulnerable to climate variability and change. Research on
the links between agriculture, land use, and carbon sequestration
and agricultural use in biofuels also needs to be expanded.

9.8.2.8 Adaptation
There is a need to improve our understanding of the role of

complex socio-economic, socio-cultural and biophysical

systems, including a re-examination of possible myths of
environmental change and of the links between climate change,
adaptation, and development in Africa. Such investigations
arguably underpin much of the emerging discourse on
adaptation. There is also a need to assess current and expected
future impacts and vulnerabilities, and the future adaptation
options and pathways that may arise from the interaction of
multiple stressors on the coping capacities of African
communities.

9.8.2.9 Vulnerability and risk reduction
While there are some joint activities that involve those trying

to enhance risk-reduction activities, there is still little active
engagement between communities that are essentially
researching similar themes. The need exists, therefore, to
enhance efforts on the coupling and drawing together of disaster
risk-reduction activities, vulnerability assessments, and climate
change and variability assessments. There is also a need to
improve and continue to assess the means (including the
institutional design and requirements) by which scientific
knowledge and advanced technological products (e.g., early
warning systems, seasonal forecasts) could be used to enhance
the resilience of vulnerable communities in Africa in order to
improve their capacity to cope with current and future climate
variability and change.

9.8.2.10 Enhancing African capacity
A need exists for African recognised ‘hubs’ or centres of

excellence established by Africans and developed by African
scientists. There is the need to also enhance institutional
‘absorptive capacity’ in the various regions, providing
opportunities for young scientists to improve research in the
fields of climate-change impacts, vulnerability and adaptation.

9.8.2.11 Knowledge for action
Much of the research on climate has been driven by the

atmospheric sciences community, including, more recently,
greater interaction with biophysical scientists (e.g., global
change programmes including IGBP/WCRP). However, this
chapter has shown that there is much to be gained from a more
nuanced approach, which includes those working in the
sociological and economic sciences (e.g., IHDP and a range of
others). Moreover, the growing interest in partnerships, both
public and private, as well as the inclusion of large corporations,
formal and informal business, and wider civic society requires
more inclusive processes and activities. Such activities,
however, may not be sufficient, particularly if change is rapid.
For this reason, more ‘urgent’ and ‘creative’ interactions (e.g.,
greater interactions between users and producers of science,
stakeholder interactions, communication, institutional design,
etc.) will be required. Much could also be gained by greater
interactions between those from the disaster risk-reduction,
development, and climate-science communities.

Finally, despite the shift in focus from ‘impacts-led’ research
to ‘vulnerability-led’ research, there are still few studies that
clearly show the interaction between multiple stresses and
adaptation to such stresses in Africa. The role of land-use and
land-cover change is one area that could be further explored to
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enhance such an understanding. Likewise, while there is
evidence of researchers grappling with various paradigms of
research, e.g., disaster risk-reduction and climate change, there
are still few detailed and rich compendia of studies on ‘human
dimensions’ interactions, adaptation and climate change (of both
a historical, current, and future-scenarios nature). The need for
more detailed local-level analyses of the role of multiple
interacting factors, including development activities and climate
risk-reduction in the African context, is evident from much of
this chapter.
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Executive summary

New evidences show that climate change has affected many
sectors in Asia (medium confidence).
The crop yield in many countries of Asia has declined, partly
due to rising temperatures and extreme weather events. The
retreat of glaciers and permafrost in Asia in recent years is
unprecedented as a consequence of warming. The frequency of
occurrence of climate-induced diseases and heat stress in
Central, East, South and South-East Asia has increased with
rising temperatures and rainfall variability. Observed changes in
terrestrial and marine ecosystems have become more
pronounced (medium confidence). [10.2.3, 10.2.4]

Future climate change is likely to affect agriculture, risk of
hunger and water resource scarcity with enhanced climate
variability and more rapid melting of glaciers (medium
confidence).
About 2.5 to 10% decrease in crop yield is projected for parts of
Asia in 2020s and 5 to 30% decrease in 2050s compared with
1990 levels without CO2 effects (medium confidence) [10.4.1.1].
Freshwater availability in Central, South, East and South-East
Asia, particularly in large river basins such as Changjiang, is
likely to decrease due to climate change, along with population
growth and rising standard of living that could adversely affect
more than a billion people in Asia by the 2050s (high
confidence) [10.4.2]. It is estimated that under the full range of
Special Report on Emission Scenarios (SRES) scenarios, 120
million to 1.2 billion will experience increased water stress by
the 2020s, and by the 2050s the number will range from 185 to
981 million people (high confidence) [10.4.2.3]. Accelerated
glacier melt is likely to cause increase in the number and severity
of glacial melt-related floods, slope destabilisation and a
decrease in river flows as glaciers recede (medium confidence)
[10.2.4.2, 10.4.2.1]. An additional 49 million, 132 million and
266 million people of Asia, projected under A2 scenario without
carbon fertilisation, could be at risk of hunger by 2020, 2050
and 2080, respectively (medium confidence) [10.4.1.4].

Marine and coastal ecosystems in Asia are likely to be
affected by sea-level rise and temperature increases (high
confidence).
Projected sea-level rise is very likely to result in significant
losses of coastal ecosystems and a million or so people along
the coasts of South and South-East Asia will likely be at risk
from flooding (high confidence) [10.4.3.1]. Sea-water intrusion
due to sea-level rise and declining river runoff is likely to
increase the habitat of brackish water fisheries but coastal
inundation is likely to seriously affect the aquaculture industry
and infrastructure particularly in heavily-populated megadeltas
(high confidence) [10.4.1.3, 10.4.3.2]. Stability of wetlands,
mangroves and coral reefs around Asia is likely to be
increasingly threatened (high confidence) [10.4.3.2, 10.6.1].
Recent risk analysis of coral reef suggests that between 24% and
30% of the reefs in Asia are likely to be lost during the next 10
years and 30 years, respectively (medium confidence) [10.4.3.2].

Climate change is likely to affect forest expansion and
migration, and exacerbate threats to biodiversity resulting
from land use/cover change and population pressure in
most of Asia (medium confidence).
Increased risk of extinction for many flora and fauna species in
Asia is likely as a result of the synergistic effects of climate
change and habitat fragmentation (medium confidence)
[10.4.4.1]. In North Asia, forest growth and northward shift in
the extent of boreal forest is likely (medium confidence)
[10.4.4]. The frequency and extent of forest fires in North Asia
is likely to increase in the future due to climate change that could
likely limit forest expansion (medium confidence) [10.4.4].

Future climate change is likely to continue to adversely
affect human health in Asia (high confidence).
Increases in endemic morbidity and mortality due to diarrhoeal
disease primarily associated with climate change are expected in
South and South-East Asia (high confidence). Increases in
coastal water temperature would exacerbate the abundance
and/or toxicity of cholera in south Asia (high confidence).
Natural habitats of vector-borne and water-borne diseases in
north Asia are likely to expand in the future (medium
confidence). [10.4.5]

Multiple stresses in Asia will be compounded further due to
climate change (high confidence).
It is likely that climate change will impinge on sustainable
development of most developing countries of Asia as it
compounds the pressures on natural resources and the
environment associated with rapid urbanisation, industrialisation
and economic development. Mainstreaming sustainable
development policies and the inclusion of climate-proofing
concepts in national development initiatives are likely to reduce
pressure on natural resources and improve management of
environmental risks (high confidence) [10.7].

10.1 Summary of knowledge assessed
in the Third Assessment Report

10.1.1 Climate change impacts in Asia

Climate change and variability.
Extreme weather events in Asia were reported to provide

evidence of increases in the intensity or frequency on regional
scales throughout the 20th century. The Third Assessment
Report (TAR) predicted that the area-averaged annual mean
warming would be about 3°C in the decade of the 2050s and
about 5°C in the decade of the 2080s over the land regions of
Asia as a result of future increases in atmospheric concentration
of greenhouse gases (Lal et al., 2001a). The rise in surface air
temperature was projected to be most pronounced over boreal
Asia in all seasons.

Climate change impacts.
An enhanced hydrological cycle and an increase in area-

averaged annual mean rainfall over Asia were projected. The
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increase in annual and winter mean precipitation would be
highest in boreal Asia; as a consequence, the annual runoff of
major Siberian Rivers would increase significantly. A decline in
summer precipitation was likely over the central parts of arid
and semi-arid Asia leading to expansion of deserts and periodic
severe water stress conditions. Increased rainfall intensity,
particularly during the summer monsoon, could increase flood-
prone areas in temperate and tropical Asia.

10.1.2 Vulnerabilities and adaptive strategies

Vulnerable sectors. Water and agriculture sectors are likely
to be most sensitive to climate change-induced impacts in Asia.
Agricultural productivity in Asia is likely to suffer severe losses
because of high temperature, severe drought, flood conditions,
and soil degradation. Forest ecosystems in boreal Asia would
suffer from floods and increased volume of runoff associated
with melting of permafrost regions. The processes of permafrost
degradation resulting from global warming strengthen the
vulnerability of all relevant climate-dependent sectors affecting
the economy in high-latitude Asia.

Vulnerable regions. Countries in temperate and tropical Asia
are likely to have increased exposure to extreme events,
including forest die back and increased fire risk, typhoons and
tropical storms, floods and landslides, and severe vector-borne
diseases. The stresses of climate change are likely to disrupt the
ecology of mountain and highland systems in Asia. Glacial melt
is also expected to increase under changed climate conditions.
Sea-level rise would cause large-scale inundation along the vast
Asian coastline and recession of flat sandy beaches. The
ecological stability of mangroves and coral reefs around Asia
would be put at risk.

Adaptation strategies. Increases in income levels, education
and technical skills, and improvements in public food
distribution, disaster preparedness and management, and health
care systems through sustainable and equitable development
could substantially enhance social capital and reduce the
vulnerability of developing countries of Asia to climate change.
Development and implementation of incremental adaptation
strategies and policies to exploit ‘no regret’ measures and ‘win-
win’ options were to be preferred over other options.
Adaptations to deal with sea-level rise, potentially more intense
cyclones, and threats to ecosystems and biodiversity were
recommended as high priority actions in temperate and tropical
Asian countries. It was suggested that the design of an
appropriate adaptation programme in any Asian country must
be based on comparison of damages avoided with costs of
adaptation.

Advances since the TAR. Aside from new knowledge on the
current trends in climate variability and change – including the
extreme weather events – more information is now available
that confirms most of the key findings on impacts,
vulnerabilities and adaptations for Asia. This chapter assesses
the state of knowledge on impacts, vulnerabilities and
adaptations for various regions in Asia.

10.2 Current sensitivity and vulnerability

10.2.1 Asia: regional characteristics

Asia is the most populous continent (Figure 10.1). Its total
population in 2002 was reported to be about 3,902 million, of
which almost 61% is rural and 38.5% lives within 100 km of the
coast (Table 10.1). The coastline of Asia is 283,188 km long
(Duedall and Maul, 2005). In this report, Asia is divided into
seven sub-regions, namely North Asia, Central Asia, West Asia,
Tibetan Plateau, East Asia, South Asia and South-East Asia (for
further details on boundaries of these sub-regions see Table
10.5).

North Asia, located in the Boreal climatic zone, is the coldest
region of the northern hemisphere in winter (ACIA, 2005). One
of the world’s largest and oldest lakes, Baikal, located in this
region contains as much as 23,000 km3 of freshwater and holds
nearly 20% of the world surface freshwater resources (Izrael and
Anokhin, 2000). Central and West Asia include several countries
of predominantly arid and semi-arid region. Tibetan Plateau can
be divided into the eastern part (forest region), the northern part
(open grassland), and the southern and central part (agricultural
region). East Asia stretches in the east-west direction to about
5,000 km and in the north-south to about 3,000 km including
part of China, Japan and Korea. South Asia is physiographically
diverse and ecologically rich in natural and crop-related
biodiversity. The region has five of the 20 megacities of the
world (UN-HABITAT, 2004). South-East Asia is characterised
by tropical rainforest, monsoon climates with high and constant
rainfall, heavily-leached soils, and diverse ethnic groups. Table
10.1 lists the key socio-economic and natural resource features
of the countries of Asia (WRI, 2003; FAO, 2004a, b, c; World
Bank, 2005).

10.2.2 Observed climate trends, variability and
extreme events

Past and present climate trends and variability in Asia are
generally characterised by increasing surface air temperature
which is more pronounced during winter than in summer.
Increasing trends have been observed across the seven sub-
regions of Asia. The observed increases in some parts of Asia
during recent decades ranged between less than 1°C to 3°C per
century. Increases in surface temperature are most pronounced
in North Asia (Savelieva et al., 2000; Izrael et al., 2002a;
Climate Change in Russia, 2003; Gruza and Rankova, 2004).

Interseasonal, interannual and spatial variability in rainfall
trend has been observed during the past few decades all across
Asia. Decreasing trends in annual mean rainfall are observed in
Russia, North-East and North China, coastal belts and arid plains
of Pakistan, parts of North-East India, Indonesia, Philippines
and some areas in Japan. Annual mean rainfall exhibits
increasing trends in Western China, Changjiang Valley and the
South-Eastern coast of China, Arabian Peninsula, Bangladesh
and along the western coasts of the Philippines. Table 10.2 lists
more details on observed characteristics in surface air
temperature and rainfall in Asian sub-regions.
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10.2.3 Observed changes in extreme climatic events

New evidences on recent trends, particularly on the
increasing tendency in the intensity and frequency of extreme
weather events in Asia over the last century and into the 21st
century, are briefly discussed below and summarised in Table
10.3. In South-East Asia, extreme weather events associated
with El-Niño were reported to be more frequent and intense in
the past 20 years (Trenberth and Hoar, 1997; Aldhous, 2004).

Significantly longer heatwave duration has been observed in
many countries of Asia, as indicated by pronounced warming
trends and several cases of severe heatwaves (De and
Mukhopadhyay, 1998; Kawahara and Yamazaki, 1999; Zhai et
al., 1999; Lal, 2003; Zhai and Pan, 2003; Ryoo et al., 2004;
Batima et al., 2005a; Cruz et al., 2006; Tran et al., 2005).

Generally, the frequency of occurrence of more intense
rainfall events in many parts of Asia has increased, causing
severe floods, landslides, and debris and mud flows, while the
number of rainy days and total annual amount of precipitation
has decreased (Zhai et al., 1999; Khan et al., 2000; Shrestha et
al., 2000; Izrael and Anokhin, 2001; Mirza, 2002; Kajiwara et

al., 2003; Lal, 2003; Min et al., 2003; Ruosteenoja et al., 2003;
Zhai and Pan, 2003; Gruza and Rankova, 2004; Zhai, 2004).
However, there are reports that the frequency of extreme rainfall
in some countries has exhibited a decreasing tendency (Manton
et al., 2001; Kanai et al., 2004).

Increasing frequency and intensity of droughts in many parts
of Asia are attributed largely to a rise in temperature,
particularly during the summer and normally drier months, and
during ENSO events (Webster et al., 1998; Duong, 2000;
PAGASA, 2001; Lal, 2002, 2003; Batima, 2003; Gruza and
Rankova, 2004; Natsagdorj et al., 2005).

Recent studies indicate that the frequency and intensity of
tropical cyclones originating in the Pacific have increased over
the last few decades (Fan and Li, 2005). In contrast, cyclones
originating from the Bay of Bengal and Arabian Sea have been
noted to decrease since 1970 but the intensity has increased
(Lal, 2001). In both cases, the damage caused by intense
cyclones has risen significantly in the affected countries,
particularly India, China, Philippines, Japan, Vietnam and
Cambodia, Iran and Tibetan Plateau (PAGASA, 2001; ABI,
2005; GCOS, 2005a, b).
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Figure 10.1. Location of countries covered under Asia included in this chapter.



Country

Total
population
(1,000
inhab)
2004

2004 GDP
per capita
(constant
US$2000)

Land
area*
(1,000ha)
2002

Arable
land and
perm-
anent
crops
(1,000 ha)
2002

Arable
land
(1,000 ha)
2002

Total
forest
area,
2005
(1,000ha)

Percent
of forest
cover
(FAO,
2005)

Natural
RWR**,
2002 (per
capita
m3)

Water res-
ources: total
renewable
per capita
(actual)
(m3/inhab/yr)
1998 to 2002

Average
production
of cereals,
2005
(1,000t)

Annual
fish and
fishery
products
(kg/
capita)
(2002)

Reference a b c c c d d e e f g
Afghanistan 24926 x 65209 8045 7910 867 1.3 2790 2835 4115 x

Bahrain 739 13852 71 6 2 x x x 164 0 x

Bangladesh 149664 402 13017 8429 7997 871 6.7 8444 8418 41586 11

Bhutan 2325 695 4700 128 108 3195 68 43214 43379 127 x

Brunei Darussalam 366 x 527 17 12 278 52.8 x 24286 1 x

Cambodia 14482 339 17652 3807 3700 10447 59.2 34561 34476 4458 28

China 1320892 1323 932743 154353 142618 197290 21.2 2186 2172 427613 26

India 1081229 538 297319 169800 160000 67701 22.8 1822 1807 235913 5

Indonesia 222611 906 181157 33700 20500 88495 48.8 13046 13070 65998 21

Iran, Islamic Rep 69788 1885 163620 17088 15020 11075 6.8 1900 2020 21510 5

Iraq 25856 x 43737 6019 5750 822 1.9 3111 3077 3934 x

Israel 6560 17788 2171 427 341 171 8.3 265 265 341 22

Japan 127800 38609 36450 4762 4418 24868 68.2 3372 3373 12426 66

Jordan 5614 1940 8824 400 295 83 0.9 169 165 83 5

Kazakhstan 15403 1818 269970 22799 22663 3337 1.2 6839 7086 13768 4

Korea, DPR 22776 x 12041 2900 2700 6 0.3 3415 3422 4461 8

Korea, Republic 47951 12752 9873 1863 1663 869 4.5 1471 1470 6776 59

Kuwait 2595 17674 1782 18 15 16142 69.9 10 8 3 9

Kyrgyz Republic 5208 325 19180 1363 1308 136 13.3 4078 4062 1625 1

Laos 5787 378 23080 1001 920 20890 63.6 60318 60327 2560 15

Lebanon 3708 5606 1023 313 170 10252 6.5 1220 1226 145 12

Malaysia 24876 4290 32855 7585 1800 32222 49 25178 24202 2290 57

Mongolia 2630 462 156650 1200 1198 0 0 13451 13599 75 0

Myanmar 50101 x 67658 10611 9862 3636 25.4 21358 21403 25639 19

Nepal 25725 231 14300 2480 2360 x x 8703 8542 7577 1

Oman 2935 8961 30950 81 38 1902 2.5 364 356 6 x

Pakistan 157315 566 77088 22280 21608 29437 65 2812 1485 32972 2

Papua New Guinea 5836 604 45286 870 220 7162 24 x 143394 11 x

Philippines 81408 1085 29817 10700 5700 x x 6093 6096 19865 29

Qatar 619 x 1100 21 18 6265 63.5 x 88 7 x

Russia - E. of Urals 142397 2286 1638098 125300 123465 808790 47.9 31354 31283 76420 19

Saudi Arabia 24919 8974 214969 3793 3600 2728 1.3 111 102 2590 7

Singapore 4315 24164 67 2 1 2 3.4 x 143 0 x

Sri Lanka 19218 962 6463 1916 916 1933 29.9 2592 2644 3172 22

Syrian Arab Rep 18223 1115 18378 5421 4593 461 2.5 1541 1511 5620 3

Tajikistan 6298 223 13996 1057 930 410 2.9 2587 2579 859 0

Thailand 63465 2356 51089 19367 15867 14520 28.4 6371 6591 31490 31

Turkey 72320 3197 76963 26579 23994 10175 13.2 3344 3037 34570 7

Turkmenistan 4940 x 46993 1915 1850 4127 8.8 5015 5156 3035 3

UAE 3051 x 8360 266 75 312 3.7 56 51 0 24

Uzbekistan 26479 639 42540 4827 4484 3295 8 1968 1961 6182 0

Vietnam 82481 502 32549 8813 6600 12931 39.7 11109 11102 39841 18

Yemen 20733 534 52797 1669 1538 549 1 x 212 554 6

Table 10.1. Key information on socio-economics and natural resources of the Asian countries

* Land area: total land area excluding area under inland water bodies.
** RWR: renewable water resources.
Data sources:
a: http://faostat.fao.org/site/429/default.aspx
b: http://earthtrends.wri.org/searchable_db/index.php?theme=5&variable_ID=640&action=select_countries
c: http://faostat.fao.org/site/418/default.aspx
d: www.fao.org/forestry/foris/webview/forestry2/index.jsp?siteId=6833&sitetreeId=32006&langId=1&geoId=0
e: www.fao.org/ag/agl/aglw/aquastat/dbase/index.htm
f: http://faostat.fao.org/site/408/DesktopDefault.aspx?PageID=408
g: http://earthtrends.wri.org/pdf_library/data_tables/ene5_2005.pdf#search=%22WRI%20Resource%20Consumption%202005%22
474

Asia Chapter 10



475

Chapter 10 Asia

10.2.4 Impacts of observed changes in climate
trends, variability and extreme events

10.2.4.1 Agriculture and food production
Production of rice, maize and wheat in the past few decades

has declined in many parts of Asia due to increasing water stress
arising partly from increasing temperature, increasing frequency
of El Niño and reduction in the number of rainy days (Wijeratne,
1996; Aggarwal et al., 2000; Jin et al., 2001; Fischer et al., 2002;
Tao et al., 2003a; Tao et al., 2004). In a study at the International

Rice Research Institute, the yield of rice was observed to
decrease by 10% for every 1°C increase in growing-season
minimum temperature (Peng et al., 2004). A decline in
potentially good agricultural land in East Asia and substantial
increases in suitable areas and production potentials in currently
cultivated land in Central Asia have also been reported (Fischer
et al., 2002). Climate change could make it more difficult than
it is already to step up the agricultural production to meet the
growing demands in Russia (Izrael and Sirotenko, 2003) and
other developing countries in Asia.

Table 10.2. Summary of key observed past and present climate trends and variability

Region Country Change in temperature Change in precipitation References

North Asia Russia 2 to 3°C rise in past 90 years, more
pronounced in spring and winter

Highly variable, decrease during 1951
to 1995, increase in last decade

Savelieva et al., 2000; Peterson et al.,
2002; Gruza and Rankova, 2004

Mongolia 1.8°C rise in last 60 years, most
pronounced in winter

7.5% decrease in summer and 9%
increase in winter

Batima et al., 2005a; Natsagdorj et
al., 2005

Central
Asia

Regional
mean

1 to 2°C rise in temperature
per century

No clear trend during 1900 to 1996. Peterson et al., 2002

North-West
China

0.7°C increase in mean annual
temperature from 1961 to 2000

Between 22% and 33% increase
in rainfall

Shi et al., 2002

Tibetan
Plateau

Regional
mean

0.16 and 0.32°C per decade increase
in annual and winter temperatures,
respectively

Generally increasing in
north-east region

Liu et al., 1998; Yao et al., 2000; Liu
and Chen, 2001; Cai et al., 2003; Du
and Ma, 2004; Zhao et al., 2004

West Asia
(Middle
East)

Iran During 1951 to 2003 several stations in
different climatological zones of Iran
reported significant decrease in frost
days due to rise in surface temperature

Some stations show a decreasing
trend in precipitation (Anzali, Tabriz,
Zahedan) while others (Mashad, Shiraz)
have reported increasing trends

IRIMO, 2006a, b; Rahimzadeh, 2006

East Asia China Warming during last 50 years, more
pronounced in winter than summer,
rate of increase more pronounced
in minimum than in maximum
temperature

Annual rain declined in past decade in
North-East and North China, increase
in Western China, Changjiang River
and along south-east coast

Zhai et al., 1999; Hu et al., 2003;
Zhai and Pan, 2003

Japan About 1.0°C rise in 20th century,
2 to 3°C rise in large cities

No significant trend in the 20th century
although fluctuations increased

Ichikawa, 2004; Japan
Meteorological Agency, 2005

Korea 0.23°C rise in annual mean temperature
per decade,
increase in diurnal range

More frequent heavy rain in
recent years

Jung et al., 2002; Ho et al., 2003

South Asia India 0.68°C increase per century,
increasing trends in annual
mean temperature, warming
more pronounced during
post monsoon and winter

Increase in extreme rains in
north-west during summer
monsoon in recent decades,
lower number of rainy days along
east coast

Kripalani et al., 1996; Lal et al.,
1996; Lal et al., 2001b; Singh and
Sontakke, 2002; Lal, 2003

Nepal 0.09°C per year in Himalayas and
0.04°C in Terai region, more in winter

No distinct long-term trends in
precipitation records for 1948 to 1994

Shrestha et al., 2000; Bhadra, 2002;
Shrestha, 2004

Pakistan 0.6 to 1.0°C rise in mean temperature
in coastal areas since early 1900s

10 to 15% decrease in coastal belt
and hyper arid plains, increase in
summer and winter precipitation over
the last 40 years in northern Pakistan

Farooq and Khan, 2004

Bangladesh An increasing trend of about 1°C in
May and 0.5°C in November during
the 14 year period from 1985 to 1998

Decadal rain anomalies above long
term averages since 1960s

Mirza and Dixit, 1997; Khan et al.,
2000; Mirza, 2002

Sri Lanka 0.016°C increase per year between
1961 to 90 over entire country, 2°C
increase per year in central highlands

Increase trend in February and
decrease trend in June

Chandrapala and Fernando, 1995;
Chandrapala, 1996

S-E Asia General 0.1 to 0.3°C increase per decade
reported between 1951 to 2000

Decreasing trend between 1961 and
1998. Number of rainy days have
declined throughout S-E Asia

Manton et al., 2001

Indonesia Homogeneous temperature data were
not available

Decline in rainfall in southern and
increase in northern region

Manton et al., 2001; Boer and Faqih,
2004

Philippines Increase in mean annual, maximum
and minimum temperatures by 0.14°C
between 1971 to 2000

Increase in annual mean rainfall since
1980s and in number of rainy days
since 1990s, increase in inter-annual
variability of onset of rainfall

PAGASA, 2001; Cruz et al., 2006
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Table 10.3. Summary of observed changes in extreme events and severe climate anomalies

Country/Region Key trend Reference

Heatwaves

Russia Heatwaves broke past 22-year record in May 2005 Shein, 2006

Mongolia Heatwave duration has increased by 8 to 18 days in last 40 years; coldwave duration
has shortened by 13.3 days

Batima et al., 2005a

China Increase in frequency of short duration heatwaves in recent decade, increasing
warmer days and nights in recent decades

Zhai et al., 1999; Zhai and Pan, 2003

Japan Increasing incidences of daily maximum temperature >35°C, decrease in extremely
low temperature

Kawahara and Yamazaki, 1999;
Japan Meteorological Agency, 2005

Korea Increasing frequency of extreme maximum temperatures with higher values in 1980s
and 1990s; decrease in frequency of record low temperatures during 1958 to 2001

Ryoo et al., 2004

India Frequency of hot days and multiple-day heatwave has increased in past century;
increase in deaths due to heat stress in recent years

De and Mukhopadhyay, 1998; Lal,
2003

South-East Asia Increase in hot days and warm nights and decrease in cold days and nights between
1961 and 1998

Manton et al., 2001; Cruz et al., 2006;
Tran et al., 2005

Intense Rains and Floods

Russia Increase in heavy rains in western Russia and decrease in Siberia; increase in
number of days with more than 10 mm rain; 50 to 70% increase in surface
runoff in Siberia

Gruza et al., 1999; Izrael and Anokhin,
2001; Ruosteenoja et al., 2003; Gruza
and Rankova, 2004

China Increasing frequency of extreme rains in western and southern parts including
Changjiang river, and decrease in northern regions; more floods in Changjiang river
in past decade; more frequent floods in North-East China since 1990s; more intense
summer rains in East China; severe flood in 1999; seven-fold increase in frequency
of floods since 1950s

Zhai et al., 1999; Ding and Pan, 2002;
Zhai and Pan, 2003; Zhai, 2004

Japan Increasing frequency of extreme rains in past 100 years attributed to frontal systems
and typhoons; serious flood in 2004 due to heavy rains brought by 10 typhoons;
increase in maximum rainfall during 1961 to 2000 based on records from 120 stations

Kawahara and Yamazaki, 1999; Isobe,
2002; Kajiwara et al., 2003; Kanai et
al., 2004

South Asia Serious and recurrent floods in Bangladesh, Nepal and north-east states of India
during 2002, 2003 and 2004; a record 944 mm of rainfall in Mumbai, India on 26 to
27 July 2005 led to loss of over 1,000 lives with loss of more than US$250 million;
floods in Surat, Barmer and in Srinagar during summer monsoon season of 2006;
17 May 2003 floods in southern province of Sri Lanka were triggered by 730 mm rain

India Meteorological Department,
2002 to 2006; Dartmouth Flood
Observatory, 2003.

South-East Asia Increased occurrence of extreme rains causing flash floods in Vietnam; landslides and
floods in 1990 and 2004 in the Philippines, and floods in Cambodia in 2000

FAO/WFP, 2000; Environment News
Service, 2002; FAO, 2004a; Cruz et
al., 2006; Tran et al., 2005

Droughts

Russia Decreasing rain and increasing temperature by over 1°C have caused droughts; 27
major droughts in 20th century have been reported

Golubev and Dronin, 2003;
Izrael and Sirotenko, 2003

Mongolia Increase in frequency and intensity of droughts in recent years; droughts in 1999 to
2002 affected 70% of grassland and killed 12 million livestock

Batima, 2003; Natsagdorj et al., 2005

China Increase in area affected by drought has exceeded 6.7 Mha since 2000 in Beijing,
Hebei Province, Shanxi Province, Inner Mongolia and North China; increase in dust
storm affected area

Chen et al., 2001; Yoshino, 2000,
2002; Zhou, 2003

South Asia 50% of droughts associated with El Niño; consecutive droughts in 1999 and 2000 in
Pakistan and N-W India led to sharp decline in watertables; consecutive droughts
between 2000 and 2002 caused crop failures, mass starvation and affected ~11
million people in Orissa; droughts in N-E India during summer monsoon of 2006

Webster et al., 1998; Lal, 2003; India
Meteorological Department, 2006

South-East Asia Droughts normally associated with ENSO years in Myanmar, Laos, Philippines,
Indonesia and Vietnam; droughts in 1997 to 98 caused massive crop failures and
water shortages and forest fires in various parts of Philippines, Laos and Indonesia

Duong, 2000; Kelly and Adger, 2000;
Glantz, 2001; PAGASA, 2001

Cyclones/Typhoons

Philippines On an average, 20 cyclones cross the Philippines Area of Responsibility with about 8
to 9 landfall each year; with an increase of 4.2 in the frequency of cyclones entering
PAR during the period 1990 to 2003

PAGASA, 2001

China Number and intensity of strong cyclones increased since 1950s; 21 extreme storm
surges in 1950 to 2004 of which 14 occurred during 1986 to 2004

Fan and Li, 2005

South Asia Frequency of monsoon depressions and cyclones formation in Bay of Bengal and
Arabian Sea on the decline since 1970 but intensity is increasing causing severe
floods in terms of damages to life and property

Lal, 2001, 2003

Japan Number of tropical storms has two peaks, one in mid 1960s and another in early
1990s, average after 1990 and often lower than historical average

Japan Meteorological Agency, 2005



10.2.4.2 Hydrology and water resources
Rapid thawing of permafrost (Table 10.4) and decrease in

depths of frozen soils (4 to 5 m in Tibet according to Wang et al.,
2004b) due largely to rising temperature has threatened many
cities and human settlements, has caused more frequent
landslides and degeneration of some forest ecosystems, and has
resulted in increased lake-water levels in the permafrost region
of Asia (Osterkamp et al., 2000; Guo et al., 2001; Izrael and
Anokhin, 2001; Jorgenson et al., 2001; Izrael et al., 2002b;
Fedorov and Konstantinov, 2003; Gavriliev and Efremov, 2003;
Melnikov and Revson, 2003; Nelson, 2003; ACIA, 2005).

In drier parts of Asia, melting glaciers account for over 10%
of freshwater supplies (Meshcherskaya and Blazhevich, 1990;
Fitzharris, 1996; Meier, 1998). Glaciers in Asia are melting
faster in recent years than before, as reported in Central Asia,
Western Mongolia and North-West China, particularly the
Zerafshan glacier, the Abramov glacier and the glaciers on the
Tibetan Plateau (see Section 10.6.2) (Pu et al., 2004). As a result
of rapid melting of glaciers, glacial runoff and frequency of
glacial lake outbursts causing mudflows and avalanches have
increased (Bhadra, 2002; WWF, 2005). A recent study in
northern Pakistan, however, suggests that glaciers in the Indus
Valley region may be expanding, due to increases in winter
precipitation over western Himalayas during the past 40 years
(Archer and Fowler, 2004).

In parts of China, the rise in temperature and decreases in
precipitation (Ma and Fu, 2003; Wang and Zhai, 2003), along
with increasing water use have caused water shortages that led
to drying up of lakes and rivers ( Liu et al., 2006; Wang and Jin,
2006). In India, Pakistan, Nepal and Bangladesh, water
shortages have been attributed to rapid urbanisation and
industrialisation, population growth and inefficient water use,
which are aggravated by changing climate and its adverse
impacts on demand, supply and water quality. In arid Central
and West Asia, changes in climate and its variability continue to
challenge the ability of countries in the arid and semi-arid region
to meet the growing demands for water (Abu-Taleb, 2000;
UNEP, 2002; Bou-Zeid and El-Fadel, 2002; Ragab and
Prudhomme, 2002). Decreasing precipitation and increasing
temperature commonly associated with ENSO have been
reported to increase water shortage, particularly in parts of Asia
where water resources are already under stress from growing
water demands and inefficiencies in water use (Manton et al., 2001).

10.2.4.3 Oceans and coastal zones
Global warming and sea-level rise in the coastal zone of Boreal

Asia have influenced sea-ice formation and decay, thermo-
abrasion process, permafrost and the time of river freeze-up and

break-up in recent decades (ACIA, 2005; Leont’yev, 2004). The
coastlines in monsoon Asia are cyclone-prone with ~42% of the
world’s total tropical cyclones occurring in this region (Ali, 1999).
The combined extreme climatic and non climatic events caused
coastal flooding, resulting in substantial economic losses and
fatalities (Yang, 2000; Li et al., 2004a). Wetlands in the major
river deltas have been significantly altered in recent years due to
large scale sedimentation, land-use conversion, logging and
human settlement (Lu, 2003). Coastal erosion in Asia has led to
loss of lands at rates dependent on varying regional tectonic
activities, sediment supply and sea-level rise (Sin, 2000). Salt
water from the Bay of Bengal is reported to have penetrated 100
km or more inland along tributary channels during the dry season
(Allison et al., 2003). Severe droughts and unregulated
groundwater withdrawal have also resulted in sea-water intrusion
in the coastal plains of China (Ding et al., 2004).

Over 34% of the vast and diverse coral reefs of Asia that are
of immense ecological and economic importance to this region
(Spalding et al., 2001; Burke et al., 2002; Zafar, 2005)
particularly in South, South-East and East Asia are reported to
have been lost in 1998, largely due to coral bleaching induced by
the 1997/98 El Niño event (Wilkinson, 2000; Arceo et al., 2001;
Wilkinson, 2002; Ministry of the Environment and Japanese
Coral Reef Society, 2004; Yamano and Tamura, 2004). The
destructive effects of climate change compound the human-
induced damages on the corals in this region. A substantial
portion of the vast mangroves in South and South-East Asian
regions has also been reportedly lost during the last 50 years of
the 20th century, largely attributed to human activities (Zafar,
2005). Evidence of the impacts of climate-related factors on
mangroves remain limited to the severe destruction of
mangroves due to reduction of freshwater flows and salt-water
intrusion in the Indus delta and Bangladesh (IUCN, 2003a).

10.2.4.4 Natural ecosystems
Increasing intensity and spread of forest fires in Asia were

observed in the past 20 years, largely attributed to the rise in
temperature and decline in precipitation in combination with
increasing intensity of land uses (Page et al., 2002; De Grandi et
al., 2003; Goldammer et al., 2003; FFARF, 2004; Isaev et al.,
2004; Murdiyarso et al., 2004; Shoigu, 2004; Vorobyov, 2004;
Achard et al., 2005; Murdiyarso and Adiningsih, 2006). During
the last decade, 12,000 to 38,000 wild fires annually hit the boreal
forests in North Asia affecting some 0.3 to 3 million hectares
(Dumnov et al., 2005; Malevski-Malevich et al., 2005; FNCRF,
2006). Recent studies have also shown a dramatic increase of fires
in Siberian peatlands (of which 20 million ha were burnt in 2003)
linked to increased human activities combined with changing
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Table 10.4. Recent trends in permafrost temperatures measured at different locations (modified from Romanovsky et al., 2002 and Izrael et al., 2006)

Country Region Permafrost temperature change/trends References

Russia East Siberia (1.6 to 3.2 m), 1960 to 1992 +0.03°C/year Romanovsky et al., 2001

West Siberia (10 m), 1960 to 2005 +0.6°C/year Izrael et al., 2006

China Qinghai-Tibet Plateau (1975 to 1989) +0.2 to +0.3°C Cheng and Wu, 2007

Kazakhstan Northern Tian Shan (1973 to 2003) +0.2° to +0.6°C Marchenko, 2002

Mongolia Khentei and Khangai Mountains,
Lake Hovsgol (1973 to 2003)

+0.3° to +0.6°C Sharkhuu, 2003



climate conditions, particularly the increase in temperature. Fires
in peatlands of Indonesia during the 1997 to 98 El Niño dry season
affected over 2 million ha and emitted an estimated 0.81 to 2.57
PgC to the atmosphere (Page et al., 2002). In the past 10 years
about 3 million ha of peatland in South-East Asia have been burnt,
releasing between 3 to 5 PgC, and drainage of peat has affected an
additional 6 million ha and released a further 1 to 2 PgC. As a
consequence of a 17% decline in spring precipitation and a rise in
surface temperature by 1.5°C during the last 60 years, the
frequency and aerial extent of the forest and steppe fires in
Mongolia have significantly increased over a period of 50 years
(Erdnethuya, 2003). The 1997/98 ENSO event in Indonesia
triggered forest and brush fires in 9.7 million hectares, with
serious domestic and trans-boundary pollution consequences.
Thousands of hectares of second growth and logged-over forests
were also burned in the Philippines during the 1997/98 ENSO
events (Glantz, 2001; PAGASA, 2001).

With the gradual reduction in rainfall during the growing season
for grass, aridity in Central and West Asia has increased in recent
years, reducing growth of grasslands and increasing bareness of
the ground surface (Bou-Zeid and El-Fadel, 2002). Increasing
bareness has led to increased reflection of solar radiation, such that
more soil moisture is evaporated and the ground has become
increasingly drier in a feedback process, thus adding to the
acceleration of grassland degradation (Zhang et al., 2003).

Wetlands in Asia are being increasingly threatened by warmer
climate in recent decades. The precipitation decline and droughts
in most delta regions of Pakistan, Bangladesh, India and China
have resulted in the drying up of wetlands and severe
degradation of ecosystems. The recurrent droughts from 1999
to 2001, as well as the building of an upriver reservoir and
improper use of groundwater, have led to drying up of the
Momoge Wetland located in the Songnen Plain (Pan et al., 2003).

10.2.4.5 Biodiversity
Biodiversity in Asia is being lost as a result of development

activities and land degradation (especially overgrazing and
deforestation), pollution, over-fishing, hunting, infrastructure
development, species invasion, land-use change, climate change
and the overuse of freshwater (UNEP, 2002; Gopal, 2003).
Though evidence of climate-related biodiversity loss in Asia
remains limited, a large number of plant and animal species are
reported to be moving to higher latitudes and altitudes as a
consequence of observed climate change in many parts of Asia
in recent years (Yoshio and Ishii, 2001; IUCN, 2003a). Changes
in the flowering date of Japanese Cherry, a decrease in alpine
flora in Hokkaido and other high mountains and the expansion
of the distribution of southern broad-leaved evergreen trees have
also been reported (Oda and Ishii, 2001; Ichikawa, 2004; Kudo
et al., 2004; Wada et al., 2004).

10.2.4.6 Human health
A large number of deaths due to heatwaves – mainly among

the poor, elderly and labourers such as rural daily wage earners,
agricultural workers and rickshaw pullers – have been reported
in the Indian state of Andhra Pradesh, Orissa and elsewhere
during the past five years (Lal, 2002). Serious health risks
associated with extreme summer temperatures and heatwaves

have also been reported in Siberian cities (Zolotov and
Caliberny, 2004).

In South Asia, endemic morbidity and mortality due to
diarrhoeal disease is linked to poverty and hygiene behaviour
compounded by the effect of high temperatures on bacterial
proliferation (Checkley et al., 2000). Diarrhoeal diseases and
outbreaks of other infectious diseases (e.g., cholera, hepatitis,
malaria, dengue fever) have been reported to be influenced by
climate-related factors such as severe floods, ENSO-related
droughts, sea-surface temperatures and rainfall in association
with non-climatic factors such as poverty, lack of access to safe
drinking water and poor sewerage system (Durkin et al., 1993;
Akhtar and McMichael, 1996; Bouma and van der Kaay, 1996;
Colwell, 1996; Bangs and Subianto, 1999; Lobitz et al., 2000;
Pascual et al., 2000; Bouma and Pascual, 2001; Glantz, 2001;
Pascual et al., 2002; Rodo et al., 2002).

10.3 Assumptions about future trends

10.3.1 Climate

Table 10.5 provides a snapshot of the projections on likely
increase in area-averaged seasonal surface air temperature and
percent change in area-averaged seasonal precipitation (with
respect to the baseline period 1961 to 1990) for the seven sub-
regions of Asia. The temperature projections for the 21st century,
based on Fourth Assessment Report (AR4) Atmosphere-Ocean
General Circulation Models (AOGCMs), and discussed in detail
in Working Group I Chapter 11, suggest a significant acceleration
of warming over that observed in the 20th century (Ruosteenoja
et al., 2003; Christensen et al., 2007). Warming is least rapid,
similar to the global mean warming, in South-East Asia, stronger
over South Asia and East Asia and greatest in the continental
interior of Asia (Central, West and North Asia). In general,
projected warming over all sub-regions of Asia is higher during
northern hemispheric winter than during summer for all time
periods. The most pronounced warming is projected at high
latitudes in North Asia. Recent modelling experiments suggest
that the warming would be significant in Himalayan Highlands
including the Tibetan Plateau and arid regions of Asia (Gao et al.,
2003).

The consensus of AR4 models, as discussed in Chapter 2 and
in Christensen et al. (2007) and confirmed in several studies using
regional models (Lal, 2003; Rupa Kumar et al., 2003; Kwon et
al., 2004; Boo et al., 2004; Japan Meteorological Agency, 2005;
Kurihara et al., 2005), indicates an increase in annual precipitation
in most of Asia during this century; the relative increase being
largest and most consistent between models in North and East
Asia. The sub-continental mean winter precipitation will very
likely increase in northern Asia and the Tibetan Plateau and likely
increase in West, Central, South-East and East Asia. Summer
precipitation will likely increase in North, South, South-East and
East Asia but decrease in West and Central Asia. The projected
decrease in mean precipitation in Central Asia will be
accompanied by an increase in the frequency of very dry spring,
summer and autumn seasons. In South Asia, most of the AR4
models project a decrease of precipitation in December, January
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and February (DJF) and support earlier findings reported in Lal et
al. (2001b).

An increase in occurrence of extreme weather events including
heatwave and intense precipitation events is also projected in
South Asia, East Asia, and South-East Asia (Emori et al., 2000;
Kato et al., 2000; Sato, 2000; Lal, 2003; Rupa Kumar et al., 2003;
Hasumi and Emori, 2004; Ichikawa, 2004; May, 2004b; Walsh,
2004; Japan Meteorological Agency, 2005; Kurihara et al., 2005)
along with an increase in the interannual variability of daily
precipitation in the Asian summer monsoon (Lal et al., 2000; May,
2004a; Giorgi and Bi, 2005). Results of regional climate model
experiments for East Asia (Sato, 2000; Emori et al., 2000; Kato et
al., 2000; Ichikawa, 2004; Japan Meteorological Agency, 2005;
Kurihara et al., 2005) indicate that heatwave conditions over Japan
are likely to be enhanced in the future (Figure 10.2). Extreme daily
precipitation, including that associated with typhoon, would be
further enhanced over Japan due to the increase in atmospheric
moisture availability (Hasumi and Emori, 2004). The increases in
annual temperature and precipitation over Japan are also projected
regionally using regional climate model (Figure 10.3; Japan
Meteorological Agency, 2005; Kurihara et al., 2005).

An increase of 10 to 20% in tropical cyclone intensities for a rise
in sea-surface temperature of 2 to 4°C relative to the current
threshold temperature is likewise projected in EastAsia, South-East
Asia and SouthAsia (Knutson and Tuleya, 2004).Amplification in
storm-surge heights could result from the occurrence of stronger
winds, with increase in sea-surface temperatures and low pressures
associated with tropical storms resulting in an enhanced risk of
coastal disasters along the coastal regions of East, South and South-
East Asian countries. The impacts of an increase in cyclone
intensities in any location will be determined by any shift in the
cyclone tracks (Kelly and Adger, 2000).

In coastal areas of Asia, the current rate of sea-level rise is
reported to be between 1 to 3 mm/yr which is marginally greater
than the global average (Dyurgerov and Meier, 2000; Nerem and
Mitchum, 2001; Antonov et al., 2002; Arendt et al., 2002; Rignot
et al., 2003; Woodworth et al., 2004). A rate of sea-level rise of
3.1 mm/yr has been reported over the past decade compared to
1.7 to 2.4 mm/yr over the 20th century as a whole (Arendt et al.,
2002; Rignot et al., 2003), which suggests that the rate of sea-
level rise has accelerated relative to the long-term average.

10.3.2 Socio-economics

In the SRES framework narrative storylines were developed
which provide broadly qualitative and quantitative descriptions
of regional changes on socio-economic development (e.g.,
population, economic activity), energy services and resource
availability (e.g., energy intensities, energy demand, structure
of energy use), land use and land cover, greenhouse gases
(GHG) and sulphur emissions, and atmospheric composition
(Nakićenović and Swart, 2000). In Asia, GHG emissions were
quantified reflecting socio-economic development such as
energy use, land-use changes, industrial production processes,
and so on. The population growth projections for Asia range
between 1.54 billion people in 2050 and 4.5 billion people in
2100 (Nakićenović and Swart, 2000). The economic growth is
estimated to range between 4.2-fold and 3.6-fold of the current
gross domestic product (GDP), respectively.

10.4 Key future impacts and vulnerabilities

Key future climate change impacts and vulnerabilities for
Asia are summarised in Figure 10.4. A detailed discussion of
these impacts and vulnerabilities are presented in the sections below.

10.4.1 Agriculture and food security

10.4.1.1 Production
Results of recent studies suggest that substantial decreases in

cereal production potential in Asia could be likely by the end of
this century as a consequence of climate change. However,
regional differences in the response of wheat, maize and rice
yields to projected climate change could likely be significant
(Parry et al., 1999; Rosenzweig et al., 2001). Results of crop
yield projection using HadCM2 indicate that crop yields could
likely increase up to 20% in East and South-East Asia while it
could decrease up to 30% in Central and South Asia even if the
direct positive physiological effects of CO2 are taken into
account. As a consequence of the combined influence of
fertilisation effect and the accompanying thermal stress and
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Figure 10.2. Projected number of hot days (>30°C) and days of heavy rainfall (>100 mm/day) by the high resolution general circulation model
(Hasumi and Emori, 2004).



water scarcity (in some regions) under the projected climate
change scenarios, rice production in Asia could decline by 3.8%
by the end of the 21st century (Murdiyarso, 2000). In
Bangladesh, production of rice and wheat might drop by 8% and
32%, respectively, by the year 2050 (Faisal and Parveen, 2004).
For the warming projections under A1FI emission scenarios (see
Table 10.5), decreases in crop yields by 2.5 to 10% in 2020s and
5 to 30% in 2050s have been projected in parts of Asia (Parry et
al., 2004). Doubled CO2 climates could decrease rice yields,
even in irrigated lowlands, in many prefectures in central and
southern Japan by 0 to 40% (Nakagawa et al., 2003) through the
occurrence of heat-induced floret sterility (Matsui and Omasa,
2002). The projected warming accompanied by a 30% increase
in tropospheric ozone and 20% decline in humidity is expected
to decrease the grain and fodder productions by 26% and 9%,
respectively, in North Asia (Izrael, 2002).

Crop simulation modelling studies based on future climate
change scenarios indicate that substantial loses are likely in rain-
fed wheat in South and South-East Asia (Fischer et al., 2002).
For example, a 0.5°C rise in winter temperature would reduce
wheat yield by 0.45 tonnes per hectare in India (Lal et al., 1998;
Kalra et al., 2003). More recent studies suggest a 2 to 5%
decrease in yield potential of wheat and maize for a temperature
rise of 0.5 to 1.5°C in India (Aggarwal, 2003). Studies also
suggest that a 2°C increase in mean air temperature could
decrease rain-fed rice yield by 5 to 12% in China (Lin et al.,
2004). In South Asia, the drop in yields of non-irrigated wheat
and rice will be significant for a temperature increase of beyond
2.5°C incurring a loss in farm-level net revenue of between 9%
and 25% (Lal, 2007). The net cereal production in South Asian
countries is projected to decline at least between 4 to 10% by
the end of this century under the most conservative climate
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Table 10.5. Projected changes in surface air temperature and precipitation for sub-regions of Asia under SRES A1FI (highest future emission
trajectory) and B1 (lowest future emission trajectory) pathways for three time slices, namely 2020s, 2050s and 2080s.

Sub-

regions
Season

2010 to 2039 2040 to 2069 2070 to 2099

Temperature °C Precipitation % Temperature °C Precipitation % Temperature °C Precipitation %

A1FI B1 A1FI B1 A1FI B1 A1FI B1 A1FI B1 A1FI B1

North DJF 2.94 2.69 16 14 6.65 4.25 35 22 10.45 5.99 59 29

Asia MAM 1.69 2.02 10 10 4.96 3.54 25 19 8.32 4.69 43 25

(50.0N-67.5N; JJA 1.69 1.88 4 6 4.20 3.13 9 8 6.94 4.00 15 10

40.0E-170.0W) SON 2.24 2.15 7 7 5.30 3.68 14 11 8.29 4.98 25 15

Central DJF 1.82 1.52 5 1 3.93 2.60 8 4 6.22 3.44 10 6

Asia MAM 1.53 1.52 3 -2 3.71 2.58 0 -2 6.24 3.42 -11 -10

(30N-50N; JJA 1.86 1.89 1 -5 4.42 3.12 -7 -4 7.50 4.10 -13 -7

40E-75E) SON 1.72 1.54 4 0 3.96 2.74 3 0 6.44 3.72 1 0

West DJF 1.26 1.06 -3 -4 3.1 2.0 -3 -5 5.1 2.8 -11 -4

Asia MAM 1.29 1.24 -2 -8 3.2 2.2 -8 -9 5.6 3.0 -25 -11

(12N-42N; JJA 1.55 1.53 13 5 3.7 2.5 13 20 6.3 2.7 32 13

27E-63E) SON 1.48 1.35 18 13 3.6 2.2 27 29 5.7 3.2 52 25

Tibetan DJF 2.05 1.60 14 10 4.44 2.97 21 14 7.62 4.09 31 18

Plateau MAM 2.00 1.71 7 6 4.42 2.92 15 10 7.35 3.95 19 14

(30N-50N; JJA 1.74 1.72 4 4 3.74 2.92 6 8 7.20 3.94 9 7

75E-100E) SON 1.58 1.49 6 6 3.93 2.74 7 5 6.77 3.73 12 7

East DJF 1.82 1.50 6 5 4.18 2.81 13 10 6.95 3.88 21 15

Asia MAM 1.61 1.50 2 2 3.81 2.67 9 7 6.41 3.69 15 10

(20N-50N; JJA 1.35 1.31 2 3 3.18 2.43 8 5 5.48 3.00 14 8

100E-150E) SON 1.31 1.24 0 1 3.16 2.24 4 2 5.51 3.04 11 4

South DJF 1.17 1.11 -3 4 3.16 1.97 0 0 5.44 2.93 -16 -6

Asia MAM 1.18 1.07 7 8 2.97 1.81 26 24 5.22 2.71 31 20

(5N-30N; JJA 0.54 0.55 5 7 1.71 0.88 13 11 3.14 1.56 26 15

65E-100E) SON 0.78 0.83 1 3 2.41 1.49 8 6 4.19 2.17 26 10

South-East DJF 0.86 0.72 -1 1 2.25 1.32 2 4 3.92 2.02 6 4

Asia MAM 0.92 0.80 0 0 2.32 1.34 3 3 3.83 2.04 12 5

(10S-20N; JJA 0.83 0.74 -1 0 2.13 1.30 0 1 3.61 1.87 7 1

100E-150E) SON 0.85 0.75 -2 0 1.32 1.32 -1 1 3.72 1.90 7 2



change scenario (Lal, 2007). The changes in cereal crop
production potential indicate an increasing stress on resources
induced by climate change in many developing countries of
Asia.

10.4.1.2 Farming system and cropping areas
Climate change can affect not only crop production per unit

area but also the area of production. Most of the arable land that
is suitable for cultivation in Asia is already in use (IPCC, 2001).
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Figure 10.3. Projected change in annual mean surface air temperature (°C) and rainfall (%) during 2080 to 2100 period compared to 1981 to 2000
period simulated by a high resolution regional climate model (left: annual temperature, right: annual precipitation, Japan Meteorological Agency,
2005; Kurihara et al., 2005).

In East Asia, for 1°C rise in surface air temperature 
expected by 2020s, water demand for agricultural 
irrigation would increase by 6 - 10% or more.  

The gross per capita water 
availability in India will decline 
from ~1820 m 3/yr in 2001 to
as low as ~1140m 3/yr in 2050. 
[10.4.2.3] 

Forest production in North Asia is likely to benefit from 
carbon fertilization. But the combined effects of climate
change, extreme weather events and human activities are 
likely to increase the forest fire frequency. [10.4.4.1] 

Tibetan Plateau glaciers of 4 km in length are projected to
disappear with 3°C temperature rise and no change in
precipitation. If current warming rates are maintained, glaciers 
located over Tibetan Plateau are likely to shrink at very rapid 
rates from 500,000 km2 in 1995 to 100,000 km2 by the 2030s. 
[10.4.4.3,10.6.2] 

Around 30% of Asia’s coral reefs 
are likely to be lost in the next 30 
years due to multiple stresses 
and climate change. [10.4.3.2] 

Increases in endemic morbidity and mortality 
due to diarrhoeal disease primarily associated
with floods and droughts are expected in East,
South and South-East Asia. [10.2.4.6]

Increase in coastal water 
temperatures would exacerbate 
the abundance and / or toxicity of 
cholera in South Asia. [10.4.5] 

The Lena delta has been retreating at an
annual rate of 3.6-4.5 m due to thermo- 
erosion processes which are likely to be 
influenced by projected rise in temperature.  
[10.6.1] 

Net primary productivity of grassland in colder regions of Asia is projected to 
decline and shift northward due to climate change. The limited herbaceous 
production, heat stress from higher temperature and poor water intake due to
declining rainfall could lead to reduced milk yields and increased incidence of
diseases in animals. [10.4.1.3] 

Rice yield is projected to decrease up to 40% in
irrigated lowland areas of central and southern 
Japan under doubled atmospheric CO2. [10.4.1.1] 

The projected relative sea level rise, including that due to thermal 
expansion, tectonic movement, ground subsidence and the trends of
rising river water level are 70-90, 50-70 and 40-60 cm in the Huanghe,
Changjiang and in the Zhujiang Deltas respectively by the year 2050.
[10.4.3.1] 

Cereal yields could decrease 
up to 30% by 2050 even in
South Asia. In West Asia, 
climate change is likely to
cause severe water stress in
21st century. [10.4.1.1] 

With a 1 m rise in sea level, 2,500 km2 of mangroves in Asia are likely to be lost; 
Bangladesh would be worst affected by the sea level rise in terms of loss of land 
Approximately 1,000 km2 of cultivated land and sea product culturing area is 
likely to become salt marsh, and 5,000 km 2 of Red River delta, and 15,000 – 
20,000 km2 of Mekong River delta are projected to be flooded. [10.4.3.2]  
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Figure 10.4. Hotspots of key future climate impacts and vulnerabilities in Asia.



A northward shift of agricultural zones is likely, such that the
dry steppe zone in eastern part of Mongolia would push the
forest-steppe to the north resulting in shrinking of the high
mountainous and forest-steppe zones and expansion of the
steppe and desert steppe (Tserendash et al., 2005). Studies
suggest that by the middle of this century in northern China, tri-
planting boundary will likely shift by 500 km from Changjiang
valley to Huanghe basin, and double planting regions will move
towards the existing single planting areas, while single planting
areas will shrink by 23% (Wang, 2002). Suitable land and
production potentials for cereals could marginally increase in
the Russian Federation and in East Asia (Fischer et al., 2002).

More than 28 Mha in South and East Asia require a substantial
increase in irrigation for sustained productivity (FAO, 2003).
Agricultural irrigation demand in arid and semi-arid regions of
Asia is estimated to increase by at least 10% for an increase in
temperature of 1°C (Fischer et al., 2002; Liu, 2002). The rain-fed
crops in the plains of North and North-East China could face
water-related challenges in coming decades, due to increases in
water demands and soil-moisture deficit associated with projected
decline in precipitation (Tao et al., 2003b).

As land for agriculture becomes limited, the need for more
food in South Asia could likely be met by increasing yields per
unit of land, water, energy and time, such as through precision
farming. Enhanced variability in hydrological characteristics
will likely continue to affect grain supplies and food security in
many nations of Asia. Intensification of agriculture will be the
most likely means to meet the food requirements of Asia, which
is likely to be invariably affected by projected climate change.

10.4.1.3 Livestock, fishery, aquaculture
Consumption of animal products such as meat and poultry

has increased steadily in comparison to milk and milk products-
linked protein diets in the past few decades (FAO, 2003).
However, in most regions of Asia (India, China, and Mongolia)
pasture availability limits the expansion of livestock numbers.
Cool temperate grassland is projected to shift northward with
climate change and the net primary productivity will decline
(Sukumar et al., 2003; Christensen et al., 2004; Tserendash et
al., 2005). The limited herbaceous production, heat stress from
higher temperature, and limited water intake due to a decrease
in rainfall could cause reduced milk yields in animals and an
increased incidence of some diseases.

The Asia-Pacific region is the world's largest producer of fish,
from both aquaculture and capture fishery sectors. Recent
studies suggest a reduction of primary production in the tropical
oceans because of changes in oceanic circulation in a warmer
atmosphere. The tuna catch of East Asia and South-East Asia is
nearly one-fourth of the world’s total. A modelling study showed
significant large-scale changes of skipjack tuna habitat in the
equatorial Pacific under projected warming scenario (Loukos et
al., 2003). Marine fishery in China is facing threats from over
fishing, pollution, red tide, and other climatic and environmental
pressures. The migration route and migration pattern and, hence,
regional catch of principal marine fishery species, such as ribbon
fish, small and large yellow croakers, could be greatly affected
by global climate change (Su and Tang, 2002; Zhang and Guo,
2004). Increased frequency of El Niño events could likely lead

to measurable declines in fish larvae abundance in coastal waters
of South and South-East Asia. These phenomena are expected to
contribute to a general decline in fishery production in the
coastal waters of East, South and South-East Asia. Arctic marine
fishery would also be greatly influenced by climate change.
Moderate warming is likely to improve the conditions for some
economically gainful fisheries, such as cod and herring. Higher
temperatures and reduced ice cover could increase productivity
of fish-prey and provide more extensive habitats. In contrast, the
northern shrimp will likely decrease with rise in sea-surface
temperatures (ACIA, 2005).

The impact of climate change on Asian fishery depends on
the complicated food chains in the surrounding oceans, which
are likely to be disturbed by the climate change. Fisheries at
higher elevations are likely to be adversely affected by lower
availability of oxygen, due to a rise in surface air temperatures.
In the plains, the timing and amount of precipitation could also
affect the migration of fish species from the river to the
floodplains for spawning, dispersal and growth (FAO, 2003).
Future changes in ocean currents, sea level, sea-water
temperature, salinity, wind speed and direction, strength of
upwelling, the mixing layer thickness and predator response to
climate change have the potential to substantially alter fish
breeding habitats and food supply for fish and ultimately the
abundance of fish populations in Asian waters (IPCC, 2001).

10.4.1.4 Future food supply and demand
Half the world’s population is located in Asia. There are

serious concerns about the prevalence of malnutrition among
poorer and marginal groups, particularly rural children, and
about the large number of people below the poverty line in many
countries. Large uncertainties in our understanding as to how
the regional climate change will impact the food supply and
demand in Asia continue to prevail in spite of recent scientific
advances. Because of increasing interdependency of global food
system, the impact of climate change on future food supply and
demand in Asia as a whole as well as in countries located in the
region depends on what happens in other countries. For example,
India’s surplus grain in past few years has been used to provide
food aid to drought-affected Cambodia (Fischer et al., 2002).
However, increasing urbanisation and population in Asia will
likely result in increased food demand and reduced supply due
to limited availability of cropland area and yield declines projected
in most cases (Murdiyarso, 2000; Wang, 2002; Lin et al., 2004).

Food supply or ability to purchase food directly depends on
income and price of the products. The global cereal prices have
been projected to increase more than three-fold by the 2080s as
a consequence of decline in net productivity due to projected
climate change (Parry et al., 2004). Localised increases in food
prices could be frequently observed. Subsistence producers
growing crops, such as sorghum, millet, etc., could be at the
greatest risk, both from a potential drop in productivity as well
as from the danger of losing crop genetic diversity that has been
preserved over generations. The risk of hunger, thus, is likely to
remain very high in several developing countries with an
additional 49 million, 132 million and 266 million people of
Asia projected under A2 scenario without carbon fertilisation
that could be at risk of hunger by 2020, 2050 and 2080,
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respectively (Parry et al., 2004). In terms of percent increase in
risk hunger, it is projected under A2 scenario without CO2
fertilisation that an increase of 7 to 14% by 2020s, 14 to 40% by
2050s and 14 to 137% by 2080s are likely (Parry et al., 2004).

Some recent studies (PAGASA, 2001; Sukumar et al., 2003;
Batima et al., 2005b) confirm TAR findings that grasslands,
livestock and water resources in marginal areas of Central Asia
and South-East Asia are likely to be vulnerable to climate
change. Food insecurity and loss of livelihood are likely to be
further exacerbated by the loss of cultivated land and nursery
areas for fisheries by inundation and coastal erosion in low-lying
areas of the tropical Asia. Management options, such as better
stock management and more integrated agro-ecosystems could
likely improve land conditions and reduce pressures arising from
climate change.

10.4.1.5 Pests and diseases
Some studies (Rosenzweig et al., 2001; FAO, 2004c) agree

that higher temperatures and longer growing seasons could result
in increased pest populations in temperate regions of Asia. CO2
enrichment and changes in temperature may also affect ecology,
the evolution of weed species over time and the competitiveness
of C3 v. C4 weed species (Ziska, 2003). Warmer winter
temperatures would reduce winter kill, favouring the increase of
insect populations. Overall temperature increases may influence
crop pathogen interactions by speeding up pathogen growth rates
which increases reproductive generations per crop cycle, by
decreasing pathogen mortality due to warmer winter
temperatures, and by making the crop more vulnerable.

Climate change, as well as changing pest and disease patterns,
will likely affect how food production systems perform in the
future. This will have a direct influence on food security and
poverty levels, particularly in countries with a high dependency
on agriculture. In many cases, the impact will likely be felt
directly by the rural poor, as they are often closely linked to
direct food systems outcomes for their survival and are less able
to substitute losses through food purchases. The urban poor are
also likely to be affected negatively by an increase in food prices
that may result from declining food production.

10.4.2 Hydrology and water resources

10.4.2.1 Water availability and demand
The impacts of climate change on water resources in Asia will

be positive in some areas and negative in others. Changes in
seasonality and amount of water flows from river systems are
likely to occur due to climate change. In some parts of Russia,
climate change could significantly alter the variability of river
runoff such that extremely low runoff events may occur much
more frequently in the crop growing regions of the south west
(Peterson et al., 2002). Changes in runoff of river basins could
have a significant effect on the power output of hydropower
generating countries like Tajikistan, which is the third-highest
producer in the world (World Bank, 2002). Likewise, surface
water availability from major rivers like the Euphrates and Tigris
may also be affected by alteration of riverflows. In Lebanon the
annual net usable water resources will likely decrease by 15% in
response to a general circulation model (GCM) estimated

average rise in temperature of 1.2°C under doubled CO2 climate,
while the flows in rivers are likely to increase in winter and
decrease in spring (Bou-Zeid and El-Fadel, 2002) which could
negatively affect existing uses of river waters. In North China,
irrigation from surface and groundwater sources will meet only
70% of the water requirement for agricultural production, due to
the effects of climate change and increasing demand (Liu et al.,
2001; Qin, 2002). The maximum monthly flow of the Mekong
is estimated to increase by 35 to 41% in the basin and by 16 to
19% in the delta, with lower value estimated for years 2010 to
38 and higher value for years 2070 to 99, compared with 1961
to 90 levels. In contrast, the minimum monthly flows are
estimated to decline by 17 to 24% in the basin and 26 to 29% in
the delta (see Chapter 5, Box 5.3; Hoanh et al., 2004) suggesting
that there could be increased flooding risks during wet season
and an increased possibility of water shortage in dry season.
Flooding could increase the habitat of brackish water fisheries
but could also seriously affect the aquaculture industry and
infrastructure, particularly in heavily-populated megadeltas.
Decrease in dry season flows may reduce recruitment of some
species.

In parts of Central Asia, regional increases in temperature will
lead to an increased probability of events such as mudflows and
avalanches that could adversely affect human settlements
(Iafiazova, 1997). Climate change-related melting of glaciers
could seriously affect half a billion people in the Himalaya-
Hindu-Kush region and a quarter of a billion people in China
who depend on glacial melt for their water supplies (Stern,
2007). As glaciers melt, river runoff will initially increase in
winter or spring but eventually will decrease as a result of loss
of ice resources. Consequences for downstream agriculture,
which relies on this water for irrigation, will be likely
unfavourable in most countries of South Asia. The thawing
volume and speed of snow cover in spring is projected to
accelerate in North-West China and Western Mongolia and the
thawing time could advance, which will increase some water
sources and may lead to floods in spring, but significant
shortages in wintertime water availability for livestock are
projected by the end of this century (Batima et al., 2004, 2005b).

10.4.2.2 Water quality
Over-exploitation of groundwater in many countries of Asia

has resulted in a drop in its level, leading to ingress of sea water
in coastal areas making the sub-surface water saline. India,
China and Bangladesh are especially susceptible to increasing
salinity of their groundwater as well as surface water resources,
especially along the coast, due to increases in sea level as a direct
impact of global warming (Han et al., 1999). Rising sea level by
0.4 to 1.0 m can induce salt-water intrusion 1 to 3 km further
inland in the Zhujiang estuary (Huang and Xie, 2000).
Increasing frequency and intensity of droughts in the catchment
area will lead to more serious and frequent salt-water intrusion
in the estuary (Xu, 2003; Thanh et al., 2004; Huang et al., 2005)
and thus deteriorate surface and groundwater quality.

10.4.2.3 Implications of droughts and floods
Global warming would cause an abrupt rise of water quantity

as a result of snow or glacier melting that, in turn, would lead to
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floods. The floods quite often are caused by rise of river water
level due to blockage of channels by drifting ice, as happened in
Central Siberia, Lensk, or enormous precipitation from
destructive shower cyclones, as it was in the North Asia Pacific
coast, Vladivostok (Izrael et al., 2002a). A projected increase in
surface air temperature in North-West China will result in a 27%
decline in glacier area (equivalent to the ice volume of 16,184
km3), a 10 to 15% decline in frozen soil area, an increase in flood
and debris flow, and more severe water shortages (Qin, 2002).
The duration of seasonal snow cover in alpine areas, namely the
Tibetan Plateau, Xinjiang and Inner Mongolia of China, will
shorten and snow cover will thaw out in advance of the spring
season, leading to a decline in volume and resulting in severe
spring droughts. Between 20 to 40% reduction of runoff per
capita in Ningxia, Xinjiang and Qinghai Province is likely by
the end of 21st century (Tao et al., 2005). However, the pressure
due to increasing population and socio-economic development
on water resources is likely to grow. Higashi et al. (2006) project
that future flood risk in Tokyo, Japan between 2050 to 2300
under SRES A1B is likely to be 1.1 to 1.2 times higher than the
present condition.

The gross per capita water availability in India will decline
from about 1,820 m3/yr in 2001 to as low as about 1,140 m3/yr
in 2050 (Gupta and Deshpande, 2004). India will reach a state of
water stress before 2025 when the availability falls below 1000
m3 per capita (CWC, 2001). The projected decrease in the winter
precipitation over the Indian subcontinent would reduce the total
seasonal precipitation during December, January and February
implying lesser storage and greater water stress during the lean
monsoon period. Intense rain occurring over fewer days, which
implies increased frequency of floods during the monsoon, will
also result in loss of the rainwater as direct runoff, resulting in
reduced groundwater recharging potential.

Expansion of areas under severe water stress will be one of
the most pressing environmental problems in South and South-
East Asia in the foreseeable future as the number of people living
under severe water stress is likely to increase substantially in
absolute terms. It is estimated that under the full range of SRES
scenarios, 120 million to 1.2 billion, and 185 to 981 million
people will experience increased water stress by the 2020s, and
the 2050s, respectively (Arnell, 2004). The decline in annual
flow of the Red River by 13 to 19% and that of Mekong River
by 16 to 24% by the end of 21st century will contribute in
increasing water stress (ADB, 1994).

10.4.3 Coastal and low lying areas

10.4.3.1 Coastal erosion and inundation of coastal lowland
Average global sea-level rise over the second half of the 20th

century was 1.8 ± 0.3 mm/yr, and sea-level rise of the order of
2 to 3 mm/yr is considered likely during the early 21st century
as a consequence of global warming (Woodroffe et al., 2006).
However, the sea-level rise in Asia is geographically variable
and an additional half a metre of sea-level rise is projected for
the Arctic during this century (ACIA, 2005). The rising rates of
sea level vary considerably from 1.5 to 4.4 mm/yr along the East
Asia coast, due to regional variation in land surface movement
(Mimura and Yokoki, 2004). The projected rise of mean high-

water level could be greater than that of mean sea level (Chen,
1991; Zhang and Du, 2000). The projected relative sea-level rise
(RSLR), including that due to thermal expansion, tectonic
movement, ground subsidence and the trend of rising river water
level, is 40 to 60 cm, 50 to 70 cm and 70 to 90 cm in the
Zhujiang, Changjiang and Huanghe Deltas, respectively by the
year 2050 (Li et al., 2004a, b). Choi et al. (2002) has reported
that the regional sea-level rise over the north-western Pacific
Ocean would be much more significant compared with the
global average mainly due to exceptionally large warming near
the entrance of the Kuroshio extension. The slope of the land
and land surface movement would also affect the relative sea-
level rise in the Asian Arctic (ACIA, 2005).

In Asia, erosion is the main process that will occur to land as
sea level continues to rise. As a consequence, coast-protection
structures built by humans will usually be destroyed by the sea
while the shoreline retreats. In some coastal areas of Asia, a 30
cm rise in sea level can result in 45 m of landward erosion.
Climate change and sea-level rise will tend to worsen the
currently eroding coasts (Huang and Xie, 2000). In Boreal Asia,
coastal erosion will be enhanced as rising sea level and declining
sea ice allow higher wave and storm surge to hit the shore
(ACIA, 2005). The coastal recession can add up to 500 to 600 m
in 100 years, with a rate of between 4 to 6 m/yr. The coastal
recession by thermal abrasion is expected to accelerate by 1.4 to
1.5 times in the second half of the 21st century as compared to
the current rate (Leont’yev, 2004). In monsoonal Asia,
decreasing sediment flux is generally a main cause of coastal
erosion. Available evidence suggests a tendency of river
sediment to further decline that will tend to worsen coastal
erosion in Asia (Liu et al., 2001).

Projected sea-level rise could flood the residence of millions
of people living in the low lying areas of South, South-East and
East Asia such as in Vietnam, Bangladesh, India and China
(Wassmann et al., 2004; Stern, 2007). Even under the most
conservative scenario, sea level will be about 40 cm higher than
today by the end of 21st century and this is projected to increase
the annual number of people flooded in coastal populations from
13 million to 94 million. Almost 60% of this increase will occur
in South Asia (along coasts from Pakistan, through India, Sri
Lanka and Bangladesh to Burma), while about 20% will occur
in South-East Asia, specifically from Thailand to Vietnam
including Indonesia and the Philippines (Wassmann et al., 2004).
The potential impacts of one metre sea-level rise include
inundation of 5,763 km2 and 2,339 km2 in India and in some big
cities of Japan, respectively (TERI, 1996; Mimura and Yokoki,
2004). For one metre sea-level rise with high tide and storm
surge, the maximum inundation area is estimated to be 2,643
km2 or about 1.2% of total area of the Korean Peninsula (Matsen
and Jakobsen, 2004). In China, a 30 cm sea-level rise would
inundate 81,348 km2 of coastal lowland (Du and Zhang,
2000).

The coastal lowlands below the elevation of 1,000-year storm
surge are widely distributed in Bangladesh, China, Japan,
Vietnam and Thailand, where millions of people live (Nicholls,
2004). In Japan, an area of 861 km2 of coastal lowland is located
below high water level mainly in large cities like Tokyo, Osaka
and Nagoya. A one metre rise in sea level could put up to 4.1
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million people at risk (Mimura and Yokoki, 2004). Using a
coarse digital terrain model and global population distribution
data, it is estimated that more than 1 million people will be
directly affected by sea-level rise in 2050 in each of the Ganges-
Brahmaputra-Meghna delta in Bangladesh, the Mekong delta in
Vietnam and the Nile delta in Egypt (see Chapter 6, Box 6.3;
Ericson et al., 2005). Damages in flooded areas are largely
dependent on the coastal protection level. It can be much less in
highly protected coasts like in Japan but can be very high such
as in coastal areas of South Asia where the protection level is
low. A 30 cm rise in sea level will increase coastal flooding areas
by five or six times in both the ‘with’ and ‘without protection’
scenarios in the Changjiang and Zhujiang deltas. Similarly, the
flooding areas in the Huanghe delta for a 100 cm rise in sea level
are almost the same under the ‘without protection’ and ‘existing
protection’ scenarios. These two cases indicate that the current
protection level is insufficient to protect the coasts from high
sea-level rise (Du and Zhang, 2000; Li et al., 2004a). Further
climate warming may lead to an increase in tropical cyclone
destructive potential, and with an increasing coastal population
substantial increase in hurricane-related losses in the 21st
century is likely (Emanuel, 2005).

In summary, all coastal areas in Asia are facing an increasing
range of stresses and shocks, the scale of which now poses a
threat to the resilience of both human and environmental coastal
systems, and are likely to be exacerbated by climate change. The
projected future sea-level rise could inundate low lying areas,
drown coastal marshes and wetlands, erode beaches, exacerbate
flooding and increase the salinity of rivers, bays and aquifers.
With higher sea level, coastal regions would also be subject to
increased wind and flood damage due to storm surges associated
with more intense tropical storms. In addition, warming would
also have far reaching implications for marine ecosystems in
Asia.

10.4.3.2 Deltas, estuaries, wetland and other coastal ecosystems
Future evolution of the major deltas in monsoonal Asia

depends on changes in ocean processes and river sediment flux.
Coastal erosion of the major deltas will be caused by sea-level
rise, intensifying extreme events (e.g., storm surge) due to
climate change and excessive pumping of groundwater for
irrigation and reservoir construction upstream. In the Tibetan
Plateau and adjoining region, sediment starvation is generally
the main cause of shrinking of deltas. Annual mean sediment
discharge in the Huanghe delta during the 1990s was only 34%
of that observed during the 1950s and 1970s. The Changjiang
sediment discharge will also be reduced by 50% on average after
construction of the Three-Gorges Dam (Li et al., 2004b).
Saltwater intrusion in estuaries due to decreasing river runoff
can be pushed 10 to 20 km further inland by the rising sea level
(Shen et al., 2003; Yin et al., 2003; Thanh et al., 2004).

Many megacities in Asia are located on deltas formed during
sea-level change in the Holocene period (Hara et al., 2005).
These Asian megacities with large populations and intensified
socio-economic activities are subject to threats of climate
change, sea-level rise and extreme climate event. For a 1 m rise
in sea level, half a million square hectares of Red River delta
and from 15,000 to 20,000 km2 of Mekong River delta is

projected to be flooded. In addition, 2,500 km2 of mangrove will
be completely lost, while approximately 1,000 km2 of cultivated
farm land and sea product culturing area will become salt
marshes (Tran et al., 2005).

Rise in water temperatures and eutrophication in the Zhujiang
and Changjiang estuaries have led to the formation of the bottom
oxygen-deficient horizon and an increase in the frequency and
intensity of red tides (Hu et al., 2001). Projected increases in the
frequency and intensity of extreme weather events will exert
adverse impacts on aquatic ecosystems, and existing habitats
will be redistributed, affecting estuarine flora distribution (Short
and Neckles, 1999; Simas et al., 2001; Lu, 2003; Paerl et al., 2003).

Recent risk analysis of coral reefs suggests that between 24%
and 30% of the reefs in Asia are projected to be lost during the
next 2 to 10 years and 10 to 30 years, respectively (14% and
18% for global), unless the stresses are removed and relatively
large areas are protected (Table 10.6). In other words, the loss of
reefs in Asia may be as high as 88% (59% for global) in the next
30 years under IS92a emission scenario (IPCC, 1992; Sheppard,
2003; Wilkinson, 2004). If conservation measures receive
increasing attention, large areas of the reefs could recover from
the direct and indirect damage within the next 10 years.
However, if abnormally high sea-surface temperatures (SST)
continue to cause major bleaching events (see Chapter 6, Section
6.2.5, Box 6.1), and reduce the capacity of reefs to calcify due
to CO2 increase, most human efforts will be futile (Kleypas et
al., 1999; Wilkinson, 2002).

A new study suggests that coral reefs, which have been
severely affected by abnormally high SST in recent years,
contain some coral species and their reef-associated micro-algal
symbionts that show far greater tolerance to higher SST than
others. Bleaching thresholds may be more realistically visualised
as a broad spectrum of responses, rather than a single bleaching
threshold for all coral species (Hughes et al., 2003; Baker et al.,
2004). This corals’ adaptive response to climate change may
protect devastated reefs from extinction or significantly prolong
the extinction of surviving corals beyond previous assumption.

Net growth rates of coral reef, which can reach up to 8 to 10
mm/year, may exceed the projected rates of future sea-level rise
in the South China Sea, so that coral reefs could not be at risk
due merely to sea-level rise. Water depth increased by sea-level
rise would lead to storminess and destruction of coral reefs
(Knowlton, 2001; Wang, 2005).

10.4.4 Natural ecosystems and biodiversity

10.4.4.1 Structure, production and function of forests
Up to 50% of the Asia’s total biodiversity is at risk due to

climate change. Boreal forests in North Asia would move further
north. A projected large increase in taiga is likely to displace
tundra, while the northward movement of the tundra will in turn
decrease polar deserts (see Chapter 15, Section 15.2.2, Figure
15.3; Callaghan et al., 2005; Juday et al., 2005). Large
populations of many other species could also be extirpated as a
result of the synergistic effects of climate change and habitat
fragmentation (Ishigami et al., 2003, 2005). Projections under
doubled-CO2 climate using two GCMs show that 105 to 1,522
plant species and 5 to 77 vertebrates in China and 133 to 2,835
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plants and 10 to 213 vertebrates in Indo-Burma could become
extinct (Malcolm et al., 2006).

As a consequence of climate change, no significant change
in spatial patterns of productivity of the forest ecosystems in
North-East China is projected (Liu et al., 1998). The areal
coverage of broad-leaved Korean pine forests is projected to
decrease by 20 to 35% with a significant northward shift (Wu,
2003). About 90% of the suitable habitat for a dominant forest
species, beech tree (Fagus crenata), in Japan could disappear by
the end of this century (Matsui et al., 2004a, b). The impact of
elevated atmospheric CO2 on plant biomass production is
influenced by the availability of soil nitrogen and deposition of
atmospheric nitrogen (Oren et al., 2001; Hajima et al., 2005;
Kitao et al., 2005; Reich et al., 2006). The overall impact of
climate change on the forest ecosystems of Pakistan could be
negative (Siddiqui et al., 1999).

The observations in the past 20 years show that the increasing
intensity and spread of forest fires in North and South-East Asia
were largely related to rises in temperature and declines in
precipitation in combination with increasing intensity of land
uses (see Section 10.2.4.4). Whether this trend will persist in the
future or not is difficult to ascertain in view of the limited
literature on how the frequency and severity of forest and brush
fires will likely respond to expected increase in temperature and
precipitation in North and South-East Asia (see Section 10.3.1).
The uncertainty lies on whether the expected increase in
temperature would be enough to trigger more frequent and
severe fires despite the projected increase in precipitation. One
study on the impacts of climate change on fires show that for an
average temperature increase of 1°C, the duration of wild fire
season in North Asia could increase by 30% (Vorobyov, 2004),
which could have varying adverse and beneficial impacts on
biodiversity, forest structure and composition, outbreaks of pest
and diseases, wildlife habitat quality and other key forest
ecosystem functions.

10.4.4.2 Grasslands, rangelands and endangered species
The natural grassland coverage and the grass yield in Asia,

in general, are projected to decline with a rise in temperature
and higher evaporation (Lu and Lu, 2003). Large decreases in
the natural capital of grasslands and savannas are likely in South
Asia as a consequence of climate change. A rise in surface air
temperature and decline in precipitation is estimated to reduce
pasture productivity in the Mongolian steppe by about 10 to

30%, except in high mountains and in Gobi where a marginal
decrease in pasture productivity is projected by the end of this
century (Tserendash et al., 2005). Traditional land-use systems
should provide conditions that would promote greater rangeland
resilience and provide a better management strategy to cope with
climate change in the region to offset the potential decrease of
carbon storage and grassland productivity in the Mongolian
Steppe under various climate scenarios (Ojima et al., 1998).

The location and areas of natural vegetation zone on the
Tibetan Plateau will substantially change under the projected
climate scenarios. The areas of temperate grassland and cold-
temperate coniferous forest could expand, while temperate
desert and ice-edge desert may shrink. The vertical distribution
of vegetation zone could move to higher altitude. Climate
change may result in a shift of the boundary of the farming-
pastoral transition region to the south in North-East China,
which can increase the grassland areas and provide favourable
conditions for livestock production. However, as the transition
area of farming-pastoral region is also the area of potential
desertification, if protection measures are not taken in the new
transition area, desertification may occur (Li and Zhou, 2001;
Qiu et al., 2001). More frequent and prolonged droughts as a
consequence of climate change and other anthropogenic factors
together will result in the increasing trends of desertification in
Asia.

10.4.4.3 Permafrost
The permafrost thawing will continue over vast territories of

North Asia under the projected climate change scenarios (Izrael et
al., 2002b). The transient climate model simulations (Pavlov and
Ananjeva-Malkova, 2005; FNCRF, 2006) show that the
perennially frozen rocks and soils (eastern part of the permafrost
terrain) and soils (western part of the terrain) may be completely
degraded within the present southern regions of North Asia (see
Figure 10.5). In northern regions, mean annual temperature of
frozen soil and rocks and the depth of seasonal thawing will
increase in 2020 by as much as 4°C for the depth of 0.8 m and by
at most 2.2°C for the depth of 1.6 m (FNCRF, 2006; Izrael et al.,
2006). The change in the rock and soil temperatures will result in
a change in the strength characteristics, bearing capacity, and
compressibility of the frozen rocks and soils, thaw settlement
strains, frozen ground exploitability in the course of excavation
and mining, generation of thermokarst, thermal erosion and some
other geocryological processes (Climate Change, 2004).
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Table 10.6. The 2004 status of coral reefs in selected regions of Asia (Wilkinson, 2004).

Note: Destroyed reefs: 90% of the corals lost and unlikely to recover soon; Reefs at a critical stage: 50% to 90% of corals lost or likely to be
destroyed in 10 to 20 years; Reefs at threatened stage: 20 to 50% of corals lost or likely to be destroyed in 20 to 40 years.

Region Coral reef area (km2) Destroyed reefs (%) Reefs recovered Reefs at critical Reefs at threatened Reefs at low or no

since 1998 (%) stage (%) stage (%) threat level (%)

Red Sea 17,640 4 2 2 10 84

The Gulfs 3,800 65 2 15 15 5

South Asia 19,210 45 13 10 25 20

S-E Asia 91,700 38 8 28 29 5

E & N Asia 5,400 14 3 23 12 51

Total 137,750 34.4 7.6 21.6 25.0 19.0

Asia (48.4%)



Permafrost degradation will lead to significant ground surface
subsidence and pounding (Osterkamp et al., 2000; Jorgenson et
al., 2001). Permafrost thawing on well-drained portions of
slopes and highlands in Russia and Mongolia will improve the
drainage conditions and lead to a decrease in the groundwater
content (Hinzman et al., 2003; Batima et al., 2005b). On the
Tibetan Plateau, in general, the permafrost zone is expected to

decrease in size, move upward and face degradation by the end
of this century (Wu et al., 2001). For a rise in surface
temperature of 3°C and no change in precipitation, most Tibetan
Plateau glaciers shorter than 4 km in length are projected to
disappear and the glacier areas in the Changjiang Rivers will
likely decrease by more than 60% (Shen et al., 2002).

10.4.5 Human health

Climate change poses substantial risks to human health in
Asia. Global burden (mortality and morbidity) of climate-change
attributable diarrhoea and malnutrition are already the largest in
South-East Asian countries including Bangladesh, Bhutan, India,
Maldives, Myanmar and Nepal in 2000, and the relative risks
for these conditions for 2030 is expected to be also the largest
(McMichael et al., 2004), although in some areas, such as
southern states in India, there will be a reduction in the
transmission season by 2080 (Mitra et al., 2004). An empirical
model projected that the population at risk of dengue fever (the
estimated risk of dengue transmission is greater than 50%) will
be larger in India and China (Hales et al., 2002). Also in India
and China, the excess mortality due to heat stress is projected to
be very high (Takahashi et al., 2007), although this projection
did not take into account possible adaptation and population
change. There is already evidence of widespread damage to
human health by urban air quality and enhanced climate

variability in Asia. Throughout newly industrialised areas in
Asia, such as Chongqing, China, and Jakarta, Indonesia, air
quality has deteriorated significantly and will likely contribute
to widespread heat stress and smog induced cardiovascular and
respiratory illnesses in the region (Patz et al., 2000). Also, the
number of patients of Japanese cedar pollen disease is likely to
increase when the summer temperature rises (Takahashi and
Kawashima, 1999; Teranishi et al., 2000).

The negative influence of temperature anomalies on public
health has been established in Russia (Izmerov et al., 2004) and
in the semi-arid city, Beirut (El-Zein et al., 2004). Exposure to
higher temperatures appears to be a significant risk factor for
cerebral infarction and cerebral ischemia during the summer
months (Honda et al., 1995). Natural habitats of vector-borne
diseases are reported to be expanding (Izmerov et al., 2004).
Prevalence of malaria and tick-borne encephalitis has also
increased over time in Russia (Yasukevich and Semenov, 2004).
The distribution of vector-borne infectious diseases such as
malaria is influenced by the spread of vectors and the climate
dependence of the infectious pathogens. There are reports on the
possible effects of pesticide resistance of a certain type of
mosquito on the transition of malaria type (Singh et al., 2004).
The insect-borne infectious diseases strongly modulated by
future climate change include malaria, schistosomiasis, dengue
fever and other viral diseases (Kovats et al., 2003). Oncomelania
is strongly influenced by climate and the infection rate of
schistosomiasis is the highest in the temperature range of 24°C
to 27°C. Temperature can directly influence the breeding of
malaria protozoa and suitable climate conditions can intensify
the invasiveness of mosquito (Tong and Ying, 2000). A warmer
and more humid climate would be favourable for propagation
and invasiveness of infectious insect vector. Serious problems
are connected with the impact of air pollution due to Siberian
forest fires on human health (Rachmanin et al., 2004).

Warmer sea-surface temperatures along coastlines of South
and South-East Asia would support higher phytoplankton
blooms. These phytoplankton blooms are excellent habitats for
survival and spread of infectious bacterial diseases such as
cholera (Pascual et al., 2002). Water-borne diseases including
cholera and the suite of diarrhoeal diseases caused by organisms
such as Giardia, Salmonella and Cryptosporidium could also
become common with the contamination of drinking water.
Precipitation increase and frequent floods, and sea-level rise in
the future will degrade the surface water quality owing to more
pollution and, hence, lead to more water-borne infectious
diseases such as dermatosis, cardiovascular disease and
gastrointestinal disease. For preventive actions, assessment of
climate change impacts on nutritional situation, drinking water
supply, water salinity and ecosystem damage will be necessary.
The risk factor of climate-related diseases will depend on
improved environmental sanitation, the hygienic practice and
medical treatment facilities.

10.4.6 Human dimensions

Study of social vulnerability provides a complementary
approach to the study of climate impacts based on model
projections and biophysical simulations. Adger et al. (2001)
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Figure 10.5. The projected shift of permafrost boundary in North Asia
due to climate change by 2100 (FNCRF, 2006).



illustrate the approach through theoretical discussion and case
studies based in Vietnam. The following sections detail specific
examples of the human dimension of general relevance withinAsia.

10.4.6.1 Population growth
As of mid-2000, over 3.6 billion people, roughly three-fifths

of the total population of the globe, resided in Asia. Seven of the
world’s 10 most populous countries - China, India, Indonesia,
Russia, Pakistan, Bangladesh and Japan - are located within Asia
(ADB, 2002). The majority of the region's population growth is
forecast to come from South Asia, which expects to add 570
million people in India, 200 million in Pakistan and 130 million
in Bangladesh over the next 50 years (UN-DESA-PD, 2002).
Population growth, particularly in countries with already high
population densities, is inextricably associated with the
increasing pressure on the natural resources and the environment
as the demands for goods and services expand. Some of the key
impacts of increasing population include those linked with the
intensification of use of natural forests including mangroves,
agriculture, industrialisation and urbanisation. In Asia, the
pressure on land in the 21st century will increase, due to the
increasing food grain demand for the growing population, the
booming economic development, as well as climate change. This
will be exacerbated by the increasing scarcity of arable lands as
a result of using vast agricultural lands to support
industrialisation and urbanisation in pursuit of economic
development (Zeqiang et al., 2001).

In the developing regions, the remaining natural flood plains
are disappearing at an accelerating rate, primarily as a result of
changes in land use and hydrological cycle, particularly changes
in streamflows due to climatic and human-related factors. The
future increase of human population will lead to further
degradation of riparian areas, intensification of the land and
water use, increase in the discharge of pollutants, and further
proliferation of species invasions. The most threatened flood
plains will be those in South and South-East Asia.

In some parts of South-East Asia, population growth,
particularly in the uplands, continues to exert pressure on the
remaining forests in the region. Encroachment into forest zones
for cultivation, grazing, fuel wood and other purposes has been
a major cause of changes in natural forests. In the Philippines,
forest degradation has been attributed partly to upland farming
(Pulhin et al., 2006).

10.4.6.2 Development activities
Development, to a large extent, is responsible for much of the

greenhouse gases emitted into the atmosphere that drives climate
change. On the other hand, development greatly contributes in
reducing vulnerability to climate change and in enhancing the
adaptive capacity of vulnerable sectors.

Demands for biological resources caused by population and
increased consumption have grown with increasing economy
and fast development all over Asia in recent years. Rates of both
total forest loss and forest degradation are higher in Asia than
anywhere else in the world. The conversion of forested area to
agriculture in Asia during the past two decades occurred at a rate
of 30,900 km2/yr. In many developing countries of Asia, small
scale fuel wood collection and industrial logging for exports of

timber and conversion of forests into estate crop plantation (i.e.,
oil palm) and mining are also responsible for deforestation. It is
likely that climate change would aggravate the adverse impacts
of forest cover loss.

10.4.6.3 Climate extremes and migration
In Asia, migration accounts for 64% of urban growth (Pelling,

2003). Total population, international migration and refugees in
Asia and the Pacific region are currently estimated to be 3,307
million, 23 million, and 4.8 million, respectively (UN-
HABITAT, 2004). Future climate change is expected to have
considerable impacts on natural resource systems, and it is well-
established that changes in the natural environment can affect
human sustenance and livelihoods. This, in turn, can lead to
instability and conflict, often followed by displacement of
people and changes in occupancy and migration patterns (Barnett,
2003).

Climate-related disruptions of human populations and
consequent migrations can be expected over the coming
decades. Such climate-induced movements can have effects in
source areas, along migration routes and in the receiving areas,
often well beyond national borders. Periods when precipitation
shortfalls coincide with adverse economic conditions for farmers
(such as low crop prices) would be those most likely to lead to
sudden spikes in rural-to-urban migration levels in China and
India. Climatic changes in Pakistan and Bangladesh would likely
exacerbate present environmental conditions that give rise to
land degradation, shortfalls in food production, rural poverty and
urban unrest. Circular migration patterns, such as those
punctuated by shocks of migrants following extreme weather
events, could be expected. Such changes would likely affect not
only internal migration patterns, but also migration movements
to other western countries.

Food can be produced on currently cultivated land if
sustainable management and adequate inputs are applied.
Attaining this situation would also require substantial
improvements of socio-economic conditions of farmers in most
Asian countries to enable access to inputs and technology. Land
degradation, if continued unchecked, may further exacerbate
land scarcities in some countries of Asia. Concerns for the
environment as well as socio-economic considerations may
infringe upon the current agricultural resource base and prevent
land and water resources from being developed for agriculture
(Tao et al., 2003b). The production losses due to climate change
may drastically increase the number of undernourished in
several developing countries in Asia, severely hindering
progress against poverty and food insecurity (Wang et al., 2006).

10.4.6.4 Urban development, infrastructure linkages,
industry and energy

The compounding influence of future rises in temperature due
to global warming, along with increases in temperature due to
local urban heat-island effects, makes cities more vulnerable to
higher temperatures than would be expected due to global
warming alone (Kalnay and Cai, 2003; Patz et al., 2005).
Existing stresses in urban areas include crime, traffic congestion,
compromised air and water quality, and disruptions due to
development and deterioration of infrastructure. Climate change
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is likely to amplify some of these stresses (Honda et al., 2003),
although much of the interactions are not yet well understood.
For example, it has been suggested that climate change will
exacerbate the existing heat-island phenomenon in cities of
Japan by absorbing increased solar radiation (Shimoda, 2003).
This will lead to further increases in temperatures in urban areas
with negative implications for energy and water consumption,
human health and discomfort, and local ecosystems.
Vulnerabilities of urban communities in megacities of Asia to
long-term impacts of projected climate change need to be
assessed in terms of energy, communication, transportation,
water run-off and water quality, as well as the interrelatedness of
these systems, and implications for public health (McMichael et
al., 2003).

Nature-based tourism is one of the booming industries in
Asia, especially ski resorts, beach resorts and ecotourist
destinations which are likely vulnerable to climate change; yet
only a few assessment studies are on hand for this review.
Fukushima et al. (2002) reported a drop of more than 30% in
skiers in almost all ski areas in Japan except in the northern
region (Hokkaido) and high altitude regions (centre of the Main
Island) in the event of a 3°C increase in air temperature. If the
mean June to August temperature rises by 1°C in Japan,
consumption of summer products such as air-conditioners, beer,
soft drinks, clothing and electricity are projected to increase
about 5% (Harasawa and Nishioka, 2003). Table 10.7 lists a
summary of projected impacts of global warming on industries
and energy sectors identified in Japan.

Limited studies on the impacts of climate change on the
energy sector in Asia suggest that this sector will be affected by
climate change. In particular, South Asia is expected to account
for one-fifth of the world's total energy consumption by the end
of 21st century (Parikh and Bhattacharya, 2004). An increase in
the energy consumption of industry, residential and transport
sectors could be significant as population, urbanisation and
industrialisation rise. It is likely that climate change will
influence the pattern of change in energy consumption that could
have significant effects on CO2 emission in this region.

10.4.6.5 Financial aspects
The cost of damages from floods, typhoons and other climate-

related hazards will likely increase in the future. According to
the European insurer Munich Re, the annual cost of climate

change-related claims could reach US$300 billion annually by
2050. The Association of British Insurers examined the financial
implications of climate change through its effects on extreme
storms (hurricanes, typhoons and windstorms) using an
insurance catastrophe model (ABI, 2005). Annual insured losses
from hurricanes in United States, typhoons in Japan and
windstorms in Europe are projected to increase by two-thirds to
US$27 billion by the 2080s. The projected increase in insured
losses due to the most extreme storms (with current return
periods of 100 to 250 years) by the 2080s would be more than
twice the reported losses of the 2004 typhoon season, the
costliest in terms of damage during the past 100 years. The cost
of direct damage in Asia caused by tropical cyclones has
increased more than five times in the 1980s as compared with
those in the 1970s and about 35 times more in the early 1990s
than in 1970s (Yoshino, 1996). Flood-related damages also
increased by about three times and eight times respectively in
the 1990s, relative to those in the 1980s and 1970s. These trends
are likely to persist in the future.

10.4.6.6 Vulnerability of the poor
Social vulnerability is the exposure of groups of people or

individuals to stress as a result of the impacts of environmental
change including climate change (Adger, 2000). Social
vulnerability emphasises the inequitable distribution of damages
and risks amongst groups of people (Wu et al., 2002) and is a
result of social processes and structures that constrain access to
the resources that enable people to cope with impacts (Blaikie et
al., 1994). The poor, particularly in urban and urbanising cities
of Asia, are highly vulnerable to climate change because of their
limited access to profitable livelihood opportunities and limited
access to areas that are fit for safe and healthy habitation.
Consequently, the poor sector will likely be exposed to more
risks from floods and other climate-related hazards in areas they
are forced to stay in (Adger, 2003). This also includes the rural
poor who live in the lower Mekong countries and are dependent
on fisheries as their major livelihood, along with those living in
coastal areas who are likely to suffer heavy losses without
appropriate protection (see Table 10.10; MRC, 2003). Protection
from the social forces that create inequitable exposure to risk
will be as important if not more important than structural
protection from natural hazards in reducing the vulnerability of
the poor (Hewitt, 1997).
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Table 10.7. A summary of projected impacts of global warming on industries and energy sectors identified in Japan.

Changes in climate parameters Impacts

1°C temperature increase in June to August About 5% increase of consumption of summer products

Extension of high temperature period Increase of consumption of air-conditioners, beer, soft drinks, ice creams

Increase in thunder storms Damage to information devices and facilities

1°C temperature increase in summer Increase in electricity demand by about 5 million kW
Increase in electricity demand in factories to enhance production

Increase in annual average temperature Increase of household electricity consumption in southern Japan
Decrease in total energy consumption for cooling, warming in northern Japan

Change in amount and pattern of rainfall Hydroelectric power generation, management and implementation of dams,
cooling water management

1°C increase in cooling water temperature 0.2 to 0.4% reduction of generation of electricity in thermal power plants, 1 to 2%
reduction in nuclear power plant



10.5 Adaptation: sector-specific practices,
options and constraints

10.5.1 Agriculture and food security

Many studies (Parry, 2002; Ge et al., 2002; Droogers, 2004;
Lin et al., 2004; Vlek et al., 2004; Wang et al., 2004a; Zalikhanov,
2004; Lal, 2007; Batima et al., 2005c) on the impacts of climate
change on agriculture and possible adaptation options have been
published since the TAR. More common adaptation measures that
have been identified in the above-mentioned studies are
summarised in Table 10.8. Generally, these measures are intended
to increase adaptive capacity by modifying farming practices,
improving crops and livestock through breeding and investing in
new technologies and infrastructure. Specific examples include
adaptation of grassland management to the actual environmental
conditions as well as the practice of reasonable rotational grazing
to ensure the sustainability of grassland resources (Li et al., 2002;
Wang et al., 2004a; Batima et al., 2005c), improvement of
irrigation systems and breeding of new rice varieties to minimise
the risk of serious productivity losses caused by climate change
(Ge et al., 2002), and information, education and communication
programmes to enhance the level of awareness and understanding
of the vulnerable groups.

Changes in management philosophy could also enhance
adaptive capacity. This is illustrated by integrating fisheries and
aquaculture management into coastal zone management to

increase the coping ability of small communities in East Asia,
South Asia and South-East Asia to sea-level rise (Troadec, 2000).

The ability of local populations to adapt their production
systems to cope with climate change will vary across Asia and
will be largely influenced by the way government institutions and
policies mediate the supply of, and access to, food and related
resources. The adaptive capacity of poor subsistence
farming/herding communities is commonly low in many
developing countries of Asia. One of the important and effective
measures to enhance their adaptive capacity is through education
and the provision of easy access to climate change-related
information.

10.5.2 Hydrology and water resources

In some parts of Asia, conversion of cropland to forest
(grassland), restoration and re-establishment of vegetation,
improvement of the tree and herb varieties, and selection and
cultivation of new drought-resistant varieties are effective
measures to prevent water scarcity due to climate change. Water
saving schemes for irrigation should be enforced to avert water
scarcity in regions already under water stress (Wang, 2003). In
North Asia, recycling and reuse of municipal wastewater (Frolov
et al., 2004), increasing efficiency of water used for irrigation
and other purposes (Alcamo et al., 2004), reduction of
hydropower production (Kirpichnikov et al., 2004) and
improved use of rivers for navigation (Golitsyn and Yu, 2002)
will likely help avert water scarcity.
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Table 10.8. Adaptation measures in agriculture.

Sectors Adaptation measures

1°C temperature increase in June to August Choice of crop and cultivar:
• Use of more heat/drought-tolerant crop varieties in areas under water stress
• Use of more disease and pest tolerant crop varieties
• Use of salt-tolerant crop varieties
• Introduce higher yielding, earlier maturing crop varieties in cold regions
Farm management:
• Altered application of nutrients/fertiliser
• Altered application of insecticide/pesticide
• Change planting date to effectively use the prolonged growing season and irrigation
• Develop adaptive management strategy at farm level

Livestock production • Breeding livestock for greater tolerance and productivity
• Increase stocks of forages for unfavourable time periods
• Improve pasture and grazing management including improved grasslands and pastures
• Improve management of stocking rates and rotation of pastures
• Increase the quantity of forages used to graze animals
• Plant native grassland species
• Increase plant coverage per hectare
• Provide local specific support in supplementary feed and veterinary service

Fishery • Breeding fish tolerant to high water temperature
• Fisheries management capabilities to cope with impacts of climate change must be developed

Development of agricultural bio-technologies • Development and distribution of more drought, disease, pest and salt-tolerant crop varieties
• Develop improved processing and conservation technologies in livestock production
• Improve crossbreeds of high productivity animals

Improvement of agricultural infrastructure • Improve pasture water supply
• Improve irrigation systems and their efficiency
• Improve use/store of rain and snow water
• Improve information exchange system on new technologies at national as well as regional and
international level

• Improve sea defence and flood management
• Improve access of herders, fishers and farmers to timely weather forecasts



There are many adaptation measures that could be applied in
various parts of Asia to minimise the impacts of climate change on
water resources and use: several of which address the existing
inefficiency in the use of water. Modernisation of existing
irrigation schemes and demand management aimed at optimising
physical and economic efficiency in the use of water resources
and recycled water in water stressed countries of Asia could be
useful in many agricultural areas in Asia, particularly in arid and
semi-arid countries. Public investment policies which are aimed
at improving access to available water resources, integrated water
management, respect for the environment and promotion of better
practices for wise use of water in agriculture, including recycled
waste water could potentially enhance adaptive capacity. As an
adaptation measure, apart from meeting non-potable water
demands, recycled water can be used for recharging groundwater
aquifers and augmenting surface water reservoirs. Recycled water
can also be used to create or enhance wetlands and riparian
habitats. While water recycling is a sustainable approach towards
adaptation to climate change and can be cost-effective in the long
term, the treatment of wastewater for reuse, such as that being
practiced now in Singapore, and the installation of distribution
systems, can be initially expensive compared to such water supply
alternatives as imported water or groundwater, but are potentially
important adaptive options in many countries of Asia. Reduction
of water wastage and leakages, which in some cities like
Damascus can be substantial, could be practiced to cushion the
decrease in water supply due to decline in precipitation and
increase in temperature. The use of market-oriented approaches to
reduce wasteful water uses could also be effective in reducing
effects of climate change on water resources (Ragab and
Prudhomme, 2002). In rivers like the Mekong where wet season
riverflows are estimated to increase and the dry season flows
projected to decrease, planned water management interventions
could marginally decrease wet season flows and substantially
increase dry season flows (World Bank, 2004).

10.5.3 Coastal and low lying areas

The response to sea-level rise could mean protection,
accommodation and retreat. As substantial socio-economic
activities and populations are currently highly concentrated in
the coastal zones in Asia, protection should remain a key focus
area in Asia. Coastal protection constructions in Asia for 5-year
to 1,000-year storm-surge elevations need to be considered.
Most megacities of Asia located in coastal zones need to ensure
that future constructions are done at elevated levels (Nicholls,
2004; Nishioka and Harasawa, 1998; Du and Zhang, 2000). The
dike heightening and strengthening has been identified as one
of the adaptation measures for coastal protection (Du and Zhang,
2000; Huang and Xie, 2000; Li et al., 2004a, b).

Integrated Coastal Zone Management (ICZM) provides an
effective coastal protection strategy to maximise the benefits
provided by the coastal zone and to minimise the conflicts and
harmful effects of activities on social, cultural and
environmental resources to promote sustainable management of
coastal zones (World Bank, 2002). The ICZM concept is being
embraced as a central organising concept in the management of
fisheries, coral reefs, pollution, megacities and individual coastal

systems in China, India, Indonesia, Japan, Korea, the
Philippines, Sri Lanka, Vietnam and Kuwait. It has been
successfully applied for prevention and control of marine
pollution in Batangas Bay of the Philippines and Xiamen of
China over the past few years (Chua, 1999; Xue et al., 2004).
The ICZM concept and principle could potentially promote
sustainable coastal area protection and management in other
countries of Asia.

10.5.4 Natural ecosystems and biodiversity

The probability of significant adverse impacts of climate
change on Asian forests is high in the next few decades (Isaev et
al., 2004). Improved technologies for tree plantation development
and reforestation could likely enhance adaptation especially in
vulnerable areas such as the Siberian forests. Likewise
improvement of protection from fires, insects and diseases could
reduce vulnerability of most forests in Asia to climate change and
variability.

Comprehensive intersectoral programs that combine
measures to control deforestation and forest degradation with
measures to increase agricultural productivity and sustainability
will likely contribute more to reducing vulnerability of forests to
climate change, land use change and other stress factors than
independent sectoral initiatives. Other likely effective adaptation
measures to reduce the impacts of climate change on forest
ecosystems in Asia include extending rotation cycles, reducing
damage to remaining trees, reducing logging waste,
implementing soil conservation practices, and using wood in a
more carbon-efficient way such that a large fraction of their
carbon is conserved.

10.5.5 Human health

Assessment of the impact of climate change is the first step
for exploring adaptation strategy. The disease monitoring system
is essential as the basic data source. Specifically, the monitoring
of diseases along with related ecological factors is required
because the relation between weather factors and vector-borne
diseases are complicated and delicate (Kovats et al., 2003). Also,
disease monitoring is necessary in assessing the effectiveness
and efficiency of the adaptation measures (Wilkinson et al.,
2003). For effective adaptation measures, the potential impacts
of climate variability and change on human health need to be
identified, along with barriers to successful adaptation and the
means of overcoming such barriers.

The heat watch and warning system in the USA was
evaluated to be effective (Ebi et al., 2004). Also, a similar system
was operated in Shanghai, China (Tan et al., 2004).
Implementation of this type of heat watch and warning system
and other similar monitoring systems in other parts of Asia will
likely be helpful in reducing the impacts of climate change on
human health.

10.5.6 Human dimensions

Rapid population growth, urbanisation and weak land-use
planning and enforcement are some of the reasons why poor
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people move to fragile and high-risk areas which are more
exposed to natural hazards. Moreover, the rapid growth of
industries in urban areas has induced rural-urban migration.
Rural development together with networking and advocacy, and
building alliances among communities is a prerequisite for
reducing the migration of people to cities and coastal areas in
most developing countries of Asia (Kelly and Adger, 2000).
Raising awareness about the dangers of natural disasters,
including those due to climate extremes, is also crucial among
the governments and people so that mitigation and preparedness
measures could be strengthened. Social capital has been paid
attention to build adaptive capacity (Allen, 2006). For example,
a community-based disaster management programme was
introduced to reduce vulnerability and to strengthen people’s
capacity to cope with hazards by the Asian Disaster
Preparedness Centre, Bangkok (Pelling, 2003).

Tourism is one of the most important industries in Asia, which
is the third centre of tourism activities following Europe and
North America. Sea-level rise, warming sea temperatures and
extreme weather events are likely to have impacts on the
regions’ islands and coasts which attract considerable number
of visitors from countries such as Japan and Taiwan (World
Tourism Organization, 2003; Hamilton et al., 2005). Relevant
adaptation measures in this case include designing and building
appropriate infrastructures to protect tourists, installation and
maintenance of weather prediction and hazard warning systems,
especially during rainy and tropical storm seasons. Conservation
of mangroves is considered as effective natural protection
against storm surges, coastal erosion and strong wave actions
(Mazda et al., 1997, 2006; Vermaat and Thampanya, 2006). To
minimise the anticipated impact of global warming on the ski
industry, development of new leisure industries more resistant to
or suited to a warmer atmosphere, thus avoiding excessive
reliance on the ski industry, e.g., grass-skiing, hiking, residential
lodging and eco-tourism, could be helpful in compensating for
the income reduction due to snow deterioration (Fukushima et
al., 2002).

To minimise the risks of heat stress that are most pronounced
in large cities due to the urban heat-island effect in summer
(Kalnay and Cai, 2003) urban planning should consider:
reducing the heat island in summer, the heat load on buildings,
cooling load and high night-time temperature, and taking climate
change into account in planning new buildings and setting up
new regulations on buildings and urban development. Planting
trees, building houses with arcades and provision for sufficient
ventilation could help in reducing heat load (Shimoda, 2003).
The use of reflective surfaces, control of solar radiation by
vegetation and blinds, earth tubes, the formation of air paths for
natural ventilation, and rooftop planting could reduce the
cooling load.

10.5.7 Key constraints and measures to
strengthen adaptation

Effective adaptation and adaptive capacity in Asia,
particularly in developing countries, will continue to be limited
by several ecological, social and economic, technical and
political constraints including spatial and temporal uncertainties

associated with forecasts of regional climate, low level of
awareness among decision makers of the local and regional
impacts of El Niño, limited national capacities in climate
monitoring and forecasting, and lack of co-ordination in the
formulation of responses (Glantz, 2001).

Radical climate change may cause alterations of the physical
environment in an area that may limit adaptation possibilities
(Nicholls and Tol, 2006). For example, migration is the only
option in response to sea-level rise that inundates islands and
coastal settlements (see Chapter 17, Section 17.4.2.1). Likewise,
impacts of climate change may occur beyond certain thresholds
in the ability of some ecosystems to adapt without dramatic
changes in their functions and resilience. The inherent sensitivity
of some ecosystems, habitats and even species with extremely
narrow ranges of biogeographic adaptability will also limit the
options and effectiveness of adaptation.

Poverty is identified as the largest barrier to developing the
capacity to cope and adapt (Adger et al., 2001). The poor usually
have a very low adaptive capacity due to their limited access to
information, technology and other capital assets which make
them highly vulnerable to climate change. Poverty also
constrains the adaptation in other sectors. Poverty, along with
infrastructural limitations and other socioeconomic factors, will
continue to limit the efforts to conserve biodiversity in South-
East Asia (Sodhi et al., 2004). Adaptive capacity in countries
where there is a high incidence of poverty will likely remain limited.

Insufficient information and knowledge on the impacts of
climate change and responses of natural systems to climate
change will likely continue to hinder effective adaptation
particularly in Asia. The limited studies on the interconnections
between adaptation and mitigation options, costs and benefits of
adaptation, and trade-offs between various courses of actions
will also likely limit adaptation in Asia. The deficiency in
available information and knowledge will continue to make it
difficult to enhance public perception of the risks and dangers
associated with climate change. In addition, the absence of
information on adaptation costs and benefits makes it difficult to
undertake the best adaptation option. This limiting factor will
be most constraining in developing countries where systems for
monitoring and research on climate and responses of natural and
human systems to climate are usually lacking. More relevant
information such as on the crop yield benefits linked to changes
in planting dates for various regions, as reported by Tan and
Shibasaki (2003), and on the optimal levels and cost of coastal
protection investment in Vietnam, Cambodia and other countries,
as reported by Nicholls and Tol (2006), will be needed.

Based on the discussion in Chapter 17, Section 17.4.2.4, it is
very likely that in countries of Asia facing serious domestic
conflicts, pervasive poverty, hunger, epidemics, terrorism and
other pressing and urgent concerns, attention may be drawn
away from the dangers of climate change and the need to
implement adaptation. The slow change in political and
institutional landscape in response to climate change could also
be a major limitation to future adaptation. The existing legal and
institutional framework in most Asian countries remains
inadequate to facilitate implementation of comprehensive and
integrated response to climate change in synergy with the pursuit
of sectoral development goals.
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To address the constraints discussed above and strengthen
adaptation in Asia, some of the measures suggested by Stern
(2007) could be useful. These include improving access to high-
quality information about the impacts of climate change;
adaptation and vulnerability assessment by setting in place early
warning systems and information distribution systems to
enhance disaster preparedness; reducing the vulnerability of
livelihoods and infrastructure to climate change; promoting good
governance including responsible policy and decision making;
empowering communities and other local stakeholders so that
they participate actively in vulnerability assessment and
implementation of adaptation; and mainstreaming climate
change into development planning at all scales, levels and sectors.

10.6 Case studies

10.6.1 Megadeltas in Asia

There are 11 megadeltas with an area greater than 10,000 km2

(Table 10.10) in the coastal zone of Asia that are continuously
being formed by rivers originating from the Tibetan Plateau
(Milliman and Meade, 1983; Penland and Kulp, 2005) These
megadeltas are vital to Asia because these are home to millions
of people, especially the seven megacities that are located in
these deltas (Nicholls, 1995; Woodroffe et al., 2006). The
megadeltas, particularly the Zhujiang delta, Changjiang delta
and Huanghe delta, are also economically important, accounting
for a substantial proportion of China’s total GDP (Niou, 2002;
She, 2004). Ecologically, the Asian megadeltas are critical
diverse ecosystems of unique assemblages of plants and animals
located in different climatic regions (IUCN, 2003b; ACIA, 2005;
Macintosh, 2005; Sanlaville and Prieur, 2005). However, the
megadeltas of Asia are vulnerable to climate change and sea-
level rise that could increase the frequency and level of
inundation of megadeltas due to storm surges and floods from
river drainage (Nicholls, 2004; Woodroffe et al., 2006) putting
communities, biodiversity and infrastructure at risk of being
damaged. This impact could be more pronounced in megacities
located in megadeltas where natural ground subsidence is
enhanced by human activities, such as in Bangkok in the Chao
Phraya delta, Shanghai in the Changjiang delta, Tianjin in the
old Huanghe delta (Nguyen et al., 2000; Li et al., 2004a; Jiang,
2005; Li et al., 2005; Woodroffe et al., 2006). Climate change
together with human activities could also enhance erosion that
has, for example, caused the Lena delta to retreat at a rate of 3.6
to 4.5 m/yr (Leont’yev, 2004) and has affected the progradation
and retreat of megadeltas fed by rivers originating from the
Tibetan Plateau (Li et al., 2004b; Thanh et al., 2004; Shi et al.,
2005; Woodroffe et al., 2006). The adverse impacts of salt-water
intrusion on water supply in the Changjiang delta and Zhujiang
delta, mangrove forests, agriculture production and freshwater
fish catch, resulting in a loss of US$125x106 per annum in the
Indus delta could also be aggravated by climate change (IUCN,
2003a, b; Shen et al., 2003; Huang and Zhang, 2004).

Externally, the sediment supplies to many megadeltas have
been reduced by the construction of dams and there are plans

for many more dams in the 21st century (Chapter 6, Box 6.3;
Woodroffe et al., 2006). Reduction of sediment supplies make
these systems much more vulnerable to climate change and sea-
level rise. When considering all the non-climate pressures, there
is very high confidence that the group of populated Asian
megadeltas is highly threatened by climate change and
responding to this threat will present important challenges (see
also Chapter 6, Box 6.3). The sustainability of megadeltas in
Asia in a warmer climate will rest heavily on policies and
programmes that promote integrated and co-ordinated
development of the megadeltas and upstream areas, balanced
use and development of megadeltas for conservation and
production goals, and comprehensive protection against erosion
from river flow anomalies and sea-water actions that combines
structural with human and institutional capability building
measures (Du and Zhang, 2000; Inam et al., 2003; Li et al.,
2004b; Thanh et al., 2004; Saito, 2005; Wolanski, 2007;
Woodroffe et al., 2006).

10.6.2 The Himalayan glaciers

Himalayan glaciers cover about three million hectares or 17%
of the mountain area as compared to 2.2% in the Swiss Alps.
They form the largest body of ice outside the polar caps and are
the source of water for the innumerable rivers that flow across
the Indo-Gangetic plains. Himalayan glacial snowfields store
about 12,000 km3 of freshwater. About 15,000 Himalayan
glaciers form a unique reservoir which supports perennial rivers
such as the Indus, Ganga and Brahmaputra which, in turn, are
the lifeline of millions of people in South Asian countries
(Pakistan, Nepal, Bhutan, India and Bangladesh). The Gangetic
basin alone is home to 500 million people, about 10% of the
total human population in the region.

Glaciers in the Himalaya are receding faster than in any other
part of the world (see Table 10.9) and, if the present rate
continues, the likelihood of them disappearing by the year 2035
and perhaps sooner is very high if the Earth keeps warming at
the current rate. Its total area will likely shrink from the present
500,000 to 100,000 km2 by the year 2035 (WWF, 2005).

The receding and thinning of Himalayan glaciers can be
attributed primarily to the global warming due to increase in
anthropogenic emission of greenhouse gases. The relatively high
population density near these glaciers and consequent
deforestation and land-use changes have also adversely affected
these glaciers. The 30.2 km long Gangotri glacier has been
receding alarmingly in recent years (Figure 10.6). Between 1842
and 1935, the glacier was receding at an average of 7.3 m every
year; the average rate of recession between 1985 and 2001 is
about 23 m per year (Hasnain, 2002). The current trends of
glacial melts suggest that the Ganga, Indus, Brahmaputra and
other rivers that criss-cross the northern Indian plain could likely
become seasonal rivers in the near future as a consequence of
climate change and could likely affect the economies in the
region. Some other glaciers in Asia – such as glaciers shorter
than 4 km length in the Tibetan Plateau – are projected to
disappear and the glaciated areas located in the headwaters of
the Changjiang River will likely decrease in area by more than
60% (Shen et al., 2002).

Chapter 10 Asia

493



10.7 Implications for sustainable
development

Chapter 20, Section 20.1 of this volume uses the succinct
definition of the Bruntland Commission to describe sustainable
development as “development that meets the needs of the
present without compromising the ability of future generations
to meet their own needs”. Sustainable development represents a
balance between the goals of environmental protection and
human economic development and between the present and
future needs. It implies equity in meeting the needs of people
and integration of sectoral actions across space and time. This
section focuses mainly on how the impacts of projected climate

change on poverty eradication, food security, access to water
and other key concerns described above will likely impinge on
the pursuit of sustainable development in Asia. In most
instances, the reference to sustainable development will be
confined to a specific country or sub-region, primarily due to
the existing difficulty of aggregating responses to climate
change and other stressors across the whole of Asia.

10.7.1 Poverty and illiteracy

A significant proportion of the Asian population is living
below social and economic poverty thresholds. Asia accounts
for more than 65% of all people living in rural areas without
access to sanitation, of underweight children, of people living
on less than a dollar a day and of TB cases in the world. It
accounts for over 60% of all malnourished people, people
without access to sanitation in urban areas and people without
access to water in rural areas (UN-ESCAP, 2006). Most of the
world's poor reside in South Asia and, within South Asia, the
majority resides in rural areas (Srinivasan, 2000). Greater
inequality could both undermine the efficiency with which
future growth could reduce poverty and make it politically more
difficult to pursue pro-poor policies (Fritzen, 2002).

Coupled with illiteracy, poverty subverts the ability of the
people to pursue the usually long-term sustainable development
goals in favour of the immediate goal of meeting their daily
subsistence needs. This manifests in the way poverty drives poor
communities to abusive use of land and other resources that lead
to onsite degradation and usually macroscale environmental
deterioration. In the absence of opportunities for engaging in
stable and gainful livelihood, poverty stricken communities are
left with no option but to utilise even the disaster-prone areas,
unproductive lands and ecologically fragile lands that have been
set aside for protection purposes such as conservation of
biodiversity, soil and water. With climate change, the poor
sectors will be most vulnerable and, without appropriate
measures, climate change will likely exacerbate the poverty
situation and continue to slow down economic growth in
developing countries of Asia (Beg et al., 2002).

10.7.2 Economic growth and equitable development

Rapid economic growth characterised by increasing
urbanisation and industrialisation in several countries of Asia (i.e.,
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Table 10.9. Record of retreat of some glaciers in the Himalaya.

Glacier Period Retreat of Average retreat

snout (metre) of glacier (metre/year)

Triloknath Glacier (Himachal Pradesh) 1969 to 1995 400 15.4

Pindari Glacier (Uttaranchal) 1845 to 1966 2,840 135.2

Milam Glacier (Uttaranchal) 1909 to 1984 990 13.2

Ponting Glacier (Uttaranchal) 1906 to 1957 262 5.1

Chota Shigri Glacier (Himachal Pradesh) 1986 to 1995 60 6.7

Bara Shigri Glacier (Himachal Pradesh) 1977 to 1995 650 36.1

Gangotri Glacier (Uttaranchal) 1977 to 1990 364 28.0

Gangotri Glacier (Uttaranchal) 1985 to 2001 368 23.0

Zemu Glacier (Sikkim) 1977 to 1984 194 27.7

Figure 10.6. Composite satellite image showing how the Gangotri
Glacier terminus has retracted since 1780 (courtesy of NASA EROS
Data Center, 9 September 2001).



China, India and Vietnam) will likely drive the increase in the
already high demand for raw materials such as cement, wood,
steel and other construction materials in Asia. Consequently, the
use of forests, minerals and other natural resources will increase
along with the increase in carbon emission. The challenge here is
finding the development pathways wherein GHG emission is
minimised while attaining high economic growth (Jiang et al.,
2000). Equally vital in this regard is the promotion of equity in
spreading the benefits that will arise from economic growth so as
to uplift the condition of the poor sector to a state of enhanced
capacity to adapt to climate change. Another concern related to
economic growth is the increase in the value of land to a level
where it becomes economically less profitable to farm agricultural
land than using the land for industrial and commercial purposes.
In the absence of appropriate regulatory intervention, this can
undermine the production of adequate food supply and further
jeopardise the access of the poor to food support.

Sustaining economic growth in the context of changing
climate in many Asian countries will require the pursuit of
enhancing preparedness and capabilities in terms of human,
infrastructural, financial and institutional dimensions with the
aim in view of reducing the impacts of climate change on the
economy. For instance, in many developing countries, instituting
financial reforms could likely result in a more robust economy
that is likely to be less vulnerable to changing climate (Fase and
Abma, 2003). In countries with predominantly agrarian
economies, climate change, particularly an increase in
temperature and reduction in precipitation, could, in the absence
of adequate irrigation and related infrastructural interventions,
dampen the economic growth by reducing agricultural
productivity (Section 10.4.1).

10.7.3 Compliance with and governance of
Multilateral Environmental Agreements

Many countries in Asia are signatories to one or more of the
Multilateral Environmental Agreements (MEAs) that seek to
address common concerns such as biodiversity conservation and
sustainable forest management, climate change, international
water resources, over-exploitation of regional fisheries, trans-
boundary air pollution, and pollution of regional seas. Some of
these MEAs include the United Nations Framework Convention
on Climate Change (UNFCCC), the Convention on Biological
Diversity (CBD), the Convention to Combat Desertification
(CCD), the Convention on International Trade of Endangered
Fauna and Flora (CITES), the Ramsar Convention to protect
Mangroves and Wetlands, the Montreal and Kyoto Protocols to
address problems of the breakdown in the Earth’s protective
ozone layer and global warming, International Tropical Timber
Organization (ITTO) that governs the exploitation of tropical
forests and conservation of biodiversity, and International
Convention for the Prevention of Pollution from Ships for
control of pollution of regional seas. The major challenge for
Asian countries is how to take advantage of opportunities in
designing integrated and synergistic responses in adherence to
and compliance with the terms and conditions of MEAs and
improve environmental quality without unduly hampering
economic development (Beg et al., 2002).

10.7.4 Conservation of natural resources

Natural resources utilisation could intensify in several parts of
Asia in response to increasing demands. In South-East Asia,
intensification of forest utilisation could likely increase further
the already high rate of deforestation that could lead to the loss
of much of its original forests and biodiversity by 2100 (Sodhi
et al., 2004). To sustain development in this region, measures to
minimise deforestation and enhance restoration of degraded
forests will be required. The challenge in Asia will be in
countries with developing economies where the need to
maximise production could lead to increased perturbations of
the ecosystems and the environment that could be aggravated
by climate change. In the same manner, the use of water will
continue to increase as the population and economies of
countries grow. This will likely put more stress on water that
could be exacerbated by climate change as discussed above.
Integrated responses to cope with the impacts of climate change
and other stressors on the supply and demand side will likely
contribute in the attainment of sustainable development in many
countries in the West, South and South-East Asia.

10.8 Key uncertainties, research gaps
and priorities

10.8.1 Uncertainties

The base for future climate change studies is designing future
social development scenarios by various models and projecting
future regional and local changes in climate and its variability,
based on those social development scenarios so that most
plausible impacts of climate change could be assessed. The
emission scenarios of greenhouse gases and aerosols are strongly
related to the socio-economics of the countries in the region and
could be strongly dependent on development pathways followed
by individual nations. Inaccurate description on future scenarios
of socio-economic change, environmental change, land-use
change and technological advancement and its impacts will lead
to incorrect GHG emissions scenarios. Therefore factors
affecting design of social development scenarios need to be
examined more carefully to identify and properly respond to key
uncertainties.

The large natural climate variability in Asia adds a further
level of uncertainty in the evaluation of a climate change
simulation. Our current understanding of the precise magnitude
of climate change due to anthropogenic factors is relatively low,
due to imperfect knowledge and/or representation of physical
processes, limitations due to the numerical approximation of the
model’s equations, simplifications and assumptions in the
models and/or approaches, internal model variability, and inter-
model or inter-method differences in the simulation of climate
response to given forcing. Current efforts on climate variability
and climate change studies increasingly rely upon diurnal,
seasonal, latitudinal and vertical patterns of temperature trends
to provide evidence for anthropogenic signatures. Such
approaches require increasingly detailed understanding of the
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spatial variability of all forcing mechanisms and their
connections to global, hemispheric and regional responses.

Uncertainty in assessment methodologies per se is also one of
the main sources of uncertainty. In model-based assessments,
results on impacts of climate change, in fact, accumulate errors
from the methodologies for establishment of socio-economic
scenarios, environmental scenarios, climate scenarios and
climate impact assessment (Challinor et al., 2005).

10.8.2 Confidence levels and unknowns

The vulnerability of key sectors to the projected climate
change for each of the seven sub-regions of Asia based on
currently available scientific literature referred to in this
assessment have been assigned a degree of confidence which is
listed in Table 10.11. The assigned confidence levels could
provide guidance in weighing which of the sectors ought to be

Asia Chapter 10

496

Table 10.10. Megadeltas of Asia.

Features Lena Huanghe- Changjiang Zhujiang Red River Mekong Chao Irrawaddy Ganges- Indus Shatt-el-Arab

Huaihe Phraya Brahmaputra (Arvand Rud)

Area
(103 km2)

43.6 36.3 66.9 10 16 62.5 18 20.6 100 29.5 18.5

Water
discharge
(109 m3/yr)

520 33.3 905 326 120 470 30 430 1330 185 46

Sediment
load
(106 t/yr)

18 849 433 76 130 160 11 260 1969 400 100

Delta
growth
(km2/yr)

-- 21.0 16.0 11.0 3.6 1.2 10.0 5.5 to 16.0 PD30

Climate
zone

Boreal Temperate Sub-tropical Sub-
tropical

Tropical Tropical Tropical Tropical Tropical Semi-
arid

Arid

Mangroves
(103 km2)

None None None None 5.2 2.4 4.2 10 1.6 None

Population
(106) in
2000

0.000079 24.9 (00) 76 (03) 42.3 (03) 13.3 15.6 11.5 10.6 130 3.0 0.4

Population
increase by
2015

None 18 - 176 21 21 44 15 28 45 --

GDP
(US$109)

58.8 (00) 274.4 (03) 240.8 (03) 9.2 (04) 7.8 (04) -- -- -- -- --

Megacity None Tianjin Shanghai Guangzhou -- -- Bangkok -- Dhaka Karachi --

Ground
subsidence
(m)

None 2.6 to 2.8 2.0 to 2.6 X XX -- 0.2 to
1.6

-- 0.6 to 1.9
mm/a

--

SLR (cm)
in 2050

10 to 90
(2100)

70 to 90 50 to 70 40 to 60 -- -- -- -- -- 20 to
50

--

Salt-water
intrusion
(km)

-- -- 100 -- 30 to 50 60 to 70 -- -- 100 80 --

Natural
hazards

-- FD CS, SWI, FD CS, FD,
SWI

CS, FD,
SWI

SWI -- -- CS, FD, SWI CS,
SWI

--

Area
inundated
by SLR
(103 km2).
Figure in
brackets
indicates
amount
SLR.

-- 21.3 (0.3m) 54.5 (0.3m) 5.5 (0.3m) 5 (1m) 20 (1m) -- -- -- -- --

Coastal
protection

No
protection

Protected Protected Protected Protected Protected Protected Protected Protected Partial
Protection

Partial
protection

PD: Progradation of coast; CS: Tropical cyclone and storm surge; FD: Flooding; SLR: Sea-level rise; SWI: Salt water intrusion; DG: Delta growth in
area; XX: Strong ground subsidence; X: Slight ground subsidence; --: No data available



the priority concerns based on the most likely future outcomes.
However, some of the greatest concerns emerge not from the
most likely future outcomes but rather from possible ‘surprises’.
Growing evidence suggests the ocean-atmosphere system that
controls the world’s climate can lurch from one state to another,
such as a shutdown of the ‘ocean conveyor belt’ in less than a
decade. Certain threshold events may become more probable
and non-linear changes and surprises should be anticipated, even
if they cannot be predicted with a high degree of confidence.
Abrupt or unexpected changes pose great challenges to our
ability to adapt and can thus increase our vulnerability to
significant impacts (Preston et al., 2006).

The spotlight in climate research is shifting from gradual to
rapid or abrupt change. There is some risk that a catastrophic
collapse of the ice sheet could occur over a couple of centuries
if polar water temperatures warm by a few degrees. Scientists
suggest that such a risk has a probability of between 1 and 5%
(Alley, 2002). Because of this risk, as well as the possibility of
a larger than expected melting of the Greenland Ice Sheet, a
recent study estimated that there is a 1% chance that global sea
level could rise by more than 4 metres in the next two centuries
(Hulbe and Payne, 2001).

10.8.3 Research gaps and priorities

A number of fundamental scientific questions relating to the
build-up of greenhouse gases in the atmosphere and the
behaviour of the climate system need to be critically addressed.
These include (a) the future usage of fossil fuels, (b) the future
emissions of methane (Slingo et al., 2005; Challinor et al., 2006),
(c) the fraction of the future fossil-fuel carbon that will remain
in the atmosphere and provide radiative forcing versus exchange
with the oceans or net exchange with the land biosphere, (d)
details of the regional and local climate change given an overall
level of global climate change, (e) the nature and causes of the
natural variability of climate and its interactions with forced
changes, and (f) the direct and indirect effects of the changing
distributions of aerosols.

An effective strategy for advancing the understanding of
adverse impacts of climate change in Asia will require
strengthening the academic and research institutions to conduct

innovative research on the response of human and natural
systems to multiple stresses at various levels and scales. Key
specific research-related priorities for Asia are:

• basic physiological and ecological studies on the effects of
changes in atmospheric conditions;

• enhancing capability to establish and maintain observation
facilities and to collect, and compile, climatic, social and
biophysical data;

• improvement of information-sharing and data networking on
climate change in the region;

• impacts of extreme weather events such as disasters from
flood, storm surges, sea-level rise, heatwaves, plant diseases
and insect pests;

• identification of social vulnerability to multiple stressors due
to climate change and environmental change;

• adaptation researches concerning agro-technology, water
resources management, integrated coastal zone management;
pathology and diseases monitoring and control;

• sectoral interaction such as between irrigation and water
resources, agricultural land use and natural ecosystem, water
resources and cropping, water resources and livestock
farming, water resources and aquaculture, water resource and
hydropower, sea-level rise and land use, sea-water invasion
and land degradation;

• mainstreaming science of climate change impacts, adaptation
and vulnerability in policy formulation; and

• identification of the critical climate thresholds for various
regions and sectors.
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Executive summary

Literature published since the IPCC Third Assessment
Report confirms and extends its main findings (high
confidence).
There is more extensive documentation of observed changes to
natural systems, major advances in understanding potential
future climate changes and impacts, more attention to the role
of planned adaptation in reducing vulnerability, and
assessments of key risks and benefits [11.1].

Regional climate change has occurred (very high confidence).
Since 1950, there has been 0.4 to 0.7°C warming, with more
heatwaves, fewer frosts, more rain in north-west Australia and
south-west New Zealand, less rain in southern and eastern
Australia and north-eastern New Zealand, an increase in the
intensity of Australian droughts, and a rise in sea level of about
70 mm [11.2.1].

Australia and New Zealand are already experiencing
impacts from recent climate change (high confidence).
These are now evident in increasing stresses on water supply
and agriculture, changed natural ecosystems, reduced seasonal
snow cover, and glacier shrinkage [11.2.1, 11.2.3].

Some adaptation has already occurred in response to
observed climate change (high confidence).
Examples come from sectors such as water, natural ecosystems,
agriculture, horticulture and coasts [11.2.5]. However, ongoing
vulnerability to extreme events is demonstrated by substantial
economic losses caused by droughts, floods, fire, tropical
cyclones and hail [11.2.2].

The climate of the 21st century is virtually certain to be
warmer, with changes in extreme events.
Heatwaves and fires are virtually certain to increase in intensity
and frequency (high confidence). Floods, landslides, droughts
and storm surges are very likely to become more frequent and
intense, and snow and frost are very likely to become less
frequent (high confidence). Large areas of mainland Australia
and eastern New Zealand are likely to have less soil moisture,
although western New Zealand is likely to receive more rain
(medium confidence) [11.3.1].

Potential impacts of climate change are likely to be
substantial without further adaptation.

• As a result of reduced precipitation and increased
evaporation, water security problems are projected to
intensify by 2030 in southern and eastern Australia and, in
New Zealand, in Northland and some eastern regions (high
confidence) [11.4.1].

• Ongoing coastal development and population growth, in
areas such as Cairns and south-east Queensland (Australia)
and Northland to Bay of Plenty (New Zealand), are

projected to exacerbate risks from sea-level rise and
increases in the severity and frequency of storms and
coastal flooding by 2050 (high confidence) [11.4.5,
11.4.7].

• Significant loss of biodiversity is projected to occur by
2020 in some ecologically rich sites, including the Great
Barrier Reef and Queensland Wet Tropics. Other sites at
risk include Kakadu wetlands, south-west Australia, sub-
Antarctic islands and alpine areas of both countries (very
high confidence) [11.4.2].

• Risks to major infrastructure are likely to increase. By
2030, design criteria for extreme events are very likely to
be exceeded more frequently. Risks include failure of
floodplain protection and urban drainage/sewerage,
increased storm and fire damage, and more heatwaves,
causing more deaths and more blackouts (high confidence)
[11.4.1, 11.4.5, 11.4.7, 11.4.10, 11.4.11].

• Production from agriculture and forestry is projected to
decline by 2030 over much of southern and eastern
Australia, and over parts of eastern New Zealand, due to
increased drought and fire. However, in New Zealand,
initial benefits to agriculture and forestry are projected in
western and southern areas and close to major rivers due
to a longer growing season, less frost and increased rainfall
(high confidence) [11.4.3, 11.4.4].

Vulnerability is likely to increase in many sectors, but this
depends on adaptive capacity.

• Most human systems have considerable adaptive capacity:
The region has well-developed economies, extensive
scientific and technical capabilities, disaster mitigation
strategies, and biosecurity measures. However, there are
likely to be considerable cost and institutional constraints
to the implementation of adaptation options (high
confidence) [11.5]. Some Indigenous communities have
low adaptive capacity (medium confidence) [11.4.8].
Water security and coastal communities are the most
vulnerable sectors (high confidence) [11.7].

• Natural systems have limited adaptive capacity: Projected
rates of climate change are very likely to exceed rates of
evolutionary adaptation in many species (high confidence)
[11.5]. Habitat loss and fragmentation are very likely to
limit species migration in response to shifting climatic
zones (high confidence) [11.2.5, 11.5].

• Vulnerability is likely to rise due to an increase in extreme
events: Economic damage from extreme weather is very
likely to increase and provide major challenges for
adaptation (high confidence) [11.5].

• Vulnerability is likely to be high by 2050 in a few identified
hotspots: In Australia, these include the Great Barrier
Reef, eastern Queensland, the South-West, Murray-
Darling Basin, the Alps and Kakadu wetlands; in New
Zealand, these include the Bay of Plenty, Northland,
eastern regions and the Southern Alps (medium
confidence) [11.7].
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11.1 Introduction

The region is defined here as the lands and territories of
Australia and New Zealand. It includes their outlying tropical,
mid-latitude and sub-Antarctic islands and the waters of their
Exclusive Economic Zones. New Zealand’s population was 4.1
million in 2006, growing by 1.6%/yr (Statistics New Zealand,
2006). Australia’s population was 20.1 million in 2004, growing
by 0.9%/yr (ABS, 2005a). Many of the social, cultural and
economic aspects of the two countries are comparable. Both
countries are relatively wealthy and have export-based
economies largely dependent on natural resources, agriculture,
manufacturing, mining and tourism. Many of these are
climatically sensitive.

11.1.1 Summary of knowledge from the
Third Assessment Report (TAR)

In the IPCC Third Assessment Report (TAR; Pittock and
Wratt, 2001), the following impacts were assessed as important
for Australia and New Zealand.

• Water resources are likely to become increasingly stressed
in some areas of both countries, with rising competition for
water supply.

• Warming is likely to threaten the survival of species in
some natural ecosystems, notably in alpine regions, south-
western Australia, coral reefs and freshwater wetlands.

• Regional reductions in rainfall in south-west and inland
Australia and eastern New Zealand are likely to make
agricultural activities particularly vulnerable.

• Increasing coastal vulnerability to tropical cyclones, storm
surges and sea-level rise.

• Increased frequency of high-intensity rainfall, which is
likely to increase flood damage.

• The spread of some disease vectors is very likely, thereby
increasing the potential for disease outbreaks, despite
existing biosecurity and health services.

The overall conclusions of the TAR were that: (i) climate change
is likely to add to existing stresses to the conservation of
terrestrial and aquatic biodiversity and to achieving sustainable
land use, and (ii) Australia has significant vulnerability to
climate change expected over the next 100 years, whereas New
Zealand appears more resilient, except in a few eastern areas.

11.1.2 New findings of this Fourth Assessment
Report (AR4)

The scientific literature published since 2001 supports the TAR
findings. Key differences from the TAR include (i) more extensive
documentation of observed changes in natural systems consistent
with global warming, (ii) significant advances in understanding
potential future impacts on water, natural ecosystems, agriculture,
coasts, Indigenous people and health, (iii) more attention to the
role of adaptation, and (iv) identification of the most vulnerable
sectors and hotspots. Vulnerability is given more attention – it is
dependent on the exposure to climate change, the sensitivity of
sectors to this exposure, and their capacity to adapt.

11.2 Current sensitivity/vulnerability

11.2.1 Climate variability and 20th-century trends

In this section, climate change is taken to be due to both
natural variability and human activities. The relative proportions
are unknown unless otherwise stated. The strongest regional
driver of climate variability is the El Niño-Southern Oscillation
(ENSO). In New Zealand, El Niño brings stronger and cooler
south-westerly airflow, with drier conditions in the north-east of
the country and wetter conditions in the south-west (Gordon,
1986; Mullan, 1995). The converse occurs during La Niña. In
Australia, El Niño tends to bring warmer and drier conditions to
eastern and south-western regions, and the converse during La
Niña (Power et al., 1998). The positive phase of the Inter-
decadal Pacific Oscillation (IPO) strengthens the ENSO-rainfall
links in New Zealand and weakens links in Australia (Power et
al., 1999; Salinger et al., 2004; Folland et al., 2005).

In New Zealand, mean air temperatures have increased by
1.0°C over the period 1855 to 2004, and by 0.4°C since 1950
(NIWA, 2005). Local sea surface temperatures have risen by
0.7°C since 1871 (Folland et al., 2003). From 1951 to 1996, the
number of cold nights and frosts declined by 10-20 days/yr
(Salinger and Griffiths, 2001). From 1971 to 2004, tropical
cyclones in the south-west Pacific averaged nine/year, with no
trend in frequency (Burgess, 2005) or intensity (Diamond,
2006). The frequency and strength of extreme westerly winds
have increased significantly in the south. Extreme easterly winds
have decreased over land but have increased in the south
(Salinger et al., 2005a). Relative sea-level rise has averaged 1.6
± 0.2 mm/yr since 1900 (Hannah, 2004). Rainfall has increased
in the south-west and decreased in the north-east (Salinger and
Mullan, 1999) due to changes in circulation linked to the IPO,
with extremes showing similar trends (Griffiths, 2007). Pan
evaporation has declined significantly at six out of nineteen sites
since the 1970s, with no significant change at the other thirteen
sites (Roderick and Farquhar, 2005). Snow accumulation in the
Southern Alps shows considerable interannual variability but no
trend since 1930 (Owens and Fitzharris, 2004).

In Australia, from 1910 to 2004, the average maximum
temperature rose 0.6°C and the minimum temperature rose 1.2°C,
mostly since 1950 (Nicholls and Collins, 2006). It is very likely
that increases in greenhouse gases have significantly contributed
to the warming since 1950 (Karoly and Braganza, 2005a, b). From
1957 to 2004, the Australian average shows an increase in hot
days (≥35°C) of 0.10 days/yr, an increase in hot nights (≥20°C) of
0.18 nights/yr, a decrease in cold days (≤15°C) of 0.14 days/yr
and a decrease in cold nights (≤5°C) of 0.15 nights/yr (Nicholls
and Collins, 2006). Due to a shift in climate around 1950, the
north-western two-thirds of Australia has seen an increase in
summer monsoon rainfall, while southern and eastern Australia
have become drier (Smith, 2004b). While the causes of decreased
rainfall in the east are unknown, the decrease in the south-west is
probably due to a combination of increased greenhouse gas
concentrations, natural climate variability and land-use change,
whilst the increased rainfall in the north-west may be due to
increased aerosols resulting from human activity, especially in
Asia (Nicholls, 2006). Droughts have become hotter since about
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1973 because temperatures are higher for a given rainfall
deficiency (Nicholls, 2004). From 1950 to 2005, extreme daily
rainfall has increased in north-western and central Australia and
over the western tablelands of New South Wales (NSW), but has
decreased in the south-east, south-west and central east coast
(Gallant et al., 2007). Trends in the frequency and intensity of
most extreme temperature and rainfall events are rising faster than
the means (Alexander et al., 2007). South-east Australian snow
depths at the start of October have declined 40% in the past 40
years (Nicholls, 2005). Pan evaporation averaged over Australia
from 1970 to 2005 showed large interannual variability but no
significant trend (Roderick and Farquhar, 2004; Jovanovic et al.,
2007; Kirono and Jones, 2007). There is no trend in the frequency
of tropical cyclones in the Australian region from 1981 to 2003,
but there has been an increase in intense systems (very low central
pressure) (Kuleshov, 2003; Hennessy, 2004). Relative sea-level
rise around Australia averaged 1.2 mm/yr from 1920 to 2000
(Church et al., 2004).

The offshore islands of Australia and New Zealand have
recorded significant warming. The Chatham Islands (44°S,
177°W) have warmed 1°C over the past 100 years (Mullan et
al., 2005b). Macquarie Island (55°S, 159°E) has warmed 0.3°C
from 1948 to 1998 (Tweedie and Bergstrom, 2000), along with
increases in wind speed, precipitation and evapotranspiration,
and decreases in air moisture content and sunshine hours since
1950 (Frenot et al., 2005). Campbell Island (53°S, 169°E) has
warmed by 0.6°C in summer and 0.4°C in winter since the late
1960s. Heard Island (53°S, 73°E) shows rapid glacial retreat and
a reduced area of annual snow cover from 1948 to 2001
(Bergstrom, 2003).

11.2.2 Human systems: sensitivity/vulnerability
to climate and weather

Extreme events have severe impacts in both countries (Box
11.1). In Australia, around 87% of economic damage due to
natural disasters (storms, floods, cyclones, earthquakes, fires and
landslides) is caused by weather-related events (BTE, 2001).
From 1967 to 1999, these costs averaged US$719 million/yr,
mostly due to floods, severe storms and tropical cyclones. In
New Zealand, floods are the most costly natural disasters apart from
earthquakes and droughts, and total flood damage costs averaged
about US$85 million/yr from 1968 to 1998 (NZIER, 2004).

11.2.3 Natural systems: sensitivity/vulnerability
to climate and weather

Some species and natural systems in Australia and New
Zealand are already showing evidence of recent climate-
associated change (Table 11.1). In many cases, the relative
contributions of other factors such as changes in fire regimes
and land use are not well understood.

11.2.4 Sensitivity/vulnerability to other stresses

Human and natural systems are sensitive to a variety of
stresses independent of those produced by climate change.
Growing populations and energy demands have placed stress on

energy supply infrastructure. In Australia, energy consumption
has increased 2.5%/yr over the past 20 years (PB Associates,
2007). Increases in water demand have placed stress on supply
capacity for irrigation, cities, industry and environmental flows.
Increased water demand in New Zealand has been due to
agricultural intensification (Woods and Howard-Williams, 2004)

Box 11.1. Examples of extreme weather
events in Australia and New Zealand*

Droughts: In Australia, the droughts of 1982-1983, 1991-
1995 and 2002-2003 cost US$2.3 billion, US$3.8 billion
and US$7.6 billion, respectively (Adams et al., 2002; BoM,
2006a). In New Zealand, the 1997-1998 and 1998-1999
droughts had agricultural losses of US$800 million
(MAF, 1999).

Sydney hailstorm, 14 April 1999: With the exception of
the droughts listed above, this is the most expensive
natural disaster in Australian history, costing US$1.7 billion,
of which US$1.3 billion was insured (Schuster et al., 2005).

Eastern Australian heatwave, 1 to 22 February 2004:
About two-thirds of continental Australia recorded
maximum temperatures over 39°C. Temperatures reached
48.5°C in western New South Wales. The Queensland
ambulance service recorded a 53% increase in
ambulance call-outs (Steffen et al., 2006).

Canberra fire, 19 January 2003: Wildfires caused
US$261 million damage (Lavorel and Steffen, 2004; ICA,
2007). About 500 houses were destroyed, four people
were killed and hundreds injured. Three of the city’s four
dams were contaminated for several months by sediment-
laden runoff.

South-east Australian storm, 2 February 2005: Strong
winds and heavy rain led to insurance claims of almost
US$152 million (ICA, 2007). Transport was severely
disrupted and beaches were eroded.

Tropical cyclone Larry, 20 March 2006: Significant
damage or disruption to houses, businesses, industry,
utilities, infrastructure (including road, rail and air transport
systems, schools, hospitals and communications), crops
and state forests, costing US$263 million. Fortunately, the
1.75 m storm surge occurred at low tide (BoM, 2006b;
Queensland Government, 2006).

New Zealand floods: The 10 April 1968 Wahine storm
cost US$188 million, the 26 January 1984 Southland
floods cost US$80 million, and the February 2004 North
Island floods cost US$78 million (Insurance Council of
New Zealand, 2005).

* All costs are adjusted to 2002-2006 values.
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and has seen the irrigated area of New Zealand increase by
around 55% each decade since the 1960s (Lincoln
Environmental, 2000). Per capita daily water consumption is
180-300 litres in New Zealand and 270 litres for Australia (Robb
and Bright, 2004). In Australia, dryland salinity, alteration of
river flows, over-allocation and inefficient use of water
resources, land clearing, intensification of agriculture, and

fragmentation of ecosystems still represent major stresses (SOE,
2001; Cullen, 2002). From 1985 to 1996, Australian water
demand increased by 65% (NLWRA, 2001). Invasive plant and
animal species pose significant environmental problems in both
countries, particularly for agriculture and forestry (MfE, 2001;
SOE, 2001); for example, Cryptostegia grandiflora (Kriticos et
al., 2003a, b).

Taxa or system Observed change References

Australia

Rainforest and woodland ecotones Expansion of rainforest at the expense of eucalypt
forest and grassland in Northern Territory, Queensland
and New South Wales, linked to changes in rainfall
and fire regimes.

Bowman et al., 2001; Hughes, 2003

Sub-alpine vegetation Encroachment by snow gums into sub-alpine
grasslands at higher elevations.

Wearne and Morgan, 2001

Freshwater swamps and floodplains Saltwater intrusion into freshwater swamps since
the 1950s in Northern Territory accelerating since
the 1980s, possibly associated with sea level and
precipitation changes.

Winn et al., 2006

Coral reefs Eight mass bleaching events on the Great Barrier Reef
since 1979, triggered by unusually high sea surface
temperatures; no serious events known prior to 1979
(see Section 11.6). Most widespread events appear to
have occurred in 1998 and 2002, affecting up to 50% of
reefs within the Great Barrier Reef Marine Park.

Hoegh-Guldberg, 1999; Done et al., 2003;
Berkelmans et al., 2004

Birds Earlier arrival of migratory birds; range shifts and
expansions for several species; high sea surface
temperatures associated with reduced reproduction
in wedge-tailed shearwaters.

Smithers et al., 2003; Chambers, 2005;
Chambers et al., 2005; Beaumont et al., 2006

Mammals Increased penetration of feral mammals into alpine
and high sub-alpine areas and prolonged winter
presence of macropods.

Green and Pickering, 2002

Insects Change in genetic constitution of Drosophila, equivalent
to a 4° latitude shift (about 400 km).

Umina et al., 2005

New Zealand

Birds Earlier egg laying in the welcome swallow. Evans et al., 2003

Southern beech Seed production increase in Nothofagus (1973 to 2002)
along elevational gradient related to warming during
flower development.

Richardson et al., 2005

Fish Westward shift of Chilean jack mackerel in the Pacific
and subsequent invasion into New Zealand waters in the
mid-1980s associated with increasing El Niño frequency.

Taylor, 2002

Glaciers Ice volume decreased from about 100 km3 to 53 km3

over the past century. Loss of at least one-quarter of
glacier mass since 1950. Mass balance of Franz Josef
glacier decreased 0.02 m/yr from 1894 to 2005.

Chinn, 2001; Clare et al., 2002;
Anderson, 2004

Sub-Antarctic Islands

Birds Population increases in black-browed albatross and
king penguin on Heard Island; population declines on
Campbell Island of rockhopper penguins, grey-headed
albatross and black-browed albatross related to ocean
warming and changed fishing practices.

Waugh et al., 1999; Woehler et al., 2002;
Weimerskirch et al., 2003

Vertebrates Population increases in fur seals on Heard Island and
elephant seals on Campbell Island, linked to changes
in food supply, warming and oceanic circulation;
rats moving into upland herb-fields and breeding
more often on Macquarie Island.

Budd, 2000; Weimerskirch et al., 2003;
Frenot et al., 2005

Plant communities Plant colonisation of areas exposed by glacial retreat on
Heard Island; decline in area of sphagnum moss since
1992 on Macquarie Island associated with drying trend.

Whinam and Copson, 2006

Table 11.1. Examples of observed changes in species and natural systems linked to changing climate in Australia, New Zealand and their sub-
Antarctic islands.
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11.2.5 Current adaptation

Since vulnerability is influenced by adaptation, a summary of
current adaptation is given here rather than in Section 11.5 (which
looks at future adaptation). Adaptation refers to planned and
autonomous (or spontaneous) adjustments in natural or human
systems in response to climatic stimuli. Adaptation can reduce
harmful effects or exploit opportunities (see Chapter 17). An
example of autonomous adaptation is the intensification of grazing
in the rangelands of north-west Australia over the last 30 years, as
graziers have exploited more reliable and better pasture growth
following an increase in monsoon rainfall (Ash et al., 2006).
However, there is currently insufficient information to
comprehensively quantify this capacity. While planned adaptation
usually refers to specific measures or actions, it can also be viewed
as a dynamic process that evolves over time, involving five major
pre-conditions for encouraging implementation (Figure 11.1).
This section assesses how well Australia and New Zealand are
engaged in the adaptation process.

Provision of knowledge, data and tools.
Since the TAR, the New Zealand Foundation for Research,

Science and Technology has created a separate strategic fund for
global change research (FRST, 2005). Operational research and
development related to climate impacts on specific sectors have
also increased over the last 10 years (e.g., agricultural impacts,
decision-support systems and extension activities for integration
with farmers’ knowledge) (Kenny, 2002; MAF, 2006). One of
Australia’s four National Research Priorities is “an
environmentally sustainable Australia”, which includes
“responding to climate change and variability” (DEST, 2004).
The Australian Climate Change Science Programme and the
National Climate Change Adaptation Programme are part of this
effort (Allen Consulting Group, 2005). All Australian state and
territory governments have greenhouse action plans that include
development of knowledge, data and tools.

Risk assessments
A wide range of regional and sectoral risk assessments has

been undertaken since 2001 (see Section 11.4). Both countries

occasionally produce national reports that synthesise these
assessments and provide a foundation for adaptation (MfE, 2001;
Warrick et al., 2001; Howden et al., 2003a; Pittock, 2003).
Regionally relevant guidelines are available for use in risk
assessments (Wratt et al., 2004; AGO, 2006).

Mainstreaming
Climate change issues are gradually being ‘mainstreamed’

into policies, plans and strategies for development and
management. For example, in New Zealand, the Coastal Policy
Statement included consideration of sea-level rise (DoC, 1994),
the Resource Management (Energy and Climate Change)
Amendment Act 2004 made explicit provisions for the effects
of climate change, and the Civil Defence and Emergency
Management Act 2002 requires regional and local government
authorities (LGAs) to plan for future natural hazards. New
Zealand farmers, particularly in the east, implemented a range of
adaptation measures in response to droughts in the 1980s and
1990s and as a result of the removal of almost all subsidies.
Increasing numbers of farmers are focusing on building long-
term resilience with a diversity of options (Kenny, 2005;
Salinger et al., 2005b). In Australia, climate change is included
in several environmentally focused action plans, including the
National Agriculture and Climate Change Action Plan
(NRMMC, 2006) and the National Biodiversity and Climate
Change Action Plan. A wide range of water adaptation strategies
has been implemented or proposed (Table 11.2), including
US$1.5 billion for the National Water Fund from 2004 to 2009
and US$1.7 billion for drought relief from 2001 to 2006.

Climate change is listed as a Key Threatening Process under
the Commonwealth Environment Protection and Biodiversity
Conservation Act 1999. Climate change has been integrated into
several state-based and regional strategies, such as the
Queensland Coastal Management Plan, the Great Barrier Reef
Climate Change Action Plan, the Victorian Sustainable Water
Strategy and South Australia’s Natural Resources Management
Plan. The Wild Country (The Wilderness Society), Gondwana
Links (Western Australia) and Nature Links (South Australia)
and Alps to Atherton (Victoria, NSW, Queensland) initiatives
promote connectivity of landscapes and resilience of natural
systems in recognition of the fact that some species will need to
migrate as climate zones shift. Guidelines prepared for the
coastal and ocean engineering profession for implementing
coastal management strategies include consideration of climate
change (Engineers Australia, 2004).

Evaluation and monitoring
The New Zealand Climate Committee monitors the present

state of knowledge of climate science, climate variability and
current and future climate impacts, and makes recommendations
about research and monitoring needs, priorities and gaps
regarding climate, its impacts and the application of climate
information (RSNZ, 2002). In Australia, the Australian
Greenhouse Office (AGO) monitors and evaluates performance
against objectives in the National Greenhouse Strategy. The
AGO and state and territory governments commission research
to assess current climate change knowledge, gaps and priorities
for research on risk and vulnerability (Allen Consulting Group,Figure 11.1. Adaptation as a process (Warrick, 2000, 2006).
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2005). The National Land and Water Resources Audit (NLWRA,
2001) and State of the Environment Report (SOE, 2001) also
have climate-change elements.

Awareness raising and capacity building
In New Zealand, efforts are underway for transferring scientific

information to LGAs and facilitating exchange of information
between LGAs. The New Zealand Climate Change Office has
held a number of workshops for LGAs (MfE, 2002, 2004b),
supported case studies of ‘best practice’adaptation by LGAs, and
has commissioned guidance documents for LGAs on integrating
climate change adaptation into their functions (MfE, 2004c). The
AGO, the Australian Bureau of Meteorology, the Commonwealth
Scientific and Industrial Research Organisation (CSIRO) and
most Australian state and territory governments have developed
products and services for raising awareness about climate change.
Government-supported capacity-building programmes, such as
the Australian National Landcare Programme, enhance resilience
to climate change via mechanisms such as whole-farm planning.

In general, the domestic focus of both countries has, until
recently, been on mitigation, while adaptation has had a secondary
role in terms of policy effort and government funding for
implementation (MfE, 2004b). However, since the TAR,
recognition of the necessity for adaptation has grown and concrete
steps have been taken to bolster the pre-conditions for adaptation,
as discussed above. Initiatives such as the Australia-New Zealand
Bilateral Climate Change Partnership (AGO, 2003) explicitly
include adaptation. Overall, in comparison to most other countries,
New Zealand and Australia have a relatively high and growing
level of adaptive capacity, which has the potential to be
implemented systematically on a wide scale.

11.3 Assumptions about future trends

11.3.1 Climate

Regional climate change projections are provided in Chapter
11 of the Working Group I Fourth Assessment Report
(Christensen et al., 2007). For Australia and New Zealand, these
projections are limited to averages over two very broad regions:
northern Australia and southern Australia (including New
Zealand). More detailed regional projections are required to
assess local impacts and are described below. Developed over
the past five years, these are similar to those presented in the
TAR, and include the full range of emissions scenarios from the
IPCC Special Report on Emissions Scenarios (SRES:
Nakićenović and Swart, 2000) (see Chapter 2.4.6). Some SRES
scenarios have been suggested as surrogates for CO2
concentration stabilisation scenarios: the SRES B1, B2 and A1B
emissions scenarios are similar to the CO2 stabilisation
scenarios for 550 ppm by 2150, 650 ppm by 2200, and 750 ppm
by 2250, respectively. Projected changes will be superimposed
on continued natural variability including ENSO and the IPO.
There is uncertainty about projected changes in ENSO as
discussed in Chapter 10 of the Working Group I Fourth
Assessment Report (Meehl et al., 2007).

In New Zealand, a warming of 0.1 to 1.4°C is likely by the
2030s and 0.2 to 4.0°C by the 2080s (Table 11.3). The mid-range
projection for the 2080s is a 60% increase in the annual mean
westerly component of wind speed (Wratt et al., 2004).
Consequently, a tendency for increased precipitation is likely
except in the eastern North Island and the northern South Island.
Due to the projected increased winter precipitation over the

Government Strategy Investment Source

Australia Drought aid payments to rural communities US$1.7 billion from 2001 to 2006 DAFF, 2006b

Australia National Water Initiative, supported by the
Australian Water Fund

US$1.5 billion from 2004 to 2009 DAFF, 2006a

Australia Murray-Darling Basin Water Agreement US$0.4 billion from 2004 to 2009 DPMC, 2004

Victoria Melbourne’s Eastern Treatment Plant to supply
recycled water

US$225 million by 2012 Melbourne Water, 2006

Victoria New pipeline from Bendigo to Ballarat, water
recycling, interconnections between dams,
reducing channel seepage, conservation measures

US$153 million by 2015 Premier of Victoria, 2006

Victoria Wimmera Mallee pipeline replacing
open irrigation channels

US$376 million by 2010 Vic DSE, 2006

NSW NSW Water Savings Fund supports projects which
save or recycle water in Sydney

US$98 million for Round 3,
plus more than US$25 million to 68 other
projects

DEUS, 2006

Queensland (Qld) Qld Water Plan 2005 to 2010 to improve water-use
efficiency and quality, recycling, drought
preparedness, new water pricing

Includes US$182 million for water
infrastructure in south-east Qld, and US$302
million to other infrastructure programmes

Queensland Government,
2005

South Australia Water Proofing Adelaide project is a blueprint for
the management, conservation and development
of Adelaide’s water resources to 2025

N/A Government of South
Australia, 2005

Western Australia
(WA)

State Water Strategy (2003) and State Water Plan
(proposed) WA Water Corporation doubled supply
from 1996 to 2006

US$500 million spent by WA Water
Corporation from 1996 to 2006, plus US$290
million for the Perth desalination plant

Government of Western
Australia, 2003, 2006;
Water Corporation, 2006

Table 11.2. Examples of government adaptation strategies to cope with water shortages in Australia.
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Southern Alps, it is less clear whether snow will be reduced
(MfE, 2004a), although snowlines are likely to be higher
(Fitzharris, 2004). By 2100, there is likely to be a 5 to 20 day
decrease in frosts in the lower North Island, 10 to 30 fewer frost
days in the South Island, and a 5 to 70 day increase in the
number of days with temperatures over 30°C (Mullan et al.,
2001). The frequency of heavy rainfall is likely to increase,
especially in western areas (MfE, 2004a).

In Australia, within 800 km of the coast, a mean warming of
0.1 to 1.3°C is likely by the year 2020, relative to 1990, 0.3 to
3.4°C by 2050, and 0.4 to 6.7°C by 2080 (Table 11.4). In
temperate areas, this translates to 1 to 32 more days/yr over 35°C
by 2020 and 3 to 84 more by 2050, with 1 to 16 fewer days/yr
below 0°C by 2020 and 2 to 32 fewer by 2050 (Suppiah et al.,
2007). A tendency for decreased annual rainfall is likely over
most of southern and sub-tropical Australia, with a tendency for
increases in Tasmania, central Northern Territory and northern
NSW (Table 11.4). The 15-model average shows decreasing
rainfall over the whole continent (Suppiah et al., 2007). A
decline in runoff in southern and eastern Australia is also likely
(see Section 11.4.1).

The area of mainland Australia with at least one day of snow
cover per year is likely to shrink by 10 to 40% by 2020 and by
22 to 85% by 2050 (Hennessy et al., 2003). Increases in extreme
daily rainfall are likely where average rainfall either increases or
decreases slightly. For example, the intensity of the 1-in-20 year
daily rainfall event is likely to increase by up to 10% in parts of
South Australia by the year 2030 (McInnes et al., 2002), by 5 to
70% by the year 2050 in Victoria (Whetton et al., 2002), by up
to 25% in northern Queensland by 2050 (Walsh et al., 2001) and
by up to 30% by 2040 in south-east Queensland (Abbs, 2004).
In NSW, the intensity of the 1-in-40 year event increases by 5 to
15% by 2070 (Hennessy et al., 2004). The frequency of severe
tropical cyclones (Categories 3, 4 and 5) on the east Australian
coast increases 22% for the IS92a scenario (IPCC, 1992) from
2000 to 2050, with a 200 km southward shift in the cyclone
genesis region, leading to greater exposure in south-east
Queensland and north-east NSW (Leslie and Karoly, 2007). For
tripled pre-industrial CO2 conditions, there is a 56% increase in
the number of simulated tropical cyclones over north-eastern
Australia with peak winds greater than 30 m/s (Walsh et al.,

2004). Decreases in hail frequency are simulated for Melbourne
and Mt. Gambier (Niall and Walsh, 2005).

Potential evaporation (or evaporative demand) is likely to
increase (Jones, 2004a). Projected changes in rainfall and
evaporation have been applied to water-balance models,
indicating that reduced soil moisture and runoff are very likely
over most of Australia and eastern New Zealand (see Section
11.4.1 and Meehl et al., 2007). Up to 20% more droughts
(defined as the 1-in-10 year soil moisture deficit from 1974 to
2003) are simulated over most of Australia by 2030 and up to
80% more droughts by 2070 in south-western Australia
(Mpelasoka et al., 2007). Projected increases in the Palmer
Drought Severity Index for the SRES A2 scenario are indicated
over much of eastern Australia between 2000 and 2046 (Burke
et al., 2006). In New Zealand, severe droughts (the current 1-in-
20 year soil moisture deficit) are likely to occur every 7 to 15
years by the 2030s, and every 5 to 10 years by the 2080s, in the
east of both islands, and parts of Bay of Plenty and Northland
(Mullan et al., 2005a). The drying of pastures in eastern New
Zealand in spring is very likely to be advanced by one month,
with an expansion of droughts into both spring and autumn.

An increase in fire danger in Australia is likely to be
associated with a reduced interval between fires, increased fire
intensity, a decrease in fire extinguishments and faster fire
spread (Tapper, 2000; Williams et al., 2001; Cary, 2002). In
south-east Australia, the frequency of very high and extreme fire
danger days is likely to rise 4-25% by 2020 and 15-70% by 2050
(Hennessy et al., 2006). By the 2080s, 10-50% more days with
very high and extreme fire danger are likely in eastern areas of
New Zealand, the Bay of Plenty, Wellington and Nelson regions
(Pearce et al., 2005), with increases of up to 60% in some
western areas. In both Australia and New Zealand, the fire
season length is likely to be extended, with the window of
opportunity for controlled burning shifting toward winter.

Relative to the year 2000, the global-mean projection of sea-
level rise by 2100 is 0.18 to 0.59 m, excluding uncertainties in

Temperature change (°C) 2030s 2080s

Western North Island +0.2 to 1.3 +0.3 to 4.0

Eastern North Island +0.2 to 1.4 +0.5 to 3.8

Northern South Island +0.1 to 1.4 +0.4 to 3.5

Western South Island +0.1 to 1.3 +0.2 to 3.5

Eastern South Island +0.1 to 1.4 +0.4 to 3.4

Rainfall change (%) 2030s 2080s

Western North Island -4 to +14 -6 to +26

Eastern North Island -19 to +7 -32 to +2

Northern South Island -7 to +3 -7 to +5

Western South Island -4 to +15 +1 to +40

Eastern South Island -12 to +13 -21 to +31

Table 11.3. Projected changes in New Zealand annual precipitation and
mean temperature for the 2030s and 2080s, relative to 1990. The ranges
are based on results from forty SRES emission scenarios and six climate
models for various locations in each region (Wratt et al., 2004).

Temperature change (°C) 2020 2050 2080

0 to 400 km inland of coast +0.1 to 1.0 +0.3 to 2.7 +0.4 to 5.4

400 to 800 km inland +0.2 to 1.3 +0.5 to 3.4 +0.8 to 6.7

Central Australia +0.2 to 1.5 +0.5 to 4.0 +0.8 to 8.0

Rainfall change (%) 2020 2050 2080

Within 400 km of western
and southern coasts

-15 to 0 -40 to 0 -80 to 0

Sub-tropics (latitudes 20-
28°S) except west coast
and inland Queensland

-10 to +5 -27 to +13 -54 to +27

Northern NSW, Tasmania
and central Northern
Territory (NT)

-5 to +10 -13 to +27 -27 to +54

Central South Australia,
southern NSW and north
of latitude 20°S, except
central NT

-5 to +5 -13 to +13 -27 to +27

Inland Queensland -10 to +10 -27 to +27 -54 to +54

Table 11.4. Projected changes in annual average rainfall and temperature
for 2020, 2050 and 2080, relative to 1990, for Australia. The ranges are
based on results from forty SRES emission scenarios and fifteen climate
models for various locations in each region (Suppiah et al., 2007).
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carbon cycle feedbacks and the possibility of faster ice loss
from Greenland and Antarctica (Meehl et al., 2007). These
values would apply to Australia and New Zealand, but would
be further modified by as much as ±25% due to regional
differences in thermal expansion rates, oceanic circulation
changes (as derived from atmosphere-ocean general
circulation model experiments; Gregory et al., 2001) and by
local differences in relative sea-level changes due to vertical
land movements. An increase in westerly winds is probable
south of latitude 45°S, with a strengthening of the East
Australian Current and southern mid-latitude ocean
circulation (Cai et al., 2005).

11.3.2 Population, energy and agriculture

The Australian population is projected to grow from 20
million in 2003 to 26.4 million in 2051, then stabilise (ABS,
2003a). This is under medium assumptions, including a fall
in the number of children per woman from 1.75 at present to
1.6 from 2011 onward, net immigration of 100,000/yr, and a
10% increase in life expectancy by 2051 (ABS, 2003a). A
greater concentration of the population is likely in Sydney,
Melbourne, Perth, Brisbane and south-east Queensland. The
proportion of people aged 65 and over is likely to increase
from 13% in 2003 to 27% in 2051 (ABS, 2003a). Population
growth is likely to intensify the urban heat island effect,
exacerbating greenhouse-induced warming (Torok et al.,
2001). Up to at least 2020, Australian energy consumption is
projected to grow 2.1%/yr on average (ABARE, 2004). New
energy sources will be needed to meet peak energy demands
in Victoria, NSW, Queensland and South Australia between
2007 and 2010 (NEMMCO, 2006). Agriculture is likely to
contribute about 3% of national gross domestic product
(GDP).

In New Zealand, under medium assumptions, the
population is likely to grow from 4.1 million in 2004 to 5.05
million in 2051 (Statistics New Zealand, 2005b). These
assumptions include a net immigration of 10,000/yr, a drop in
fertility rate from 2.01 in 2004 to 1.85 from 2016 onward and
a 10% increase in life expectancy by 2051. The proportion
aged 65 and over is likely to grow from 12% in 2004 to 25%
in 2051. Total energy demand is likely to grow at an average
rate of 2.4%/yr from 2005 to 2025 (Electricity Commission,
2005). Agriculture is likely to continue contributing about 5%
of GDP (MFAT, 2006).

11.4 Key future impacts and vulnerabilities

This section discusses potential impacts of climate change,
mostly based on climate projections consistent with those
described in Section 11.3. It does not take into account
adaptation; this is discussed in Section 11.5 and in more detail
in Chapter 17. Conclusions are drawn from the available literature.
Very little information is available on social and economic impacts.
Further details on potential impacts can be found in various
synthesis reports (MfE, 2001; Pittock, 2003).

11.4.1 Freshwater resources

11.4.1.1 Water security
The impact of climate change on water security is a significant

cross-cutting issue. In Australia, many new risk assessments have
been undertaken since the TAR (Table 11.5). The Murray-Darling
Basin is Australia’s largest river basin, accounting for about 70%
of irrigated crops and pastures (MDBC, 2006). Annual streamflow
in the Basin is likely to fall 10-25% by 2050 and 16-48% by 2100
(Table 11.5). Little is known about future impacts on groundwater
in Australia.

In New Zealand, annual flow from larger rivers with
headwaters in the Southern Alps is likely to increase.
Proportionately more runoff is very likely from South Island rivers
in winter, and less in summer (Woods and Howard-Williams,
2004). This is very likely to provide more water for hydro-electric
generation during the winter peak demand period, and reduce
dependence on hydro-storage lakes to transfer generation into the
next winter. However, industries dependent on irrigation are likely
to experience negative effects due to lower water availability in
spring and summer, their time of peak demand. Increased drought
frequency is very likely in eastern areas, with potential losses in
agricultural production. The effects of climate change on flood
and drought frequency are virtually certain to be modulated by
phases of the ENSO and IPO (McKerchar and Henderson, 2003;
see Section 11.2.1). The groundwater aquifer for Auckland City
has spare capacity to accommodate recharge under all scenarios

Year Impacts
2030 • Change in annual runoff: -5 to +15% on the north-east

coast, ±15% on the east coast, a decline of up to 20% in
the south-east, ±10% in Tasmania, a decline of up to 25%
in the Gulf of St Vincent (South Australia), and -25 to +10%
in the south-west (Chiew and McMahon, 2002).

• Decline in annual runoff: 6-8% in most of eastern Australia
and 14% in south-west Australia in the period 2021 to 2050
relative to 1961 to 1990 for the A2 scenario (Chiew et al., 2003).

• Burrendong dam (NSW): inflows change by +10% to 30%
across all SRES scenarios, but the 90% confidence interval
is 0% to -15% (Jones and Page, 2001).

• Victoria: runoff in 29 catchments declines by 0-45% (Jones
and Durack, 2005).

2050 • Murray Darling Basin: for B1, streamflow drops 10-19%
and salinity changes -6 to +16%; for A1, streamflow drops
14-25% and salinity changes -8 to +19% (Beare and
Heaney, 2002).

• Melbourne: a risk assessment using ten climate models
(driven by the SRES B1, A1B and A1FI scenarios) indicated
that average streamflow is likely to decline 7-35% (Howe et
al., 2005); however, planned demand-side and supply-side
actions are likely to alleviate water shortages through to
2020 (Howe et al., 2005).

2070 • Burrendong Dam (NSW): inflows change by +5 to -35%
across all SRES scenarios, for the 90% confidence interval
(Jones and Page, 2001).

2100 • Murray-Darling Basin: for B1, streamflow declines 16 to 30%,
salinity changes -16 to +35%, agricultural costs US$0.6
billion; for A1, streamflow declines 24 to 48%, salinity
changes -25 to +72%, agricultural costs US$0.9 billion
(Beare and Heaney, 2002).

Table 11.5. Impacts on Australian water security. SRES scenarios are
specified where possible.
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examined (Namjou et al., 2005). Base flows in principal streams
and springs are very unlikely to be compromised unless many dry
years occur in succession.

11.4.1.2 Flood and waste water management
Little quantitative information is available about potential

changes in flood risk in Australia. Sufficient capacity exists within
the Melbourne sewerage and drainage systems to accommodate
moderate increases (up to 20%) in storm rainfall totals with
minimal surcharging (Howe et al., 2005). For the Albert-Logan
Rivers system near the Gold Coast in Queensland, each 1%
increase in rainfall intensity is likely to produce a 1.4% increase
in peak runoff (Abbs et al., 2000). However, increases in runoff
and flooding are partially offset by a reduction in average rainfall,
which reduces soil wetness prior to storms. A high-resolution
atmospheric model of storm events coupled with a non-linear
flood event model has been applied to flooding around the Gold
Coast caused by tropical cyclone Wanda in 1974. If the same event
occurred in 2050 with a 10 to 40 cm rise in mean sea level, the
number of dwellings and people affected is likely to increase by
3 to 18% (Abbs et al., 2000).

In New Zealand, rain events are likely to become more
intense, leading to greater storm runoff, but with lower river
levels between events. This is likely to cause greater erosion of
land surfaces, more landslides (Glade, 1998; Dymond et al.,
2006), redistribution of river sediments (Griffiths, 1990) and a
decrease in the protection afforded by levees. Increased demands
for enhancement of flood protection works are likely, as
evidenced by the response to large floods in 2004 (MCDEM,
2004; CAE, 2005). Flood risk to Westport has been assessed
using a regional atmospheric model, a rainfall-runoff model for
the Buller River, projected sea-level rise and a detailed inundation
model. Assuming the current levee configuration, the proportion
of the town inundated by a 1-in-50 year event is currently 4.3%,
but rises to 13 to 30% by 2030, and 30 to 80% by 2080 (Gray et
al., 2005). Peak flow increases 4% by 2030 and 40% by 2080. In
contrast, a flood risk study for Auckland using 2050 climate
scenarios with 1 to 2°C global warming indicated only minor
increases in flood levels (Dayananda et al., 2005). Higher flows
and flood risk are likely in the Wairau catchment in North Shore
City (URS, 2004).

11.4.1.3 Water quality
In Australia, there is a 50% chance by 2020 of the average

salinity of the lower Murray River exceeding the 800 EC
threshold set for desirable drinking and irrigation water
(MDBMC, 1999). There are no integrated assessments of the
impacts of climate change on runoff quantity and quality, salt
interception and revegetation policies, and water pricing and
trading policies. Eutrophication is a major water-quality problem
(Davis, 1997; SOE, 2001). Toxic algal blooms are likely to
become more frequent and to last longer due to climate change.
They can pose a threat to human health, for both recreation and
consumptive water use, and can kill fish and livestock (Falconer,
1997). Simple, resource-neutral, adaptive management
strategies, such as flushing flows, can substantially reduce their
occurrence and duration in nutrient-rich, thermally stratified
water bodies (Viney et al., 2003).

In New Zealand, lowland waterways in agricultural catchments
are in a relatively poor state and these streams are under pressure
from land-use intensification and increasing water abstraction
demands (Larned et al., 2004). There is no literature on impacts of
climate change on water quality in New Zealand.

11.4.2 Natural ecosystems

The flora and fauna of Australia and New Zealand have a
high degree of endemism (80 to 100% in many taxa). Many
species are at risk from rapid climate change because they are
restricted in geographical and climatic range. Most species are
well-adapted to short-term climate variability, but not to longer-
term shifts in mean climate and increased frequency or intensity
of extreme events. Many reserved areas are small and isolated,
particularly in the New Zealand lowlands and in the agricultural
areas of Australia. Bioclimatic modelling studies generally
project reductions and/or fragmentation of existing climatic
ranges. Climate change will also interact with other stresses
such as invasive species and habitat fragmentation. The most
vulnerable include the Wet Tropics and Kakadu wetlands, alpine
areas, tropical and deep-sea coral reefs, south-east Tasman Sea,
isolated habitats in the New Zealand lowlands, coastal and
freshwater wetlands and south-west Australian heathlands
(Table 11.6). There is little research on the impacts of climate
change on New Zealand species or natural ecosystems, with the
exception of the alpine zone and some forested areas.

Major changes are expected in all vegetation communities. In
the Australian rangelands (75% of total continental land area),
shifts in rainfall patterns are likely to favour establishment of
woody vegetation and encroachment of unpalatable woody
shrubs. Interactions between CO2, water supply, grazing
practices and fire regimes are likely to be critical (Gifford and
Howden, 2001; Hughes, 2003). In New Zealand, fragmented
native forests of drier lowland areas (Northland, Waikato,
Manawatu) and in the east (from East Cape to Southland) are
likely to be most vulnerable to drying and changes in fire
regimes (McGlone, 2001; MfE, 2001). In alpine zones of both
countries, reductions in duration and depth of snow cover are
likely to alter distributions of communities, for example
favouring an expansion of woody vegetation into herbfields
(Pickering et al., 2004). More fires are likely in alpine peatlands
(Whinam et al., 2003). Alpine vertebrates dependent on snow
cover for hibernation are likely to be at risk of extinction
(Pickering et al., 2004). In regions such as south-western
Australia, many narrow-ranged endemic species will be
vulnerable to extinction with relatively small amounts of
warming (Hughes, 2003). Saltwater intrusion as a result of sea-
level rise, decreases in river flows and increased drought
frequency, are very likely to alter species composition of
freshwater habitats, with consequent impacts on estuarine and
coastal fisheries (Bunn and Arthington, 2002; Hall and Burns,
2002; Herron et al., 2002; Schallenberg et al., 2003). In marine
ecosystems, ocean acidification is likely to decrease
productivity and diversity of plankton communities around
Australia, while warmer oceans are likely to lead to further
southward movement of fish and kelp communities
(Poloczanska et al., 2007).



On the sub-Antarctic Islands, likely impacts include
increased mortality of burrowing petrels, increased invasions
by disturbance-tolerant alien plants such as Poa annua,
increased abundance of existing rats, mice and rabbits on
islands, and reduced distribution of Sphagnummoss (Bergstrom
and Selkirk, 1999; Frenot et al., 2005).

11.4.3 Agriculture

11.4.3.1 Cropping
Since the TAR, there has been further assessment of potential

impacts of climate and CO2 changes at local, regional and
national scales in both Australia and New Zealand. Overall,
these emphasise the vulnerability of cropping and the potential
for regional differences. Impacts of climate change on pests,

diseases and weeds, and their effects on crops, remain uncertain,
since few experimental or modelling studies have been
performed (Chakraborty et al., 2002).

In New Zealand, for C3 crops such as wheat, the CO2
response is likely to more than compensate for a moderate
increase in temperature (Jamieson et al., 2000) (see Section 5.4).
The net impact in irrigation areas depends on the availability of
water (Miller and Veltman, 2004). For maize (a C4 crop),
reduction in growth duration reduces crop water requirements,
providing closer synchronisation of development with seasonal
climatic conditions (Sorensen et al., 2000).

In Australia, the potential impacts of climate change on wheat
vary regionally, as shown by a study which used the full range
of CO2 and climate change in the IPCC SRES scenarios
(Howden and Jones, 2004), in conjunction with a crop model
recently validated for its CO2 response for current wheat
varieties (Reyenga et al., 2001; Asseng et al., 2004). South-
western Australian regions are likely to have significant yield
reductions by 2070 (increased yield very unlikely). In contrast,
regions in north-eastern Australia are likely to have moderate
increases in yield (unlikely to have substantial yield reductions).
Nationally, median crop yields dropped slightly. There is a
substantial risk to the industry as maximum potential increases
in crop value are limited (to about 10% or US$0.3 billion/yr)
but maximum potential losses are large (about 50% or US$1.4
billion/yr) (Figure 11.2). However, adaptation through changing
planting dates and varieties is likely to be highly effective: the
median benefit is projected to be US$158 million/yr but with a
range of US$70 million to over US$350 million/yr (Howden and
Jones, 2004) (Figure 11.2).

Climate change is likely to change land use in southern
Australia, with cropping becoming non-viable at the dry
margins if rainfall is reduced substantially, even though yield
increases from elevated CO2 partly offset this effect (Sinclair et
al., 2000; Luo et al., 2003). In contrast, cropping is likely to
expand into the wet margins if rainfall declines. In the north of
Australia, climate change and CO2 increases are likely to enable
cropping to persist (Howden et al., 2001a). Observed warming
trends are already reducing frost risk and increasing yields
(Howden et al., 2003b).

Grain quality is also likely to be affected. Firstly, elevated CO2
reduces grain protein levels (Sinclair et al., 2000). Significant
increases in nitrogenous fertiliser application or increased use of
pasture legume rotations would be needed to maintain protein
levels (Howden et al., 2003c). Secondly, there is increased risk of
development of undesirable heat-shock proteins in wheat grain in
both northern and southern cropping zones with temperature
increases greater than 4°C (Howden et al., 1999d).

Land degradation is likely to be affected by climate change.
Elevated atmospheric CO2 concentrations slightly reduce crop
evapotranspiration. This increases the risk of water moving
below the root zone of crops (deep drainage), potentially
exacerbating three of Australia’s most severe land degradation
problems across agricultural zones: waterlogging, soil
acidification and dryland salinity. In Western Australia, deep
drainage is simulated to increase 1 to 10% when CO2 is raised
to 550 ppm, but deep drainage decreases 8 to 29% for a 3°C
warming (van Ittersum et al., 2003). Deep drainage is reduced by
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Year Potential Impacts Source
2020 Bleaching and damage to the Great Barrier

Reef equivalent to that in 1998 and 2002 in
up to 50% of years.

Berkelmans et
al., 2004; Crimp
et al., 2004

60% of the Great Barrier Reef
regularly bleached.

Jones, 2004b

Habitat lost for marine invertebrates
currently confined to cool waters
(>10% of Victoria’s total).

O’Hara, 2002;
Watters et al.,
2003

63% decrease in golden bowerbird habitat
in northern Australia.

Hilbert et al.,
2004

50% decrease in montane tropical
rainforest area in northern Australia.

Hilbert et al.,
2001

2030 58 to 81% of the Great Barrier Reef
bleached every year.

Jones, 2004b

Hard coral reef communities widely
replaced by algal communities.

Wooldridge et
al., 2005

88% of Australian butterfly species’
core habitat decreases.

Beaumont and
Hughes, 2002

97% of Wet Tropics endemic vertebrates
have reduced core habitat.

Williams et al.,
2003

2050 97% of the Great Barrier Reef bleached
every year.

Jones, 2004b

92% of butterfly species’ core habitat
decreases.

Beaumont and
Hughes, 2002

98% decrease in golden bowerbird
habitat in northern Australia.

Hilbert et al.,
2004

80% loss of freshwater wetlands in
Kakadu for a 30 cm sea-level rise.

Hare, 2003

2080 Catastrophic mortality of coral
species annually.

Jones, 2004b

95% decrease in distribution of Great
Barrier Reef species.

Jones et al.,
2004

65% loss of Great Barrier Reef species
in the Cairns region.

Crimp et al.,
2004

46% of Wet Tropics endemic vertebrates
lose core habitat.

Williams et al.,
2003

200 to 300 indigenous New Zealand
alpine plant species may become extinct.

Halloy and
Mark, 2003

Reduced calcification for 70% of the area
where deep sea corals occur, loss of
endemic species.

Poloczanska et
al., 2007

Table 11.6. Examples of projected impacts on species and ecosystems,
relative to 1990.
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Figure 11.2: Change in national gross value of wheat from historical baseline values (%) for 2070 as a result of increases in CO2 and changes in
temperature and rainfall: (a) without adaptation and (b) with adaptations of changed planting dates and varieties (Howden and Jones, 2004).

up to 94% in low precipitation scenarios. However, the changes
in deep drainage were not correlated with changes in
productivity or gross margin.

11.4.3.2 Horticulture
Australian temperate fruits and nuts are all likely to be

negatively affected by warmer conditions because they require
winter chill or vernalisation. Crops reliant on irrigation are likely
to be threatened where irrigation water availability is reduced.
Climate change is likely to make a major horticultural pest, the
Queensland fruit fly Bactrocera tryoni, a significant threat to
southern Australia. Warming scenarios of 0.5, 1.0 and 2.0°C
suggest expansion from its endemic range in the north and north-
east across most of the non-arid areas of the continent, including
the currently quarantined fruit fly-free zone (Sutherst et al.,
2000). Apple, orange and pear growers in endemic Queensland
fruit fly areas are likely to have cost increases of 42 to 82%, and
24 to 83% in the current fruit fly-free zone (Sutherst et al., 2000).

In New Zealand, warmer summer temperatures for Hayward
kiwifruit are likely to increase vegetative growth at the expense of
fruit growth and quality (Richardson et al., 2004). Kiwifruit
budbreak is likely to occur later, reducing flower numbers and
yield in northern zones (Hall et al., 2001). Production of current
kiwifruit varieties is likely to become uneconomic in Northland by
2050 because of a lack of winter chilling, and be dependent on
dormancy-breaking agents and varieties bred for warmer winter
temperatures in the Bay of Plenty (Kenny et al., 2000). In contrast,
more areas in the South Island are likely to be suitable (MfE,
2001). Apples, another major crop, are very likely to flower and
reach maturity earlier, with increased fruit size, especially after
2050 (Austin et al., 2000). New Zealand is likely to be more
susceptible to the establishment of new horticultural pests. For
example, under the current climate, only small areas in the north
are suitable for the oriental fruit fly, but by the 2080s it is likely
to expand to much of the North Island (Stephens et al., 2007).

Viticulture has expanded rapidly in both countries. Earlier
ripening and reductions in grape quality and value are likely by
2030, e.g., in Australia, price per tonne drops 4 to 10% in the
Yarra Valley and 16 to 52% in the Riverina (Webb et al., 2006).
In cooler Australian climates, warming is likely to allow

alternative varieties to be grown. With warming and a longer
growing season in New Zealand, red wine production is
increasingly likely to be practised in the south, with higher yields
(Salinger et al., 1990). Higher CO2 levels increase vine
vegetative growth, and subsequent shading is likely to reduce
fruitfulness. Distribution of vines is likely to change depending
upon suitability compared with high-yield pasture and
silviculture, and with future irrigation water availability and cost
(Hood et al., 2002).

11.4.3.3 Pastoral and rangeland farming
In western, southern and higher-altitude areas of New

Zealand, higher temperatures, a longer growing season, higher
CO2 concentrations and less frost are very likely to increase
annual pasture production by 10 to 20% by 2030, although gains
may decline thereafter (MfE, 2001). In eastern New Zealand and
Northland, pasture productivity is likely to decline by 2030 due
to increased drought frequency (see Section 11.3.1). Sub-tropical
pastoral species with lower feed quality such as Paspalum are
likely to spread southwards, reducing productivity (Clark et al.,
2001), particularly in the Waikato district. The range and
incidence of many pests and diseases are likely to increase.
Drought and water security problems are likely to make irrigated
agriculture vulnerable, e.g., intensive dairying in Canterbury
(Jenkins, 2006).

In Australia, a rise in CO2 concentration is likely to increase
pasture growth, particularly in water-limited environments
(Ghannoum et al., 2000; Stokes and Ash, 2006; see also Section
5.4). However, if rainfall is reduced by 10%, this CO2 benefit is
likely to be offset (Howden et al., 1999d; Crimp et al., 2002). A
20% reduction in rainfall is likely to reduce pasture productivity
by an average of 15% and liveweight gain in cattle by 12%,
substantially increasing variability in stocking rates and reducing
farm income (Crimp et al., 2002). Elevated concentrations of CO2
significantly decrease leaf nitrogen content and increase non-
structural carbohydrate, but cause little change in digestibility
(Lilley et al., 2001). In farming systems with high nitrogen forage
(e.g., temperate pastures), these effects are likely to increase
energy availability, nitrogen processing in the rumen and
productivity. In contrast, where nitrogen is deficient (e.g.,
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rangelands), higher temperatures are likely to exacerbate existing
problems by decreasing non-structural carbohydrate
concentrations and digestibility, particularly in tropical C4 grasses
(see Section 5.4.3). Doubled CO2 concentrations and warming are
likely to result in only limited changes in the distributions of
native C3 and C4 grasses (Howden et al., 1999b).

Climatic changes are likely to increase major land-
degradation problems such as erosion and salinisation (see
Section 11.4.3.1). They are also likely to increase the potential
distribution and abundance of exotic weeds, e.g., Acacia nilotica
and Cryptostegia grandiflora (Kriticos et al., 2003a, b) and
native woody species, e.g., A. aneura (Moore et al., 2001). This
is likely to increase competition with pasture grasses, reducing
livestock productivity. However, the same CO2 and climate
changes are likely to provide increased opportunities for woody
weed control through increased burning opportunities (Howden
et al., 2001b). A warming of 2.5°C is likely to lead to a 15 to
60% reduction in rabbit populations in some areas via the impact
on biological control agents, e.g., myxomatosis and rabbit
haemorrhagic disease virus (Scanlan et al., 2006).

Heat stress already affects livestock in many Australian
regions, reducing production and reproductive performance and
enhancing mortality (see Section 5.4.3). Increased thermal stress
on animals is very likely (Howden et al., 1999a). In contrast,
less cold-stress is likely to reduce lamb mortality in both
countries. Impacts of the cattle tick (Boophilus microplus) on
the Australian beef industry are likely to increase and move
southwards (White et al., 2003). If breakdown of quarantine
occurs, losses in live-weight gain from tick infestation are
projected to increase 30% in 2030 and 120% in 2100 (in the
absence of adaptation). The net present value of future tick
losses is estimated as 21% of farm cash income in Queensland,
the state currently most severely affected.

11.4.4 Forestry

In Australia, the value of wood and wood products in 2001-
2002 was US$5 billion/yr. About 164 million ha are classified as
forest, with 1% as plantation forests and 7% available for timber
production in state-managed, multiple-use native forests (BRS,
2003). New Zealand’s indigenous forests cover 6.4 million ha,
with 1.7 million ha of planted production exotic forests, the latter
providing substantial export income (MAF, 2001). Research
since the TAR confirms that climate change is likely to have
both positive and negative impacts on forestry in both countries.
Productivity of exotic softwood and native hardwood plantations
is likely to be increased by CO2 fertilisation effects, although
the amount of increase will be limited by projected increases in
temperature, reductions in rainfall and by feedbacks such as
nutrient cycling (Howden et al., 1999c; Kirschbaum, 1999a, b).

Where trees are not water-limited, warming expands the
growing season in southern Australia, but pest damage is likely
to negate some gains (see Section 5.4.5). Reduction in average
runoff in some regions (see Section 11.4.1) and increased fire
risk (see Section 11.3.1) are very likely to reduce productivity,
whilst increased rainfall intensity is likely to exacerbate soil
erosion problems and pollution of streams during forestry
operations (Howden et al., 1999c). In Pinus radiata and

Eucalyptus plantations, fertile sites are likely to have increased
productivity for moderate warming, whereas infertile sites are
likely to have decreased production (Howden et al., 1999c).

In New Zealand, the growth rates for plantation forestry
(mainly P. radiata) are likely to increase in response to elevated
CO2 and wetter conditions in the south and west. Studies of pine
seedlings confirm that the growth and wood density of P. radiata
are enhanced during the first two years of artificial CO2
fertilisation (Atwell et al., 2003). Tree growth reductions are
likely for the east of the North Island due to projected rainfall
decreases and increased fire risk (see Section 11.3.1). However,
uncertainties remain regarding increased water-use efficiency
with elevated CO2 (MfE, 2001), and whether warmer and drier
conditions could increase the frequency of upper mid-crown
yellowing and winter fungal diseases (MfE, 2001).

11.4.5 Coasts

Over 80% of the Australian population lives in the coastal
zone, with significant recent non-metropolitan population
growth (Harvey and Caton, 2003). About 711,000 addresses
(from the National Geo-coded Address File) are within 3 km of
the coast and less than 6 m above sea level, with more than 60%
located in Queensland and NSW (Chen and McAneney, 2006).
These are potentially at risk from long-term sea-level rise and
large storm surges.

Rises in sea level, together with changes to weather patterns,
ocean currents, ocean temperature and storm surges are very
likely to create differences in regional exposure (Walsh, 2002;
MfE, 2004a; Voice et al., 2006). In New Zealand, there are likely
to be more vigorous and regular swells on western coasts (MfE,
2004a). In northern Australia, tropical cyclones are likely to
become more intense (see Section 11.3). The area of Cairns at
risk of inundation by a 1-in-100 year storm surge is likely to
more than double by 2050 (McInnes et al., 2003). Major impacts
are very likely for coral reefs, particularly the Great Barrier Reef
(see Section 11.6).

Future effects on coastal erosion include climate-induced
changes in coastal sediment supply and storminess. In Pegasus
Bay (New Zealand), shoreline erosion of up to 50 m is likely
between 1980 and 2030 near the Waipara River if southerly
waves are reduced by 50%, and up to 80 m near the Waimakariri
River if river sand is reduced by 50% (Bell et al., 2001). In New
Zealand, emphasis has been placed on providing information,
guidelines and tools such as zoning and setbacks to local
authorities for risk-based planning and management of coastal
hazards affected by climate change and variability (Bell et al.,
2001; MfE, 2004a) (see Section 11.6). In Australia, linkages
between the IPO, ENSO and changes in coastal geomorphology
have been demonstrated for the northern NSW coast (Goodwin,
2005; Goodwin et al., 2006) and between historic beach erosion
and ENSO for Narabeen Beach (NSW) (Ranasinghe et al., 2004).

Sea-level rise is virtually certain to cause greater coastal
inundation, erosion, loss of wetlands and salt-water intrusion
into freshwater sources (MfE, 2004a), with impacts on
infrastructure, coastal resources and existing coastal
management programmes. Model simulations indicate that the
loss of wetlands and mangroves in Spencer Gulf due to sea-level
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rise is influenced largely by elevation and exposure (Bryan et
al., 2001). At Collaroy/Narrabeen beach (NSW), a sea-level rise
of 0.2 m by 2050 combined with a 50-year storm event leads to
coastal recession exceeding 110 m and causing losses of US$184
million (Hennecke et al., 2004). Investigations for metropolitan
coasts reveal increased costs of protection for existing
management systems (Bell et al., 2001). Mid-range sea-level
rise projections for 2005 to 2025 are likely to increase the cost
of sand replenishment on the Adelaide metropolitan coast by at
least US$0.94 million/yr (DEH, 2005). Uncertainties in
projected impacts can be managed through a risk-based
approach involving stochastic simulation (Cowell et al., 2006).
Coasts are also likely to be affected by changes in pollution and
sediment loads from changes in the intensity and seasonality of
river flows, and future impacts of river regulation (Kennish,
2002). In the next 50 to 100 years, 21% of the Tasmanian coast
is at risk of erosion and significant recession from predicted sea-
level rise (Sharples, 2004).

11.4.6 Fisheries

In Australia, the gross value of fisheries production is US$1.7
billion annually, of which 68% is wild-catch and 32% is
aquaculture. In New Zealand, the combined value of fisheries
production is US$0.8 billion, of which 80% is from the
commercial catch and 20% from the growing aquaculture sector
(Seafood Industry Council, 2006), which continues to grow.
Little research has been completed on impacts of climate change
on freshwater fisheries and aquaculture.

Marine fisheries around the world are threatened by over-
exploitation. In Australia, of 74 stocks considered in 2005, 17
were over-fished, 17 were not over-fished, and 40 were of
uncertain status (ABARE, 2005). In New Zealand, of 84 stocks
of demersal fish where landings were greater than 500 tonnes/yr,
5 were regarded as over-fished, 24 were assessed as not over-
fished, and 55 were of uncertain status (Ministry of Fisheries
Science Group, 2006). Climate change will be an additional
stress (Hobday and Matear, 2005). The key variables expected
to drive impacts on marine fisheries are changes in ocean
temperature, currents, winds, nutrient supply, acidification and
rainfall. Changes in four emergent biological properties are
likely as a result of climate change, the first of which is best
understood: (i) distribution and abundance of impacted species,
(ii) phenology, (iii) community composition, and (iv)
community structure and dynamics (including productivity).
Few climate-change impact studies have been undertaken, so
this assessment mostly relies on extrapolation of observed
relationships between climate variability and fisheries. With sea-
level rise, increasing marine intrusions are highly likely to affect
coastal fisheries and inshore sub-tidal breeding and nursery areas
(Schallenberg et al., 2003). Overall, future climate-change
impacts are likely to be greater for temperate endemics than for
tropical species (Francis, 1994, 1996) and on coastal and
demersal fisheries relative to pelagic and deep-sea fisheries
(Hobday and Matear, 2005).

Changes in sea surface temperature or currents are likely to
affect the distribution of several commercial pelagic (e.g., tuna)
fisheries in the region (Lehodey et al., 1997; Lyne, 2000; Sims

et al., 2001; Hobday and Matear, 2005). In particular, circulation
changes may increase the availability of some species and
reduce others, as has been demonstrated in Western Australia for
the Leeuwin Current. Different management regimes are likely
to be required: fishers will be faced with relocation or face
reduced catches in situ. Recruitment is likely to be reduced in
cool-water species. For example, for New Zealand species such
as red cod, recruitment is correlated with cold autumn and winter
conditions associated with El Niño events (Beentjes and
Renwick, 2001; Annala et al., 2004). In contrast, for snapper,
relatively high recruitment and faster growth rate of juveniles
and adults are correlated with warmer conditions during La Niña
events (Francis, 1994; Maunder and Watters, 2003), with
decreases in larval recruitment during El Niño events (Zeldis et
al., 2005). A similar pattern of recruitment exists for gemfish
(Renwick et al., 1998). Regarding physiological changes,
temperature has a major influence on the population genetics of
ectotherms, selecting for changes in abundance of temperature-
sensitive alleles and genotypes and their adaptive capacity. For
New Zealand snapper, differences in allele frequencies at one
enzyme marker are found among year classes from warm and
cold summers (Smith, 1979). If species cannot adapt to the pace
of climate change, then major changes in distribution are likely,
particularly for species at the edges of suitable habitats
(Richardson and Schoeman, 2004; Hampe and Petit, 2005).

Projected changes in Southern Ocean circulation (see Section
11.3.1) are likely to affect fisheries. Seasonal to interannual
variability of westerly winds and strong wind events are
associated with recruitment and catch rates in several species
(Thresher et al., 1989, 1992; Thresher, 1994). A decline in wind
due to a poleward shift in climate systems underlies recent stock
declines off south-eastern Australia and western Tasmania, and
these are linked to changes in larval growth rates and recruitment
of juveniles in two fish species around Tasmania (Koslow and
Thresher, 1999; Thresher, 2002). Reductions in upwelling of
nutrients and extension of warm water along the east Australian
coast are likely to reduce krill and jack mackerel abundance,
upon which many other species are reliant, including tuna, seals
and seabirds (CSIRO, 2002).

11.4.7 Settlements, industry and societies

Settlements, industry and societies are sensitive to extreme
weather events, drought and sea-level rise (see Chapter 7). Many
planning decisions for settlements and infrastructure need to
account for new climatic conditions and higher sea-levels, but
little research has been done on climate change impacts. The
planning horizon for refurbishing major infrastructure is 10 to 30
years, while major upgrades or replacements have an expected
lifetime of 50 to 100 years (PIA, 2004). Substantial infrastructure
is at risk from projected climate change. About US$1,125 billion
of Australia’s wealth is locked up in homes, commercial
buildings, ports and physical assets, which is equivalent to nine
times the current national budget or twice the GDP (Coleman et
al., 2004). In New Zealand, homes are valued at about US$280
billion, which is equivalent to about triple the national GDP
(QVL, 2006). The average life of a house is 80 years and some
last for 150 years or more (O’Connell and Hargreaves, 2004).



For infrastructure, design criteria for extreme events are very
likely to be exceeded more frequently. Increased damage is
likely for buildings (e.g., concrete joints, steel, asphalt,
protective cladding, sealants), transport structures (e.g., roads,
railways, ports, airports, bridges, tunnels), energy services (see
Section 11.4.10), telecommunications (e.g., cables, towers,
manholes), and water services (see Section 11.4.1) (PIA, 2004;
BRANZ, 2007; Holper et al., 2007). In Victoria, water
infrastructure is at significant risk for the B1 scenario by 2030,
while power, telecommunications, transport and buildings are
all at significant risk for the A1FI emission scenario by 2030
(Holper et al., 2007).

Climate change is very likely to affect property values and
investment through disclosure of increased hazards and risk,
as well as affecting the price and availability of insurance. In
many Australian jurisdictions, flood hazard liability is not
mandatory, or is poorly quantified (Yeo, 2003). Governments
sometimes provide financial relief to the uninsured from large
natural disasters (Box 11.1) and such costs are likely to rise.
Insurance costs are very likely to rise in areas with increased
risk. Hail damage accounts for 50% of the 20 highest insurance
payouts in Australia (ICA, 2007), but there is limited
information about potential changes in hail frequency (see
Section 11.3).

Despite the economic significance of mining in Australia
(5% of GDP and 35% of export earnings; ABS, 2005c), there
is little information regarding climate change impacts on
mining. However, in northern Australia, projected increases in
extreme events, such as floods and cyclones, have the potential
to increase erosion, slow down re-vegetation, shift capping
materials and expose tailings in the area that includes Ranger
and Jabiluka mines. These impacts have not been adequately
considered in long-term mine planning (Wasson et al., 1988;
Parliament of Australia, 2003). The traditional owners, the
Mirrar, are concerned that these impacts may detrimentally
affect land between Madjinbardi Billabong and the East
Alligator River and the lowlands on the floodplain margins that
lie downstream from these mine sites (Kyle, 2006).

There are major implications for amenities, cultural heritage,
accessibility, and health of communities. These include costs,
injury and trauma due to increased storm intensity and higher
extreme temperatures, damage to items and landscapes of
cultural significance, degraded beaches due to sea-level rise
and larger storm surges, and higher insurance premiums (PIA,
2004). Increased demand for emergency services is likely. By
2100, costs of road maintenance in Australia are estimated to
rise 31% for the SRES A2 scenario in a CSIRO climate
simulation (Austroads, 2004).

Climate change may contribute to destabilising unregulated
population movements in the Asia-Pacific region, providing an
additional challenge to national security (Dupont and Pearman,
2006; Preston et al., 2006). Population growth and a one-metre
rise in sea-level are likely to affect 200-450 million people in
the Asia-Pacific region (Mimura, 2006). An increase in
migrations from the Asia-Pacific region to surrounding nations
such as New Zealand and Australia is possible (Woodward et
al., 2001). Displacement of Torres Strait Islanders to mainland
Australia is also likely (Green, 2006b).

11.4.8 Indigenous people

Indigenous people comprise about 15% of the New Zealand
population (Statistics New Zealand, 2005a) and 2.4% of the
Australian population (including about 30% of the Northern
Territory population) (ABS, 2002).

Changes in New Zealand’s climate over the next 50 to 100
years are likely to challenge the Māori economy and influence the
social and cultural landscapes of Māori people (Packman et al.,
2001). Some Māori have significant investment in fishing,
agriculture and forestry and the downstream activities of
processing and marketing (NZIER, 2003), as well as being
important stakeholders in New Zealand’s growing tourist industry
(McIntosh, 2004) and in the energy sector. Economic performance
and opportunities in these primary industries are likely to be
influenced by climate-induced changes to production rates,
product quality, pest and disease prevalence, drought, fire-risk and
biodiversity, which, in turn, will affect the ability to raise
development capital in these industries (MAF, 2001; Cottrell et
al., 2004). While the majority of Māori live in urban
environments, they also occupy remote and rural areas where the
economy and social and cultural systems are strongly tied to
natural environmental systems (e.g., traditional resource use,
tourism), and where vital infrastructure and services are
vulnerable to extreme weather events (e.g., flooding, landslides)
(Harmsworth and Raynor, 2005). The capacity of the Māori
people to plan and respond to threats of climate change to their
assets (i.e., buildings, farms, forests, native forest, coastal
resources, businesses) varies greatly, and is likely to be limited by
access to funds, information and human capital, especially in
Northland and on the East Coast, where there are large populations
of Māori (TPK, 2001) and increased risks of extreme weather are
likely (Mullan et al., 2001). Other pressures include the unclear
role of local authorities with regard to rules, regulations and
strategies for adaptation; multiple land-ownership and decision-
making processes can be complex, often making it difficult to
reach consensus and implement costly or non-traditional
adaptation measures; and the high spiritual and cultural value
placed on traditional lands/resources that can restrict or rule out
some adaptation options such as relocation (NZIER, 2003). Many
rural Māori also rely on the use of public and private land and
coastal areas for hunting and fishing to supplement household
food supplies, recreation, and the collection of firewood and
cultural resources. The distribution and abundance of culturally
important flora and fauna is likely to be adversely influenced by
climate change, so the nature of such activities and the values
associated with these resources are likely to be adversely affected,
including spiritual well-being and cultural affirmation (NIWA,
2006). These challenges compound the sensitivity of the Māori to
climate change.

Indigenous communities in remote areas of Australia often
have inadequate infrastructure, health services and employment
(Braaf, 1999; Ring and Brown, 2002; IGWG, 2004; Arthur and
Morphy, 2005). Consequently, many of these communities show
features of social and economic disadvantage (Altman, 2000;
ABS, 2005b). Existing social disadvantage reduces coping ability
and may restrict adaptive capacity (Woodward et al., 1998; Braaf,
1999), affecting these communities’ resilience to climate hazards
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(Watson and McMichael, 2001; Ellemor, 2005). Many of these
communities strongly connect the health of their ‘country’ to their
cultural, mental and physical well-being (Smith, 2004a; Jackson,
2005). Direct biophysical impacts, such as increases in
temperature, rainfall extremes or sea-level rise, are likely to have
significant indirect impacts on the social and cultural cohesion
of these communities. There is recent recognition of the untapped
resource of Indigenous knowledge about past climate change
(Rose, 1996; Lewis, 2002; Orlove, 2003) which could be used to
inform adaptation options. However, the oral tradition of
recording this knowledge has, until recently, largely hindered
non-Indigenous scientists from using this expertise to inform
their science (Webb, 1997; Hill, 2004). Climate-change impacts
identified for remote Indigenous communities include increases
in the number of days of extreme heat, which may affect disease
vectors, reproduction and survival of infectious pathogens, and
heat stress (Green, 2006a; McMichael et al., 2006); extreme
rainfall events and flooding, causing infrastructure damage
(Green and Preston, 2006); salt inundation of freshwater aquifers
and changes in mangrove ecology (UNEP-WCMC, 2006);
changing fire regimes; sea-level rise and coastal erosion (Bessen
Consulting Services, 2005; Green and Preston, 2006). King tides1

in 2005 and 2006 in the Torres Strait have highlighted the need
to revisit short-term coastal protection and long-term relocation
plans for up to 2,000 Australians living on the central coral cays
and north-west islands (Mulrennan, 1992; Green, 2006b).

11.4.9 Tourism and recreation

Tourism contributes 4.5% of Australian GDP and represents
11.2% of exports (Allen Consulting Group, 2005), and even more
in New Zealand (about 5% of GDP and 16% of exports). The main
tourism centres are the Gold Coast and tropical north Queensland
in Australia, and Queenstown and Rotorua in New Zealand. Most
tourism and recreation in Australia and New Zealand rely on
resources of the natural environment. In Australia’s Wet Tropics,
the value of ecosystem goods and services, including tourism, is
about US$132 to 148 million/yr (Curtis, 2004).

Few regional studies have assessed potential impacts on
tourism, but elsewhere there is evidence that climate change has
direct impacts (Agnew and Palutikof, 2001; Maddison, 2001).
Some tourist destinations may benefit from drier and warmer
conditions, e.g., for beach activities, viewing wildlife and
geothermal activity, trekking, camping, climbing, wine tasting and
fishing. However, greater risks to tourism are likely from increases
in hazards such as flooding, storm surges, heatwaves, cyclones,
fires and droughts (World Tourism Organisation, 2003; Scott et
al., 2004; Becken, 2005; Hall and Higham, 2005; Becken and
Hay, 2007). These adversely affect transport, personal safety,
communication, water availability and natural attractions such as
coral reefs, beaches, freshwater wetlands, snow, glaciers and
forests. Changes in species distribution and ecosystems in
National Parks (see Section 11.4.2) are likely to alter their tourism
appeal. Tropical Australian destinations are particularly vulnerable
to climate impacts (Allen Consulting Group, 2005). Queensland
tourism is likely to be negatively affected by more intense tropical

cyclones and by degradation of the Great Barrier Reef (see Section
11.6) and beaches (PIA, 2004).

Skiing attracts many tourists to New Zealand and south-eastern
Australia. For the full range of SRES scenarios, by 2020 in south-
east Australia, there are likely to be 5 to 40 fewer days of snow
cover per year, a rise in the snowline of 30 to 165 m, and a
reduction in the total snow-covered area of 10 to 40% (Hennessy
et al., 2003). By 2050, the duration of snow cover reduces by 15
to 100 days, the maximum snow depth reduces by 10 to 99%, the
snowline rises 60 to 570 m and the total area of snow cover shrinks
by 20 to 85%. Similarly, in New Zealand, changes in seasonal
snow cover are likely to have a significant impact on the ski
industry. The snow line is likely to rise by 120 to 270 m based on
scenarios for the 2080s (Fitzharris, 2004). Tourist flows from
Australia to New Zealand might grow as a result of the relatively
poorer snow conditions in Australia. Numerical modelling of the
Franz Josef glacier reveals that temperature is the dominant control
on glacier length for New Zealand’s maritime glaciers (Anderson
and Mackintosh, 2006). Noticeable shrinkage and retreat is very
likely for even small temperature increases (Anderson, 2004;
Anderson et al., 2006), and is likely to reduce visitor flows through
tourism-dependent towns such as Fox and Franz Josef.

11.4.10 Energy

Energy consumption is projected to grow due to demographic
and socio-economic factors (see Section 11.3.2). However, average
and peak energy demands are also linked to climatic conditions.
Increases in peak energy demand due to increased air-conditioner
use are likely to exceed increases for base load. The risk of line
outages and blackouts is likely to increase (PB Associates, 2007).
More peak generating capacity is likely to be needed beyond that
for underlying economic growth (Howden and Crimp, 2001). For
a 2°C warming, peak demand increases 4% in Brisbane and 10%
inAdelaide, but decreases 1% in Melbourne and Sydney (Howden
and Crimp, 2001). About 10% of the existing asset levels may be
required to allow for climate-related increases in peak demand by
2030 (PB Associates, 2007). However, annual total demand may
be less sensitive to warming; a likely reduction in winter heating
demand counteracts the increasing summer demand, e.g., New
Zealand electricity demand decreases by 3%/°C increase in mean
winter temperature (Salinger, 1990).

Climate change is likely to affect energy infrastructure in
Australia and New Zealand through impacts of severe weather
events on wind power stations, electricity transmission and
distribution networks, oil and gas product storage and transport
facilities, and off-shore oil and gas production (see Chapter 7).
There are also likely to be costs and damages that can be avoided
by adaptation and mitigation (see Section 18.4). An assessment of
potential risks for Australia (PB Associates, 2007) found (i)
increased peak and average temperatures are likely to reduce
electricity generation efficiency, transmission line capacity,
transformer capacity and the life of switchgear and other
components; (ii) if climate changes gradually, both the generation
utilities and the equipment manufacturers are likely to have enough
time to adjust their standards and specifications; and (iii)

1 King tide: any high tide well above average height.



vulnerability to the above impacts is low, but there is medium
vulnerability to a decline in water supply for large-scale coal, hydro
and gas turbine power generation.

In New Zealand, increased westerly wind speed is very likely to
enhance wind generation and spill-over precipitation into major
South Island hydro catchments, and to increase winter rain in the
Waikato catchment (Wratt et al., 2004). Warming is virtually
certain to increase snow melt, the ratio of rainfall to snowfall, and
river flows in winter and early spring. This is very likely to assist
hydroelectric generation at the time of highest energy demand for
heating.

11.4.11 Human health

One of the most significant health impacts of climate change is
likely to be an increase in heat-related deaths. Assuming no
planned adaptation, the number of deaths is likely to rise from
1,115/yr at present in Adelaide, Melbourne, Perth, Sydney and
Brisbane to 2,300 to 2,500/yr by 2020, and 4,300 to 6,300/yr by
2050, for all SRES scenarios, including demographic change
(McMichael et al., 2003). In Auckland and Christchurch, a total of
14 heat-related deaths occur per year in people aged over 65, but
this is likely to rise to 28, 51 and 88 deaths for warmings of 1, 2
and 3°C, respectively (McMichael et al., 2003). Demographic
change is likely to amplify these figures. By 2100, the Australian
annual death rate in people aged over 65 is estimated to increase
from a 1999 baseline of 82 per 100,000 to 131-246 per 100,000,
for the SRES B2 and A2 scenarios and the 450 ppm stabilisation
scenario (Woodruff et al., 2005). Australian temperate cities are
likely to experience higher heat-related deaths than tropical cities,
and the winter peak in deaths is likely to be overtaken by heat-
related deaths in nearly all cities by 2050 (McMichael et al.,
2003). In New Zealand, the winter peak in deaths is likely to
decline.

There are likely to be alterations in the geographical range and
seasonality of some mosquito-borne infectious diseases. Fewer but
heavier rainfall events are likely to affect mosquito breeding and
increase the variability in annual rates of Ross River disease,
particularly in temperate and semi-arid areas (Woodruff et al.,
2002, 2006). The risk of establishment of dengue fever is likely to
increase through changes in climate and population sensitivity in
both tropical and temperate latitudes (Sutherst, 2004). Dengue is a
substantial threat in Australia: the climate of the far north already
supports Aedes aegypti (the major mosquito vector of the dengue
virus); and outbreaks of dengue have occurred with increasing
frequency and magnitude in far-northern Australia over the past
decade. Projected climate changes in north-eastern Australia,
combined with population growth, are likely to increase the
average annual number of people living in areas suitable for
supporting the dengue vector (an additional 0.1 to 0.3 million
exposed in 2020, and 0.6 to 1.4 million in 2050) (McMichael et
al., 2003). Malaria is unlikely to become established unless there
is a dramatic deterioration in the public health response
(McMichael et al., 2003). In New Zealand, parts of the North
Island are likely to become suitable for breeding of the major
dengue vector, while much of the country becomes receptive to
other less-efficient vector species (De Wet et al., 2001; Woodward
et al., 2001). The risk of dengue in New Zealand is likely to remain

below the threshold for local transmission beyond 2050
(McMichael et al., 2003).

Warmer temperatures and increased rainfall variability are
likely to increase the intensity and frequency of food-borne
(D’Souza et al., 2004) and water-borne (Hall et al., 2002) diseases
in both countries. Indigenous people living in remote communities
are likely to be at increased risk due to their particular living
conditions and poor access to services. The annual number of
diarrhoeal hospital admissions among Aboriginal children living
in central Australia is likely to increase 10% by 2050, assuming no
change in current health standards (McMichael et al., 2003). The
relationship between drought, suicide and severe mental health
impacts in rural communities (Nicholls et al., 2006) suggests that
parts of Australia are likely to experience increased mental health
risks in future. Impacts on aeroallergens and photochemical smog
in cities remain uncertain. High concentrations of bushfire smoke
play a role in increasing hospital presentations of asthma
(Johnston et al., 2002), so projected increases in fire risk may lead
to more asthma.

11.4.12 Synthesis

Climate change adds new dimensions to the challenges already
facing communities, businesses, governments and individuals.
Assessment of the information given in this section leads to the
conclusion that climate change is likely to give rise to six key risks
in specific sectors (Table 11.7): natural systems, water security,
coastal communities, agriculture and forestry, major infrastructure
and health. Some extreme events can trigger multiple and
simultaneous impacts across systems, e.g., heatwaves leading to
heat-related deaths, fires, smoke pollution, respiratory illness,
blackouts, and buckling of railways. There are also four key
benefits for particular sectors: (i) in New Zealand, initial benefits
to agriculture and forestry are projected in western and southern
areas and close to major rivers due to a longer growing season,
less frost and increased rainfall; (ii) reduced energy demand is
very likely in winter; (iii) tourism is likely to directly benefit from
drier and warmer weather in some areas; and (iv) flows in New
Zealand’s larger mountain-fed rivers are likely to increase,
benefiting hydroelectricity generation and irrigation supply.
Adaptation can alleviate or delay vulnerability in some sectors,
as well as allowing benefits to accrue more rapidly (see Section
11.5).

11.5 Adaptation constraints
and opportunities

Planned adaptation can greatly reduce vulnerability (see
examples in Chapter 17). Since the TAR, Australia and New
Zealand have taken notable steps in building adaptive capacity
(see Section 11.2.5) by increasing support for research and
knowledge, expanding assessments for decision makers of the
risks of climate change, infusing climate change into policies
and plans, promoting awareness, and better dealing with climate
issues. However, there remain formidable environmental,
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economic, informational, social, attitudinal and political barriers
to the implementation of adaptation.

For many natural ecosystems, impacts have limited
reversibility. Planned adaptation opportunities for offsetting
potentially deleterious impacts are often limited due to fixed
habitat regions (e.g., the Wet Tropics and upland rainforests in
Australia and the alpine zone in both Australia and New
Zealand). One adaptive strategy is to provide corridors to
facilitate migration of species under future warming. This will
require changes in land tenure in many regions, with significant
economic costs, although schemes to promote such connectivity
are already under way in some Australian states (see Section
11.2.5). Another strategy is translocation of species. This is a
very expensive measure, but it may be considered desirable for
some iconic, charismatic or particularly vulnerable species.

For water, planned adaptation opportunities lie in the
inclusion of risks due to climate change on both the demand and
supply side (Allen Consulting Group, 2005; Table 11.2). In
urban catchments, better use of storm and recycled water can
augment supply, although existing institutional arrangements
and technical systems for water distribution constrain
implementation. Moreover, there is community resistance to the
use of recycled water for human consumption (e.g., in such cities
as Toowoomba in Queensland and Goulburn in NSW).
Desalination schemes are being considered in some Australian
capital cities. Installation of rainwater tanks is another adaptation
response and is now actively pursued through incentive policies
and rebates. For rural activities, more flexible arrangements for
allocation are required, via the expansion of water markets,
where trading can increase water-use efficiency (Beare and
Heaney, 2002). Existing attitudes toward water pricing and
difficulties with structural adjustment are significant barriers.

For agriculture, there are opportunities for planned adaptation
via improvements in crop varieties (Figure 11.2), rotations, farm

technology, farm practices and land-use mix. Cropping can be
extended to historically wetter regions. Implementation will
require new investment and significant managerial changes
(Howden et al., 2003a). Farmers in eastern New Zealand are
engaging in local discussion of risks posed by future climate
change and how to enhance adaptation options (Kenny, 2005).
They stress the need for support and education for ‘bottom-up’
adaptation (Kenny, 2007). Farming of marginal land at the drier
fringe is likely to be increasingly challenging, especially in those
regions of both countries with prospective declines in rainfall.

In coastal areas, there is solid progress in risk assessments
and in fashioning policies and plans at the local and regional
level in New Zealand. However, there remain significant
challenges to achieving concrete actions that reduce risks.
Consistent implementation of adaptation measures (e.g., setback
lines, planned retreat, dune management (Dahm et al., 2005),
building designs, prohibition of new structures and siting
requirements that account for sea-level rise) has been difficult.
Differences in political commitment, lack of strong and clear
guidelines from government, and legal challenges by property
owners are major constraints (MfE, 2003).

Considering all sectors, four broad barriers to adaptation
are evident.

1. A lack of methods for integrated assessment of impacts and
adaptation that can be applied on an area-wide basis. While
sector-specific knowledge and tools have steadily
progressed, the vulnerability of water resources, coasts,
agriculture and ecosystems of local areas and regions are
interconnected and need to be assessed accordingly (see
Section 11.8).

2. Lack of well-developed evaluation tools for assessing
planned adaptation options, such as benefit-cost analysis,
incorporating climate change and adapted for local and
regional application.

System Impacts Identified hotspots

Natural
systems

Damage to coral reefs, coasts, rainforests, wetlands and alpine areas. Increased
disturbance, loss of biodiversity including possible extinctions, changed species
ranges and interactions, loss of ecosystem services (e.g., for tourism and water).
Potentially catastrophic for some systems (e.g., reefs may be dominated by
macroalgae by 2050, extinctions of endemic vertebrates in Queensland Wet
Tropics). Shrinking glaciers create slope instability.

Aus: Great Barrier Reef, Kakadu, east
Queensland, alpine zones, Murray-Darling
Basin (MDB) and south-western Aus;
NZ: Southern Alps and their National Parks,
eastern lowlands

Water
security

Reduction in water supply for irrigation, cities, industry and riverine environment in
those areas where streamflow declines, e.g., in the Murray-Darling Basin, annual
mean flow may drop 10 to 25% by 2050 and 16 to 48% by 2100.

Southern and eastern Aus; Northland and
parts of eastern lowlands of NZ

Coastal
communities

Greater coastal inundation and erosion, especially in regions exposed to cyclones
and storm surges. Coastal development is exacerbating the climate risks.

Tropical and south-east Queensland (Aus)
and from Bay of Plenty to Northland in NZ

Agriculture
and forestry

Reduced crop, pastoral and rangeland production over much of southern and
eastern Australia and parts of eastern New Zealand. Reduced grain and grape
quality. A southward shift of pests and disease vectors. Increased fire risk for forests.

Southern and eastern Aus and eastern NZ

Major
infrastructure

Design criteria for extreme climatic events, floods and storm surges very likely to be
exceeded more frequently. Increased damage likely for buildings, transport
structures, telecommunications, energy services and water services.

Large cities, floodplains of
major rivers, coastal communities,
north-eastern parts of both countries

Health By 2050, 3,200 to 5200 more heat-related deaths/yr, and 0.6 to 1.4 million more
people exposed to dengue fever.

Large cities of both countries

Table 11.7. Six key risks in Australia (Aus) and New Zealand (NZ) (assuming no new adaptation). Underlying climate projections (see Section 11.3)
include higher temperatures, sea-level rise, heavier rainfall, greater fire risk, less snow cover, reduced runoff over southern and eastern Australia and in
the smaller lowland rivers of eastern New Zealand, more intense tropical cyclones and larger storm surges.
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3. Ongoing scepticism about climate change science,
uncertainty in regional climate change projections, and a
lack of knowledge about how to promote adaptation. This
is despite 87% of Australians being more concerned about
climate change impacts than terrorism (Lowy Institute,
2006). Application of risk-based approaches to adaptation
(e.g., upgrading urban storm-water infrastructure design;
Shaw et al., 2005) demonstrate how developments can be
‘climate-proofed’ (ADB, 2005). While a risk-based
method for planned adaptation has been published for
Australia (AGO, 2006), there are few examples of where
it has been applied.

4. Weak linkages between the various strata of government,
from national to local, regarding adaptation policy, plans
and requirements. Stronger guidance and support are
required from state (in Australia) and central government

(in New Zealand) to underpin efforts to promote
adaptation locally. For example, the New Zealand Coastal
Policy Statement recommends that regional councils
should take account of future sea-level rise. But there is a
lack of guidance as to how this should be accomplished
and little support for building capacity to undertake the
necessary actions. As a consequence, regional and local
responses have been limited, variable and inconsistent.

11.6 Case studies

The following case studies (Boxes 11.2 to 11.4) illustrate regions
where climate change has already occurred, impacts are evident
and planned adaptation is being considered or implemented.

Box 11.2. Adaptation of water supplies in cities

In capital cities such as Perth, Brisbane, Sydney, Melbourne, Adelaide, Canberra and Auckland, concern about population
pressures and the impact of climate change is leading water planners to implement a range of adaptation options (Table 11.2).
For example, the winter rainfall-dominated region of south-west Western Australia has experienced a substantial decline in May
to July rainfall since the mid-20th century. The effects of the decline on natural runoff have been severe, as evidenced by a
50% drop in annual inflows to reservoirs supplying the city of Perth (Figure 11.3). Similar pressures have been imposed on
groundwater resources and wetlands. This has been accompanied by a 20% increase in domestic usage in 20 years, and a
population growth of 1.7%/yr (IOCI, 2002). Climate simulations indicate that at least some of the observed drying is due to the
enhanced greenhouse effect (IOCI, 2002). To ensure water security, a US$350 million programme of investment in water source
development was undertaken by the WA Water Corporation (WA Water Corporation, 2004) from 1993 to 2003. In 2004, the
continuation of low streamflow led to the decision to construct a seawater desalination plant, which will provide 45 Gl of water
each year, at a cost of US$271 million. Energy requirements (24 MW) will be met by 48 wind turbines.

Figure 11.3. Annual inflow to Perth Water Supply System from 1911 to 2005. Horizontal lines show averages.
Source: www.watercorporation.com.au/D/dams_streamflow.cfm. Courtesy of the Water Corporation of Western Australia.
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Box 11.3. Climate change and the Great Barrier Reef

The Great Barrier Reef (GBR) is the world’s largest continuous reef system (2,100 km long) and is a critical storehouse of
Australian marine biodiversity and a breeding ground for seabirds and other marine vertebrates such as the humpback whale.
Tourism associated with the GBR generated over US$4.48 billion in the 12-month period 2004/5 and provided employment
for about 63,000 full-time equivalent persons (Access Economics, 2005). The two greatest threats from climate change to the
GBR are (i) rising sea temperatures, which are almost certain to increase the frequency and intensity of mass coral bleaching
events, and (ii) ocean acidification, which is likely to reduce the calcifying ability of key organisms such as corals. Other factors,
such as droughts and more intense storms, are likely to influence reefs through physical damage and extended flood plumes
(Puotinen, 2006).

Sea temperatures on the GBR have warmed by about 0.4°C over the past century (Lough, 2000). Temperatures currently
typical of the northern tip of the GBR are very likely to extend to its southern end by 2040 to 2050 (SRES scenarios A1, A2)
and 2070 to 2090 (SRES scenarios B1, B2) (Done et al., 2003). Temperatures only 1°C above the long-term summer maxima
already cause mass coral bleaching (loss of symbiotic algae). Corals may recover but will die under high or prolonged
temperatures (2 to 3°C above long-term maxima for at least 4 weeks). The GBR has experienced eight mass bleaching events
since 1979 (1980, 1982, 1987, 1992, 1994, 1998, 2002 and 2006); there are no records of events prior to 1979 (Hoegh-
Guldberg, 1999). The most widespread and intense events occurred in the summers of 1998 and 2002, with about 42% and
54% of reefs affected, respectively (Done et al., 2003; Berkelmans et al., 2004). Mortality was distributed patchily, with the
greatest effects on near-shore reefs, possibly exacerbated by osmotic stress caused by floodwaters in some areas (Berkelmans
and Oliver, 1999). The 2002 event was followed by localised outbreaks of coral disease, with incidence of some disease-like
syndromes increasing by as much as 500% over the past decade at a few sites (Willis et al., 2004). While the impacts of coral
disease on the GBR are currently minor, experiences in other parts of the world suggest that disease has the potential to be
a threat to GBR reefs. Effects from thermal stress are likely to be exacerbated under future scenarios by the gradual acidification
of the world’s oceans, which have absorbed about 30% excess CO2 released to the atmosphere (Orr et al., 2005; Raven et
al., 2005). Calcification declines with decreasing carbonate ion concentrations, becoming zero at carbonate ion concentrations
of approximately 200 µmol/kg (Langdon et al., 2000; Langdon, 2002). These occur at atmospheric CO2 concentrations of
approximately 500 ppm. Reduced growth due to acidic conditions is very likely to hinder reef recovery after bleaching events
and will reduce the resilience of reefs to other stressors (e.g., sediment, eutrophication).

Even under a moderate warming scenario (A1T, 2°C by 2100), corals on the GBR are very likely to be exposed to regular
summer temperatures that exceed the thermal thresholds observed over the past 20 years (Done et al., 2003). Annual bleaching
is projected under the A1FI scenario by 2030, and under A1T by 2050 (Done et al., 2003; Wooldridge et al., 2005). Given that
the recovery time from a severe bleaching-induced mortality event is at least 10 years (and may exceed 50 years for full
recovery), these models suggest that reefs are likely to be dominated by non-coral organisms such as macroalgae by 2050
(Hoegh-Guldberg, 1999; Done et al., 2003). Substantial impacts on biodiversity, fishing and tourism are likely. Maintenance of
hard coral cover on the GBR will require corals to increase their upper thermal tolerance limits at the same pace as the change
in sea temperatures driven by climate change, i.e. about 0.1-0.5°C/decade (Donner et al., 2005). There is currently little evidence
that corals have the capacity for such rapid genetic change; most of the evidence is to the contrary (Hoegh-Guldberg, 1999,
2004). Given that recovery from mortality can be potentially enhanced by reducing local stresses (water quality, fishing
pressure), management initiatives such as the Reef Water Quality Protection Plan and the Representative Areas Programme
(which expanded totally protected areas on the GBR from 4.6% to over 33%) represent adaptation options to enhance the
ability of coral reefs to endure the rising pressure from rapid climate change.
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11.7 Conclusions: implications for
sustainable development

An assessment of aggregate vulnerability for key sectors of
the region is given in Figure 11.4, as a function of potential
global warming. It synthesises relevant information in Sections
11.2 to 11.5 about current sensitivity, coping ranges, potential
impacts, adaptive capacity and vulnerability. It follows similar
diagrams and concepts published elsewhere (Jones et al., 2007)
and emulates the ‘Reasons for Concern’ diagram (Figure SPM-
3) in the TAR Synthesis Report. Since most impact assessments
in the available literature do not allow for adaptation, the yellow
band in Figure 11.4 is indicative only. In line with Chapter 19,
vulnerability is assessed using criteria of: magnitude of impact,
timing, persistence and reversibility, likelihood and confidence,
potential for planned adaptation, geographical distribution and
importance of the vulnerable system. Ecosystems, water security
and coastal communities of the region have a narrow coping
range. Even if adaptive capacity is realised, vulnerability
becomes significant for 1.5 to 2.0°C of global warming. Energy
security, health (heat-related deaths), agriculture and tourism
have larger coping ranges and adaptive capacity, but they
become vulnerable if global warming exceeds 3.0°C. The three
key vulnerability factors identified in Article 2 of the United
Nations Framework Convention on Climate Change (UNFCCC)
– natural ecosystems, sustainable development and food security
– are also shown in Figure 11.4.

When these climate change impacts are combined with other
non-climate trends (see Section 11.3.2), there are some serious
implications for sustainability in both Australia and New
Zealand. Climate change is very likely to threaten natural
ecosystems, with extinction of some species. There are limited
planned adaptation options, but the resilience of many
ecosystems can be enhanced by reducing non-climatic stresses
such as water pollution, habitat fragmentation and invasive
species. In river catchments, where increasing urban and rural
water demand has already exceeded sustainable levels of supply,
ongoing and proposed adaptation strategies (see Section 11.2.5)
are likely to buy some time. Continued rates of coastal
development are likely to require tighter planning and regulation
if they are to remain sustainable. Climate change is very likely
to increase peak energy demand during heatwaves, posing
challenges for sustainable energy supply. A substantial public
health and community response is likely to be needed in order to
avoid an increase of several thousand heat-related deaths per
year.

Large shifts in the geographical distribution of agriculture and
its services are very likely. Farming of marginal land in drier
regions is likely to become unsustainable due to water shortages,
new biosecurity hazards, environmental degradation and social
disruption. In areas that are likely to become wetter and less
frosty, it may be possible to grow new crops or those displaced
from other regions. Adaptation has the capacity to capture these
benefits; they are unlikely to accrue without investment in the
adaptation process. Food security is very likely to remain robust,

Box 11.4. Climate change adaptation in coastal areas

Australia and New Zealand have very long coastlines with ongoing development and large and rapidly growing populations in
the coastal zone. This situation is placing intense pressure on land and water resources and is increasing vulnerability to
climatic variations, including storm surges, droughts and floods. A major challenge facing both countries is how to adapt to
changes in climate, reduce vulnerability, and yet achieve sustainable development. Two examples illustrate this challenge.

Bay of Plenty, North Island, New Zealand. This bay is characterised by a narrow coastal zone with two of the fastest-growing
districts of New Zealand. Combined population growth was 13.4% over the period 1996 to 2001, centred on the cities of
Tauranga and Whakatane. By 2050, the population is projected to increase 2 to 3 times. Beachfront locations demand the
highest premiums on the property market, but face the highest risks from storm surge flooding and erosion. Substantial efforts
have been made to reduce the risks. For the purpose of delineation of hazard zones and design of adaptation measures, the
Environment Bay of Plenty regional council explicitly included IPCC projections of sea-level rise in its Regional Coastal
Environment Plan. This identified ‘areas sensitive to coastal hazards within the next 100 years’. Implementation of such policy
and plans by local government authorities has been repeatedly challenged by property developers, commercial interests and
individual homeowners with different interpretations of the risks.

Sunshine Coast and Wide Bay-Burnett, Queensland, Australia. Between 2001 and 2021, the Sunshine Coast population
is projected to grow from 277,987 to 479,806 (QDLGP, 2003), and the Wide Bay-Burnett population is projected to grow from
236,500 to 333,900 (ABS, 2003b). Sandy beaches and dunes are key biophysical characteristics of this coastline, including
Fraser Island which is the largest sand island in the world. These natural features and the human populations they attract are
vulnerable to sea-level rise, flooding, storm surges and tropical cyclones. Many estuaries and adjacent lowlands have been
intensively developed, some as high-value canal estates. Local government is clearly becoming aware of climate-change
risks. This topic is included in the agenda of the Sea-Change Taskforce, made up of coastal councils throughout Australia. At
the regional planning level, climate change was recently embedded at a policy level into the strategic planning processes for
the Wide Bay-Burnett region.
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with both countries able to produce more food than they require
for internal consumption, although imports of selected foods
may be needed temporarily to cover shortages due to extreme
events. Climate changes are also likely to bring benefits in some
areas for hydro-generation, winter heating requirements and
tourism.

Figure 11.5 assesses key hotspots identified for the region,
where vulnerability to climate change is likely to be high. Their
selection is based on the following criteria: large impacts, low
adaptive capacity, substantial population, economically
important, substantial exposed infrastructure and subject to other
major stresses (e.g., continued rapid population growth, ongoing
development, ongoing land degradation, ongoing habitat loss,
threats from rising sea level). Their development at current rates
and accustomed supply of ecosystem services are unlikely to be
sustainable with ongoing climate change, unless there is
considerable planned adaptation.

For Australia and New Zealand, the magnitude of investment
in adaptation is overshadowed by that in mitigation. The latter is
intended to slow global warming. However, there is unlikely to
be any noticeable climate effect from reducing greenhouse gases
until at least 2040 (see Chapter 18). In contrast, the benefits of
adaptation can be immediate, especially when they also address
climate variability. Many adaptation options can be implemented
now for Australia and New Zealand at personal, local and
regional scales. Enhancing society’s response capacity through
the pursuit of sustainable development pathways is one way of
promoting both adaptation and mitigation (see Chapter 18).

11.8 Key uncertainties and research
priorities

Assessment of impacts is hampered because of uncertainty
in climate change projections at the local level (e.g., in rainfall,
rate of sea-level rise and extreme weather events). Research
priorities for these are identified in the IPCC Working Group I
Fourth Assessment Report (IPCC, 2007). Other uncertainties
stem from an incomplete knowledge of natural and human
system dynamics, and limited knowledge of adaptive capacity,
constraints and options (Allen Consulting Group, 2005). More
needs to be done to assess vulnerability within a risk-assessment
framework. Based on the information presented in this Chapter,
the main research priorities are assessed to fall into four categories:

11.8.1 Assessing impacts of climate change and
vulnerability for critical systems

• Water: Impacts and optimum adaptation strategies for
projected changes in drought and floods, and implications
for water security within an integrated catchment framework.
This includes impacts on long-term groundwater levels,
water quality, environmental flows and future requirements
for hydroelectricity generation, irrigation and urban supply.

• Natural ecosystems: Identification of thresholds including
rates at which autonomous adaptation is possible;
identification of the most vulnerable species (including key

Figure 11.4. Vulnerability to climate change aggregated for key sectors in the Australia and New Zealand region, allowing for current coping range and
adaptive capacity. Right-hand panel is a schematic diagram assessing relative coping range, adaptive capacity and vulnerability. Left-hand panel
shows global temperature change taken from the TAR Synthesis Report (Figure SPM-6). The coloured curves in the left panel represent temperature
changes associated with stabilisation of CO2 concentrations at 450 ppm (WRE450), 550 ppm (WRE550), 650 ppm (WRE650), 750 ppm (WRE750) and
1,000 ppm (WRE1000). Year of stabilisation is shown as black dots. It is assumed that emissions of non-CO2 greenhouse gases follow the SRES A1B
scenario until 2100 and are constant thereafter. The shaded area indicates the range of climate sensitivity across the five stabilisation cases.
The narrow bars show uncertainty at the year 2300. Crosses indicate warming by 2100 for the SRES B1, A1B and A2 scenarios.
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Figure 11.5. Key hotspots identified for Australia and New Zealand, assuming a medium emissions scenario for 2050.

indicator species), long-term monitoring; modelling of
potential impacts on key ecosystems; interactions with
stresses such as invasive species; improved bioclimatic
modelling; and management options to reduce vulnerability.

• Agriculture: Impacts and adaptation strategies for a
complete range of farming systems, including both costs
and benefits for rural livelihoods. Analyses should address
changes in the industry supply chain and regional land use,
and the threat of new pests and diseases.

• Oceans and fisheries: Potential impacts of changes in
climate, ENSO and IPO on physical oceanography, marine
life and fish stocks in the waters that surround Australia
and New Zealand.

• Settlements, especially coastal communities:
Comprehensive assessments of vulnerability and adaptation
options so as to provide improved guidance for planning
and hazard management. Investigation of local and regional
costs of projected changes in extreme weather events and
adaptation planning for scenarios of sea-level rise beyond
2100.

• Climate extremes and infrastructure: Risks to building,
transport, water, communication, energy and mining

infrastructure, and insurance protection from an increase in
extreme weather events. A re-evaluation is required of
probable maximum precipitation and design floods2 for
dams, bridges, river protection, major urban infrastructure
and risks of glacier outburst floods.

• Tourism: Improved understanding as to how direct and
indirect impacts of climate change affect human behaviour with
respect to recreation patterns and holiday destination choice.

• Climate surprises: Impacts of abrupt climate change, faster
than expected sea-level rise and sudden changes in ocean
circulation. Little is known about potential impacts and
vulnerability on the region beyond 2100.

11.8.2 Fostering the process of adaptation
to climate change

Australia and New Zealand have few integrated regional and
sectoral assessments of impacts, adaptation and socio-economic
risk. More are desirable, especially when set within the wider
context of other multiple stresses. Methods to incorporate
adaptation into environmental impact assessments and other
regional planning and development schemes need to be

2 A hypothetical flood representing a specific likelihood of occurrence, e.g., the 100-year or 1% probability flood.



developed. More research is required as to how local communities
can shape adaptation (Kenny, 2005) and of adaptation options
for Māori and Indigenous Australian communities, especially
for those on traditional lands. Priority should be given to
reducing the vulnerability of ‘hotspot’ areas through:

• identification of mechanisms that governments might use to
reduce vulnerability,

• better understanding of societal preparedness and of the
limitations and barriers to adaptation,

• better definition of costs and benefits of adaptation options,
including benefits of impacts avoided, co-benefits, side
effects, limits and better modelling,

• analyses of various options for social equity and fairness,
the impacts of different discount rates, price incentives,
delayed effects and inter-generational equity.

11.8.3 Assessing risks and opportunities of
climate change for different scenarios

Impact scenarios underpin policy decisions about adaptation
options and emission reduction targets. The following analyses are
required for the full range of SRES and CO2 stabilisation scenarios:

• definition of the probabilities of exceeding critical
biophysical and socio-economic thresholds and assessment
of consequent vulnerability or new opportunities,

• assessment of net costs and benefits for key economic
sectors and for each country,

• better modelling of land-use change as climatic boundaries
shift, and assessment of the implications for regional
development, social change, food security and sustainability.

11.8.4 Analysing global trade, immigration and
security for climate change outcomes

Impacts of climate change and adaptation elsewhere in the
world are very likely to change global interactions, and
especially trade in commodities. The implications are large for
the strongly export-based economies of Australia and New
Zealand. Further studies are needed in order to assess the
impacts of climate change on the region’s competitiveness and
export mix. In the Asia-Pacific region, adverse effects on food,
disease, water, energy and coastal settlements are likely (Dupont
and Pearman, 2006), but implications for immigration and
security in Australia and New Zealand are poorly understood.
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Executive summary

Many of the results reported here are based on a range of
emissions scenarios extending up to the end of the 21st century
and assume no specific climate policies to mitigate greenhouse
gas emissions.

For the first time, wide ranging impacts of changes in
current climate have been documented in Europe (very high
confidence).
The warming trend and spatially variable changes in rainfall
have affected composition and functioning of both the cryosphere
(retreat of glaciers and extent of permafrost) as well as natural
and managed ecosystems (lengthening of growing season, shift
of species) [12.2.1]. Another example is the European heatwave
in 2003 which had major impacts on biophysical systems and
society [12.6.1]. The observed changes are consistent with
projections of impacts due to climate change [12.4].

Climate-related hazards will mostly increase, although
changes will vary geographically (very high confidence).
Winter floods are likely to increase in maritime regions and flash
floods are likely to increase throughout Europe [12.4.1]. Coastal
flooding related to increasing storminess and sea-level rise is
likely to threaten up to 1.6 million additional people annually
[12.4.2]. Warmer, drier conditions will lead to more frequent and
prolonged droughts, as well as to a longer fire season and
increased fire risk, particularly in the Mediterranean region
[12.3.1.2, 12.4.4.1]. During dry years, catastrophic fires are
expected on drained peatlands in central Europe [12.4.5]. The
frequency of rock falls will increase due to destabilisation of
mountain walls by rising temperatures and melting of permafrost
[12.4.3].Without adaptive measures, risks to health due to more
frequent heatwaves, particularly in central and southern Europe,
and flooding, and greater exposure to vector- and food-borne
diseases are anticipated to increase [12.3.1.2, 12.6.1]. Some
impacts may be positive, as in reduced risk of extreme cold
events because of increasing winter temperatures. However, on
balance, health risks are very likely to increase [12.4.11].

Climate change is likely to magnify regional differences of
Europe’s natural resources and assets (very high confidence).
Climate scenarios indicate significant warming, greater in winter
in the North and in summer in southern and central Europe
[12.3.1]. Mean annual precipitation is projected to increase in
the North and decrease in the South [12.3.1]. Crop suitability is
likely to change throughout Europe, and crop productivity (all
other factors remaining unchanged) is likely to increase in
northern Europe, and decrease along the Mediterranean and in
south-eastern Europe [12.4.7.1]. Forests are projected to expand
in the North and retreat in the South [12.4.4.1]. Forest
productivity and total biomass is likely to increase in the North
and decrease in central Europe, while tree mortality is likely to
accelerate in the South [12.4.4.1]. Differences in water
availability between regions are anticipated to become sharper
(annual average runoff increases in the North and North-west,
and to decrease in the South and South-east) [12.4.1].

Water stress will increase, as well as the number of people
living in river basins under high water stress (high confidence).
Water stress will increase over central and southern Europe. The
percentage area under high water stress is likely to increase from
19% today to 35% by the 2070s, and the additional number of
people affected by the 2070s is expected to be between 16
millions and 44 millions [12.4.1]. The most affected regions are
southern Europe and some parts of central and eastern Europe,
where summer flows may be reduced by up to 80% [12.4.1].
The hydropower potential of Europe is expected to decline on
average by 6% but by 20 to 50% around the Mediterranean by
the 2070s [12.4.8.1].

It is anticipated that Europe’s natural (eco)systems and
biodiversity will be substantially affected by climate change
(very high confidence). The great majority of organisms and
ecosystems are likely to have difficulty in adapting to
climate change (high confidence).
Sea-level rise is likely to cause an inland migration of beaches
and the loss of up to 20% of coastal wetlands [12.4.2], reducing
habitat availability for several species that breed or forage in
low-lying coastal areas [12.4.6]. Small glaciers will disappear
and larger glaciers substantially shrink during the 21st century
[12.4.3]. Many permafrost areas in the Arctic are projected to
disappear [12.4.5]. In the Mediterranean, many ephemeral
aquatic ecosystems are projected to disappear, and permanent
ones to shrink [12.4.5]. Recruitment and production of marine
fisheries in the North Atlantic are likely to increase [12.4.7.2].
The northward expansion of forests is projected to reduce
current tundra areas under some scenarios [12.4.4]. Mountain
plant communities face up to a 60% loss of species under high
emissions scenarios [12.4.3]. A large percentage of the European
flora is likely to become vulnerable, endangered, or committed
to extinction by the end of this century [12.4.6]. Options for
adaptation are likely to be limited for many organisms and
ecosystems. For example, limited dispersal is very likely to
reduce the range of most reptiles and amphibians [12.4.6]. Low-
lying, geologically subsiding coasts are likely to be unable to
adapt to sea-level rise [12.5.2]. There are no obvious climate
adaptation options for either tundra or alpine vegetation [12.5.3].
The adaptive capacity of ecosystems can be enhanced by
reducing human stresses [12.5.3, 12.5.5]. New sites for conser-
vation may be needed because climate change is very likely to
alter conditions of suitability for many species in current sites
[12.5.6].

Climate change is estimated to pose challenges to many
European economic sectors and is expected to alter the
distribution of economic activity (high confidence).
Agriculture will have to cope with increasing water demand for
irrigation in southern Europe, and with additional restrictions
due to increases in crop-related nitrate leaching [12.5.7]. Winter
heating demands are expected to decrease and summer cooling
demands to increase: around the Mediterranean, two to three
fewer weeks in a year will require heating but an additional two
to five weeks will need cooling by 2050 [12.4.8.1]. Peak
electricity demand is likely to shift in some locations from
winter to summer [12.4.8.1]. Tourism along the Mediterranean
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is likely to decrease in summer and increase in spring and
autumn. Winter tourism in mountain regions is anticipated to
face reduced snow cover [12.4.9].

Adaptation to climate change is likely to benefit from
experiences gained in reaction to extreme climate events,
by specifically implementing proactive climate change risk
management adaptation plans (high confidence).
Since the Third Assessment Report, governments have increased
greatly the number of actions for coping with extreme climate
events. Current thinking about adaptation to extreme climate
events has moved away from reactive disaster relief towards
more proactive risk management. A prominent example is the
implementation in several countries of early warning systems
for heatwaves [12.6.1]. Other actions have addressed long-term
climate changes. For example, national action plans have been
developed for adapting to climate change [12.5] and more
specific plans have been incorporated into European and
national policies for agriculture, energy, forestry, transport, and
other sectors [12.2.3, 12.5.2]. Research has also provided new
insights into adaptation policies (e.g., studies showed that crops
that become less economically viable under climate change can
be replaced profitably by bioenergy crops) [12.5.7].

Although the effectiveness and feasibility of adaptation
measures are expected to vary greatly, only a few
governments and institutions have systematically and critically
examined a portfolio of measures (very high confidence).
As an example, some reservoirs used now as a measure for
adapting to precipitation fluctuations may become unreliable in
regions where long-term precipitation is projected to decrease
[12.4.1]. In terms of forestry, the range of management options
to cope with climate change varies largely among forest types,
some having many more options than others [12.5.4].

12.1 Introduction

This chapter reviews existing literature on the anticipated
impacts, adaptation and vulnerability of Europe to climate
change during the 21st century. The area covered under Europe
in this report includes all countries from Iceland in the west to
Russia (west of the Urals) and the Caspian Sea in the east, and
from the northern shores of the Mediterranean and Black Seas
and the Caucasus in the south to the Arctic Ocean in the north.
Polar issues, however, are covered in greater detail in Chapter
15.

12.1.1 Summary of knowledge from the Third
Assessment Report

Climate trends in the 20th century
During the 20th century, most of Europe experienced increases

in average annual surface temperature (average increase over the
continent 0.8°C), with stronger warming over most regions in

winter than in summer. The 1990s were the warmest in the
instrumental record. Precipitation trends in the 20th century
showed an increase in northern Europe (10 to 40%) and a decrease
in southern Europe (up to 20% in some parts). The latest data
reported in this assessment have confirmed these trends.

Climate change scenarios
The most recent climate modelling results available to the

Third Assessment Report (TAR) showed an increase in annual
temperature in Europe of 0.1 to 0.4°C/decade over the 21st
century based on a range of scenarios and models. The models
show a widespread increase in precipitation in the north, small
decreases in the south, and small or ambiguous changes in
central Europe. It is likely that the seasonality of precipitation
will change and the frequency of intense precipitation events
will increase, especially in winter. The TAR noted a very likely
increase in the intensity and frequency of summer heatwaves
throughout Europe, and one such major heatwave has occurred
since the TAR.

Sensitivities to climate
With regards to its current sensitivities to climate, Europe was

found to be most sensitive to the following conditions:
• extreme seasons, in particular exceptionally hot and dry

summers and mild winters,
• short-duration events such as windstorms and heavy rains,

and
• slow, long-term changes in climate which, among other

impacts, will put particular pressure on coastal areas e.g.,
through sea-level rise.

More information is now available on the geographic variability
of Europe’s sensitivity to changes in climate.

Variability of impacts in regions and on social groups
Impacts of climate change will vary substantially from region

to region, and from sector to sector within regions. More adverse
impacts are expected in regions with lower economic
development which is often related to lower adaptive capacity.
Climate change will have greater or lesser impacts on different
social groups (e.g., age classes, income groups, occupations).

Economic effects
The TAR identified many climate change impacts on

Europe’s economy:
• sea-level rise will affect important coastline industries,
• increasing CO2 concentrations may increase agricultural

yields, although this may be counteracted by decreasing
water availability in southern and south-eastern Europe,

• recreation preferences are likely to change (more outdoor
activity in the north, less in the south),

• the insurance industry should expect increased climate-
related claims, and

• warmer temperatures and higher CO2 levels may increase
the potential timber harvest in northern Europe, while
warmer temperatures may increase forest fire risk in southern
Europe.
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12.2 Current sensitivity/vulnerability

12.2.1 Climate factors and trends

The warming trend throughout Europe is well established
(+0.90°C for 1901 to 2005; updated from Jones and Moberg,
2003). However, the recent period shows a trend considerably
higher than the mean trend (+0.41°C/decade for the period 1979
to 2005; updated from Jones and Moberg, 2003). For the 1977 to
2000 period, trends are higher in central and north-eastern Europe
and in mountainous regions, while lower trends are found in the
Mediterranean region (Böhm et al., 2001; Klein Tank, 2004).
Temperatures are increasing more in winter than summer (Jones
and Moberg, 2003). An increase of daily temperature variability
is observed during the period 1977 to 2000 due to an increase in
warm extremes, rather than a decrease of cold extremes (Klein
Tank et al., 2002; Klein Tank and Können, 2003).

Precipitation trends are more spatially variable. Mean winter
precipitation is increasing in most of Atlantic and northern
Europe (Klein Tank et al., 2002). In the Mediterranean area,
yearly precipitation trends are negative in the east, while they
are non-significant in the west (Norrant and Douguédroit, 2006).
An increase in mean precipitation per wet day is observed in
most parts of the continent, even in some areas which are
becoming drier (Frich et al., 2002; Klein Tank et al., 2002;
Alexander et al., 2006). Some of the European systems and
sectors have shown particular sensitivity to recent trends in
temperature and (to a lesser extent) precipitation (Table 12.1).

12.2.2 Non-climate factors and trends

Europe has the highest population density (60 persons/km2)
of any continent. Of the total European population, 73% lives in
urban areas (UN, 2004), with 67% in southern Europe and 83%
in northern Europe. The 25 countries belonging to the European
Union (EU25) have stable economies, high productivity and
integrated markets. Economic conditions among the non-EU
countries are more varied. European income (as annual gross
domestic product (GDP) per capita based on market exchange
rate) ranges from US$1,760 in Moldova to US$55,500 in
Luxembourg (World Bank, 2005). The EU25 cover 60% of the
total European population, but only 17% of the total European
land area and 36% of its agricultural area. In 2003, the European
Union (EU) with its then 15 countries (EU15), contributed 20%
of global GDP and 40% of global exports of goods and services
(IMF, 2004). Central and Eastern Europe (CEE) plus European
Russia constituted 16% of global GDP.

Since 1990, countries in CEE have undergone dramatic
economic and political change towards a market economy and
democracy and, for some countries, also integration in the EU.
Annual GDP growth rates have exceeded 4% for all CEE
countries and Russia, as compared to 2% in the EU (IMF, 2004).

Energy use in Europe constituted circa 30% of global energy
consumption in 2003 (EEA, 2006a). More than 60% of this
consumption occurred in the Organisation for Economic Co-
operation and Development (OECD) countries (EEA, 2006a),
whereas oil resources in Russia alone are more than four times

higher than those of OECD Europe. Combustion of fossil fuels
accounts for almost 80% of total energy consumption and 55%
of electricity production in EU25 (EEA, 2006a). The large
reliance on external fossil fuel resources has led to an increasing
focus on renewable energy sources, including bioenergy (EEA,
2006a, b). In 2003, renewable energy contributed 6% and 13%
to total energy and gross electricity consumption in EU25,
respectively (EEA, 2006a).

The EU25 in 2002 had average greenhouse gas emissions of
11 tonnes CO2 per capita (EEA, 2004a) and this is projected to
increase to 12 tonnes CO2 per capita in 2030 under baseline
conditions (EEA, 2006a). Most European countries have ratified
the Kyoto Protocol, and the EU15 countries have a common
reduction target between 2008 and 2012 of 8% (Babiker and
Eckaus, 2002). From 1990 to 2003 EU25 greenhouse gas
emissions, excluding Land Use, Land Use Change and Forestry
(LULUCF), decreased by 5.5%, but emissions in the transport
sector grew 23% in the EU15 (EEA, 2005).

The hydrological characteristics of Europe are very diverse,
as well as its approaches to water use and management. Of the
total withdrawals of 30 European countries (EU plus adjacent
countries) 32% are for agriculture, 31% for cooling water in
power stations, 24% for the domestic sector and 13% for
manufacturing (Flörke and Alcamo, 2005). Freshwater
abstraction is stable or declining in northern Europe and growing
slowly in southern Europe (Flörke and Alcamo, 2005). There
are many pressures on water quality and availability including
those arising from agriculture, industry, urban areas, households
and tourism (Lallana et al., 2001). Recent floods and droughts
have placed additional stresses on water supplies and
infrastructure (Estrela et al., 2001).

Europe is one of the world's largest and most productive
suppliers of food and fibre (in 2004: 21% of global meat
production and 20% of global cereal production). About 80% of
this production occurred in the EU25. The productivity of
European agriculture is generally high, in particular in western
Europe: average cereal yields in the EU are more than 60%
higher than the global average. During the last decade the EU
Common Agricultural Policy (CAP) has been reformed to
reduce overproduction, reduce environmental impacts and
improve rural development. This is not expected to greatly affect
agricultural production in the short term (OECD, 2004).
However, agricultural reforms are expected to enhance the
current process of structural adjustment leading to larger and
fewer farms (Marsh, 2005).

The forested areas of Europe are increasing and annual
fellings are considerably below sustainable levels (EEA, 2002).
Forest policies have been modified during the past decade to
promote multiple forest services at the expense of timber
production (Kankaanpää and Carter, 2004). European forests are
a sink of atmospheric CO2 of about 380 Tg C/yr (mid 1990s)
(Janssens et al., 2003). However, CO2 emissions from the
agricultural and peat sectors reduce the net carbon uptake in
Europe's terrestrial biosphere to between 135 and 205 Tg C/yr,
equivalent to 7 to 12% of European anthropogenic emissions in
1995 (Janssens et al., 2003).

Despite policies to protect fish, over-fishing has put many
fish stocks in European waters outside sustainable limits (62-
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92% of commercial fish stocks in north-eastern Atlantic, 100%
in the western Irish Sea, 75% in the Baltic Sea, and 65-70% in
the Mediterranean) (EEA, 2002; Gray and Hatchard, 2003).
Aquaculture is increasing its share of the European fish market
leading to possible adverse environmental impacts in coastal
waters (Read and Fernandes, 2003).

Increasing urbanisation and tourism, as well as intensification
of agriculture, have put large pressures on land resources (EEA,
2004a), yet there is increasing political attention given to the
sustainable use of land and natural resources. Despite general
reductions in the extent of air pollution in Europe over the last
decades, significant problems still remain with acidification,
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Agriculture
Northern Europe Increased crop stress during hotter, drier summers; increased

risk to crops from hail
Viner et al., 2006

Britain, southern
Scandinavia

Increased area of silage maize (more favourable conditions due
to warmer summer temperatures)

Olesen and Bindi, 2004

France Increases in growing season of grapevine; changes in wine
quality

Jones and Davis, 2000; Duchene and Schneider, 2005

Germany Advance in the beginning of growing season for fruit trees Menzel, 2003; Chmielewski et al., 2004

Cryosphere
Russia Decrease in thickness and areal extent of permafrost and

damages to infrastructure
Frauenfeld et al., 2004; Mazhitova et al., 2004

Alps Decrease in seasonal snow cover (at lower elevation) Laternser and Schneebeli, 2003; Martin and Etchevers,
2005

Europe Decrease in glacier volume and area (except some glaciers
in Norway)

Hoelzle et al., 2003

Health
North, East Movement of tick vectors northwards, and possibly to

high altitudes
Lindgren and Gustafson, 2001; Randolph, 2002; Beran et
al., 2004; Danielova et al., 2004; Izmerov, 2004; Daniel et
al., 2005; Materna et al., 2005

Mediterranean,
West, South

Northward movement of Visceral Leishmaniasis in
dogs and humans [low confidence]

Molyneux, 2003; Kuhn et al., 2004; WHO, 2005; Lindgren
and Naucke, 2006

Mediterranean,
Atlantic, Central

Heatwave mortality Fischer et al., 2004; Kosatsky, 2005; Nogueira et al., 2005,
Pirard et al., 2005

Atlantic, Central,
East, North

Earlier onset and extension of season
for allergenic pollen

Huynen and Menne, 2003; van Vliet et al., 2003; Beggs,
2004 [Chapter 1.3.7.5]

Region Observed change Reference
Coastal and marine systems
North-east
Atlantic, North Sea

Northward movement of plankton and fish Brander and Blom, 2003; Edwards and Richardson, 2004;
Perry et al., 2005

Terrestrial ecosystems
Europe Upward shift of the tree line Kullman, 2002; Camarero and Gutiérrez, 2004; Shiyatov et

al., 2005; Walther et al., 2005a

Europe Phenological changes (earlier onset of spring events and
lengthening of the growing season);
increasing productivity and carbon sink during 1950 to 1999 of
forests (in 30 countries)

Menzel et al., 2006a

Nabuurs et al., 2003, Shvidenko and Nilsson, 2003;
Boisvenue and Running, 2006

Alps Invasion of evergreen broad-leaved species in forests; upward
shift of Viscum album

Walther, 2004; Dobbertin et al., 2005

Scandinavia Northward range expansion of Ilex aquifolium Walter et al., 2005a

Fennoscandian
mountains and
sub-Artic

Disappearance of some types of wetlands
(palsa mires1) in Lapland; increased species richness and
frequency at altitudinal margin of plant life

Klanderud and Birks, 2003; Luoto et al., 2004

High
mountains

Change in high mountain vegetation types and new occurrence
of alpine vegetation on
high summits.

Grabherr et al., 2001; Kullman, 2001; Pauli et al., 2001;
Klanderud and Birks, 2003; Peñuelas and Boada, 2003;
Petriccione, 2003; Sanz Elorza and Dana, 2003; Walther
et al., 2005a

Table 12.1. Attribution of recent changes in natural and managed ecosystems to recent temperature and precipitation trends. See Chapter 1, Section
1.3 for additional data.

1 Palsa mire: a type of peatland typified by high mounds with permanently frozen cores and separated by wet depressions; they form where the
ground surface is only frozen for part of the year.



terrestrial nitrogen deposition, ozone, particulate matter and
heavy metals (WGE, 2004). Environmental protection in the EU
has led to several directives such as the Emissions Ceilings
Directive and the Water Framework Directive. The EU Species
and Habitats Directive and the Wild Birds Directive have been
integrated in the Natura 2000 network, which protects nature in
over 18% of the EU territory. Awareness of environmental issues
is also growing in CEE (TNS Opinion and Social, 2005).

12.2.3 Current adaptation and adaptive capacity

It is apparent that climate variability and change already
affects features and functions of Europe’s production systems
(e.g., agriculture, forestry and fisheries), key economic sectors
(e.g., tourism, energy) and its natural environment. Some of
these effects are beneficial, but most are estimated to be negative
(EEA, 2004b). European institutions have recognised the need
to prepare for an intensification of these impacts even if
greenhouse gas emissions are substantially reduced (e.g., EU
Environmental Council meeting, December 2004).

The sensitivity of Europe to climate change has a distinct
north-south gradient, with many studies indicating that southern
Europe will be more severely affected than northern Europe
(EEA, 2004b). The already hot and semi-arid climate of southern
Europe is expected to become warmer and drier, and this will
threaten its waterways, agricultural production and timber
harvests (e.g., EEA, 2004b). Nevertheless, northern countries
are also sensitive to climate change.

The Netherlands is an example of a country highly
susceptible to both sea-level rise and river flooding because 55%
of its territory is below sea level where 60% of its population
lives and 65% of its Gross National Product (GNP) is produced.
As in other regions, natural ecosystems in Europe are more
vulnerable to climate change than managed systems such as
agriculture and fisheries (Hitz and Smith, 2004). Natural
ecosystems usually take decades or longer to become established
and therefore adapt more slowly to climatic changes than
managed systems. The expected rate of climate change in
Europe is likely to exceed the current adaptive capacity of
various non-cultivated plant species (Hitz and Smith, 2004).
Sensitivity to climate variability and change also varies across
different ecosystems. The most sensitive natural ecosystems in
Europe are located in the Arctic, in mountain regions, in coastal
zones (especially the Baltic wetlands) and in various parts of the
Mediterranean (WBGU, 2003). Ecosystems in these regions are
already affected by an increasing trend in temperature and
decreasing precipitation in some areas and may be unable to
cope with expected climate change.

The possible consequences of climate change in Europe have
stimulated efforts by the EU, national governments, businesses,
and Non-Governmental Organisations (NGOs) to develop
adaptation strategies. The EU is supporting adaptation research
at the pan-European level while Denmark, Finland, Hungary,
Portugal, Slovakia, Spain and the UK are setting up national
programmes for adapting to climate change. Plans for adaptation
to climate change have been included in flood protection plans
of the Czech Republic and coastal protection plans of the
Netherlands and Norway.

12.3 Assumptions about future trends

12.3.1 Climate projections

12.3.1.1 Mean climate
Results presented here and in the following sections are for

the period 2070 to 2099 and are mostly based on the IPCC
Special Report on Emissions Scenarios (SRES: Nakićenović and
Swart, 2000; see also Section 12.3.2) using the climate normal
period (1961 to 1990) as a baseline.

Europe undergoes a warming in all seasons in both the SRES
A2 and B2 emissions scenarios (A2: 2.5 to 5.5°C, B2: 1 to 4°C;
the range of change is due to different climate modelling results).
The warming is greatest over eastern Europe in winter
(December to February: DJF) and over western and southern
Europe in summer (June to August: JJA) (Giorgi et al., 2004).
Results using two regional climate models under the
PRUDENCE project (Christensen and Christensen, 2007)
showed a larger warming in winter than in summer in northern
Europe and the reverse in southern and central Europe. A very
large increase in summer temperatures occurs in the south-
western parts of Europe, exceeding 6°C in parts of France and
the Iberian Peninsula (Kjellström, 2004; Räisänen et al., 2004;
Christensen and Christensen, 2006; Good et al., 2006).

Generally for all scenarios, mean annual precipitation
increases in northern Europe and decreases further south, whilst
the change in seasonal precipitation varies substantially from
season to season and across regions in response to changes in
large-scale circulation and water vapour loading. Räisänen et al.
(2004) identified an increase in winter precipitation in northern
and central Europe. Likewise, Giorgi et al. (2004) found that
increased Atlantic cyclonic activity in DJF leads to enhanced
precipitation (up to 15-30%) over much of western, northern and
central Europe. Precipitation during this period decreases over
Mediterranean Europe in response to increased anticyclonic
circulation. Räisänen et al. (2004) found that summer
precipitation decreases substantially (in some areas up to 70% in
scenario A2) in southern and central Europe, and to a smaller
degree in northern Europe up to central Scandinavia. Giorgi et
al. (2004) identified enhanced anticyclonic circulation in JJA
over the north-eastern Atlantic, which induces a ridge over
western Europe and a trough over eastern Europe. This blocking
structure deflects storms northward, causing a substantial and
widespread decrease in precipitation (up to 30-45%) over the
Mediterranean Basin as well as over western and central Europe.
Both the winter and summer changes were found to be
statistically significant (very high confidence) over large areas of
the regional modelling domain. Relatively small precipitation
changes were found for spring and autumn (Kjellström, 2004;
Räisänen et al., 2004).

Change in mean wind speed is highly sensitive to the
differences in large-scale circulation that can result between
different global models (Räisänen et al., 2004). From regional
simulations based on ECHAM4 and the A2 scenario, mean
annual wind speed increases over northern Europe by about 8%
and decreases over Mediterranean Europe (Räisänen et al., 2004;
Pryor et al., 2005). The increase for northern Europe is largest in
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winter and early spring, when the increase in the average north-
south pressure gradient is largest. Indeed, the simulation of DJF
mean pressure indicates an increase in average westerly flow
over northern Europe when the ECHAM4 global model is used,
but a slight decrease when the HadAM3H model (Gordon et al.,
2000) is used. For France and central Europe, all four of the
simulations documented by Räisänen et al. (2004) indicate a
slight increase in mean wind speeds in winter and some decrease
in spring and autumn. None of the reported simulations show
significant change during summer for northern Europe.

12.3.1.2 Extreme events
The yearly maximum temperature is expected to increase

much more in southern and central Europe than in northern
Europe (Räisänen et al., 2004; Kjellström et al., 2007).
Kjellström (2004) shows that, in summer, the warming of large
parts of central, southern and eastern Europe may be more
closely connected to higher temperatures on warm days than to
a general warming. A large increase is also expected for yearly
minimum temperature across most of Europe, which at many
locations exceeds the average winter warming by a factor of two
to three. Much of the warming in winter is connected to higher
temperatures on cold days, which indicates a decrease in winter
temperature variability. An increase in the lowest winter
temperatures, although large, would primarily mean that current
cold extremes would decrease. In contrast, a large increase in
the highest summer temperatures would expose Europeans to
unprecedented high temperatures.

Christensen and Christensen (2003), Giorgi et al. (2004) and
Kjellström (2004) all found a substantial increase in the intensity
of daily precipitation events. This holds even for areas with a
decrease in mean precipitation, such as central Europe and the
Mediterranean. Impact over the Mediterranean region during
summer is not clear due to the strong convective rainfall
component and its great spatial variability (Llasat, 2001). Palmer
and Räisänen (2002) estimate that the probability of extreme
winter precipitation exceeding two standard deviations above
normal would increase by a factor of five over parts of the UK
and northern Europe, while Ekström et al. (2005) have found a
10% increase in short duration (1 to 2 days) precipitation events
across the UK. Lapin and Hlavcova (2003) found an increase in
short duration (1 to 5 days) summer rainfall events in Slovakia
of up to 40% for a 3.5°C summer warming.

The combined effects of warmer temperatures and reduced
mean summer precipitation would enhance the occurrence of
heatwaves and droughts. Schär et al. (2004) conclude that the
future European summer climate would experience a
pronounced increase in year-to-year variability and thus a higher
incidence of heatwaves and droughts. Beniston et al. (2007)
estimated that countries in central Europe would experience the
same number of hot days as currently occur in southern Europe
and that Mediterranean droughts would start earlier in the year
and last longer. The regions most affected could be the southern
Iberian Peninsula, the Alps, the eastern Adriatic seaboard, and
southern Greece. The Mediterranean and even much of eastern
Europe may experience an increase in dry periods by the late
21st century (Polemio and Casarano, 2004). According to Good
et al. (2006), the longest yearly dry spell could increase by as

much as 50%, especially over France and central Europe.
However, there is some recent evidence (Lenderink et al., 2007)
that these projections for droughts and heatwaves may be
slightly over-estimated due to the parameterisation of soil
moisture (too small soil storage capacity resulting in soil drying
out too easily) in regional climate models.

Regarding extreme winds, Rockel and Woth (2007) and
Leckebusch and Ulbrich (2004) found an increase in extreme
wind speeds for western and central Europe, although the
changes were not statistically significant for all months of the
year. Beniston et al. (2007) found that extreme wind speeds
increased for the area between 45°N and 55°N, except over and
south of the Alps. Woth et al. (2005) and Beniston et al. (2007)
conclude that this could generate more North Sea storms leading
to increases in storm surges along the North Sea coast, especially
in the Netherlands, Germany and Denmark.

12.3.2 Non-climate trends

The European population is expected to decline by about 8%
over the period from 2000 to 2030 (UN, 2004). The relative
overall stability of the population of Europe is due to population
growth in western Europe alone, mainly from immigration
(Sardon, 2004). Presently, CEE and Russia have a surplus of
deaths over births, with the balance of migration being positive
only in Russia. Fertility rates vary considerably across the
continent, from 1.10 children per woman in Ukraine to 1.97 in
Ireland. There is a general decline in old-age mortality in most
European countries (Janssen et al., 2004), although there has
been a reduction in life expectancy in Russia during the 1990s.
The low birth rate and increase in duration of life lead to an
overall older population. The proportion of the population over
65 years of age in the EU15 is expected to increase from 16% in
2000 to 23% in 2030, which will likely affect vulnerability in
recreational (see Section 12.4.9) and health aspects (see Section
12.4.11).

The SRES scenarios (see Chapter 2 Section 2.4.6) for socio-
economic development have been adapted to European
conditions (Parry, 2000; Holman et al., 2005; Abildtrup et al.,
2006). Electricity consumption in the EU25 is projected to
continue growing twice as fast as the increase in total energy
consumption (EEA, 2006a), primarily due to higher comfort
levels and larger dwellings increasing demand for space heating
and cooling, which will have consequences for electricity
demand during summer (see Section 12.4.8.1).

Assumptions about future European land use and the
environmental impact of human activities depend greatly on the
development and adoption of new technologies. For the SRES
scenarios it has been estimated that increases in crop
productivity relative to 2000 could range between 25 and 163%
depending on the time slice (2020 to 2080) and scenario (Ewert
et al., 2005). These increases were found to be smallest for the
B2 and highest for the A1FI scenario. Temporally and spatially
explicit future scenarios of European land use have been
developed for the four core SRES scenarios (Schröter et al.,
2005; Rounsevell et al., 2006). These scenarios show large
declines in agricultural land area, resulting primarily from the
assumptions about technological development and its effect on
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crop yield (Rounsevell et al., 2005), although climate change
may also play a role (see Section 12.5.7). The expansion of
urban area is similar between the scenarios, and forested areas
also increase in all scenarios (Schröter et al., 2005). The
scenarios showed decreases in European cropland for 2080 of
28 to 47% and decreases in grassland of 6 to 58% (Rounsevell
et al., 2005). This decline in agricultural area will mean that land
resources will be available for other uses such as biofuel
production and nature reserves. Over the shorter term (up to
2030) changes in agricultural land area may be small (van Meijl
et al., 2006).

12.4 Key future impacts and vulnerabilities

The wide range of climate change impacts and vulnerabilities
expected in Europe is summarised in Figure 12.3 and Table 12.4.

12.4.1 Water resources

It is likely that climate change will have a range of impacts on
water resources. Projections based on various emissions
scenarios and General Circulation Models (GCMs) show that

annual runoff increases in Atlantic and northern Europe
(Werritty, 2001; Andréasson et al., 2004), and decreases in
central, Mediterranean and eastern Europe (Chang et al., 2002;
Etchevers et al., 2002; Menzel and Bürger, 2002; Iglesias et al.,
2005). Most of the hydrological impact studies reported here are
based on global rather than regional climate models. Annual
average runoff is projected to increase in northern Europe (north
of 47°N) by approximately 5 to 15% up to the 2020s and 9 to
22% up to the 2070s, for the SRES A2 and B2 scenarios and
climate scenarios from two different climate models (Alcamo et
al., 2007) (Figure 12.1). Meanwhile, in southern Europe (south
of 47°N), runoff decreases by 0 to 23% up to the 2020s and by
6 to 36% up to the 2070s (for the same set of assumptions). The
projected changes in annual river basin discharge by the 2020s
are likely to be affected as much by climate variability as by
climate change. Groundwater recharge is likely to be reduced in
central and eastern Europe (Eitzinger et al., 2003), with a larger
reduction in valleys (Krüger et al., 2002) and lowlands (e.g., in
the Hungarian steppes) (Somlyódy, 2002).

Studies show an increase in winter flows and decrease in
summer flows in the Rhine (Middelkoop and Kwadijk, 2001),
Slovakian rivers (Szolgay et al., 2004), the Volga and central
and eastern Europe (Oltchev et al., 2002). It is likely that glacier
retreat will initially enhance summer flow in the rivers of the
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Figure 12.1. Change in annual river runoff between the 1961-1990 baseline period and two future time slices (2020s and 2070s) for the A2 scenarios
(Alcamo et al., 2007).



Alps; however, as glaciers shrink, summer flow is likely to be
significantly reduced (Hock et al., 2005), by up to 50% (Zierl
and Bugmann, 2005). Summer low flow may decrease by up to
50% in central Europe (Eckhardt and Ulbrich, 2003), and by up
to 80% in some rivers in southern Europe (Santos et al., 2002).

Changes in the water cycle are likely to increase the risk of
floods and droughts. Projections under the IPCC IS92a scenario
(similar to SRES A1B; IPCC, 1992) and two GCMs (Lehner et
al., 2006) indicate that the risk of floods increases in northern,
central and eastern Europe, while the risk of drought increases
mainly in southern Europe (Table 12.2). Increase in intense
short-duration precipitation in most of Europe is likely to lead to
increased risk of flash floods (EEA, 2004b). In the
Mediterranean, however, historical trends supporting this are not
extensive (Ludwig et al., 2003; Benito et al., 2005; Barrera et
al., 2006).

Increasing flood risk from climate change could be
magnified by increases in impermeable surface due to
urbanisation (de Roo et al., 2003) and modified by changes in
vegetation cover (Robinson et al., 2003) in small catchments.
The effects of land use on floods in large catchments are still
being debated. The more frequent occurrence of high floods
increases the risk to areas currently protected by dykes. The
increasing volume of floods and peak discharge would make it
more difficult for reservoirs to store high runoff and prevent floods.

Increasing drought risk for western Europe (e.g., Great Britain;
Fowler and Kilsby, 2004) is primarily caused by climate change;
for southern and eastern Europe increasing risk from climate
change would be amplified by an increase in water withdrawals
(Lehner et al., 2006). The regions most prone to an increase in
drought risk are the Mediterranean (Portugal, Spain) and some
parts of central and eastern Europe, where the highest increase in
irrigation water demand is projected (Döll, 2002; Donevska and
Dodeva, 2004). Irrigation requirements are likely to become
substantial in countries (e.g., Ireland) where demand now hardly
exists (Holden et al., 2003). It is likely that, due to both climate
change and increasing water withdrawals, the river-basin area
affected by severe water stress (withdrawal : availability >0.40)
will increase and lead to increasing competition for available water
resources (Alcamo et al., 2003; Schröter et al., 2005). Under the
IS92a scenario, the percentage of river basin area in the severe
water stress category increases from 19% today to 34-36% by the
2070s (Lehner et al., 2001). The number of additional people living
in water-stressed watersheds in the EU15 plus Switzerland and
Norway is likely to increase to between 16 million and 44 million,
based on climate projected by the HadCM3 GCM under the A2
and B1 emissions scenarios, respectively (Schröter et al., 2005).

12.4.2 Coastal and marine systems

Climate variability associated with the North Atlantic
Oscillation (NAO) determines many physical coastal processes
in Europe (Hurrell et al., 2003, 2004), including variations in
the seasonality of coastal climates, winter wind speeds and
patterns of storminess and coastal flooding in north-west Europe
(Lozano et al., 2004; Stone and Orford, 2004; Yan et al., 2004).
For Europe’s Atlantic coasts and shelf seas, the NAO also has a
strong influence on the dynamic sea-surface height and
geographic distribution of sea-level rise (Woolf et al., 2003), as
well as some relation to coastal flooding and water levels in the
Caspian Sea (Lal et al., 2001). Most SRES-based climate
scenarios show a continuation of the recent positive phase of the
NAO for the first decades of the 21st century with significant
impacts on coastal areas (Cubasch et al., 2001; Hurrell et al.,
2003).

Wind-driven waves and storms are seen as the primary
drivers of short-term coastal processes on many European
coasts (Smith et al., 2000). Climate simulations using the IS92a
and A2 and B2 SRES scenarios (Meier et al., 2004; Räisänen et
al., 2004) reinforce existing trends in storminess. These indicate
some further increase in wind speeds and storm intensity in the
north-eastern Atlantic during at least the early part of the 21st
century (2010 to 2030), with a shift of storm centre maxima
closer to European coasts (Knippertz et al., 2000; Leckebusch
and Ulbrich, 2004; Lozano et al., 2004). These experiments also
show a decline in storminess and wind intensity eastwards into
the Mediterranean (Busuioc, 2001; Tomozeiu et al., 2007), but
with localised increased storminess in parts of the Adriatic,
Aegean and Black Seas (Guedes Soares et al., 2002).

Ensemble modelling of storm surges and tidal levels in shelf
seas, particularly for the Baltic and southern North Sea, indicate
fewer but more extreme surge events under some SRES
emissions scenarios (Hulme et al., 2002; Meier et al., 2004;
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Time slice Water availability
and droughts

Floods

2020s Increase in annual runoff in
northern Europe by up to
15% and decrease in the
south by up to 23%.a

Decrease in summer flow.b

Increasing risk of winter
flood in northern Europe,
of flash flooding across
all of Europe. Risk of
snowmelt flood shifts
from spring to winter.c

2050s Decrease in annual runoff
by 20-30% in south-
eastern Europe.d

2070s Increase in annual runoff
in the north by up to 30%
and decrease by up to
36% in the south.a

Decrease in summer low
flow by up to 80%.d, b

Decreasing drought risk
in northern Europe,
increasing drought risk
in western and southern
Europe. Today’s 100-year
droughts return every 50
years (or less) in southern
and south-eastern
Europe (Portugal, all
Mediterranean countries,
Hungary, Romania,
Bulgaria, Moldova,
Ukraine, southern Russia).c

Today’s 100-year floods
occur more frequently in
northern and north-eastern
Europe (Sweden, Finland,
northern Russia), in Ireland,
in central and eastern
Europe (Poland, Alpine
rivers), in Atlantic parts
of southern Europe
(Spain, Portugal), and
less frequently in large
parts of southern Europe.c

Table 12.2. Impact of climate change on water availability, drought and
flood occurrence in Europe for various time slices and under various
scenarios based on the ECHAM4 and HadCM3 models.

a Alcamo et al., 2007; b Santos et al., 2002; c Lehner et al., 2006;
d Arnell, 2004



Lowe and Gregory, 2005). In addition, wave simulations show
higher significant wave heights of >0.4m in the north-eastern
Atlantic by the 2080s (Woolf et al., 2002; Tsimplis et al., 2004a;
Wolf and Woolf, 2006). Higher wave and storm-surge elevations
will be particularly significant because they will cause erosion
and flooding in estuaries, deltas and embayments (Flather and
Williams, 2000; Lionello et al., 2002; Tsimplis et al., 2004b;
Woth et al., 2005; Meier et al., 2007).

Model projections of the IPCC SRES scenarios give a global
mean sea-level rise of 0.09 to 0.88 m by 2100, with sea level
rising at rates circa 2 to 4 times faster than those of the present
day (EEA, 2004b; Meehl et al., 2007). In Europe, regional
influences may result in sea-level rise being up to 50% higher
than these global estimates (Woodworth et al., 2005). The impact
of the NAO on winter sea levels provides an additional
uncertainty of 0.1 to 0.2 m to these estimates (Hulme et al.,
2002; Tsimplis et al., 2004a). Furthermore, the sustained melting
of Greenland ice and other ice stores under climate warming,
coupled with the impacts of a possible abrupt shut-down of the
Atlantic meridional overturning circulation (MOC) after 2100,
provide additional uncertainty to sea-level rise for Europe
(Gregory et al., 2004; Levermann et al., 2005; Wigley, 2005;
Meehl et al., 2007).

Sea-level rise can have a wide variety of impacts on Europe’s
coastal areas; causing flooding, land loss, the salinisation of
groundwater and the destruction of built property and
infrastructures (Devoy, 2007; Nicholls and de la Vega-Leinert,
2007). Over large areas of formerly glaciated coastlines the
continued decline in isostatic land uplift is bringing many areas
within the range of sea-level rise (Smith et al., 2000). For the
Baltic and Arctic coasts, sea-level rise projections under some
SRES scenarios indicate an increased risk of flooding and
coastal erosion after 2050 (Johansson et al., 2004; Meier et al.,
2004, 2006; Kont et al., 2007). In areas of coastal subsidence or
high tectonic activity, as in the low tidal range Mediterranean
and Black Sea regions, climate-related sea-level rise could
significantly increase potential damage from storm surges and
tsunamis (Gregory et al., 2001). Sea-level rise will also cause
an inland migration of Europe’s beaches and low-lying, soft
sedimentary coasts (Sánchez-Arcilla et al., 2000; Stone and
Orford, 2004; Hall et al., 2007). Coastal retreat rates are
currently 0.5 to 1.0 m/yr for parts of the Atlantic coast most
affected by storms and under sea-level rise these rates are
expected to increase (Cooper and Pilkey, 2004; Lozano et al., 2004).

The vulnerability of marine and nearshore waters and of
many coasts is very dependent on local factors (Smith et al.,
2000; EEA, 2004b; Swift et al., 2007). Low-lying coastlines
with high population densities and small tidal ranges will be
most vulnerable to sea-level rise (Kundzewicz et al., 2001).
Coastal flooding related to sea-level rise could affect large
populations (Arnell et al., 2004). Under the SRES A1FI scenario
up to an additional 1.6 million people each year in the
Mediterranean, northern and western Europe, might experience
coastal flooding by 2080 (Nicholls, 2004). Approximately 20%
of existing coastal wetlands may disappear by 2080 under SRES
scenarios for sea-level rise (Nicholls, 2004; Devoy, 2007).

Impacts of climate warming upon coastal and marine
ecosystems are also likely to intensify the problems of
eutrophication and stress on these biological systems (EEA,
2004b; Robinson et al., 2005; SEPA, 2005; SEEG, 2006).

12.4.3 Mountains and sub-Arctic regions

The duration of snow cover is expected to decrease by several
weeks for each °C of temperature increase in the Alps region at
middle elevations (Hantel et al., 2000; Wielke et al., 2004;
Martin and Etchevers, 2005). An upward shift of the glacier
equilibrium line is expected from 60 to 140 m/°C (Maisch, 2000;
Vincent, 2002; Oerlemans, 2003). Glaciers will experience a
substantial retreat during the 21st century (Haeberli and Burn,
2002). Small glaciers will disappear, while larger glaciers will
suffer a volume reduction between 30% and 70% by 2050
(Schneeberger et al., 2003; Paul et al., 2004). During the retreat
of glaciers, spring and summer discharge will decrease (Hagg
and Braun, 2004). The lower elevation of permafrost is likely to
rise by several hundred metres. Rising temperatures and melting
permafrost will destabilise mountain walls and increase the
frequency of rock falls, threatening mountain valleys (Gruber et
al., 2004). In northern Europe, lowland permafrost will
eventually disappear (Haeberli and Burns, 2002). Changes in
snowpack and glacial extent may also alter the likelihood of
snow and ice avalanches, depending on the complex interaction
of surface geometry, precipitation and temperature (Martin et
al., 2001; Haeberli and Burns, 2002).

It is virtually certain that European mountain flora will
undergo major changes due to climate change (Theurillat and
Guisan, 2001; Walther, 2004). Change in snow-cover duration
and growing season length should have much more pronounced
effects than direct effects of temperature changes on metabolism
(Grace et al., 2002; Körner, 2003). Overall trends are towards
increased growing season, earlier phenology and shifts of
species distributions towards higher elevations (Kullman 2002;
Körner, 2003; Egli et al., 2004; Sandvik et al., 2004; Walther,
2004). Similar shifts in elevation are also documented for animal
species (Hughes, 2000). The treeline is predicted to shift upward
by several hundred metres (Badeck et al., 2001). There is
evidence that this process has already begun in Scandinavia
(Kullman, 2002), the Ural Mountains (Shiyatov et al., 2005),
West Carpathians (Mindas et al., 2000) and the Mediterranean
(Peñuelas and Boada, 2003; Camarero and Gutiérrez, 2004).
These changes, together with the effect of abandonment of
traditional alpine pastures, will restrict the alpine zone to higher
elevations (Guisan and Theurillat, 2001; Grace et al., 2002;
Dirnböck et al., 2003; Dullinger et al., 2004), severely
threatening nival flora2 (Gottfried et al., 2002). The composition
and structure of alpine and nival communities are very likely to
change (Guisan and Theurillat, 2000; Walther, 2004). Local
plant species losses of up to 62% are projected for
Mediterranean and Lusitanian mountains by the 2080s under the
A1 scenario (Thuiller et al., 2005). Mountain regions may
additionally experience a loss of endemism due to invasive
species (Viner et al., 2006). Similar extreme impacts are
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expected for habitat and animal diversity as well, making
mountain ecosystems among the most threatened in Europe
(Schröter et al., 2005).

12.4.4 Forests, shrublands and grasslands

12.4.4.1 Forests
Forest ecosystems in Europe are very likely to be strongly

influenced by climate change and other global changes (Shaver
et al., 2000; Blennow and Sallnäs, 2002; Askeev et al., 2005;
Kellomäki and Leinonen, 2005; Maracchi et al., 2005). Forest
area is expected to expand in the north (Kljuev, 2001; MNRRF,
2003; Shiyatov et al., 2005), decreasing the current tundra area
by 2100 (White et al., 2000), but contract in the south (Metzger
et al., 2004). Native conifers are likely to be replaced by
deciduous trees in western and central Europe (Maracchi et al.,
2005; Koca et al., 2006). The distribution of a number of typical
tree species is likely to decrease in the Mediterranean (Schröter et
al., 2005). Tree vulnerability will increase as populations/plantations
are managed to grow outside their natural range (Ray et al.,
2002; Redfern and Hendry, 2002; Fernando and Cortina, 2004).

In northern Europe, climate change will alter phenology
(Badeck et al., 2004) and substantially increase net primary
productivity (NPP) and biomass of forests (Jarvis and Linder,
2000; Rustad et al., 2001; Strömgren and Linder, 2002; Zheng
et al., 2002; Freeman et al., 2005; Kelomäki et al., 2005;
Boisvenue and Running, 2006). In the boreal forest, soil CO2
fluxes to the atmosphere increase with increased temperature
and atmospheric CO2 concentration (Niinisto et al., 2004),
although many uncertainties remain (Fang and Moncrieff, 2001;
Ågren and Bosatta, 2002; Hyvönen et al., 2005). Climate change
may induce a reallocation of carbon to foliage (Magnani et al.,
2004; Lapenis et al., 2005) and lead to carbon losses (White et
al., 2000; Kostiainen et al., 2006; Schaphoff et al., 2006).
Climate change may alter the chemical composition and density
of wood while impacts on wood anatomy remain uncertain
(Roderick and Berry, 2001; Wilhelmsson et al., 2002; Kostiainen
et al., 2006).

In the northern and maritime temperate zones of Europe, and
at higher elevations in the Alps, NPP is likely to increase
throughout the century. However, by the end of the century
(2071 to 2100) in continental central and southern Europe, NPP
of conifers is likely to decrease due to water limitations (Lasch
et al., 2002; Lexer et al., 2002; Martínez-Vilalta and Piñol, 2002;
Freeman et al., 2005; Körner et al., 2005) and higher
temperatures (Pretzch and Dursky, 2002). Negative impacts of
drought on deciduous forests are also likely (Broadmeadow et
al., 2005). Water stress in the south may be partially
compensated by increased water-use efficiency (Magnani et al.,
2004), elevated CO2 (Wittig et al., 2005) and increased leaf area
index (Kull et al., 2005), although this is currently under debate
(Medlyn et al., 2001; Ciais et al., 2004).

Abiotic hazards for forest are likely to increase, although
expected impacts are regionally specific and will be substantially
dependent on the forest management system used (Kellomäki

and Leinonen, 2005). A substantial increase in wind damage is
not predicted (Barthod, 2003; Nilsson et al., 2004; Schumacher
and Bugmann, 2006). In northern Europe, snow cover will
decrease, and soil frost-free periods and winter rainfall increase,
leading to increased soil waterlogging and winter floods (Nisbet,
2002; KSLA, 2004). Warming will prevent chilling requirements
from being met3, reduce cold-hardiness during autumn and
spring, and increase needle loss (Redfern and Hendry, 2002).
Frost damage is expected to be reduced in winter, unchanged in
spring and more severe in autumn due to later hardening
(Linkosalo et al., 2000; Barklund, 2002; Redfern and Hendry,
2002), although this may vary among regions and species
(Jönsson et al., 2004). The risk of frost damage to trees may even
increase after possible dehardening and growth onset during
mild spells in winter and early spring (Hänninen, 2006). Fire
danger, length of the fire season, and fire frequency and severity
are very likely to increase in the Mediterranean (Santos et al.,
2002; Pausas, 2004; Moreno, 2005; Pereira et al., 2005;
Moriondo et al., 2006), and lead to increased dominance of
shrubs over trees (Mouillot et al., 2002). Albeit less, fire danger
is likely to also increase in central, eastern and northern Europe
(Goldammer et al., 2005; Kellomäki et al., 2005; Moriondo et
al., 2006). This, however, does not translate directly into
increased fire occurrence or changes in vegetation (Thonicke
and Cramer, 2006). In the forest-tundra ecotone, increased
frequency of fire and other anthropogenic impacts is likely to
lead to a long-term (over several hundred years) replacement of
forest by low productivity grassy glades or wetlands over large
areas (Sapozhnikov, 2003). The range of important forest insect
pests may expand northward (Battisti, 2004), but the net impact
of climate and atmospheric change is complex (Bale et al., 2002;
Zvereva and Kozlov, 2006).

12.4.4.2 Shrublands
The area of European shrublands has increased over recent

decades, particularly in the south (Moreira et al., 2001; Mouillot et
al., 2003; Alados et al., 2004). Climate change is likely to affect its
key ecosystem functions such as carbon storage, nutrient cycling,
and species composition (Wessel et al., 2004). The response to
warming and drought will depend on the current conditions, with
cold, moist sites being more responsive to temperature changes,
and warm, dry sites being more responsive to changes in rainfall
(Peñuelas et al., 2004). In northern Europe, warming will increase
microbial activity (Sowerby et al., 2005), growth and productivity
(Peñuelas et al., 2004), hence enabling higher grazing intensities
(Wessel et al., 2004). Encroachment by grasses (Werkman and
Callaghan, 2002) and elevated nitrogen leaching (Emmet et al.,
2004; Gorissen et al., 2004; Schmidt et al., 2004) are also likely. In
southern Europe, warming and, particularly, increased drought, are
likely to lead to reduced plant growth and primary productivity
(Ogaya et al., 2003; Llorens et al., 2004), reduced nutrient turnover
and nutrient availability (Sardans and Peñuelas 2004, 2005), altered
plant recruitment (Lloret et al., 2004; Quintana et al., 2004),
changed phenology (Llorens and Peñuelas, 2005), and changed
species interactions (Maestre and Cortina, 2004; Lloret et al.,
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2005). Shrubland fires are likely to increase due to their higher
propensity to burn (Vázquez and Moreno, 2001; Mouillot et al.,
2005; Nunes et al., 2005; Salvador et al., 2005). Furthermore,
increased torrentiality (Giorgi et al., 2004) is likely to lead to
increased erosion risk (de Luis et al., 2003) due to reduced plant
regeneration after frequent fires (Delitti et al., 2005).

12.4.4.3 Grasslands
Permanent pastures occupied 37% of the agricultural area in

Europe in 2000 (FAOSTAT, 2005). Grasslands are expected to
decrease in area by the end of this century, the magnitude
varying depending on the emissions scenario (Rounsevell et al.,
2006). Climate change is likely to alter the community structure
of grasslands in ways specific to their location and type
(Buckland et al., 2001; Lüscher et al., 2004; Morecroft et al.,
2004). Management and species richness may increase resilience
to change (Duckworth et al., 2000). Fertile, early succession
grasslands were found to be more responsive to climate change
than more mature and/or less fertile grasslands (Grime et al.,
2000). In general, intensively-managed and nutrient-rich
grasslands will respond positively to both increased CO2
concentration and temperature, given that water and nutrient
supply is sufficient (Lüscher et al., 2004). Nitrogen-poor and
species-rich grasslands may respond to climate change with
small changes in productivity in the short-term (Winkler and
Herbst, 2004). Overall, productivity of temperate European
grassland is expected to increase (Byrne and Jones, 2002;
Kammann et al., 2005). Nevertheless, warming alone is likely to
have negative effects on productivity and species mixtures
(Gielen et al., 2005; de Boeck et al., 2006). In the Mediterranean,
changes in precipitation patterns are likely to negatively affect
productivity and species composition of grasslands (Valladares
et al., 2005).

12.4.5 Wetlands and aquatic ecosystems

Climate change may significantly impact northern peatlands
(Vasiliev et al., 2001). The common hypothesis is that elevated
temperature will increase productivity of wetlands (Dorrepaal
et al., 2004) and intensify peat decomposition, which will
accelerate carbon and nitrogen emissions to the atmosphere
(Vasiliev et al., 2001; Weltzin et al., 2003). However, there are
opposing results, reporting decreasing radiative forcing for
drained peatlands in Finland (Minkkinen et al., 2002). Loss of
permafrost in the Arctic (ACIA, 2004) will likely cause a
reduction of some types of wetlands in the current permafrost
zone (Ivanov and Maximov, 2003). During dry years,
catastrophic fires are expected on drained peatlands in European
Russia (Zeidelman and Shvarov, 2002; Bannikov et al., 2003).
Processes of paludification4 are likely to accelerate in northern
regions with increasing precipitation (Lavoie et al., 2005).

Throughout Europe, in lakes and rivers that freeze in the
winter, warmer temperatures may result in earlier ice melt and
longer growing seasons. A consequence of these changes could
be a higher risk of algal blooms and increased growth of toxic

cyanobacteria in lakes (Moss et al., 2003; Straile et al., 2003;
Briers et al., 2004; Eisenreich, 2005). Higher precipitation and
reduced frost may enhance nutrient loss from cultivated fields
(Eisenreich, 2005). These factors may result in higher nutrient
loadings (Bouraoui et al., 2004; Kaste et al., 2004; Eisenreich,
2005) and concentrations of dissolved organic matter in inland
waters (Evans and Monteith, 2001; ACIA, 2004; Worrall et al.,
2006). Higher nutrient loadings may intensify the eutrophication
of lakes and wetlands (Jeppesen et al., 2003). Streams in
catchments with impermeable soils may have increased runoff in
winter and deposition of organic matter in summer, which could
reduce invertebrate diversity (Pedersen et al., 2004).

Inland waters in southern Europe are likely to have lower
volume and increased salinisation (Williams, 2001; Zalidis et
al., 2002). Many ephemeral ecosystems may disappear, and
permanent ones shrink (Alvarez Cobelas et al., 2005). Although
an overall drier climate may decrease the external loading of
nutrients to inland waters, the concentration of nutrients may
increase because of the lower volume of inland waters (Zalidis
et al., 2002). Also an increased frequency of high rainfall events
could increase nutrient discharge to some wetlands (Sánchez
Carrillo and Alvarez Cobelas, 2001).

Warming will affect the physical properties of inland waters
(Eisenreich, 2005; Livingstone et al., 2005). The thermocline of
summer-stratified lakes will descend, while the bottom-water
temperature and duration of stratification will increase, leading
to higher risk of oxygen depletion below the thermocline
(Catalán et al., 2002; Straile et al., 2003; Blenckner, 2005).
Higher temperatures will also reduce dissolved oxygen
saturation levels and increase the risk of oxygen depletion
(Sand-Jensen and Pedersen, 2005).

12.4.6 Biodiversity

Climate change is affecting the physiology, phenology and
distribution of European plant and animal species (e.g., Thomas
et al., 2001; Warren et al., 2001; van Herk et al., 2002; Walther
et al., 2002; Parmesan and Yohe, 2003; Root et al., 2003, 2005;
Brommer, 2004; Austin and Rehfisch, 2005; Hickling et al.,
2005, 2006; Robinson et al., 2005; Learmonth et al., 2006;
Menzel et al., 2006a, b). A Europe-wide assessment of the future
distribution of 1,350 plant species (nearly 10% of the European
flora) under various SRES scenarios indicated that more than
half of the modelled species could become vulnerable,
endangered, critically endangered or committed to extinction by
2080 if unable to disperse (Thuiller et al., 2005). Under the most
severe climate scenario (A1), and assuming that species could
adapt through dispersal, 22% of the species considered would
become critically endangered, and 2% committed to extinction.
Qualitatively-similar results were obtained by Bakkenes et al.
(2002). According to these analyses, the range of plants is very
likely to expand northward and contract in southern European
mountains and in the Mediterranean Basin. Regional studies
(e.g., Theurillat and Guisan, 2001; Walther et al., 2005b) are
consistent with Europe-wide projections.
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An assessment of European fauna indicated that the majority
of amphibian (45% to 69%) and reptile (61% to 89%) species
could expand their range under various SRES scenarios if
dispersal was unlimited (Araújo et al., 2006). However, if unable
to disperse, then the range of most species (>97%) would
become smaller, especially in the Iberian Peninsula and France.
Species in the UK, south-eastern Europe and southern
Scandinavia are projected to benefit from a more suitable
climate, although dispersal limitations may prevent them from
occupying new suitable areas (Figure 12.2). Consistent with
these results, another Europe-wide study of 47 species of plants,
insects, birds and mammals found that species would generally
shift from the south-west to the north-east (Berry et al., 2006;
Harrison et al., 2006). Endemic plants and vertebrates in the
Mediterranean Basin are also particularly vulnerable to climate
change (Malcolm et al., 2006). Habitat fragmentation is also
likely to increase because of both climate and land-use changes
(del Barrio et al., 2006).

Currently, species richness in inland freshwater systems is
highest in central Europe declining towards the south and north
because of periodic droughts and salinisation (Declerck et al.,
2005). Increased projected runoff and lower risk of drought in
the north will benefit the fauna of these systems (Lake, 2000;
Daufresne et al., 2003), but increased drought in the south will
have the opposite effect (Alvarez Cobelas et al., 2005). Higher
temperatures are likely to lead to increased species richness in
freshwater ecosystems in northern Europe and decreases in parts
of south-western Europe (Gutiérrez Teira, 2003). Invasive

species may increase in the north (McKee et al., 2002). Woody
plants may encroach upon bogs and fens (Weltzin et al., 2003).
Cold-adapted species will be forced further north and upstream;
some may eventually disappear from Europe (Daufresne et al.,
2003; Eisenreich, 2005).

Sea-level rise is likely to have major impacts on biodiversity.
Examples include flooding of haul-out sites used for breeding
nurseries and resting by seals (Harwood, 2001). Increased sea
temperatures may also trigger large scale disease-related
mortality events of dolphins in the Mediterranean and of seals in
Europe (Geraci and Lounsbury, 2002). Seals that rely on ice for
breeding are also likely to suffer considerable habitat loss
(Harwood, 2001). Sea-level rise will reduce habitat availability
for bird species that nest or forage in low-lying coastal areas.
This is particularly important for the populations of shorebirds
that breed in the Arctic and then winter on European coasts
(Rehfisch and Crick, 2003). Lowered water tables and increased
anthropogenic use and abstraction of water from inland wetlands
are likely to cause serious problems for the populations of migratory
birds and bats that use these areas while on migration within
Europe and between Europe and Africa (Robinson et al., 2005).

12.4.7 Agriculture and fisheries

12.4.7.1 Crops and livestock
The effects of climate change and increased atmospheric CO2

are expected to lead to overall small increases in European crop
productivity. However, technological development (e.g., new
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Figure 12.2. Change in combined amphibian and reptile species richness under climate change (A1FI emissions; HadCM3 GCM), assuming unlimited
dispersal. Depicted is the change between current and future species richness projected for two 30-year periods (2021 to 2050 and 2051 to 2080),
using artificial neural networks. Increasing intensities of purple indicate a decrease in species richness, whereas increasing intensities of green
represent an increase in species richness. Black, white and grey cells indicate areas with stable species richness: black grid cells show low species
richness in both periods; white cells show high species richness; grey cells show intermediate species richness (Araújo et al., 2006).



crop varieties and better cropping practices) might far outweigh
the effects of climate change (Ewert et al., 2005). Combined
yield increases of wheat by 2050 could range from 37% under
the B2 scenario to 101% under the A1 scenario (Ewert et al.,
2005). Increasing crop yield and decreasing or stabilising food
and fibre demand could lead to a decrease in total agricultural
land area in Europe (Rounsevell et al., 2005). Climate-related
increases in crop yields are expected mainly in northern Europe,
e.g., wheat: +2 to +9% by 2020, +8 to +25% by 2050, +10 to
+30% by 2080 (Alexandrov et al., 2002; Ewert et al., 2005;
Audsley et al., 2006; Olesen et al., 2007), and sugar beet +14 to
+20% until the 2050s in England and Wales (Richter and
Semenov, 2005), while the largest reductions of all crops are
expected in the Mediterranean, the south-west Balkans and in
the south of European Russia (Olesen and Bindi, 2002; Alcamo
et al., 2005; Maracchi et al., 2005). In southern Europe, general
decreases in yield (e.g., legumes -30 to + 5%; sunflower -12 to
+3% and tuber crops -14 to +7% by 2050) and increases in water
demand (e.g., for maize +2 to +4% and potato +6 to +10% by
2050) are expected for spring sown crops (Giannokopoulos et
al., 2005; Audsley et al., 2006). The impacts on autumn sown
crops are more geographically variable; yield is expected to
strongly decrease in most southern areas, and increase in
northern or cooler areas (e.g., wheat: +3 to +4% by 2020, -8 to
+22% by 2050, -15 to +32% by 2080) (Santos et al., 2002;
Giannakopoulos et al., 2005; Audsley et al., 2006; Olesen et al.,
2007).

Some crops that currently grow mostly in southern Europe
(e.g., maize, sunflower and soybeans) will become viable further
north or at higher-altitude areas in the south (Audsley et al.,
2006). Projections for a range of SRES scenarios show a 30 to
50% increase in the area suitable for grain maize production in
Europe by the end of the 21st century, including Ireland,
Scotland, southern Sweden and Finland (Hildén et al., 2005;
Olesen et al., 2007). By 2050 energy crops (e.g, oilseeds such as
rape oilseed and sunflower), starch crops (e.g., potatoes), cereals
(e.g., barley) and solid biofuel crops (such as sorghum and
Miscanthus) show a northward expansion in potential cropping
area, but a reduction in southern Europe (Tuck et al., 2006). The
predicted increase in extreme weather events, e.g., spells of high
temperature and droughts (Meehl and Tebaldi, 2004; Schär et
al., 2004; Beniston et al., 2007), is expected to increase yield
variability (Jones et al., 2003) and to reduce average yield (Trnka
et al., 2004). In particular, in the European Mediterranean region,
increases in the frequency of extreme climate events during
specific crop development stages (e.g., heat stress during
flowering period, rainy days during sowing time), together with
higher rainfall intensity and longer dry spells, are likely to
reduce the yield of summer crops (e.g., sunflower). Climate
change will modify other processes on agricultural land.
Projections made for winter wheat showed that climate change
beyond 2070 may lead to a decrease in nitrate leaching from
agricultural land over large parts of eastern Europe and some
smaller areas in Spain, and an increase in the UK and in other
parts of Europe (Olesen et al., 2007).

An increase in the frequency of severe heat stress in Britain
is expected to enhance the risk of mortality of pigs and broiler
chickens grown in intensive livestock systems (Turnpenny et al.,

2001). Increased frequency of droughts along the Atlantic coast
(e.g., Ireland) may reduce the productivity of forage crops such
that they are no longer sufficient for livestock at current stocking
rates without irrigation (Holden and Brereton, 2002, 2003;
Holden et al., 2003). Increasing temperatures may also increase
the risk of livestock diseases by (i) supporting the dispersal of
insects, e.g., Culicoides imicola, that are main vectors of several
arboviruses, e.g., bluetongue (BT) and African horse sickness
(AHS); (ii) enhancing the survival of viruses from one year to
the next; (iii) improving conditions for new insect vectors that
are now limited by colder temperatures (Wittmann and Baylis,
2000; Mellor and Wittmann, 2002; Colebrook and Wall, 2004;
Gould et al., 2006).

12.4.7.2 Marine fisheries and aquaculture
An assessment of the vulnerability of the north-east Atlantic

marine ecoregion concluded that climate change is very likely to
produce significant impacts on selected marine fish and shellfish
(Baker, 2005). Temperature increase has a major effect on
fisheries production in the North Atlantic, causing changes in
species distribution, increased recruitment and production in
northern waters and a marked decrease at the southern edge of
current ranges (Clark et al., 2003; Dutil and Brander, 2003;
Hiscock et al., 2004; Perry et al., 2005). High fishing pressure is
likely to exacerbate the threat to fisheries, e.g., for Northern cod
(Brander, 2005). Sea-surface temperature changes as low as
0.9°C over the 45 years to 2002 have affected the North Sea
phytoplankton communities, and have led to mismatches
between trophic levels (see Glossary) throughout the community
and the seasonal cycle (Edwards and Richardson, 2004).
Together with fishing pressure, these changes are expected to
influence most regional fisheries operating at trophic levels close
to changes in zooplankton production (Anadón et al., 2005;
Heath, 2005). Long-term climate variability is an important
determinant of fisheries production at the regional scale (see
Klyashtorin, 2001; Sharp, 2003), with multiple negative and
positive effects on ecosystems and livelihoods (Hamilton et al.,
2000; Eide and Heen, 2002; Roessig et al., 2004). Our ability to
assess biodiversity impacts, ecosystem effects and socio-
economic costs of climate change in coastal and marine
ecosystems is still limited but is likely to be substantial for some
highly dependent communities and enterprises (Gitay et al.,
2002; Pinnegar et al., 2002; Robinson and Frid, 2003; Anadón
et al, 2005; Boelens, et al., 2005). The overall interactions and
cumulative impacts on the marine biota of sea-level rise (coastal
squeeze with losses of nursery and spawning habitats), increased
storminess, changes in the NAO, changing salinity, acidification
of coastal waters, and other stressors such as pollutants, are
likely but little known.

Marine and freshwater fish and shellfish aquaculture
represented 33% of the total EU fishery production value and
17% of its volume in 2002 (EC, 2004). Warmer sea temperatures
have increased growing seasons, growth rates, feed conversion
and primary productivity (Beaugrand et al., 2002; Edwards et
al., 2006), all of which will benefit shellfish production.
Opportunities for new species will arise from expanded
geographic distribution and range (Beaugrand and Reid, 2003),
but increased temperatures will increase stress and susceptibility

Chapter 12 Europe

555



to pathogens (Anadón et al., 2005). Ecosystem changes with
new invasive or non-native species such as gelatinous
zooplankton and medusa, toxic algal blooms, increased fouling
and decreased dissolved oxygen events, will increase operation
costs. Increased storm-induced damage to equipment and
facilities will increase capital costs. Aquaculture has its own
local environmental impacts derived from particulate organic
wastes and the spread of pathogens to wild populations, which
are likely to compound climate-induced ecosystem stress
(SECRU, 2002; Boelens et al., 2005).

12.4.8 Energy and transport

12.4.8.1 Energy
Under future climate change, demand for heating decreases

and demand for cooling increases relative to 1961 to 1990 levels
(Santos et al., 2002; Livermore, 2005; López Zafra et al., 2005;
Hanson et al., 2006). In the UK and Russia, a 2°C warming by
2050 is estimated to decrease space heating needs in winter, thus
decreasing fossil fuel demand by 5 to 10% and electricity
demand by 1 to 3% (Kirkinen et al., 2005). Wintertime heating
demand in Hungary and Romania is expected to decrease by 6
to 8% (Vajda et al., 2004) and by 10% in Finland (Venalainen et
al., 2004) by the period 2021 to 2050. By 2100, this decrease
rises from 20 to 30% in Finland (Kirkinen et al., 2005) to around
40% in the case of Swiss residential buildings (Frank, 2005;
Christenson et al., 2006). Around the Mediterranean, two to
three fewer weeks a year will require heating but an additional
two to three (along the coast) to five weeks (inland areas) will
need cooling by 2050 (Giannakopoulos et al., 2005). Cartalis et
al. (2001) estimated up to 10% decrease in energy heating
requirements and up to 28% increase in cooling requirements in
2030 for the south-east Mediterranean region. Fronzek and
Carter (2007) reported a strong increase in cooling requirements
for central and southern Europe (reaching 114% for Madrid)
associated with an increase in inter-annual variability by 2071 to
2100. Summer space cooling needs for air conditioning will
particularly affect electricity demand (Valor et al., 2001;
Giannakopoulos and Psiloglou, 2006) with increases of up to
50% in Italy and Spain by the 2080s (Livermore, 2005). Peaks
in electricity demand during summer heatwaves are very likely
to equal or exceed peaks in demand during cold winter periods
in Spain (López Zafra et al., 2005).

The current key renewable energy sources in Europe are
hydropower (19.8% of electricity generated) and wind. By the
2070s, hydropower potential for the whole of Europe is expected
to decline by 6%, translated into a 20 to 50% decrease around
the Mediterranean, a 15 to 30% increase in northern and eastern
Europe and a stable hydropower pattern for western and central
Europe (Lehner et al., 2005). There will be a small increase in
the annual wind energy resource over Atlantic and northern
Europe, with more substantial increases during the winter season
by 2071 to 2100 (Pryor et al., 2005). Biofuel production is
largely determined by the supply of moisture and the length of
the growing season (Olesen and Bindi, 2002). By the 22nd
century, land area devoted to biofuels may increase by a factor
of two to three in all parts of Europe (Metzger et al., 2004). More
solar energy will be available in the Mediterranean region

(Santos et al., 2002). Climate change could have a negative
impact on thermal power production since the availability of
cooling water may be reduced at some locations because of
climate-related decreases (Arnell et al., 2005) or seasonal shifts
in river runoff (Zierl and Bugmann, 2005). The distribution of
energy is also vulnerable to climate change. There is a small
increase in line resistance with increasing mean temperatures
(Santos et al., 2002) coupled with negative effects on line sag
and gas pipeline compressor efficiency due to higher maximum
temperatures (López Zafra et al., 2005). All these combined
effects add to the overall uncertainty of climate change impacts
on power grids.

12.4.8.2 Transport
Higher temperatures can damage rail and road surfaces

(AEAT, 2003; Wooller 2003; Mayor of London, 2005) and affect
passenger comfort. There is likely to be an increased use of air
conditioning in private vehicles and where public transport is
perceived to be uncomfortable, modal switch may result
(London Climate Change Partnership, 2002). The likely increase
in extreme weather events may cause flooding, particularly of
underground rail systems and roads with inadequate drainage
(London Climate Change Partnership, 2002; Defra, 2004a;
Mayor of London, 2005). High winds may affect the safety of
air, sea and land transport whereas intense rainfall can also
impact adversely on road safety although in some areas this may
be offset to a degree by fewer snowy days (Keay and Simmonds,
2006). Reduced incidences of frost and snow will also reduce
maintenance and treatment costs. Droughts and the associated
reduced runoff may affect river navigation on major
thoroughfares such as the Rhine (Middelkoop and Kwadijk,
2001) and shrinkage and subsidence may damage infrastructure
(Highways Agency, 2005a). Reduced sea ice and thawing
ground in the Arctic will increase marine access and navigable
periods for the Northern Sea Route; however, thawing of ground
permafrost will disrupt access through shorter ice road seasons
and cause damage to existing infrastructure (ACIA, 2004).

12.4.9 Tourism and recreation

Tourism is closely linked to climate, in terms of the climate
of the source and destination countries of tourists and climate
seasonality, i.e., the seasonal contrast that drives demand for
summer vacations in Europe (Viner, 2006). Conditions for
tourism as described by the Tourism Comfort Index (Amelung
and Viner, 2006) are expected to improve in northern and
western Europe (Hanson et al., 2006). Hamilton et al. (2005)
indicated that an arbitrary climate change scenario of 1°C would
lead to a gradual shift of tourist destinations further north and up
mountains affecting the preferences of sun and beach lovers
from western and northern Europe. Mountainous parts of
France, Italy and Spain could become more popular because of
their relative coolness (Ceron and Dubois, 2000). Higher
summer temperatures may lead to a gradual decrease in summer
tourism in the Mediterranean but an increase in spring and
perhaps autumn (Amelung and Viner, 2006). Maddison (2001)
has shown that Greece and Spain will experience a lengthening
and a flattening of their tourism season by 2030. Occupancy
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rates associated with a longer tourism season in the
Mediterranean will spread demand evenly and thus alleviate the
pressure on summer water supply and energy demand
(Amelung and Viner, 2006).

The ski industry in central Europe is likely to be disrupted by
significant reductions in natural snow cover especially at the
beginning and end of the ski season (Elsasser and Burki, 2002).
Hantel et al. (2000) found at the most sensitive elevation in the
Austrian Alps (600 m in winter and 1400 m in spring) and with
no snowmaking adaptation considered, a 1°C rise leads to four
fewer weeks of skiing days in winter and six fewer weeks in
spring. Beniston et al. (2003) calculated that a 2°C warming with
no precipitation change would reduce the seasonal snow cover
at a Swiss Alpine site by 50 days/yr, and with a 50% increase in
precipitation by 30 days.

12.4.10 Property insurance

Insurance systems differ widely between countries (e.g., in
many countries flood damage is not insured) and this affects the
vulnerability of property to climate change. The value of
property at risk also varies between countries. The damage from
a wind speed of 200 km/h varies from 0.2% of the value of
insured property in Austria, to around 1.2% in Denmark
(Munich Re, 2002). While insurers are able in principle to adapt
quickly to new risks such as climate change, the uncertainty of
future climate impacts has made it difficult for them to respond
to this new threat.

The uncertainty of future climate as well as socio-economic
factors leads to a wide range of estimates for the costs of future
flood damage. For instance, annual river flood damage in the
UK is expected to increase by the 2080s between less than twice
the current level of damages under the B2 scenario to greater
than twenty times more under the A1 scenario (ABI, 2004).
Moreover, future insurance costs will rise significantly if current
rare events become more common. This is because the costs of
infrequent catastrophic events are much higher than more
frequent events, e.g., in the UK, the cost of a 1000-year extreme
climate event is roughly 2.5 times larger than the cost of a 100-
year event (Swiss Re, 2000), and in Germany, insurance claims
increase as the cube of maximum wind speed (Klawa and
Ulbrich, 2003).

12.4.11 Human health

Countries in Europe currently experience mortality due to
heat and cold (Beniston, 2002; Ballester et al., 2003; Crawford
et al., 2003; Keatinge and Donaldson, 2004). Heat-related deaths
are apparent at relatively moderate temperatures (Huynen et al.,
2001; Hajat et al., 2002; Keatinge, 2003; Hassi 2005; Páldy et
al., 2005), but severe impacts occur during heatwaves (Kosatsky,
2005; Pirard et al. 2005; Kovats and Jendritzky, 2006; WHO,
2006; see also Section 12.6.1). Over the next century, heatwaves
are very likely to become more common and severe (Meehl and
Tebaldi, 2004). Heat-related deaths are likely to increase, even
after assuming acclimatisation (Casimiro and Calheiros, 2002;
Department of Health, 2002). Cold mortality is a problem in
mid-latitudes (Keatinge et al., 2000; Nafstad et al., 2001; Mercer,

2003; Hassi, 2005) but is likely to decline with milder winters
(Department of Health, 2002; Dessai, 2003). Major determinants
of winter mortality include respiratory infections and poor
quality housing (Aylin et al., 2001; Wilkinson et al., 2001, 2004;
Mitchell et al., 2002; Izmerov et al., 2004; Díaz et al., 2005).
Climate change is likely to increase the risk of mortality and
injury from wind storms, flash floods and coastal flooding
(Kirch et al., 2005). The elderly, disabled, children, women,
ethnic minorities and those on low incomes are more vulnerable
and need special consideration (Enarson and Fordham, 2001;
Tapsell and Tunstall, 2001; Hajat et al., 2003; WHO, 2004, 2005;
Penning-Rowsell et al., 2005; Ebi, 2006).

Changes in tick distribution consistent with climate warming
have been reported in several European locations, although
evidence is not conclusive (Kovats et al., 2001; Lindgren and
Gustafson, 2001; Department of Health, 2002; Bröker and Gniel,
2003; Hunter, 2003; Butenco and Larichev, 2004; Korenberg,
2004; Kuhn et al., 2004). The effect of climate variability on
tick-borne encephalitis (TBE) or Lyme disease incidence is still
unclear (Randolph, 2002; Beran et al., 2004; Izmerov et al.,
2004; Daniel et al., 2006; Lindgren and Jaenson, 2006; Rogers
and Randolph, 2006). Future changes in tick-host habitats and
human-tick contacts may be more important for disease
transmission than changes in climate (Randolph, 2004). Visceral
leishmaniasis is present in the Mediterranean region and climate
change may expand the range of the disease northwards
(Department of Health, 2002; Molyneux, 2003; Korenberg,
2004; Kuhn et al., 2004; Lindgren and Naucke, 2006). The re-
emergence of endemic malaria in Europe due to climate change
is very unlikely (Reiter, 2000, 2001; Semenov et al., 2002;
Yasukevich, 2003; Kuhn et al., 2004; Reiter et al., 2004;
Sutherst, 2004; van Lieshout et al., 2004). The maintenance of
the current malaria situation is projected up to 2025 in Russia
(Yasyukevich, 2004). An increased risk of localised outbreaks
is possible due to climate change, but only if suitable vectors are
present in sufficient numbers (Casimiro and Calheiros, 2002;
Department of Health 2002). Increases in malaria outside
Europe may affect the risk of imported cases. Diseases
associated with rodents are known to be sensitive to climate
variability, but no assessments on the impacts of climate change
have been published for Europe.

Climate change is also likely to affect water quality and
quantity in Europe, and hence the risk of contamination of public
and private water supplies (Miettinen et al., 2001; Hunter, 2003;
Elpiner, 2004; Kovats and Tirado, 2006). Higher temperatures
have implications for food safety, as transmission of
salmonellosis is temperature sensitive (Kovats et al, 2004;
Opopol and Nicolenco, 2004; van Pelt et al. 2004). Both extreme
rainfall and droughts can increase the total microbial loads in
freshwater and have implications for disease outbreaks and
water quality monitoring (Howe et al., 2002; Kistemann et al.,
2002; Opopol et al. 2003; Knight et al., 2004; Schijven and de
Roda Husman, 2005).

Important climate change effects on air quality are likely in
Europe (Casimiro and Calheiros, 2002; Sanderson et al., 2003;
Langner et al., 2005; Stevenson et al., 2006). Climate change
may increase summer episodes of photochemical smog due to
increased temperatures, and decreased episodes of poor air
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quality associated with winter stagnation (Hennessy, 2002;
Revich and Shaposhnikov, 2004; Stedman, 2004; Kislitsin et al.,
2005), but model results are inconsistent. Stratospheric ozone
depletion and warmer summers influence human exposure to
ultra-violet radiation and therefore increase the risk of skin
cancer (Inter-Agency Commission, 2002; van der Leun and de
Gruijl, 2002; de Gruijl et al., 2003; Diffey, 2004). Pollen

phenology is changing in response to observed climate change,
especially in central Europe, and at a wide range of elevations
(Emberlin et al., 2002; Bortenschlager and Bortenschlager,
2005). Earlier onset and extension of the allergenic pollen
seasons are likely to affect some allergenic diseases (van Vliet
et al., 2002; Verlato et al., 2002; Huynen and Menne, 2003;
Beggs, 2004; Weiland et al., 2004).
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Figure 12.3. Key vulnerabilities of European systems and sectors to climate change during the 21st century for the main biogeographic regions of
Europe (EEA, 2004a): TU: Tundra, pale turquoise. BO: Boreal, dark blue. AT: Atlantic, light blue. CE: Central, green; includes the Pannonian Region.
MT: Mountains, purple. ME: Mediterranean, orange; includes the Black Sea region. ST: Steppe, cream. SLR: sea-level rise. NAO:
North Atlantic Oscillation. Copyright EEA, Copenhagen. http://www.eea.europa.eu



12.5 Adaptation: practices, options
and constraints

12.5.1 Water resources

Climate change will pose two major water management
challenges in Europe: increasing water stress mainly in south-
eastern Europe, and increasing risk of floods throughout most
of the continent. Adaptation options to cope with these
challenges are well-documented (IPCC, 2001). The main
structural measures to protect against floods are likely to remain
reservoirs and dykes in highland and lowland areas respectively
(Hooijer et al., 2004). However, other planned adaptation
options are becoming more popular such as expanded floodplain
areas (Helms et al., 2002), emergency flood reservoirs
(Somlyódy, 2002), preserved areas for flood water (Silander et
al., 2006), and flood warning systems, especially for flash
floods. Reducing risks may have substantial costs.

To adapt to increasing water stress the most common and
planned strategies remain supply-side measures such as
impounding rivers to form in-stream reservoirs (Santos et al.,
2002; Iglesias et al., 2005). However, new reservoir construction
is being increasingly constrained in Europe by environmental
regulations (Barreira, 2004) and high investment costs (Schröter
et al., 2005). Other supply-side approaches such as wastewater
reuse and desalination are being more widely considered but
their popularity is reduced by health concerns related to using
wastewater (Geres, 2004) and the high energy costs of
desalination (Iglesias et al., 2005). Some planned demand-side
strategies are also feasible (AEMA, 2002), such as household,
industrial and agricultural water conservation, the reduction of
leaky municipal and irrigation water systems (Donevska and
Dodeva, 2004; Geres, 2004), and water pricing (Iglesias et al.,
2005). Irrigation water demand may be reduced by introducing
crops more suitable to the changing climate. As is the case for
the supply-side approaches, most demand-side approaches are
not specific to Europe. An example of a unique European
approach to adapting to water stress is that regional and
watershed-level strategies to adapt to climate change are being
incorporated into plans for integrated water management (Kabat
et al., 2002; Cosgrove et al., 2004; Kashyap, 2004) while
national strategies are being designed to fit into existing
governance structures (Donevska and Dodeva, 2004).

12.5.2 Coastal and marine systems

Strategies for adapting to sea-level rise are well documented
(Smith et al., 2000; IPCC, 2001; Vermaat et al., 2005). Although
a large part of Europe’s coastline is relatively robust to sea-level
rise (Stone and Orford, 2004), exceptions are the subsiding,
geologically ‘soft’, low-lying coasts with high populations, as
in the southern North Sea and coastal plains/deltas of the
Mediterranean, Caspian and Black Seas. Adaptation strategies
on low-lying coasts have to address the problem of sediment
loss from marshes, beaches and dunes (de Groot and Orford,
2000; Devoy et al., 2000). The degree of coastal erosion that
may result from sea-level rise is very uncertain (Cooper and

Pilkey, 2004), though feedback processes in coastal systems do
provide a means of adaptation to such changes (Devoy, 2007).
Modelling changes in coastal sediment flux under climate
warming scenarios shows some ‘soft’ coasts responding with
beach retreat rates of >40 m/100 years, contrasting with gains in
others by accretion of about 10 m/100 years (Walkden and Hall,
2005; Dickson et al., 2007).

The development of adaptation strategies for coastal systems
has been encouraged by an increase in public and scientific
awareness of the threat of climate change to coastlines (Nicholls
and Klein, 2004). Many countries in north-west Europe have
adopted the approach of developing detailed shoreline
management plans that link adaptation measures with shoreline
defence, accommodation and retreat strategies (Cooper et al.,
2002; Defra, 2004b; Hansom et al., 2004). Parts of the
Mediterranean and eastern European regions have been slower
to follow this pattern and management approaches are more
fragmented (Tol et al., 2007).

A key element of adaptation strategies for coastlines is the
development of new laws and institutions for managing coastal
land (de Groot and Orford, 2000; Devoy, 2007). For example, no
EU Directive exists for coastal management, although EU
member governments were required to develop and publish
coastal policy statements by 2006. The lack of a Directive
reflects the complexity of socio-economic issues involved in
coastal land use and the difficulty of defining acceptable
management strategies for the different residents, users and
interest groups involved with the coastal region (Vermaat et
al., 2005).

12.5.3 Mountains and sub-Arctic regions

Mountainous and sub-Arctic regions have only a limited
number of adaptation options. In northern Europe it will become
necessary to factor in the dissipation and eventual disappearance
of permafrost in infrastructure planning (Nelson, 2003) and
building techniques (Mazhitova et al., 2004). There are few
obvious adaptation options for either tundra or alpine vegetation.
It may be possible to preserve many alpine species in managed
gardens at high elevation since many mountain plants are likely
to survive higher temperatures if they are not faced with
competition from other plants (Guisan and Theurillat, 2005).
However, this option remains very uncertain because the biotic
factors determining the distribution of mountain plant species
are not well known. Another minimal adaptation option is the
reduction of other stresses on high elevation ecosystems, e.g.,
by lessening the impact of tourism (EEA, 2004b). Specific
management strategies have yet to be defined for mountain
forests (Price, 2005).

12.5.4 Forests, shrublands and grasslands

Since forests are managed intensively in Europe, there is a
wide range of available management options that can be
employed to adapt forests to climate change. General strategies
for adaptation include changing the species composition of
forest stands and planting forests with genetically improved
seedlings adapted to a new climate (if the risk of genetically

Chapter 12 Europe

559



modified species is considered acceptable) (KSLA, 2004).
Extending the rotation period of commercially important tree
species may increase sequestration and/or the storage of carbon,
and can be viewed as an adaptation measure (Kaipainen et al.,
2004). Adaptive forest management could substantially decrease
the risk of forest destruction by wind and other extreme weather
events (Linder, 2000; Olofsson and Blennow 2005; Thurig et
al., 2005). Strategies for coniferous forests include the planting
of deciduous trees better adapted to the new climate as
appropriate, and the introduction of multi-species planting into
currently mono-species coniferous plantations (Fernando and
Cortina, 2004; Gordienko and Gordienko, 2005).

Adaptation strategies need to be specific to different parts of
Europe. The range of alternatives is constrained, among other
factors, by the type of forest. Forests that are already moisture
limited (Mediterranean forests) or temperature limited (boreal
forests) will have greater difficulty in adapting to climate change
than other forests, e.g., in central Europe (Gracia et al., 2005).
Fire protection will be important in Mediterranean and boreal
forests and includes the replacement of highly flammable
species, regulation of age-class distributions, and widespread
management of accumulated fuel, eventually through prescribed
burning (Baeza et al., 2002; Fernandes and Botelho, 2004).
Public education, development of advanced systems of forest
inventories, and forest health monitoring are important
prerequisites of adaptation and mitigation.

Productive grasslands are closely linked to livestock
production. Dairy and cattle farming may become less viable
because of climate risks to fodder production and therefore
grasslands could be converted to cropland or other uses (Holman
et al., 2005). Grassland could be adapted to climate change by
changing the intensity of cutting and grazing, or by irrigating
current dryland pastures (Riedo et al., 2000). Another option
is to take advantage of continuing abandonment of cropland
in Europe (Rounsevell et al., 2005) to establish new
grassland areas.

12.5.5 Wetlands and aquatic ecosystems

Better management practices are needed to compensate for
possible climate-related increases in nutrient loading to aquatic
ecosystems from cultivated fields in northern Europe (Ragab
and Prudhomme, 2002; Viner et al., 2006). These practices
include ‘optimised’ fertiliser use and (re-)establishment of
wetland areas and river buffer zones as sinks for nutrients
(Olesen et al., 2004). New wetlands could also dampen the
effects of increased frequency of flooding. A higher level of
treatment of domestic and industrial sewage and reduction in
farmland areas can further reduce nutrient loadings to surface
waters and also compensate for climate-related increases in these
loadings. Practical possibilities for adaptation in northern
wetlands are limited and may only be realised as part of
integrated landscape management including the minimisation of
unregulated anthropogenic pressure, avoiding the physical
destruction of surface and applying appropriate technologies for
infrastructure development on permafrost (Ivanov and
Maximov, 2003). Protection of drained peatlands against fire in
European Russia is an important regional problem which

requires the restoration of drainage systems and the regulation of
water regimes in such territories (Zeidelman and Shvarov, 2002).

In southern Europe, to compensate for increased climate-
related risks (lowering of the water table, salinisation,
eutrophication, species loss) (Williams, 2001; Zalidas et al.,
2002), a lessening of the overall human burden on water
resources is needed. This would involve stimulating water
saving in agriculture, relocating intensive farming to less
environmentally sensitive areas and reducing diffuse pollution,
increasing the recycling of water, increasing the efficiency of
water allocation among different users, favouring the recharge of
aquifers and restoring riparian vegetation, among others
(Alvarez Cobelas et al., 2005).

12.5.6 Biodiversity

Climate change threatens the assumption of static species
ranges which underpins current conservation policy. The ability
of countries to meet the requirements of EU Directives and
other international conventions is likely to be compromised by
climate change, and a more dynamic strategy for conservation
is required for sustaining biodiversity (Araújo et al., 2004;
Brooker and Young, 2005; Robinson et al., 2005; Harrison et
al., 2006). Conservation strategies relevant to climate change
can take at least two forms: in situ involving the selection,
design and management of conservation areas (protected areas,
nature reserves, NATURA 2000 sites, wider countryside), and
ex situ involving conservation of germplasm in botanical
gardens, museums and zoos. A mixed strategy is the
translocation of species into new regions or habitats (e.g., Edgar
et al., 2005). In Europe, appropriate in situ and ex situ
conservation measures for mitigating climate change impacts
have not yet been put in place. Conservation experts have
concluded that an expansion of reserve areas will be necessary
to conserve species in Europe. For example, Hannah et al.
(2007) calculated that European protected areas need to be
increased by 18% to meet the EU goal of providing conditions
by which 1,200 European plant species can continue thriving in
at least 100 km2 of habitat. To meet this goal under climate
change they estimated that the current reserve area must be
increased by 41%. They also point out that it would be more
cost effective to expand protected areas proactively rather than
waiting for climate change impacts to occur and then acting
reactively. Dispersal corridors for species are another important
adaptation tool (Williams et al., 2005), although large
heterogeneous reserves that maximise microclimate variability
might sometimes be a suitable alternative. Despite the
importance of modifying reserve areas, some migratory species
are vulnerable to loss of habitat outside Europe (e.g., Viner et
al., 2006). For these migratory species, trans-continental
conservation policies need to be put in place.

12.5.7 Agriculture and fisheries

Short-term adaptation of agriculture in southern Europe may
include changes in crop species (e.g., replacing winter with
spring wheat) (Mínguez et al., 2007), cultivars (higher drought
resistance and longer grain-filling) (Richter and Semenov,
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2005) or sowing dates (Olesen et al., 2007). Introducing new
crops and varieties are also an alternative for northern Europe
(Hildén et al., 2005), even if this option may be limited by soil
fertility, e.g., in northern Russia. A feasible long-term
adaptation measure is to change the allocation of agricultural
land according to its changing suitability under climate change.
Large-scale abandonment of cropland in Europe estimated
under the SRES scenarios (Rounsevell et al., 2006) may provide
an opportunity to increase the cultivation of bioenergy crops
(Schröter et al., 2005). Moreover, Schröter et al. (2005) and
Berry et al. (2006) found that different types of agricultural
adaptation (intensification, extensification and abandonment)
may be appropriate under different IPCC SRES scenarios and
at different locations. It is indisputable that the reform of EU
agricultural policies will be an important vehicle for
encouraging European agriculture to adapt to climate change
(Olesen and Bindi, 2002) and for reducing the vulnerability of
the agricultural sector (Metzger et al., 2006).

At the small scale there is evidence that fish and shellfish
farming industries are adapting their technology and operations
to changing climatic conditions, for example, by expanding
offshore and selecting optimal culture sites for shellfish cages
(Pérez et al., 2003). However, adaptation is more difficult for
smaller coastal-based fishery businesses which do not have the
option to sail long distances to new fisheries as compared to
larger businesses with long distance fleets. At the larger scale,
adaptation options have not yet been considered in important
policy institutions such as the European Common Fisheries
Policy (CFP) although its production quotas and technical
measures provide an ideal platform for such adaptation actions.
Another major adaptation option is to factor the long-term
potential impacts of climate change into the planning for new
Marine Protected Areas (Soto, 2001). Adaptation strategies
should eventually be integrated into comprehensive plans for
managing coastal areas of Europe. However, these plans are
lacking, especially around the Mediterranean, and need to be
developed urgently (Coccossis, 2003).

12.5.8 Energy and transport

A wide variety of adaptation measures are available in the
energy sector ranging from the redesign of the energy supply
system to the modification of human behaviour (Santos et al.,
2002). The sensitivity of European energy systems to climate
change could be reduced by enhancing the interconnection
capacity of electricity grids and by using more decentralised
electric generation systems and local micro grids (Arnell et al.,
2005). Another type of adaptation would be to reduce the
exposure of energy users and producers to impacts of
unfavourable climate through the mitigation of greenhouse gas
emissions, for example by reducing overall energy use. This
can be accomplished through various energy conservation
measures such as energy-saving building codes and low-
electricity standards for new appliances, increasing energy
prices and through training and public education. Over the
medium to long term, shifting from fossil fuels to renewable
energy use will be an effective adaptive measure (Hanson et al.,
2006).

Clearly, one aspect of adaptation may be through measures
to mitigate emissions from transport through cleaner
technologies and adapting behaviour (National Assessment
Synthesis Team, 2001; AEAT, 2003; Highways Agency, 2005a).
There is clearly a need for capacity building in the response to
incidents, risk assessments, developments in maintenance,
renewal practice and design standards for new infrastructure
(Highways Agency, 2005b; Mayor of London, 2005).
Assessment of the costs and benefits of adapting existing
infrastructure or raising standards in the design of new vehicles
and infrastructure to improve system resilience and reliability to
the range of potential impacts should consider the wider
economic and social impacts of disruption to the transport
system.

12.5.9 Tourism and recreation

A variety of adaptation measures are available to the tourism
industry (WTO, 2003, Hanson et al., 2006). Regarding winter
tourism, compensating for reduced snowfall by artificial
snowmaking is already common practice for coping with year-
to-year snow pack variability. However, this adaptation strategy
is likely to be economic only in the short term, or in the case of
very high elevation resorts in mountain regions, and may be
ecologically undesirable. New leisure industries, such as grass-
skiing or hiking could compensate for any income decrease
experienced by the ski industry due to snow deterioration
(Fukushima et al., 2002). Regarding coastal tourism, the
protection of resorts from sea-level rise may be feasible by
constructing barriers or by moving tourism infrastructure
further back from the coast (Pinnegar et al., 2006). In the
Mediterranean region, the likely reduction of tourism during
the hotter summer months may be compensated for by
promoting changes in the temporal pattern of seaside tourism,
for example by encouraging visitors during the cooler months
(Amelung and Viner, 2006). The increasing, new climate-
related risks to health, availability of water, energy demand and
infrastructure are likely to be dealt with through efficient co-
operation with local governments. Another adaptive measure
for European tourism, in general, is promoting new forms of
tourism such as eco-tourism or cultural tourism and placing
greater emphasis on man-made rather than natural attractions,
which are less sensitive to weather conditions (Hanson et al.,
2006). It is also likely that people will adapt autonomously and
reactively by changing their recreation and travel behaviour in
response to the new climatic conditions (Sievanen et al., 2005).

12.5.10 Property insurance

The insurance industry has several approaches for adapting
to the growing climate-related risk to property. These include
raising the cost of insurance premiums, restricting or removing
coverage, reinsurance and improved loss remediation
(Dlugolecki, 2001). Insurers are beginning to use Geographical
Information Systems (GIS) to provide information needed to
adjust insurance tariffs to climate-related risks (Dlugolecki,
2001; Munich Re, 2004) although the uncertainty of future
climate change is an obvious problem in making these
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adjustments. Insurers are also involved in discussions of
measures for climate change mitigation and adaptation,
including measures such as more stringent control of flood-
plain development and remedial measures for damages derived
from weather action and extreme events (ABI, 2000;
Dlugolecki and Keykhah, 2002).

An obvious adaptation measure against property damage is
to improve construction techniques so that buildings and
infrastructure are more robust to extreme climate events.
However, even if building techniques are immediately
improved, the benefits will not be instantaneous because current
building stock has a long remaining lifetime. Hence these
buildings would not be replaced for many years by more resilient
structures unless they are retrofitted. While retrofitting can be
an effective adaptation measure it also has drawbacks. Costs are
often high, residents are disrupted and poor enforcement of
building regulations and construction practices could lead to
unsatisfactory results.

12.5.11 Human Health

Risks posed by weather extremes are the most important in
terms of requiring society’s preparedness (Ebi, 2005; Hassi and
Rytkönen, 2005; Menne, 2005; Menne and Ebi, 2006). Primary
adaptation measures to heatwaves include the development of
health early warning systems and preventive emergency plans
(Garssen et al., 2005; Nogueira et al., 2005; Pirard et al., 2005).
Many European countries and cities have developed such
measures, especially after the summer of 2003 (Koppe et al.,
2004; Ministerio de Sanidad y Consumo, 2004; Menne, 2005;
see also Chapter 8 Box 8.1). Other measures are aimed at the
mitigation of ‘heat islands’ through urban planning, the
adaptation of housing design to local climate and expanding air
conditioning, shifts in work patterns and mortality monitoring
(Keatinge et al., 2000; Ballester et al., 2003; Johnson et al., 2005;
Marttila et al., 2005; Penning-Rowsell et al., 2005).

Principal strategies to lessen the risks of flooding include
public flood warning systems, evacuations from lowlands,
waterproof assembling of hospital equipment and the
establishment of decision hierarchies between hospitals and
administrative authorities (Ohl and Tapsell, 2000; Hajat et al.,
2003; EEA, 2004b; WHO, 2004; Hedger, 2005; Marttila et al.,
2005; Penning-Rowsell et al., 2005).

12.6 Case studies

12.6.1 Heatwave of 2003

A severe heatwave over large parts of Europe in 2003
extended from June to mid-August, raising summer
temperatures by 3 to 5 °C in most of southern and central Europe
(Figure 12.4). The warm anomalies in June lasted throughout
the entire month (increases in monthly mean temperature of up
to 6 to 7°C), but July was only slightly warmer than on average
(+1 to +3°C), and the highest anomalies were reached between
1st and 13th August (+7°C) (Fink et al., 2004). Maximum

temperatures of 35 to 40°C were repeatedly recorded and peak
temperatures climbed well above 40°C (André et al., 2004;
Beniston and Díaz, 2004).

Average summer (June to August) temperatures were far
above the long-term mean by up to five standard deviations
(Figure 12.4), implying that this was an extremely unlikely
event under current climatic conditions (Schär and Jendritzky,
2004). However, it is consistent with a combined increase in
mean temperature and temperature variability (Meehl and
Tebaldi, 2004; Pal et al., 2004; Schär et al., 2004) (Figure
12.4). As such, the 2003 heatwave resembles simulations by
regional climate models of summer temperatures in the latter
part of the 21st century under the A2 scenario (Beniston,
2004). Anthropogenic warming may therefore already have
increased the risk of heatwaves such as the one experienced in
2003 (Stott et al., 2004).

The heatwave was accompanied by annual precipitation
deficits up to 300 mm. This drought contributed to the
estimated 30% reduction in gross primary production of
terrestrial ecosystems over Europe (Ciais et al., 2005). This
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Figure 12.4. Characteristics of the summer 2003 heatwave (adapted
from Schär et al., 2004). (a) JJA temperature anomaly with respect to
1961 to 1990. (b) to (d): JJA temperatures for Switzerland observed
during 1864 to 2003 (b), simulated using a regional climate model for
the period 1961 to 1990 (c) and simulated for 2071 to 2100 under the
A2 scenario using boundary data from the HadAM3H GCM (d). In
panels (b) to (d): the black line shows the theoretical frequency
distribution of mean summer temperature for the time-period
considered, and the vertical blue and red bars show the mean summer
temperature for individual years. Reprinted by permission from
Macmillan Publishers Ltd. [Nature] (Schär et al., 2004), copyright 2004.



reduced agricultural production and increased production
costs, generating estimated damages of more than €13 billion
(Fink et al., 2004; see also Chapter 5 Box 5.1). The hot and
dry conditions led to many very large wildfires, in particular in
Portugal (390,000 ha: Fink et al., 2004; see also Chapter 4 Box
4.1). Many major rivers (e.g., the Po, Rhine, Loire and
Danube) were at record low levels, resulting in disruption of
inland navigation, irrigation and power-plant cooling (Beniston
and Díaz, 2004; Zebisch et al., 2005; see also Chapter 7 Box
7.1). The extreme glacier melt in the Alps prevented even
lower river flows in the Danube and Rhine (Fink et al., 2004).

The excess deaths due to the extreme high temperatures
during the period June to August may amount to 35,000
(Kosatsky, 2005), elderly people were among those most
affected (WHO, 2003; Kovats and Jendritzky, 2006; see also
Chapter 8 Box 8.1). The heatwave in 2003 has led to the
development of heat health-watch warning systems in several
European countries including France (Pascal et al., 2006),
Spain (Simón et al., 2005), Portugal (Nogueira, 2005), Italy
(Michelozzi et al., 2005), the UK (NHS, 2006) and Hungary
(Kosatsky and Menne, 2005).

12.6.2 Thermohaline circulation changes in the
North Atlantic: possible impacts for Europe

Earlier studies of the possible impacts of rapid change in
Meridional Overturning Circulation (MOC), also known as the
thermohaline circulation (THC), in the North Atlantic are now
being updated (Vellinga and Wood 2002, 2006; Alley et al.,
2003; Jacob et al., 2005; Rahmstorf and Ziekfeld, 2005;
Stouffer et al., 2006; Schlesinger et al., 2007). Model
simulations of an abrupt shut-down of the Atlantic MOC
indicate that this is unlikely to occur before 2100 and that the
impacts on European temperatures of any slowing in
circulation before then are likely to be offset by the immediate
effects of positive radiative forcings under increasing
greenhouse gases (Arnell et al., 2005; Gregory et al., 2005;
Vellinga and Wood, 2006; Meehl et al., 2007). Under slowing
or full Atlantic MOC shut-down, temperatures on Europe's
western margin would be most affected, together with further
rises in relative sea level on European coasts (Vellinga and
Wood, 2002, 2006; Jacob et al., 2005; Levermann et al., 2005;
Wood et al., 2006; Meehl et al., 2007). Although there are no
indications of an imminent change in the North Atlantic THC
(Dickson et al., 2003; Curry and Mauritzen, 2005) it is
recognised that MOC shut-down, should it occur, is likely to
have potential socio-economic impacts for Europe and more
widely (Table 12.3). Hence, it would be valuable to consider
these impacts in developing climate policy (Defra, 2004c;
Keller et al., 2004; Arnell et al., 2005; Schneider et al., 2007).
Such policies are currently difficult to quantify (Manning et
al., 2004; Parry, 2004). Assessment of the likely impacts of an
abrupt Atlantic MOC shut-down on different economic and
social sectors in Europe has been made using integrated
assessment models, e.g., FUND (Tol, 2002, 2006; Link and
Tol, 2004). Results suggest that the repercussions for socio-
economic factors are likely to be less severe than was
previously thought.

12.7 Conclusions: implications for
sustainable development

The fraction of total plant growth or the net primary
production appropriated by humans (HANPP) is a measure
widely used to assess the ‘human domination of Earth's
ecosystems’ (Haberl et al., 2002). Currently, HANPP in western
Europe (WE) amounts to 2.86 tonnes carbon/capita/yr, which is
72.2% of its terrestrial net primary production. This exceeds, by
far, the global average of 20% (Imhoff et al., 2004). The
‘ecological footprint’ (EF) is an estimate of the territory required
to provide resources consumed by a given population
(Wackernagel et al., 2002). In 2001, the EF of central and eastern
Europe (CEE) was 3.8 ha/capita, and of WE 5.1 ha/capita
(WWF, 2004). These values also far exceed the global average
of 2.2 ha/capita (WWF, 2004). WE is one of the largest
‘importers’ of land, an expression of the net trade balance for
agricultural products (van Vuuren and Bouwman, 2005).
Globally, by 2050 the total EF is very likely to increase by
between 70% (B2 scenario) and 300% (A1B scenario), thus
placing an additional burden on a planet which some consider is
already at an unsustainable level (Wackernagel et al., 2002;
Wilson, 2002). Large changes in demand for land in regions with
high population growth and changing consumption habits are
expected, which is likely to result in a (need to) decrease WE
imports (van Vuuren and Bouwman, 2005). The per capita EF of
WE and CEE is projected to converge by the middle of this
century, at which time values for WE become slightly lower (B2
scenario) or larger (A1B scenario) than current ones, and those
of CEE increase to reach those of WE. In any case, European
EF is very likely to remain much higher than the global average
(van Vuuren and Bouwman, 2005).
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• Reductions in runoff and water availability in southern Europe;

major increase in snowmelt flooding in western Europe.

• Increased sea-level rise on western European and Mediterranean
coasts.

• Reductions in crop production with consequent impacts on food
prices.

• Changes in temperature affecting ecosystems in western Europe
and the Mediterranean (e.g., affecting biodiversity, forest products
and food production).

• Disruption to winter travel opportunities and increased icing of
northern ports and seas.

• Changes in regional patterns of increases versus decreases in
cold- and heat-related deaths and ill-health.

• Movement of populations to southern Europe and a shift in the
centre of economic gravity.

• Requirement to refurbish infrastructure towards Scandinavian
standards.

Table 12.3. Main types of impact for Europe following a rapid shut-down
of the Meridional Overturning Circulation relative to the ‘pre-industrial’
climate (after: Arnell et al., 2005; Levermann et al., 2005; Vellinga and
Wood, 2006).



Climate change in Europe is likely to have some positive
effects (e.g., increased forest area, increased crop yield in northern
Europe), or offer new opportunities (e.g., ‘surplus land’).
However, many changes are very likely to increase vulnerability
due to reduced supply of ecosystem services (declining water
availability, climate regulation potential or biodiversity), increase
of climate-related hazards and disruption in productive sectors,
among others (Schröter et al., 2005; Metzger et al., 2006) (Table
12.4). Therefore, additional pressures are very likely to be exerted
upon Europe’s environment, which is already subject to
substantial pressures (EEA, 2003), and social and economic
systems. Furthermore, climate change is likely to magnify
regional differences in terms of Europe’s natural resources and
assets since impacts are likely to be unevenly distributed
geographically, with the most negative impacts occurring in the
south and east (Table 12.4). Adaptive capacity is high, although it
varies greatly between countries (higher in the north than in the
south and east) due to their different socio-economic systems
(Yohe and Tol, 2002). Adaptive capacity is expected to increase in
the future, yet, differences among countries will persist (Metzger
et al., 2004, 2006). Hence, climate change is likely to create
additional imbalances since negative impacts are likely to be
largest where adaptive capacity is lowest.

The integration of sustainability goals into other sectoral
policy areas is progressing, for instance, through national,
regional and local sustainable development strategies and plans.
However, these have not yet had a decisive effect on policies
(EEA, 2003). Although climate change and sustainable
development policies have strong linkages, they have evolved
in parallel, at times they even compete with one another. Climate
change is very likely to challenge established sustainability
goals. Tools, such as integrated modelling approaches (Holman
et al., 2005; Berry et al., 2006), integration frameworks
(Tschakert and Olsson, 2005) and scenario build-up (Wiek et al.,
2006) can help bridge the gap in the limited understanding we
have on how climate change will ultimately affect sustainability.
Pursuit of sustainable development goals might be a better
avenue for achieving climate change policy goals than climate
change policies themselves (Robinson et al., 2006).

12.8 Key uncertainties and research
priorities

Uncertainties in future climate projections are discussed in
great detail in Working Group I Section 10.5 (Meehl et al.,
2007). For Europe, a major uncertainty is the future behaviour
of the NAO and North Atlantic THC. Also important, but not
specific to Europe, are the uncertainties associated with the still
insufficient resolution of GCMs (e.g., Etchevers et al., 2002;
Bronstert, 2003), and with downscaling techniques and regional
climate models (Mearns et al., 2003; Haylock et al., 2006; Déqué
et al., 2007). Uncertainties in climate impact assessment also
stem from the uncertainties of land-use change and socio-
economic development (Rounsevell et al., 2005, 2006)
following European policies (e.g., CAP), and European
Directives (Water Framework Directive, European Maritime

Strategy Directive). Although most impact studies use the SRES
scenarios, the procedures for scenario development are the
subject of debate (Castle and Henderson, 2003a, b; Grübler et
al., 2004; Holtsmark and Alfsen, 2005; van Vuuren and Alfsen,
2006). While current scenarios appear to reflect well the course
of events in the recent past (van Vuuren and O’Neill, 2006),
further research is needed to better account for the range of
possible scenarios (Tol, 2006). This might be important for
Europe given the many economies in transition.

Uncertainties in assessing future climate impacts also arise
from the limitations of climate impact models including (i)
structural uncertainty due to the inability of models to capture all
influential factors, e.g., the models used to assess health impacts
of climate change usually neglect social factors in the spread of
disease (Kuhn et al., 2004; Reiter et al., 2004; Sutherst, 2004),
and climate-runoff models often neglect the direct effect of
increasing CO2 concentration on plant transpiration (Gedney et
al., 2006), (ii) lack of long-term representative data for model
evaluation, e.g., current vector-monitoring systems are often
unable to provide the reliable identification of changes (Kovats
et al., 2001). Hence, more attention should be given to structural
improvement of models and intensifying efforts of long-term
monitoring of the environment, and systematic testing of models
against observed data in field trials or catchment monitoring
programmes (Hildén et al., 2005). Another way to address the
uncertainty of deterministic models is to use probabilistic
modelling which can produce an ensemble of scenarios, (e.g.,
Wilby and Harris, 2006; Araújo and New, 2007; ENSEMBLES
project, http://ensembles-eu.metoffice.com/).

Until now, most impact studies have been conducted for
separate sectors even if, in some cases, several sectors have been
included in the same study (e.g., Schröter et al., 2005). Few
studies have addressed impacts on various sectors and systems
including their possible interactions by integrated modelling
approaches (Holman et al., 2005; Berry et al., 2006). Even in
these cases, there are various levels (supra-national, national,
regional and sub-regional) that need to be jointly considered,
since, if adaptation measures are to be implemented, knowledge
down to the lowest decision level will be required. The varied
geography, climate and human values of Europe pose a great
challenge for evaluation of the ultimate impacts of climate change.

Although there are some good examples, such as the
ESPACE-project (Nadarajah and Rankin, 2005), national-scale
programmes, such as the FINADAPT project, studies of
adaptation to climate change and of adaptation costs are at an
early stage and need to be carried out urgently. These studies
need to match adaptation measures to specific climate change
impacts (e.g., targeted to alleviating impacts on particular types
of agriculture, water management or on tourism at specific
locations). They need to take into account regional differences
in adaptive capacity (e.g., wide regional differences exist in
Europe in the style and application of coastal management).
Adaptation studies need to consider that in some cases both
positive and negative impacts may occur as a result of climate
change (e.g., the productivity of some crops may increase, while
others decrease at the same location, e.g., Alexandrov et al.,
2002). Key research priorities for impacts of climate change,
adaptation and implications are included in Table 12.5.
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Sectors and Area
Systems Impact North Atlantic Central Mediterr. East

Water resources
Floods
Water availability
Water stress

���� ���� ���� �� ������
���� ���� �� ������ ����
���� ���� �� ������ ����

Coastal and 
marine systems

Beach, dune: low-lying coast erosional 'coastal squeeze'
SLR- and surge-driven flooding
River sediment supply to estuaries and deltas
Saltwater intrusion to aquifers
Northward migration of marine biota
Rising SSTs, eutrophication and stress on biosystems 
Development of ICZM
Deepening and larger inshore waters

������ ������ na ���� ����
������ ���� na ���� ������
���� �� na ������ ��
�� �� na ���� ��
�� ������ na �� ��

������ ���� na ���� ��
���� ���� na ���� ��
���� �� na �� ����

Mountains,
cryosphere

Glacier retreat
Duration of snow cover
Permafrost retreat
Tree line upward shift
Nival species losses

������ �� ������ ������ ������
������ ������ ������ ������ ������
������ �� �� na ��
������ ������ ������ �� ������
������ ������ ������ ������ ������

Forest,
shrublands and
grasslands

Forest NPP
Northward/inland shift of tree species
Stability of forest ecosystems
Shrublands NPP
Natural disturbances (e.g., fire, pests, wind-storm)
Grasslands NPP

������ ���� �� to �� �� �� to ��
������ ���� ���� �� to �� ����
���� �� �� ������ ������
������ ������ �� ������ ����
�� �� �� ������ ����

������ ���� �� to �� ������ ��

Wetlands and
aquatic
ecosystems

Drying/transformation of wetlands 
Species diversity
Eutrophication
Disturbance of drained peatlands

���� �� �� ������ ������
�� to �� �� ?? ���� ��

�� ���� ���� ������ ��
������ �� ���� na ������

Biodiversity

Plants

Amphibians

Reptiles

Marine mammals
Low-lying coastal birds
Freshwater biodiversity

���� ���� ������(Mt) ������ ��

���� ������ ����
������(SW)
����(SE)

������

���� ���� ����
������(SW)
������(SE)

������

������ ?? na ������ ??
������ ������ na ������ ??
�� to �� ?? ?? ������ ??

Agriculture and 

fisheries

Suitable cropping area
Agricultural land area 
Summer crops (maize, sunflower)
Winter crops (winter wheat)
Irrigation needs
Energy crops
Livestock 
Marine fisheries

������ ���� �� ���� ��
���� ���� ���� ���� ����
������ ���� �� ������ ����
������ ���� �� to �� ���� ��
na �� to �� ���� ������ ��
������ ���� �� ���� ��
�� to �� �� ���� ���� ����
���� �� na �� na

Energy and
transport

Energy supply and distribution
Winter energy demand
Summer energy demand
Transport

�� ���� �� �� ��
���� ���� �� ���� ��
�� �� ���� ������ ����
�� �� �� �� ��

Tourism
Winter (including ski) tourism
Summer tourism

���� �� ������ ������ ����
�� ���� �� ���� ��

Property
insurance

Flooding claims
Storms claims

?? ���� ���� ?? ??
�� ���� ���� ?? ??

Human health

Heat-related mortality/morbidity
Cold-related mortality/morbidity
Health effects of flooding
Vector-borne diseases
Food safety/Water-borne diseases
Atopic diseases, due to aeroallergens

�� ���� ���� ������ ����
�� ���� ���� �� ������
�� ���� ���� ���� ����
�� �� �� ���� ����
�� �� �� ���� ����
�� �� �� �� ��

Table 12.4. Summary of the main expected impacts of climate change in Europe during the 21st century, assuming no adaptation.

Scoring has taken into account: a) geographical extent of impact/number of people exposed; b) intensity and severity of impact. The projected magnitude of
impact increases with the number of arrows (one to three). Type of impact: positive (upward, blue); negative (downward, red); a change in the type of impact
during the course of the century is marked with ‘to’ between arrows. na=not applicable; ??=insufficient information; North=boreal and Arctic; Central, Atlantic
and Mediterranean as in Figure 12.3, including their mountains; East=steppic Russia, the Caucasus and the Caspian Sea; Mt=Mountains; SW=Southwest;
SE=Southeast; SLR=Sea-Level Rise; ICZM=Integrated Coastal Zone Management; SST=Sea-Surface Temperature; NPP=Net Primary Productivity. 



References

ABI (Association of British Insurers), 2000: Inland Flooding Risk. Association of
British Insurers, London, 16 pp.

ABI (Association of British Insurers), 2004: A Changing Climate for Insurance.
Association of British Insurers, London, 24 pp.

Abildtrup, J., E. Audsley, M. Fekete-Farkas, C. Giupponi, M. Gylling, P. Rosato and
M.D.A. Rounsevell, 2006: Socio-economic scenario development for the as-
sessment of climate change impacts on agricultural land use. Environ. Sci. Pol. 9,
101-115.

ACIA (Arctic Climate Impact Assessment), 2004: Impacts of a warming Arctic.
Cambridge University Press, Cambridge, 144 pp.

AEAT, 2003: Railway Safety Implications of Weather, Climate and Climate Change.
Final Report to the Railway Safety and Standards Board. Retrieved 12.10.2006
from http://www.railwaysafety.org.uk/pdf/ClimateChangeFR.pdf.

AEMA, 2002: Uso sostenible del agua en Europa. Gestión de la demanda. Minis-
terio de Medio Ambiente, Madrid, 94 pp.

Ågren, G.I. and E. Bosatta, 2002: Reconciling differences in predictions of tem-
perature response of soil organic matter. Soil Bio. Biochem., 34, 129-132.

Alados, C.I., Y. Pueyo, O. Barrantes, J. Escós, L. Giner and A.B., Robles, 2004:
Variations in landscape patterns and vegetation cover between 1957 and 1994 in
a semiarid Mediterranean ecosystem. Lands. Ecol., 19, 543-559.

Alcamo, J., P. Döll, T. Heinrichs, F. Kaspar, B. Lehner, T. Rösch and S. Siebert,
2003: Global estimates of water withdrawals and availability under current and
future business-as-usual conditions. Hydrological Sci. J., 48, 339-348.

Alcamo, J., M. Endejan, A.P. Kirilenko, G.N., Golubev and N.M. Dronin, 2005: Cli-
mate Change and its Impact on Agricultural Production in Russia. In: Under-
standing Land-Use and Land-Cover Change in Global and Regional Context, E.
Milanova, Y. Himiyama, and I. Bicik Eds., Science Publishers, Plymouth, Devon,
35-46.

Alcamo, J., M. Floerke and M. Maerker, 2007: Future long-term changes in global
water resources driven by socio-economic and climatic changes. Hydrological
Sciences, 52, 247-275.

Alexander, L.V., X. Zhang, T.C. Peterson, J. Caesar, B. Gleason, A.M.G. Klein
Tank, M. Haylock, D. Collins, B. Trewin, F. Rahimzadeh, A. Tagipour, K. Rupa
Kumar, J. Revadekar, G. Griffiths, L. Vincent, D.B. Stephenson, J. Burn, E.
Aguilar, M. Brunet, M. Taylor, M. New, P. Zhai, M. Rusticucci and J.L. Vázquez
Aguirre, 2006: Global observed changes in daily climate extremes of temperature
and precipitation. J. Geophys. Res., 111, D05109, doi:10.1029/2005JD006290.

Alexandrov, V., J. Eitzinger, V. Cajic and M. Oberforster, 2002: Potential impact of
climate change on selected agricultural crops in north-eastern Austria. Glob.
Change Biol., 8, 372-389.

Alley, R.B., J. Marotzke, W.D. Nordhaus, J.T. Overpeck, D.M. Peteet, R.A Pielke
Jr., R.T. Pierrehumbert, P.B. Rhines, T.F. Stocker, L.D. Talley and J.M. Wallace,
2003: Abrupt climate change. Science, 299, 2005-2010.

Álvarez Cobelas, M., J. Catalán and D. García de Jalón, 2005: Impactos sobre los
ecosistemas acuáticos continentales. Evaluación Preliminar de los Impactos en
España por Efecto del Cambio Climático, J.M. Moreno, Ed., Ministerio de Medio
Ambiente, Madrid, 113-146 .

Amelung, B. and D. Viner, 2006: Mediterranean tourism: Exploring the future with
the tourism climatic index. J. Sust. Tour., 14, 349-366.

Anadón, R., C.M. Duarte and C. Fariña, 2005: Impactos sobre los ecosistemas
marinos y el sector pesquero. Evaluación Preliminar de los Impactos en España
por Efecto del Cambio Climático, J.M. Moreno, Ed., Ministerio de Medio Am-
biente, Madrid, 147-182.

André, J.-C., M. Déqué, P. Rogel and S. Planton, 2004: The 2003 summer heat-
wave and its seasonal forecasting. C. R. Geosci., 336, 491-503.

Andréasson, J., S. Bergström, B. Carlsson, L.P. Graham and G. Lindström, 2004:
Hydrological change – climate impact simulations for Sweden. Ambio, 33, 228-
234.

Araújo, M.B. and M. New, 2007: Ensemble forecasting of species distributions.
Trends Ecol. Evol., 22, 42-47.

Araújo, M.B., M. Cabeza, W. Thuiller, L. Hannah and P.H. Williams, 2004: Would
climate change drive species out of reserves? An assessment of existing reserve-
selection methods. Glob. Change Biol., 10, 1618-1626.

Araújo, M.B., W. Thuiller and R.G. Pearson, 2006: Climate warming and the de-
cline of amphibians and reptiles in Europe. J. Biogeogr., 33, 1677-1688.

Arnell, N.W., 2004: Climate change and global water resources: SRES emissions

Europe Chapter 12

566

Impact of climate change

• Improved long-term monitoring of climate-sensitive physical (e.g.,
cryosphere), biological (e.g., ecosystem) and social sectors (e.g.,
tourism, human health).

• Improvement of climate impact models, including better
understanding of mechanism of climate impacts, e.g., of
heat/cold morbidity, differences between impacts due to short-
term climate variability and long-term climate change, and the
effects of extreme events, e.g., heatwaves, droughts, on longer-
term dynamics of both managed and natural ecosystems.

• Simultaneous consideration of climatic and non-climatic factors,
e.g., the synergistic effect of climate change and air pollution on
buildings, or of climate change and other environmental factors on
the epidemiology of vector-borne diseases; the validation and
testing of climate impact models through the enhancement of
experimental research; increased spatial scales; long-term field
studies and the development of integrated impact models.  

• Enhancement of climate change impact assessment in areas with
little or no previous investigation, e.g., groundwater, shallow lakes,
flow regimes of mountain rivers, renewable energy sources, travel
behaviour, transport infrastructure, tourist demand, major
biogeochemical cycles, stability, composition and functioning of
forests, natural grasslands and shrublands), nutrient cycling and
crop protection in agriculture. 

• More integrated impact studies, e.g., of sensitive ecosystems
including human dimensions.

• Better understanding of the socio-economic consequences of
climate change for different European regions with different
adaptive capacity.

Adaptation measures

• The comprehensive evaluation (i.e., of effectiveness, economy
and constraints) of adaptation measures used in past in different
regions of Europe to reduce the adverse impacts of climate
variability and extreme meteorological events. 

• Better understanding, identification and prioritisation of
adaptation options for coping with the adverse effects of climate
change on crop productivity, on the quality of aquatic ecosystems,
on coastal management and the capacity of health services.

• Evaluation of the feasibility, costs and benefits of potential
adaptation options, measures and technologies. 

• Quantification of bio-climatic limitations of prevalent plant species.

• Continuation of studies on the regional differences in adaptive
capacity. 

Implementation

• Identification of populations at risk and the lag time of climate
change impacts. 

• Approaches for including climate change in management policy
and institutions. 

• Consideration of non-stationary climate in the design of
engineering structures.

• Identification of the implications of climate change for water, air,
health and environmental standards.

• Identification of the pragmatic information needs of managers
responsible for adaptation.

Table 12.5. Key uncertainties and research needs.
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Executive summary

Climatic variability and extreme events have been severely
affecting the Latin America region over recent years (high
confidence).
Highly unusual extreme weather events were reported, such as in-
tense Venezuelan rainfall (1999, 2005), flooding in the Argen-
tinean Pampas (2000-2002), Amazon drought (2005), hail storms
in Bolivia (2002) and the Great Buenos Aires area (2006), the
unprecedented Hurricane Catarina in the South Atlantic (2004)
and the record hurricane season of 2005 in the Caribbean Basin
[13.2.2]. Historically, climate variability and extremes have had
negative impacts on population; increasing mortality and mor-
bidity in affected areas. Recent developments in meteorological
forecasting techniques could improve the quality of information
necessary for people’s welfare and security. However, the lack
of modern observation equipment, the urgent need for upper-air
information, the low density of weather stations, the unreliabil-
ity of their reports and the lack of monitoring of climate variables
work together to undermine the quality of forecasts, with adverse
effects on the public, lowering their appreciation of applied me-
teorological services as well as their trust in climate records.
These shortcomings also affect hydrometeorological observing
services, with a negative impact on the quality of early warnings
and alert advisories (medium confidence). [13.2.5]

During the last decades important changes in precipitation
and increases in temperature have been observed (high
confidence).
Increases in rainfall in south-east Brazil, Paraguay, Uruguay, the
Argentinean Pampas and some parts of Bolivia have had impacts
on land use and crop yields, and have increased flood frequency
and intensity. On the other hand, a declining trend in
precipitation has been observed in southern Chile, south-west
Argentina, southern Peru and western Central America.
Increases in temperature of approximately 1°C in Mesoamerica
and South America, and of 0.5°C in Brazil, were observed. As a
consequence of temperature increases, the trend in glacier retreat
reported in the Third Assessment Report is accelerating (very
high confidence). This issue is critical in Bolivia, Peru,
Colombia and Ecuador, where water availability has already
been compromised either for consumption or for hydropower
generation [13.2.4.1]. These problems with supply are expected
to increase in the future, becoming chronic if no appropriate
adaptation measures are planned and implemented. Over the
next decades Andean inter-tropical glaciers are very likely to
disappear, affecting water availability and hydropower
generation (high confidence). [13.2.4.1]

Land-use changes have intensified the use of natural
resources and exacerbated many of the processes of land
degradation (high confidence).
Almost three-quarters of the drylands are moderately or severely
affected by degradation processes. The combined effects of
human action and climate change have brought about a
continuous decline in natural land cover at very high rates (high
confidence). In particular, rates of deforestation of tropical

forests have increased during the last 5 years. There is evidence
that biomass-burning aerosols may change regional temperature
and precipitation in the southern part of Amazonia (medium
confidence). Biomass burning also affects regional air quality,
with implications for human health. Land-use and climate
changes acting synergistically will increase vegetation fire risk
substantially (high confidence). [13.2.3, 13.2.4.2]

The projected mean warming for Latin America to the end of
the century, according to different climate models, ranges
from 1 to 4°C for the SRES emissions scenario B2 and from
2 to 6°C for scenario A2 (medium confidence).
Most general circulation model (GCM) projections indicate
rather larger (positive and negative) rainfall anomalies for the
tropical portions of Latin America and smaller ones for extra-
tropical South America. In addition, the frequency of occurrence
of weather and climate extremes is likely to increase in the
future; as is the frequency and intensity of hurricanes in the
Caribbean Basin. [13.3.1.1, 13.3.1.2]

Under future climate change, there is a risk of significant
species extinctions in many areas of tropical Latin America
(high confidence).
Replacement of tropical forest by savannas is expected in
eastern Amazonia and the tropical forests of central and southern
Mexico, along with replacement of semi-arid vegetation by arid
vegetation in parts of north-east Brazil and most of central and
northern Mexico due to synergistic effects of both land-use and
climate changes (medium confidence) [13.4.1]. By the 2050s,
50% of agricultural lands are very likely to be subjected to
desertification and salinisation in some areas (high confidence)
[13.4.2]. Seven out of the 25 most critical places with high
endemic species concentrations are in Latin America and these
areas are undergoing habitat loss. Biological reserves and
ecological corridors have been either implemented or planned
for the maintenance of biodiversity in natural ecosystems, and
these can serve as adaptation measures to help protect
ecosystems in the face of climate change. [13.2.5.1]

By the 2020s, the net increase in the number of people
experiencing water stress due to climate change is likely to
be between 7 and 77 million (medium confidence).
While, for the second half of the century, the potential water
availability reduction and the increasing demand from an
increasing regional population would increase these figures to
between 60 and 150 million. [13.4.3]

Generalised reductions in rice yields by the 2020s, as well
as increases in soybean yields, are possible when CO2

effects are considered (medium confidence).
For other crops (wheat, maize), the projected response to climate
change is more erratic, depending on the chosen scenario. If CO2
effects are not considered, the number of additional people at
risk of hunger under the A2 scenario is likely to reach 5, 26 and
85 million in 2020, 2050 and 2080, respectively (medium
confidence). On the other hand, cattle and dairy productivity is
expected to decline in response to increasing temperatures.
[13.4.2]
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The expected increases in sea-level rise (SLR), weather and
climatic variability and extremes are very likely to affect
coastal areas (high confidence).
During the last 10-20 years the rate of SLR has increased from
1 to 2-3 mm/yr in south-eastern South America [13.2.4.1]. In the
future, adverse impacts would be observed on: (i) low-lying
areas (e.g., in El Salvador, Guyana and the coast of Buenos Aires
Province in Argentina), (ii) buildings and tourism (e.g., in
Mexico and Uruguay); (iii) coastal morphology (e.g., in Peru);
(iv) mangroves (e.g., in Brazil, Ecuador, Colombia and
Venezuela); (v) availability of drinking water on the Pacific
coast of Costa Rica, Ecuador and the Rio de la Plata estuary. In
particular, sea-level rise is very likely to affect both
Mesoamerican coral reefs (e.g., in Mexico, Belize and Panama)
and the location of fish stocks in the south-east Pacific (e.g., in
Peru and Chile). [13.4.4]

Future sustainable development plans should include
adaptation strategies to enhance the integration of climate
change into development policies (high confidence).
Some countries have made efforts to adapt, particularly through
conservation of key ecosystems, early warning systems, risk
management in agriculture, strategies for flood, drought and
coastal management, and disease surveillance systems.
However, the effectiveness of these efforts is outweighed by: a
lack of basic information, observation and monitoring systems;
lack of capacity-building and appropriate political, institutional
and technological frameworks; low income; and settlements in
vulnerable areas; among others [13.2]. Without improvements
in these areas, the Latin America countries’ sustainable
development goals will be seriously compromised, adversely
affecting, among other things, their ability to reach the
Millennium Development Goals [13.5].

13.1 Summary of knowledge assessed in
the Third Assessment Report

The principal findings in the Third Assessment Report (TAR)
(IPCC, 2001) were as follows.

• In most of Latin America, there are no clear long-term
tendencies in mean surface temperature. Nevertheless, for
some areas in the region, there are some clear warming
(Amazonia, north-western South America) and, in a few
cases, cooling (Chile) trends.

• Precipitation trends suggest an increase in precipitation for
some regions of the mid-latitude Americas, a decrease for
some central regions in Latin America, and no clear trends
for others. For instance, the positive trends seen in north-
eastern Argentina, southern Brazil and north-western Mexico
contrast with the negative trends observed in some parts of
Central America (e.g., Nicaragua). Records suggest a
positive trend for the past 200 years at higher elevations in
north-western Argentina. In Amazonia, inter-decadal
variability in the hydrological record (in both rainfall and
streamflow) is more significant than any observed trend.

• El Niño-Southern Oscillation (ENSO) is the dominant mode

of climate variability in Latin America and is the natural
phenomenon with the largest socio-economic impacts.

• Glaciers in Latin America have receded dramatically in the
past decades, and many of them have disappeared
completely. The most affected sub-regions are the Peruvian
Andes, southern Chile and Argentina up to latitude 25°S.
Deglaciation may have contributed to observed negative
trends in streamflows in that region.

• In Latin America many diseases are weather and climate-
related through the outbreaks of vectors that develop in warm
and humid environments, including malaria and dengue.
Climate change could influence the frequency of outbreaks
of these diseases by altering the variability associated with
the main controlling phenomenon, i.e., El Niño (likely).

• Agriculture in Latin America is a very important economic
activity representing about 10% of the gross domestic
product (GDP) of the region. Studies in Argentina, Brazil,
Chile, Mexico and Uruguay based on General Circulation
Models (GCMs) and crop models project decreased yields
for numerous crops (e.g., maize, wheat, barley, grapes) even
when the direct effects of CO2-fertilisation and
implementation of moderate adaptation measures at the farm
level are considered.

• Assessments of the potential impacts of climate change on
natural ecosystems indicate that neotropical seasonally dry
forest should be considered severely threatened in
Mesoamerica. Global warming could expand the area
suitable for tropical forests in South America southwards,
but current land use makes it unlikely that tropical forests
will be permitted to occupy these new areas. On the other
hand, large portions of the Amazonian forests could be
replaced by tropical savannas due to land-use change and
climate change.

• Sea-level rise will affect mangrove ecosystems, damaging
the region’s fisheries. Coastal inundation and erosion
resulting from sea-level rise in combination with riverine and
flatland flooding would affect water quality and availability.
Sea-water intrusion would exacerbate socio-economic and
health problems in these areas.

• The adaptive capacity of human systems in Latin America
is low, particularly to extreme climate events, and
vulnerability is high. Adaptation measures have the potential
to reduce climate-related losses in agriculture and forestry
but less ability to do so for biological diversity.

13.2 Current sensitivity/vulnerability

13.2.1 What is distinctive about the Latin America
region?

Latin America is highly heterogeneous in terms of climate,
ecosystems, human population distribution and cultural
traditions. A large portion of the region is located in the tropics,
showing a climate dominated by convergence zones such as
the Inter-tropical Convergence Zone (ITCZ), and the South
Atlantic Convergence Zone (SACZ) (Satyamurty et al., 1998).
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The summer circulation in tropical and sub-tropical Latin
America is dominated by the North America Monsoon System,
which affects Mexico and parts of Central America, and the
South America Monsoon System, which affects tropical and
sub-tropical South America east of the Andes. These monsoon
climates are closely interconnected with ocean-atmosphere
interactions over the tropical and sub-tropical oceans. Low
Level Jets in South America east (Marengo et al., 2004) and
west (Poveda and Mesa, 2000) of the Andes, and in North
America east of the Rockies, Baja California and over the
Intra-Americas Seas transport moisture from warm oceans to
participate in continental rainfall. Most of the rainfall is
concentrated in the convergence zones or by topography,
leading to strong spatial and temporal rainfall contrasts, such
as the expected sub-tropical arid regions of northern Mexico
and Patagonia, the driest desert in the world in northern Chile,
and a tropical semi-arid region of north-east Brazil located next
to humid Amazonia and one of the wettest areas in the world
in western Colombia. A remarkable ecogeographical zone is
that of the South America’s highlands (see case study in Box
13.2), located in the tropics and presenting paramo-like
(neotropical Andean ecosystem, about 3,500 m above sea
level) landscapes with deep valleys (yungas) holding important
biodiversity, with a wealth of vegetal and animal species.

13.2.2 Weather and climate stresses

Over the past three decades, Latin America has been
subjected to climate-related impacts of increased El Niño
occurrences (Trenberth and Stepaniak, 2001). Two extremely
intense episodes of the El Niño phenomenon (1982/83 and

1997/98) and other severe climate extremes (EPA, 2001;
Vincent et al., 2005; Haylock et al., 2006) have happened
during this period, contributing greatly to the heightened
vulnerability of human systems to natural disasters (floods,
droughts, landslides, etc.).

Since the TAR, several highly unusual extreme weather
events have been reported, such as the Venezuelan intense
precipitations of 1999 and 2005; the flooding in the
Argentinean Pampas in 2000 and 2002; the Amazon drought of
2005; the unprecedented and destructive hail storms in Bolivia
in 2002 and Buenos Aires in 2006; the unprecedented
Hurricane Catarina in the South Atlantic in 2004; and the
record hurricane season of 2005 in the Caribbean Basin. The
occurrence of climate-related disasters increased by 2.4 times
between the periods 1970-1999 and 2000-2005 continuing the
trend observed during the 1990s. Only 19% of the events
between 2000 and 2005 have been economically quantified,
representing losses of nearly US$20 billion (Nagy et al.,
2006a). Table 13.1 shows some of the most important recent
events.

In addition to weather and climate, the main drivers of
increased vulnerability are demographic pressure, unregulated
urban growth, poverty and rural migration, low investment in
infrastructure and services, and problems with inter-sectoral
co-ordination. The poorest communities are among the most
vulnerable to extreme events (UNEP, 2003a), and some of
these vulnerabilities are caused by their location in the path of
hurricanes (about 8.4 million people in Central America; FAO,
2004a), on unstable lands, in precarious settlements, on low-
lying areas, and in places prone to flooding from rivers (BID,
2000; UNEP, 2003a).
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Table 13.1. Selected extreme events and their impacts (period 2004-2006).

Event/Date Country/Impacts

Hurricane (H.) Beta
Nov. 2005

Nicaragua: 4 deaths; 9,940 injuries; 506 homes, 250 ha of crops, 240 km2 of forest and 2,000 artisan fishermen affected
(SINAPRED, 2006).

H. Wilma
Oct. 2005

Mexico: several landfalls, mainly in the Yucatán Peninsula. Losses of US$1,881 million. 95% of the tourist infrastructure
seriously damaged.

H. Stan
Oct. 2005

Guatemala, Mexico, El Salvador, Nicaragua, Costa Rica: losses of US$3,000 million, more than 1,500 deaths. Guatemala
was the most affected country, accounting for 80% of the casualties and more than 60% of the infrastructure damage
(Fundación DESC, 2005).

Extra-tropical
cyclone
Aug. 2005

Southern Uruguay: extra-tropical cyclone (winds up to 187 km/h, and storm surge), 100,000 people affected, more than
100 people injured and 10 people dead, 20,000 houses without electricity, telephone and/or water supply (NOAA, 2005;
Bidegain et al., 2006).

H. Emily
Jul. 2005

Mexico – Cozumel and Quintana Roo: losses of US$837 million. Tourism losses: US$100 million; dunes and coral reefs
affected; loss of 1,506 turtle nests; 1-4 m storm surges (CENAPRED-CEPAL, 2005).

Heavy rains
Sep. 2005

Colombia: 70 deaths, 86 injured, 6 disappeared and 140,000 flood victims (NOAA, 2005).

Heavy rains
Feb. 2005

Venezuela: heavy precipitation (mainly on central coast and in Andean mountains), severe floods and heavy landslides.
Losses of US$52 million; 63 deaths and 175,000 injuries (UCV, 2005; DNPC, 2005/06).

H. Catarina
Mar. 2004

Brazil: the first hurricane ever observed in the South Atlantic (Pezza and Simmonds, 2005); demolished over 3,000 houses
in southern Brazil (Cunha et al., 2004); severe flooding hit eastern Amazonia, affecting tens of thousands of people
(http://www.cptec.inpe.br/).

Droughts
2004-2006

Argentina – Chaco: losses estimated at US$360 million; 120,000 cattle lost, 10,000 evacuees in 2004 (SRA, 2005). Also in
Bolivia and Paraguay: 2004/05.
Brazil-Amazonia: severe drought affected central and south-western Amazonia, probably associated with warm sea surface
temperatures in the tropical North Atlantic (http://www.cptec.inpe.br/).
Brazil – Rio Grande do Sul: reductions of 65% and 56% in soybean and maize production (http://www.ibge.gov.br/home/).



Natural ecosystems
Tropical forests of Latin America, particularly those of

Amazonia, are increasingly susceptible to fire occurrences due
to increased El Niño-related droughts and to land-use change
(deforestation, selective logging and forest fragmentation) (see
Box 13.1; Fearnside, 2001; Nepstad et al., 2002; Cochrane,
2003). During the 2001 ENSO period, approximately one-third
of the Amazon forests became susceptible to fire (Nepstad et al.,
2004). This climatic phenomenon has the potential to generate
large-scale forest fires due to the extended period without rain in
the Amazon, exposing even undisturbed dense forest to the risk
of understorey fire (Jipp et al., 1998; Nepstad et al., 2002, 2004).
Mangrove forests located in low-lying coastal areas are
particularly vulnerable to sea-level rise, increased mean
temperatures, and hurricane frequency and intensity (Cahoon
and Hensel, 2002; Schaeffer-Novelli et al., 2002), especially
those of Mexico, Central America and Caribbean continental
regions (Kovacs, 2000; Meagan et al., 2003). Moreover, floods
accelerate changes in mangrove areas and at their landward
interface (Conde, 2001; Medina et al., 2001; Villamizar, 2004).
In relation to biodiversity, populations of toads and frogs are
affected in cloud forests after years of low precipitation (Pounds
et al., 1999; Ron et al., 2003; Burrowes et al., 2004). In Central
and South America, links between higher temperatures and frog
extinctions caused by a skin disease (Batrachochytrium
dendrobatidis) were found (Dey, 2006).

Agriculture
The impact of ENSO-related climate variability on the

agricultural sector was well documented in the TAR (IPCC,
2001). More recent findings include: high/low wheat yields
during El Niño/La Niña in Sonora, Mexico (Salinas-Zavala and
Lluch-Cota, 2003); shortening of cotton and mango growing
cycles on the northern coast of Peru during El Niño because of
increases in temperature (Torres et al., 2001); increases in the
incidence of plant diseases such as ‘cancrosis’ in citrus in
Argentina (Canteros et al., 2004), Fusarium in wheat in Brazil
and Argentina (Moschini et al., 1999; Del Ponte et al., 2005),
and several fungal diseases in maize, potato, wheat and beans
in Peru (Torres et al., 2001) during El Niño events, due to high
rainfall and humidity. In relation to other sources of climatic
variability, anomalies in South Atlantic sea-surface temperatures
(SST) were significantly related to crop-yield variations in the
Pampas region of Argentina (Travasso et al., 2003a, b).
Moreover, heatwaves in central Argentina have led to reductions
in milk production in Holando argentino (Argentine Holstein)
dairy cattle, and the animals were not able to completely recover
after these events (Valtorta et al., 2004).

Water resources
In global terms, Latin America is recognised as a region with

large freshwater resources. However, the irregular temporal and
spatial distribution of these resources affects their availability
and quality in different regions. Stress on water availability and
quality has been documented where lower precipitation and/or
higher temperatures occur. For example, droughts related to La
Niña create severe restrictions for water supply and irrigation
demands in central western Argentina and central Chile between

25°S and 40°S (NC-Chile, 1999; Maza et al., 2001). In addition,
droughts related to El Niño impacts on the flows of the
Colombia Andean region basins (particularly in the Cauca river
basin), causing a 30% reduction in the mean flow, with a
maximum of 80% loss in some tributaries (Carvajal et al., 1998),
whereas extreme floods are enhanced during La Niña (Waylen
and Poveda, 2002). In addition, the Magdalena river basin also
shows high vulnerability (55% losses in mean flow; IDEAM,
2004). Consequently, soil moisture and vegetation activity are
strongly reduced/augmented by El Niño/La Niña in Colombia
(Poveda et al., 2001a). The vulnerability to flooding events is
high in almost 70% of the area represented by Latin American
countries (UNEP, 2003c). Hydropower is the main electrical
energy source for most countries in Latin America, and is
vulnerable to large-scale and persistent rainfall anomalies due
to El Niño and La Niña, e.g., in Colombia (Poveda et al., 2003),
Venezuela (IDEAM, 2004), Peru (UNMSM, 2004), Chile (NC-
Chile, 1999), Brazil, Uruguay and Argentina (Kane, 2002). A
combination of increased energy demand and drought caused a
virtual breakdown in hydroelectricity generation in most of
Brazil in 2001, which contributed to a GDP reduction of 1.5%
(Kane, 2002).

Coasts
Low-lying coasts in several Latin American countries (e.g.,

parts of Argentina, Belize, Colombia, Costa Rica, Ecuador,
Guyana, Mexico, Panama, El Salvador, Uruguay and Venezuela)
and large cities (e.g., Buenos Aires, Rio de Janeiro and Recife)
are among the most vulnerable to climate variability and extreme
hydrometeorological events such as rain and windstorms, and
sub-tropical and tropical cyclones (i.e., hurricanes) and their
associated storm surges (Tables 13.1 and 13.2). Sea-level rise
(within the range 10-20 cm/century) is not yet a major problem,
but evidence of an acceleration of sea-level rise (SLR) rates (up
to 2-3 mm/yr) over the past decade suggests an increase in the
vulnerability of low-lying coasts, which are already subjected
to increasing storm surges (Grasses et al., 2000; Kokot, 2004;
Kokot et al., 2004; Miller, 2004; Barros, 2005; Nagy et al., 2005;
UCC, 2005). Moreover, some coastal areas are affected by the
combined effects of heavy precipitation, landward winds and
SLR (for example, ‘sudestadas’ in the La Plata river estuary), as
already observed in the city of Buenos Aires (EPA, 2001;
Bischoff, 2005).

Human health
After the onset of El Niño (dry/hot) there is a risk of epidemic

malaria in coastal regions of Colombia and Venezuela (Poveda
et al., 2001b; Kovats et al., 2003). Droughts favour the
development of epidemics in Colombia and Guyana, while
flooding engenders epidemics in the dry northern coastal region
of Peru (Gagnon et al., 2002). Annual variations in
dengue/dengue haemorrhagic fever in Honduras and Nicaragua
appear to be related to climate-driven fluctuations in the vector
densities (temperature, humidity, solar radiation and rainfall)
(Patz et al., 2005). In some coastal areas of the Gulf of Mexico,
an increase in SST, minimum temperature and precipitation was
associated with an increase in dengue transmission cycles
(Hurtado-Díaz et al., 2006). Outbreaks of hantavirus pulmonary
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syndrome have been reported for Argentina, Bolivia, Chile,
Paraguay, Panama and Brazil after prolonged droughts
(Williams et al., 1997; Espinoza et al., 1998; Pini et al., 1998;
CDC, 2000), probably due to the intense rainfall and flooding
following the droughts, which increases food availability for
peri-domestic (living both indoors and outdoors) rodents (see
Chapter 8, Section 8.2.8). Prolonged droughts in semi-arid
north-eastern Brazil have provoked rural-urban migration of
subsistence farmers, and a re-emergence of visceral
leishmaniasis (Confalonieri, 2003). A significant increase in
visceral leishmaniasis in Bahia State (Brazil) after the El Niño
years of 1989 and 1995 has also been reported (Franke et al.,
2002). In Venezuela, an increase in cutaneous leishmaniasis was
associated with a weak La Niña (Cabaniel et al., 2005). Flooding
produces outbreaks of leptospirosis in Brazil, particularly in
densely populated areas without adequate drainage (Ko et al.,
1999; Kupek et al., 2000; Chapter 8, Section 8.2.8). In Peru, El
Niño has been associated with some dermatological diseases,
related to an increase in summer temperature (Bravo and Bravo,
2001); hyperthermia with no infectious cause has also been
related to heatwaves (Miranda et al., 2003), and SST has been
associated with the incidence of Carrion’s disease (Bartonella
bacilliformis) (Huarcaya et al., 2004). In Buenos Aires roughly
10% of summer deaths may be associated with thermal stress
caused by the ‘heat island’ effect (de Garín and Bejarán, 2003).
In São Paulo, Brazil, Gouveia et al. (2003) reported an increase
of 2.6% in all-cause morbidity in the elderly per °C increase in
temperature above 20°C, and a 5.5% increase per ºC drop in
temperature below 20°C (see Chapter 8).

13.2.3 Non-climatic stresses

Effects of demographic pressure
Migration to urban areas in the region exceeds absorption

capacity, resulting in widespread unemployment, overcrowding,
and the spread of infectious diseases including HIV/AIDS, due
to lack of adequate infrastructure and urban planning (UNEP,
2003b). Latin America is the most urbanised region in the
developing world (75% of its population). The most urbanised
countries are Argentina, Brazil, Chile, Uruguay and Venezuela,
while the least urbanised are Guatemala and Honduras (UNCHS,
2001). As a consequence, the regional population faces both
traditional (infectious and transmissible diseases) and modern
risks (chronic and degenerative diseases) in addition to those
related to urban landslides and floods. Modern risks result from
urbanisation and industrialisation, while poor and rural
populations still suffer from ‘traditional risks’. There is a
significant problem of urban poverty in areas where
malnutrition, poor water quality and a lack of sewage/sanitary
services and education prevail. However, the line between urban
and rural in many parts of the region is becoming increasingly
blurred, particularly around large urban areas.

A strong reduction in employment rates, with the associated
downgrading of the social situation, observed in Latin America
in the 1990s (poverty affecting 48.3% and extreme poverty
22.5% of the population), has generated large-scale migration
to urban areas. Although this migration trend continues, the
Economic Commission for Latin America and the Caribbean

(ECLAC) reports that, in spite of the fact that the region is on
track to meet the Millenium Development Goals’ (MDGs)
extreme poverty goal (to halve the number of people living on
less than $1/day by 2015), the year 2006 would show a reduction
to 38.5% and 14.7% of the above poverty indices (La Nación,
2006).

Over-exploitation of natural resources
It is well established that over-exploitation is a threat to 34 out

of 51 local production systems of particular importance to
artisanal fishing along the coastal waters in Latin America
(UNEP, 2003b; FAO, 2006) and has caused the destruction of
habitats such as mangroves, estuaries and salt marshes in Central
America and Mexico (Cocos in Costa Rica, Tortuguero-Miskitos
Islands in Nicaragua and the Gulf of Mexico in Mexico)
(Mahon, 2002; NOAA/OAR, 2004).

Urbanisation (without a land planning or legal framework in
most of the countries), large aquaculture developments, the
expansion of ecotourism and the oil industry, the accidental
capture of ecologically important species, the introduction of
exotic species, land-based sources of coastal and marine
pollution, the depletion of coral reefs and the mismanagement of
water resources impose increasing environmental pressures on
natural resources (Young, 2001; Viddi and Ribeiro, 2004).

The rapidly expanding tourism industry is driving much of
the transformation of natural coastal areas, paving the way for
resorts, marinas and golf courses (WWF, 2004). Aquifer over-
exploitation and mismanagement of irrigation systems are
causing severe environmental problems; e.g., salinisation of soil
and water in Argentina (where more than 500,000 ha of the
phreatic (i.e., permanently-saturated) aquifer shows high levels
of salinity and nitrates) (IRDB, 2000) and sanitation problems in
a great number of cities such as Mexico City, San José de Costa
Rica, and Trelew, Río Cuarto and La Plata in Argentina. In
Belize City, a system of mangrove-lined ponds and mangrove-
wetland drainage areas has served as a natural sewage treatment
facility for much of the city’s waste water. Recently, dredging for
a massive port expansion has resulted in the destruction of more
mangroves and the free ecosystem services they provided
(WWF, 2004).

Pollution
Pollution of natural resources, such as natural arsenic

contamination of freshwater, affects almost 2 million people in
Argentina, 450,000 in Chile, 400,000 in Mexico, 250,000 in
Peru and 20,000 in Bolivia (Canziani, 2003; Pearce, 2003; Clark
and King, 2004). Another insidious contamination widespread in
the region is produced by fluorine. In the Puyango river basin
(Ecuador), suspended sediments and metal contamination
increase significantly during ENSO events (Tarras-Wahlberg
and Lane, 2003). In the upper Pilcomayo basin, south-east
Bolivia, pollution by heavy metals from mining operations in
Potosí affects the migration and fishing of sábalo (Prochilodus
lineatus), which is a very important source of income in the
region (Smolders et al., 2002). As a result of the Salado del Norte
(Argentina) river flood of 2003 (which covered more than one-
third of the urban district), 60,000 tonnes of solid waste were
disseminated all over the city of Santa Fe; 135 cases of hepatitis,
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116 of leptospirosis and 5,000 of lung disease were officially
reported as a result (Bordón, 2003).

Air pollution due to the burning of fossil fuels is a problem
that affects many cities of Latin America. Transport is the main
contributor (e.g., in Mexico City, Santiago de Chile and São
Paulo). Thermoelectric energy generation is the second primary
source of air pollution in Lima, Quito and La Paz (PAHO, 2005).
Climate and geography play a significant role in this situation;
e.g., the occurrence of thermal inversions, such as in Mexico
City, Lima and Santiago de Chile. In Mexico City, surface ozone
has been linked to increased hospital admissions for lower
respiratory infections and asthma in children (Romieu et al.,
1996). Regarding exposure effects to biomass particles, Cardoso
de Mendonça et al. (2004) have estimated that the economic
costs of fire in the Amazon affecting human health increased
from US$3.4 million in 1996 to US$10.7 million in 1999.

13.2.4 Past and current trends

13.2.4.1 Climate trends
During the 20th century, significant increases in precipitation

were observed in southern Brazil, Paraguay, Uruguay, north-east
Argentina and north-west Peru and Ecuador. Conversely, a
declining trend in precipitation was observed in southern Chile,
south-west Argentina and southern Peru (Figure 13.1, Table
13.2). In addition, increases in the rate of sea-level rise have
reached 2-3 mm/yr during the last 10-20 years in south-eastern
South America (Table 13.2).

A number of regional studies have been completed for
southern South America (Vincent et al., 2005; Alexander et al.,
2006; Haylock et al., 2006; Marengo and Camargo, 2007),
Central America and northern South America (Poveda et al.,

2001a; Aguilar et al., 2005; Alexander et al., 2006). They all show
patterns of changes in extremes consistent with a general
warming, especially positive trends for warm nights and negative
trends for the occurrence of cold nights. There is also a positive
tendency for intense rainfall events and consecutive dry days. A
study by Groisman et al. (2005) identified positive linear trends
in the frequency of very heavy rains over north-east Brazil and
central Mexico. However, the lack of long-term records of daily
temperature and rainfall in most of tropical South America does
not allow for any conclusive evidence of trends in extreme events
in regions such as Amazonia. Chapter 3, Section 3.8 of the
Working Group I Fourth Assessment Report (Trenberth et al.,
2007) discusses observational aspects of variability of extreme
events and tropical cyclones. Chapter 11, Section 11.6 of the
Working Group I Fourth Assessment Report (Christensen et al.,
2007) acknowledges that little research is available on extremes
of temperature and precipitation for this region.

These changes in climate are already affecting several sectors.
Some reported impacts associated with heavy precipitation are:
10% increase in flood frequency due to increased annual
discharge in the Amazon River at Obidos (Callède et al., 2004);
increases of up to 50% in streamflow in the rivers Uruguay,
Paraná and Paraguay (Bidegain et al., 2005; Camilloni, 2005b);
floods in the Mamore basin in Bolivian Amazonia (Ronchail et
al., 2005); and increases in morbidity and mortality due to
flooding, landslides and storms in Bolivia (NC-Bolivia, 2000).
In addition, positive impacts were reported for the Argentinean
Pampas region, where increases in precipitation led to increases
in crop yields close to 38% in soybean, 18% in maize, 13% in
wheat and 12% in sunflower (Magrin et al., 2005). In the same
way, pasture productivity increased by 7% in Argentina and
Uruguay (Gimenez, 2006).
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Figure 13.1. Trends in rainfall in (a) South America (1960-2000). An increase is shown by a plus sign, a decrease by a circle. Bold values indicate
significance at P ≤ 0.05. Haylock et al. (2006); reprinted with permission from the American Meteorological Society. (b) Central America and
northern South America (1961-2003). Large red triangles indicate positive significant trends, small red triangles indicate positive non-significant
trends, large blue triangles indicate negative significant trends, and small blue triangles indicate negative non-significant trends. Aguilar et al.
(2005); reprinted with permission from the American Geophysical Union.



The glacier-retreat trend reported in the TAR has intensified,
reaching critical conditions in Bolivia, Peru, Colombia and
Ecuador (Table 13.3). Recent studies indicate that most of the
South American glaciers from Colombia to Chile and Argentina
(up to 25°S) are drastically reducing their volume at an
accelerated rate (Mark and Seltzer, 2003; Leiva, 2006). Changes

in temperature and humidity are the primary cause of the
observed glacier retreat during the second half of the 20th
century in the tropical Andes (Vuille et al., 2003). During the
next 15 years, inter-tropical glaciers are very likely to disappear,
affecting water availability and hydropower generation (Ramírez
et al., 2001).
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Precipitation (change shown in % unless otherwise indicated) Period Change

Amazonia – northern/southern (Marengo, 2004)
Bolivian Amazonia (Ronchail et al., 2005)
Argentina – central and north-east (Penalba and Vargas, 2004)
Uruguay (Bidegain et al., 2005)
Chile – central (Camilloni, 2005a)
Colombia (Pabón, 2003a)

1949-1999
since 1970
1900-2000
1961-2002
last 50 years
1961-1990

−11 to −17/−23 to +18
+15
+1 STD to +2 STD
+ 20
−50
−4 to +6

Mean temperature (°C/10 years)
Amazonia (Marengo, 2003)
Uruguay, Montevideo (Bidegain et al., 2005)
Ecuador (NC-Ecuador, 2000)
Colombia (Pabón, 2003a)

1901-2001
1900-2000
1930-1990
1961-1990

+0.08
+0.08
+0.08 to +0.27
+0.1 to +0.2

Maximum temperature (°C/10 years)

Brazil – south (Marengo and Camargo, 2007)
Argentina – central (Rusticucci and Barrucand, 2004)
Argentina – Patagonia (Rusticucci and Barrucand, 2004)

1960-2000
1959-1998
1959-1998

+0.39 to +0.62
−0.2 to −0.8 (DJF)
+0.2 to +0.4 (DJF)

Minimum temperature (ºC/10 years)

Brazil – south (Marengo and Camargo, 2007)
Brazil – Campinas and Sete Lagoas (Pinto et al., 2002)
Brazil – Pelotas (Pinto et al., 2002)
Argentina (Rusticucci and Barrucand, 2004)

1960-2000
1890-2000
1890-2000
1959-1998

+0.51 to +0.82
+0.2
+0.08
+0.2 to +0.8 (DJF/JJA)

Sea-level rise (mm/yr)
Guyana (NC-Guyana, 2002)
Uruguay, Montevideo (Nagy et al., 2005)
Argentina, Buenos Aires (Barros, 2003)
Brazil – several ports (Mesquita, 2000)
Panama – Caribbean coast (NC-Panama, 2000)
Colombia (Pabón, 2003b)

last century
last 100/30/15 years
last ~100 years
1960-2000
1909-1984
1961-1990

+1.0 to +2.4
+1.0 / +2.5 / +4.0
+1.7
+4.0
+1.3
+1 to +3

Table 13.2. Current climatic trends.

STD= standard deviation, DJF= December/January/February, JJA= June/July/August.

Glaciers/Period Changes/Impacts
Perua, b

Last 35 years
22% reduction in glacier total area; reduction of 12% in freshwater in the coastal zone (where 60% of the country’s
population live). Estimated water loss almost 7,000 Mm3

Peruc

Last 30 years
Reduction up to 80% of glacier surface from small ranges; loss of 188 Mm3 in water reserves during the last 50 years.

Colombiad

1990-2000
82% reduction in glaciers, showing a linear withdrawal of the ice of 10-15 m/yr; under the current climate trends,
Colombia’s glaciers will disappear completely within the next 100 years.

Ecuadore

1956-1998
There has been a gradual decline glacier length; reduction of water supply for irrigation, clean water supply for the city of
Quito, and hydropower generation for the cities of La Paz and Lima.

Boliviaf

Since mid-1990s
Chacaltaya glacier has lost half of its surface and two-thirds of its volume and could disappear by 2010. Total loss of
tourism and skiing.

Boliviaf

Since 1991
Zongo glacier has lost 9.4% of its surface area and could disappear by 2045-2050; serious problems in agriculture,
sustainability of ‘bofedales’1 and impacts in terms of socio-economics for the rural populations.

Boliviaf

Since 1940
Charquini glacier has lost 47.4% of its surface area.

aVásquez, 2004; bMark and Seltzer, 2003; cNC-Perú, 2001; dNC-Colombia, 2001; eNC-Ecuador, 2000; fFrancou et al., 2003.

Table 13.3. Glacier retreat trends.

1 Bofedales: wetlands and humid areas of the Andean high plateaux.



13.2.4.2 Environmental trends

Deforestation and changes in land use
In 1990, the total forest area in Latin America was 1,011 Mha,

which has reduced by 46.7 Mha in the 10 years from 1990 to
2000 (UNEP, 2003a) (Figure 13.2). In Amazonia, the total area
of forest lost rose by 17.2 Mha from 41.5 Mha in 1990 to
58.7 Mha in 2000 (Kaimowitz et al., 2004). The expansion of
the agricultural frontier and livestock, selective logging,
financing of large-scale projects such as the construction of
dams for energy generation, illegal crops, the construction of
roads and increased links to commercial markets have been the
main causes of deforestation (FAO, 2001a; Laurance et al., 2001;
Geist and Lambin, 2002; Asner et al., 2005; FAO, 2005;
Colombia Trade News, 2006).

Natural land cover has continued to decline at very high rates.
In particular, rates of deforestation of tropical forests have
increased during the last five years. Annual deforestation in
Brazilian Amazonia increased by 32% between 1996 and 2000
(1.68 Mha) and 2001 and 2005 (2.23 Mha). However, the annual
rate of deforestation decreased from 2.61 Mha in 2004 to
1.89 Mha in 2005 (INPE-MMA, 2005a, b, c). An area of over
60 Mha has been deforested in Brazilian Amazonia due to road
construction and subsequent new urban settlements (Alves,
2002; Laurance et al., 2005). There is evidence that aerosols
from biomass burning may change regional temperature and
precipitation south of Amazonia (Andreae et al., 2004) and in
neighbouring countries, including the Pampas as far south as
Bahía Blanca (Trosnikov and Nobre, 1998; Mielnicki et al.,
2005), with related health implications (increases in mortality
risk, restricted activity days and acute respiratory symptoms)
(WHO/UNEP/WMO, 2000; Betkowski, 2006).

The soybean cropping boom has exacerbated deforestation
in Argentina, Bolivia, Brazil and Paraguay (Fearnside, 2001;
Maarten Dros, 2004). This critical land-use change will enhance
aridity/desertification in many of the already water-stressed
regions in South America. Major economic interests not only
affect the landscape but also modify the water cycle and the

climate of the region, in which almost three-quarters of the
drylands are moderately or severely affected by degradation
processes and droughts (Malheiros, 2004). The region contains
16% of the world total of 1,900 Mha of degraded land (UNEP,
2000). In Brazil, 100 Mha are facing desertification processes,
including the semi-arid and dry sub-humid regions (Malheiros,
2004).

Biodiversity
Changes in land use have led to habitat fragmentation and

biodiversity loss. Climate change will increase the actual
extinction rate, which is documented in the Red List of
Endangered Species (IUCN, 2001). The majority of the
endangered eco-regions are located in the northern and mid-
Andes valleys and plateaux, the tropical Andes, in areas of cloud
forest (e.g., in Central America), in the South American steppes,
and in the Cerrado and other dry forests located in the south of
the Amazon Basin (Dinerstein et al., 1995; UNEP, 2003a) (see
Figure 13.5). Among the species to disappear are Costa Rica’s
golden toad (Bufo periglenes) and harlequin frog (Atelopus spp.)
(Shatwell, 2006). In addition, at least four species of Brazilian
anurans (frogs and toads) have declined as a result of habitat
alteration (Eterovick et al., 2005), and two species of Atelopus
have disappeared following deforestation (La Marca and
Reinthaler, 2005). Deforestation and forest degradation through
forest fires, selective logging, hunting, edge effects and forest
fragmentation are the dominant transformations that threaten
biodiversity in South America (Fearnside, 2001; Peres and Lake,
2003; Asner et al., 2005).

Coral reefs and mangroves
Panama and Belize Caribbean case studies illustrate, in terms

of inter-ocean contrasts, both the similarities and differences in
coral-reef responses to complex environmental changes (Gardner
et al., 2003; Buddemeier et al., 2004). Cores taken from the
Belizean barrier reef show that A. cervicornis dominated this
coral-reef community continuously for at least 3,000 years, but
was killed by white band disease (WBD) and replaced by another
species after 1986 (Aronson and Precht, 2002). Dust transported
from Africa to America (Shinn et al., 2000), and land-derived
flood plumes from major storms, can transport materials from
the Central American mainland to reefs, which are normally
considered remote from such influences, as potential sources of
pathogens, nutrients and contaminants. Human involvement has
also been a factor in the spread of the pathogen that killed the
Caribbean Diadema; the disease began in Panama, suggesting a
possible link to shipping through the Panama Canal (Andréfouët
et al., 2002). Since 1980 about 20% of the world’s mangrove
forests have disappeared (FAO, 2006), affecting fishing. In the
Mesoamerican reef there are up to 25 times more fish of some
species on reefs close to mangrove areas than in areas where
mangroves have been destroyed (WWF, 2004).

13.2.4.3 Trends in socio-economic factors
From 1950 to the end of the 1970s Latin America benefited

from an average annual GDP growth of 5% (Escaith, 2003). This
remarkable growth rate permitted the development of national
industries, urbanisation, and the creation or extension of national
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Deforestation in Latin America between 1990-2000

Figure 13.2. Total deforestation in Latin America (Mha) between 1990
and 2000. Number indicates deforestation rate (%/yr) for each country.
Based on FAO (2001a).



education and public health services. The strategy for economic
development was based on the import-substitution model, which
consisted of imposing barriers to imports and developing
national industry to produce what was needed. Nevertheless, this
model produced a weak industry that was not able to compete in
international markets and this had terrible consequences for the
other sectors (agriculture in particular) which funded the
industrial development.

In the 1980s the region faced a great debt crisis which forced
countries to make efforts to implement rigorous macroeconomic
measures regarding public finances in order to liberate the
economy. Control of inflation and public deficit became the
main targets of most governments. Deterioration of economic
and social conditions, unemployment, extension of the informal
economy and poverty characterised this decade. In most of Latin
America, the results of economic liberalisation can be
characterised by substantial heterogeneity and volatility in long-
term growth, and modest (or even negative) economic growth
(Solimano and Soto, 2005).

This shift of the economic paradigm produced contradictory
results. On the one hand, the more-liberalised economies
attained greater economic growth than less-liberalised
economies and achieved higher levels of democracy. On the
other hand, there was an increase in volatility which led to
recurrent crises, poverty and increasing inequality. The
governments have failed to create strong social safety nets to
ameliorate social conditions (Huber and Solt, 2004).

In Latin America the wealthiest 10% of the population own
between 40% and 47% of the national income while the poorest
20% have only 2-4%. This type of income distribution is
comparable only to some African and ex-USSR countries
(Ferroni, 2005). The lack of equity in education, health services,
justice and access to credit can restrain economic development,
reduce investment and allow poverty to persist. A study
conducted by CEPAL (2002) concludes that the likelihood of
the poorest Latin American countries reaching the 7% GDP
growth they need is almost zero in the medium term. Even the
wealthier countries in the region will find it hard to reach a 4.1%
GDP growth target. Predictions for GDP growth in the region
for 2015 range from 2.1% to 3.8%, which is very far from the
5.7% average estimated as necessary to reduce poverty.

The combination of low economic growth and high levels of
inequality can make large parts of the region’s population very
vulnerable to economic and natural stressors, which would not
necessarily have to be very large in order to cause great social
damage (UNDP-GEF, 2003). The effects of climate change on
national economies and official development assistance have not
been considered in most vulnerability assessments. The impact of
climate change in Latin America’s productive sectors is estimated
to be a 1.3% reduction in the region’s GDP for an increase of 2°C
in global temperature (Mendelsohn et al., 2000). However, this
impact is likely to be even greater because this estimation does
not include non-market sectors and extreme events (Stern, 2007).
If no structural changes in economic policy are made to promote
investment, employment and productivity, economic and social
future scenarios for the region do not hold the economic growth
needed for its development, unless an uncommon combination
of external positive shocks occurs (Escaith, 2003).

13.2.5 Current adaptation

Weather and climate variability forecast
The mega 1982/83 El Niño set in motion an international

effort (the Tropical Ocean-Global Atmosphere (TOGA)
programme) to understand and predict this ocean-atmosphere
phenomenon. The result was the emergence of increasingly
reliable seasonal climate forecasts for many parts of the world,
especially for Latin America. These climate forecasts became
even more reliable with the use of TOGA observations of the
Upper Tropical Pacific from the mid-1990s, although they still
lack the ability to correctly predict the onset of some El Niño and
La Niña events (Kerr, 2003). Nowadays such forecasting systems
are based on the use of coupled atmospheric-ocean models and
have lead times of 3 months to more than 1 year. Such climate
forecasts have given rise to a number of applications and have
been in use in a number of sectors: starting in the late 1980s for
fisheries in the Eastern Pacific and crops in Peru (Lagos, 2001),
subsistence agriculture in north-east Brazil (Orlove et al., 1999),
prevention of vegetation fires in tropical South America (Nepstad
et al., 2004; http://www.cptec.inpe.br/), streamflow prediction
for hydropower in the Uruguay river (Tucci et al., 2003;
Collischonn et al., 2005), fisheries in the south-western Atlantic
(Severov et al., 2004), dengue epidemics in Brazil (IRI, 2002),
malaria control (Ruiz et al., 2006) and hydropower generation in
Colombia (Poveda et al., 2003).

Agriculture is a key sector for the potential use of ENSO-
based climate forecasts for planning production strategies as
adaptive measures. Climate forecasts have been used in the north-
east region of Brazil since the early 1990s. During 1992, based
on the forecast of dry conditions in Ceara, it was recommended
that crops better suited to drought conditions should be planted,
and this led to reduced grain production losses (67% of the losses
recorded for 1987, a year with similar rainfall but without climate
forecasting). However, this tool has not yet been fully adopted
because of some missed forecasts which eroded the credibility
of the system (Orlove et al., 1999). Recently, in Tlaxcala
(Mexico), ENSO forecasting was used to switch crops (from
maize to oats) during the El Niño event (Conde and Eakin, 2003).
This successful experience was based on strong stakeholder
involvement (Conde and Lonsdale, 2005). Recent studies have
quantified the potential economic value of ENSO-based climate
forecasts, and concluded that increases in net return could reach
10% in potato and winter cereals in Chile (Meza et al., 2003);
6% in maize and 5% in soybean in Argentina (Magrin and
Travasso, 2001); more than 20% in maize in Santa Julia, Mexico
(Jones, 2001); and 30% in commercial agricultural areas of
Mexico (Adams et al., 2003), when crop management practices
are optimised (e.g., planting date, fertilisation, irrigation, crop
varieties). Adjusting crop mix could produce potential benefits
close to 9% in Argentina, depending on site, farmers’ risk
aversion, prices and the preceding crop (Messina, 1999). In the
health sector, the application of climate forecasts is relatively new
(see Section 13.2.5.5). Institutional support for early warning
systems may help to facilitate early, environmentally-sound
public health interventions. For instance, the Colombian Ministry
of Health developed a contingency plan to control epidemics
associated with the 1997/98 El Niño event (Poveda et al., 1999).

Chapter 13 Latin America

591



In some countries of Latin America, improvements in
weather-forecasting techniques will provide better information
for hydrometeorological watching and warning services. The
installation of modern weather radar stations (with Doppler
capacity) would improve the reliability of these warnings, but
the network is still very sparse (WMO, 2007). Furthermore, the
deficiencies in the surface and upper air networks adversely
affect the reliability of weather outlooks and forecasts.
Nevertheless, the exacerbation of weather and climate
conditions and the problems arising from extreme events have
led to planning and implementation actions to improve the
observation, telecommunications and data processing systems
of the World Weather Watch (WWW). Moreover,the
participation of Latin American countries in the UN-IDSR
would lead to the implementation of new (and further
development of existing) monitoring and warning services in the
region. Examples of networks that predict seasonal climate and
climate extremes are the Regional Disaster Information Centre-
Latin America and Caribbean (CRID), the International Centre
for Research on El Niño Phenomenon (Ecuador), the Permanent
Commission of South Pacific (CIIFEN; CPPS) and the Andean
Committee for Disaster Prevention and Response (CAPRADE).
Some networks set up to respond to and prevent impacts are, for
example, the multi-stakeholder decision-making system
developed in Peru (Warner, 2006), the National Development
Plan and the National Risk Atlas implemented in Mexico (Quaas
and Guevara, 2006) and the communication programme for
indigenous populations, based on messages in the local language
(Alcántara-Ayala, 2004).

13.2.5.1 Natural ecosystems
Ecological corridors between protected areas have been

planned for the maintenance of biodiversity in natural
ecosystems. Some of these, such as the Mesoamerican
Biological Corridor, have been implemented, and these serve
also as adaptation measures. Important projects are those for
natural corridors in the Amazon and Atlantic forests (de Lima
and Gascon, 1999; CBD, 2003) and the Villcabamba–Amboró
biological corridor in Peru and Bolivia (Cruz Choque, 2003).
Conservation efforts would be also devoted to implementing
protection corridors containing mangroves, sea grass beds and
coral reefs to boost fish abundance on reefs, benefit local fishing
communities, and contribute to sustainable livelihoods (WWF,
2004). Other positive practices in the region are oriented towards
maintaining and restoring native ecosystems and protecting and
enhancing ecosystem services such as carbon sequestration in
the Noel Kempff Mercado Climate Action Project in Bolivia
(Brown et al., 2000). Conservation of biodiversity and
maintenance of ecosystem structure and function are important
for climate-change adaptation strategies, due to the protection
of genetically diverse populations and species-rich ecosystems
(World Bank, 2002a; CBD, 2003); an example is the initiative to
implement adaptation measures in high mountain regions which
has been developed in Colombia and other Andean countries
(Vergara, 2005). A new option to promote mountainous forest
conservation consists of compensating forest owners for the
environmental services that those forests bring to society
(UNEP, 2003a). The compensation is often financed by charging

a small price supplement to water users for the water originating
in forests. Such schemes are being implemented in various
countries of Latin America and were tested in Costa Rica
(Campos and Calvo, 2000). In Brazil, ‘ProAmbiente’ is an
environmental credit programme of the government, paying for
environmental services provided by smallholders that preserve
the forest (MMA, 2004). Another initiative in Brazil is the
ecological value-added tax, a fiscal instrument that remunerates
municipalities that protect nature and generate environmental
services, which was adopted initially by the states of Paraná and
Minas Gerais, and more recently implemented in parts of the
Amazon as well (May et al., 2004).

13.2.5.2 Agriculture
Some adaptive measures, such as changes in land use,

sustainable management, insurance mechanisms, irrigation,
adapted genotypes and changes in agronomic crop management,
are used in the agricultural sector to cope with climatic
variability. In addition, economic diversification has long been
a strategy for managing risk (both climatic and market) and this
has increased in recent years. While not a direct adaptation to
climatic change, this diversification is lessening the dependence
of farmers on agricultural income and enabling greater flexibility
in managing environmental change (Eakin, 2005). Farmers
located on the U.S.–Mexico border have been able to continue
farming in the valley through changes in irrigation technology,
crop diversification and market orientation, despite the crisis
with the local aquifers caused by drought and over-exploitation
(Vásquez-León et al., 2003). Sustainable land management
based on familiar practices (contour barriers, green manures,
crop rotation and stubble incorporation) allowed smallholders
in Nicaragua to better cope with the impacts of Hurricane Mitch
(Holt-Giménez, 2002). In Mexico, some small farmers are
testing adaptation measures for current and future climate,
implementing drip-irrigation systems, greenhouses and the use
of compost (Conde et al., 2006). According to Wehbe et al.
(2006), adjustments in planting dates and crop choice,
construction of earth dams and the conversion of agriculture to
livestock are increasingly popular adaptation measures in
González (Mexico), while in southern Cordoba (Argentina),
climate risk insurance, irrigation, adjusting planting dates,
spatial distribution of risk through geographically separated
plots, changing crops and maintaining a livestock herd were
identified as common measures to cope with climatic hazards.

13.2.5.3 Water resources
The lack of adequate adaptation strategies in Latin American

countries to cope with the hazards and risks of floods and
droughts is due to low gross national product (GNP), the
increasing population settling in vulnerable areas (prone to
flooding, landslides or drought) and the absence of the
appropriate political, institutional and technological framework
(Solanes and Jouravlev, 2006). Nevertheless, some communities
and cities have organised themselves, becoming active in disaster
prevention (Fay et al., 2003). Many poor inhabitants were
encouraged to relocate from flood-prone areas to safer places.
With the assistance of IRDB and IDFB loans, they built new
homes, e.g., resettlements in the Paraná river basin of Argentina,
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after the 1992 flood (IRDB, 2000). In some cases, a change in
environmental conditions affecting the typical economy of the
Pampas has led to the introduction of new production activities
through aquaculture, using natural regional fish species such as
pejerrey (Odontesthes bonariensis) (La Nación, 2002). Another
example, in this case related to the adaptive capacity of people to
water stresses, is given by ‘self organisation’ programmes for
improving water supply systems in very poor communities. The
organisation Business Partners for Development Water and
Sanitation Clusters has been working on four ‘focus’plans in LA:
Cartagena (Colombia), La Paz and El Alto (Bolivia), and some
underprivileged districts of Gran Buenos Aires (Argentina) (The
Water Page, 2001; Water 21, 2002). Rainwater cropping and
storage systems are important features of sustainable
development in the semi-arid tropics. In particular, there is a joint
project developed in Brazil by the NGO Network ASA Project,
called the P1MC- Project, for 1 million cisterns to be installed
by civilian society in a decentralised manner. The plan is to
supply drinking water to 1 million rural households in the
perennial drought areas of the Brazilian semi-arid tropics
(BSATs). During the first stage, 12,400 cisterns were built by
ASA and the Ministry of Environment of Brazil and a further
21,000 were planned by the end of 2004 (Gnadlinger, 2003). In
Argentina, national safe water programmes for local communities
in arid regions of Santiago del Estero province installed ten
rainwater catchments and storage systems between 2000 and
2002 (Basán Nickisch, 2002).

13.2.5.4 Coasts
Several Latin American countries have developed planned and

autonomous adaptation measures in response to current climate
variability impacts on their coasts. Most of them (e.g., Argentina,
Colombia, Costa Rica, Uruguay and Venezuela) focus their
adaptation on integrated coastal management (Hoggarth, et al.,
2001; UNEP, 2003b, Natenzon et al., 2005a, b; Nagy et al.,
2006b). The Caribbean Planning for Adaptation to Global
Climate Change project is promoting actions to assess
vulnerability (especially regarding rise in sea level), and plans
for adaptation and development of appropriate capacities
(CATHALAC, 2003). Since 2000, some countries have been
improving their legal framework on matters related to
establishing restrictions on air pollution and integrated marine
and coastal regulation (e.g., Venezuela’s integrated coastal zone
plan since 2002). Due to the strong pressure of human settlement
and economic activity, a comprehensive policy design is now
included within the ‘integrated coastal management’modelling in
some countries, such as Venezuela (MARN, 2005) and Colombia
(INVEMAR, 2005). In Belize and Guyana, the implementation
of land-use planning and zoning strengthens the norms for
infrastructure, the coastal-zone management plan, the adjustment
of building codes and better disaster-mitigation strategies
(including floodplain and other hazard mapping), which, along
with climate-change considerations, are used in the day-to-day
management of all sectors (CDERA, 2003; UNDP-GEF, 2003).

13.2.5.5 Human health
In Latin America, adaptation measures in the health sector

should basically be considered as isolated initiatives. A project

on adaptation to climate variability and change undertaken in
Colombia is oriented towards formulating measures to reduce
human health vulnerability and cope with impacts. The project
includes the development of an integrated national pilot
adaptation plan (INAP), for high mountain ecosystems, islands,
and human health concerns related to the expansion of areas for
vectors linked to malaria and dengue (Arjona, 2005). The project
includes the development of a comprehensive and integrated
dengue and malaria surveillance control system, aiming to
reduce the infection rate from both diseases by 30% (Mantilla,
2005). Other isolated measures have been identified for several
countries. For example, in Bolivia, adaptation measures
regarding the health impacts of climate change include activities
on vector control and medical surveillance. The aim is also to
have community participation and health education,
entomological research, strengthened sanitary services and the
development of research centres dealing with tropical diseases.
Government programmes would also focus on high-risk areas
for malaria and leishmaniasis under climate change (Aparicio,
2000).

13.3 Assumptions about future trends

13.3.1 Climate

13.3.1.1 Climate-change scenarios
Even though climate-change scenarios can be generated by

several methods (IPCC, 2001), the use of GCM outputs based on
the Special Report on Emissions Scenarios (SRES: Nakićenović
and Swart, 2000) is the adopted method for the Fourth
Assessment Report (AR4). Projections of average temperature
and rainfall anomalies throughout the current century derived
from a number of GCMs are available at the IPCC Data
Distribution Centre (IPCC DDC, 2003; http://www.ipcc-
data.org//) at a typical model resolution of 300 km, and for two
different greenhouse-gas (GHG) emissions scenarios (A2 and
B2). Additionally, Chapter 11 of the Working Group I Fourth
Assessment Report (Christensen et al., 2007) presents regional
projections for many parts of the world. Table 13.4 indicates
ranges of temperature and precipitation changes for sub-regions
of Latin America for several time-slices (2020, 2040, 2080),
obtained from seven GCMs and the four main SRES emissions
scenarios.

For 2020, temperature changes range from a warming of 0.4°C
to 1.8°C, and for 2080, of 1.0°C to 7.5°C. The highest values of
warming are projected to occur over tropical South America
(referred to as Amazonia in Table 13.4). The case for precipitation
changes is more complex, since regional climate projections
show a much higher degree of uncertainty. For central and
tropical South America, they range from a reduction of 20% to
40% to an increase of 5% to 10% for 2080. Uncertainty is even
larger for southern South America in both winter and summer
seasons, although the percentage change in precipitation is
somewhat smaller than that for tropical Latin America. Analyses
of these scenarios reveal larger differences in temperature and
rainfall changes among models than among emissions scenarios
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for the same model. As expected, the main source of uncertainty
for regional climate change scenarios is that associated with
different projections from different GCMs. The analysis is much
more complicated for rainfall changes. Different climate models
show rather distinct patterns, even with almost opposite
projections. In summary, the current GCMs do not produce
projections of changes in the hydrological cycle at regional scales
with confidence. In particular the uncertainty of projections of
precipitation remain high (e.g., Boulanger et al., 2006a, b, for
climate-change scenarios for South America using ten GCMs).
That is a great limiting factor to the practical use of such
projections for guiding active adaptation or mitigation policies.

GCM-derived scenarios are commonly downscaled using
statistical or dynamical approaches to generate region- or site-
specific scenarios. These approaches are described in detail in
Chapter 11 of the Working Group I Fourth Assessment Report
(Christensen et al., 2007). There have been a number of such
exercises for South America using an array of GCM scenarios
(HADCM3, ECHAM4, GFDL, CSIRO, CCC, etc.), usually for
SRES emissions scenarios A2 and B2: for southern South
America (Bidegain and Camilloni, 2004; Nuñez et al., 2005;
Solman et al., 2005a, b), Brazil (Marengo, 2004), Colombia
(Eslava and Pabón, 2001; Pabón et al., 2001) and Mexico (Conde
and Eakin, 2003). Downscaled scenarios may reveal smaller-
scale phenomena associated with topographical features or
mesoscale meteorological systems and land-use changes, but in
general the uncertainty associated with using different GCMs as
input is a dominant presence in the downscaled scenarios
(Marengo and Ambrizzi, 2006).

13.3.1.2 Changes in the occurrence of extremes
Many of the current climate change studies indicate that the

frequency in the occurrence of extreme events will increase in
the future. Many impacts of climate change will be realised as
the result of a change in the frequency of occurrence of extreme
weather events such as windstorms, tornados, hail, heatwaves,
gales, heavy precipitation or extreme temperatures over a few

hours to several days. A limited number of studies on extremes
from global models assessed during the AR4 (e.g., Tebaldi et al.,
2007) provide estimates of frequency of seasonal temperature
and precipitation extreme events as simulated in the present and
by the end of 21st century under the A1B emissions scenario. In
Central America, the projected time-averaged precipitation
decrease is accompanied by more frequent dry extremes in all
seasons. In South America, some models anticipate extremely
wet seasons in the Amazon region and in southern South
America, while others show the opposite tendency.

13.3.2 Land-use changes

Deforestation in Latin America’s tropical areas will be one of
the most serious environmental disasters faced in the region.
Currently, Latin America is responsible for 4.3% of global GHG
emissions. Of these, 48.3% result from deforestation and land-
use changes (UNEP, 2000). By 2010 the forest areas in South
and Central America will be reduced by 18 Mha and 1.2 Mha,
respectively. These areas (see Figure 13.3) will be used for
pasture and expanding livestock production (FAO, 2005).

If the 2002-2003 deforestation rate (2.3 Mha/yr) in Brazilian
Amazonia continues indefinitely, then 100 Mha of forest (about
25% of the original forest) will have disappeared by the year
2020 (Laurance et al., 2005), while by 2050 (for a business-as-
usual scenario) 269.8 Mha will be deforested (Moutinho and
Schwartzman, 2005). By means of simulation models, Soares-
Filho et al. (2005) estimated for Brazilian Amazonia that in the
worst-case scenario, by 2050 the projected deforestation trend
will eliminate 40% of the current 540 Mha of Amazon forests,
releasing approximately 32 Pg (109 tonnes/ha) of carbon to the
atmosphere. Moreover, under the current trend, agricultural
expansion will eliminate two-thirds of the forest cover of five
major watersheds and ten eco-regions, besides the loss of more
than 40% of 164 mammalian species habitats.

Projected to be one of the main drivers of future land-use
change, the area planted to soybeans in South America is
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2020 2050 2080
Changes in temperature (°C)

Central America Dry season +0.4 to +1.1 +1.0 to +3.0 +1.0 to +5.0

Wet season +0.5 to +1.7 +1.0 to +4.0 +1.3 to +6.6

Amazonia Dry season +0.7 to +1.8 +1.0 to +4.0 +1.8 to +7.5

Wet season +0.5 to +1.5 +1.0 to +4.0 +1.6 to +6.0

Southern South America Winter (JJA) +0.6 to +1.1 +1.0 to +2.9 +1.8 to +4.5

Summer (DJF) +0.8 to +1.2 +1.0 to +3.0 +1.8 to +4.5

Change in precipitation (%)

Central America Dry season
Wet season

−7 to +7
−10 to +4

−12 to +5
−15 to +3

−20 to +8
−30 to +5

Amazonia Dry season
Wet season

−10 to +4
−3 to +6

−20 to +10
−5 to +10

−40 to +10
−10 to +10

Southern South America Winter (JJA)
Summer (DJF)

−5 to +3
−3 to +5

−12 to +10
−5 to +10

−12 to +12
−10 to +10

DJF= December/January/February, JJA= June/July/August.

Table 13.4. Projected temperature (°C) and precipitation (%) changes for broad sub-regions of Central and South America based on Ruosteenoja
et al. (2003). Ranges of values encompass estimates from seven GCMs and the four main SRES scenarios.



expected to increase from 38 Mha in 2003/04 to 59 Mha in
2019/20 (Maarten Dros, 2004). The total production of
Argentina, Brazil, Bolivia and Paraguay will rise by 85% to
172 million tonnes or 57% of world production. Direct and
indirect conversion of natural habitats to accommodate this
expansion amounts to 21.6 Mha. Habitats with the greatest
predicted area losses are the Cerrado (9.6 Mha), dry and humid
Chaco (the largest dry forest in South America, which covers
parts of Argentina, Paraguay, Bolivia and Brazil; 6.3 Mha),
Amazon transition and rain forests (3.6 Mha), Atlantic forest
(1.3 Mha), Chiquitano forest (transition between Amazonian
forest and Chaco forest; 0.5 Mha) and Yungas forest (0.2 Mha).
This massive deforestation will have negative impacts on the
biological diversity and ecosystem composition of South
America as well as having important implications for regional
and local climate conditions.

13.3.3 Development

13.3.3.1 Demographics and societies
The population of the Latin American region has continued to

grow and is expected to be 50% larger than in 2000 by the year
2050. Its annual population growth rate has decreased and is
expected to reach a value of 0.89% by 2015, which is
considerably less than 1.9%, the average rate for the 1975-2002
period. The population has continued to migrate from the
countryside to the cities, and by 2015 about 80% of the
population will be urban, almost 30% more than in the 1960s.
The population aged under 15 years will decline and at the same
time the population aged over 65 years will increase. Total
fertility rate (births per woman) decreased from 5.1 to 2.5
between 1970-1975 and 2000-2005 and is expected to decrease
to 2.2 by 2015 (ECLAC, 1998).

According to ECLAC (1998) the number of people in an age-
range making them dependent (between 0 and 14 and over 65
years) will increase from 54.8% at present to almost 60% in
2050. This will increase pressure on the social security systems
in the region and increase the contributions that the population of
working age will have to make in order to maintain the
availability of health and educational services. Life expectancy at
birth increased from 61.2 years in the 1970s to 72.1 years in the
2000-2005 five-year period, and is expected to increase to
74.4 years by 2015. Crude mortality rate is expected to increase
from the current value of 7.8 (per thousand) to almost 12 by 2050.

Human migration has become an important issue in the
region. Recent studies (ECLAC, 2002b) have estimated that
20 million Latin American and Caribbean nationals reside
outside their countries, with the vast majority in North America.
This phenomenon has important effects on national economies
and creates important social dependencies: 5% of households in
the region benefit from remittances which in 2003 amounted to
US$38 billion (17.6% more than in 2002; IMO, 2005).

According to the Human Development Index, all countries in
the region are classified within high and medium development
ranks. In addition, Latin American countries are ranked within
the upper half of the Human Poverty Index and have shown a
systematic improvement between 1975 and 2002. It is difficult
to ignore the fact that, although there are no Latin American
countries classified in the low development rank, there are huge
contrasts among and within countries in terms of levels of
technological development, sophistication of financial sectors,
export capacities and income distribution (CEPAL, 2002).

13.3.3.2 Economic scenarios
Projections of economic evolution for the region strongly

depend on the interpretation of the results of the liberalisation
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Figure 13.3. Predicted 2000-2010 South American and Central American deforestation hotspots and diffuse deforestation areas (available at:
http://www.virtualcentre.org/en/dec/neotropics/south_america.htm and http://www.virtualcentre.org/en/dec/neotropics/central_america.htm).



process that the region has experienced during the last 20 years,
and therefore can be contradictory. On the one hand, economists
who favour liberalisation of Latin American economies argue
that countries that have implemented these types of policies have
improved in terms of growth rate, stability, democracy and even
with regard to inequality and poverty (for example: Walton,
2004; World Bank, 2006). On the other hand, another group of
experts in economics, sociology and politics is concerned with
the effects that neoliberalisation has had for the region,
especially in terms of increases in inequality and poverty, but
also in terms of lack of economic growth (Huber and Solt,
2004). This is still an unresolved debate that imparts great
uncertainty to economic scenarios for Latin America.

The first group’s view provides the following insights for
economic prospects. Analysts from the World Bank argue that
while the real per capita GDP of Latin America has had a very
low growth – about 1.3%/yr average during the 1990 to 2000
period – in the long term (from 2006 to 2015), regional GDP is
projected to increase by 3.6%/yr, and per capita income is
expected to rise by 2.3%/yr on average (World Bank, 2006).
Current estimates forecast a growth of 4%/yr for the region in
2006 and 3.6%/yr in 2007 and real per capita GDP growth of
2.6%/yr and 2.3%/yr, respectively (Loser, 2006; World Bank,
2006). These positive prospects are attributed to the
implementation of economic policies such as a substantial
reduction of the fiscal imbalances and inflation control that have
restrained growth in the past. According to this source, the area
is on track to meet its Millennium Development Goals on
poverty; however, it is important to note that the region’s
performance is not as good as other developing regions such as
central Asia and, notably, China. An improvement on this rate of
growth could be achieved by consolidating current economic
policies (Walton, 2004; World Bank, 2006).

The second group of experts argue that the results of the
liberalisation, far from establishing a sound basis for economic
growth, have weakened the regional economy, reducing its rate
of growth and making it more volatile, exacerbating social
inequality and poverty, and limiting the region’s capacity for
future growth (Huber and Solt, 2004; Solimano and Soto, 2005).
Lack of economic growth, inequality, a deficient legal
framework and demographic pressures have been demonstrated
to be important factors for increasing environmental depletion
and vulnerability to climate variability and extreme events
(CEPAL, 2002).

13.4 Summary of expected key future
impacts and vulnerabilities

13.4.1 Natural ecosystems

Tropical plant species may be sensitive to small variations of
climate, since biological systems respond slowly to relatively
rapid changes of climate. This fact might lead to a decrease of
species diversity. Based on Hadley Centre Atmosphere-Ocean
General Circulation Model (AOGCM) projections for A2
emissions scenarios, there is the potential for extinction of 24%

of 138 tree species of the central Brazil savannas (Cerrados) by
2050 for a projected increase of 2°C in surface temperature
(Siqueira and Peterson, 2003; Thomas et al., 2004). By the end
of the century, 43% of 69 tree plant species studied could become
extinct in Amazonia (Miles et al., 2004). In terms of species and
biome redistributions, larger impacts would occur over north-east
Amazonia than over western Amazonia. Several AOGCM
scenarios indicate a tendency towards ‘savannisation’ of eastern
Amazonia (Nobre et al., 2005) and the tropical forests of central
and south Mexico (Peterson et al., 2002; Arriaga and Gómez,
2004). In north-east Brazil the semi-arid vegetation would be
replaced by the vegetation of arid regions (Nobre et al., 2005), as
in most of central and northern Mexico (Villers and Trejo, 2004).

Up to 40% of the Amazonian forests could react drastically to
even a slight reduction in precipitation; this means that the
tropical vegetation, hydrology and climate system in South
America could change very rapidly to another steady state, not
necessarily producing gradual changes between the current and
the future situation (Rowell and Moore, 2000). It is more
probable that forests will be replaced by ecosystems that have
more resistance to multiple stresses caused by temperature
increase, droughts and fires, such as tropical savannas.

The study of climate-induced changes in key ecosystem
processes (Scholze et al., 2005) considers the distribution of
outcomes within three sets of model runs grouped according to
the amount of global warming they simulate: <2°C, 2-3°C and
>3°C. A high risk of forest loss is shown for Central America
and Amazonia, more frequent wildfire in Amazonia, more runoff
in north-western South America, and less runoff in Central
America. More frequent wildfires are likely (an increase in
frequency of 60% for a temperature increase of 3°C) in much of
South America. Extant forests are destroyed with lower
probability in Central America and Amazonia. The risks of forest
losses in some parts of Amazonia exceed 40% for temperature
increases of more than 3°C (see Figure 13.3).

The tropical cloud forests in mountainous regions will be
threatened if temperatures increase by 1°C to 2°C during the
next 50 years due to changes in the altitude of the cloud-base
during the dry season, which would be rising by 2 m/yr. In places
with low elevation and isolated mountains, some plants will
become locally extinct because the elevation range would not
permit natural adaptation to temperature increase (FAO, 2002).
The change in temperature and cloud-base in these forests could
have substantial effects on the diversity and composition of
species. For example, in the cloud forest of Monteverde Costa
Rica, these changes are already happening. Declines in the
frequency of mist days have been strongly associated with a
decrease in population of amphibians (20 of 50 species) and
probably also bird and reptile populations (Pounds et al., 1999).

Modelling studies show that the ranges occupied by many
species will become unsuitable for them as the climate changes
(IUCN, 2004). Using modelling projections of species
distributions for future climate scenarios, Thomas et al. (2004)
show, for the year 2050 and for a mid-range climate change
scenario, that species extinction in Mexico could sharply increase:
mammals 8% or 26% loss of species (with or without dispersal),
birds 5% or 8% loss of species (with or without dispersal), and
butterflies 7% or 19% loss of species (with or without dispersal).
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13.4.2 Agriculture

Several studies using crop-simulation models and future
climate scenarios were carried out in Latin America for
commercial annual crops (see Table 13.5). According to a global
assessment (Parry et al., 2004), if CO2 effects are not considered,
grain yield reductions could reach up to 30% by 2080 under the
warmer scenario (HadCM3 SRES A1FI), and the number of
additional people at risk of hunger under the A2 scenario is
likely to reach 5, 26 and 85 million in 2020, 2050 and 2080,
respectively (Warren et al., 2006). However, if direct CO2 effects
are considered, yield changes could range between reductions
of 30% in Mexico and increases of 5% in Argentina (Parry et
al., 2004), and the additional number of people at risk of hunger
under SRES A2 would increase by 1 million in 2020, remain
unchanged in 2050 and decrease by 4 million in 2080.

More specific studies considering individual crops and
countries are also presented in Table 13.5. The great uncertainty
in yield projections could be attributed to differences in the
GCM or incremental scenario used, the time-slice and SRES
scenario considered, the inclusion or not of CO2 effects, and the
site considered. Other uncertainties in yield impacts are derived
from model inaccuracies and unmodelled processes. Despite
great variability in yield projections, some behaviour seems to be
consistent all over the region, such as the projected reduction in
rice yields after the year 2010 and the increase in soybean yields
when CO2 effects are considered. Larger crop yield reductions
could be expected in the future if the variance of temperatures
were doubled (see Table 13.5). For smallholders a mean
reduction of 10% in maize yields could be expected by 2055,
although in Colombia yields remain essentially unchanged,
while in the Venezuelan Piedmont yields are predicted to decline
to almost zero (Jones and Thornton, 2003). Furthermore, an
increase in heat stress and more dry soils may reduce yields to
one-third in tropical and sub-tropical areas where crops are
already near their maximum heat tolerance. The productivity of
both prairies/meadows and pastures will be affected, with loss of
carbon stock in organic soils and also a loss of organic matter
(FAO, 2001b). Other important issues are the expected
reductions in land suitable for growing coffee in Brazil, and in
coffee production in Mexico (see Table 13.5).

In temperate areas, such as the Argentinean and Uruguayan
Pampas, pasture productivity could increase by between 1% and
9% according to HadCM3 projections under SRES A2 for 2020
(Gimenez, 2006). As far as beef cattle production is concerned,
in Bolivia future climatic scenarios would have a slight impact
on animal weight if CO2 effects are not considered, while
doubling CO2 and increases of 4°C in temperature are very
likely to result in decreases in weight that could be as much as
20%, depending on animal genotype and region (NC-Bolivia,
2000).

Furthermore, the combined effects of climate change and
land-use change on food production and food security are related
to a larger degradation of lands and a change in erosion patterns
(FAO, 2001b). According to the World Bank (2002a, c), some
developing countries are losing 4-8% of their GDP due to
productive and capital losses related to environmental
degradation. In drier areas of Latin America, such as central and

northern Chile, the Peruvian coast, north-east Brazil, dry Gran
Chaco and Cuyo, central, western and north-west Argentina and
significant parts of Mesoamerica (Oropeza, 2004), climate
change is likely to lead to salinisation and desertification of
agricultural lands. By 2050, desertification and salinisation will
affect 50% of agricultural lands in Latin America and the
Caribbean zone (FAO, 2004a).

In relation to pests and diseases, the incidence of the coffee
leafminer (Perileucoptera coffeella) and the nematode
Meloidogyne incognita are likely to increase in future in Brazil’s
production area. The number of coffee leafminer cycles could
increase by 4%, 32% and 61% in 2020, 2050 and 2080,
respectively, under SRES A2 scenarios (Ghini et al., 2007).
According to Fernandes et al. (2004), the risk of Fusarium head
blight incidence in wheat crops is very likely to increase under
climate change in south Brazil and Uruguay. The demand for
water for irrigation is projected to rise in a warmer climate,
bringing increased competition between agricultural and
domestic use in addition to industrial uses. Falling watertables
and the resulting increase in the energy used for pumping will
make the practice of agriculture more expensive (Maza et al.,
2001). In the state of Ceará (Brazil), large-scale reductions in
the availability of stored surface water could lead to an
increasing imbalance between water demand and water supply
after 2025 (ECHAM scenario; Krol and van Oel, 2004).

13.4.3 Water resources

Almost 13.9% of the Latin American population (71.5 million
people) have no access to a safe water supply; 63% of these
(45 million people) live in rural areas (IDB, 2004). Many rural
communities rely on limited freshwater resources (surface or
underground) and many others on rainwater, using water-
cropping methods which are very vulnerable to drought (IDB,
2004). People living in water-stressed watersheds (less than
1,000 m3/capita per year) in the absence of climate change were
estimated to number 22.2 million in 1995 (Arnell, 2004). The
number of people experiencing increased water stress under the
SRES scenarios is estimated to range from 12 to 81 million in
the 2020s, and from 79 to 178 million in the 2050s (Arnell,
2004). These estimates do not take into account the number of
people moving out of water-stressed areas (unlike Table 13.6).
The current vulnerabilities observed in many regions of Latin
American countries will be increased by the joint negative
effects of growing demands for water supplies for domestic use
and irrigation due to an increasing population, and the expected
drier conditions in many basins. Therefore, taking into account
the number of people experiencing decreased water stress, there
will still be a net increase in the number of people becoming
water-stressed (see Table 13.6).

In some zones of Latin America where severe water stresses
could be expected (eastern Central America, in the plains,
Motagua valley and Pacific slopes of Guatemala, eastern and
western regions of El Salvador, the central valley and Pacific
region of Costa Rica, in the northern, central and western inter-
montane regions of Honduras and in the peninsula of Azuero in
Panama), water supply and hydroelectric generation would be
seriously affected (Ramírez and Brenes, 2001; ECLAC, 2002a).
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Vulnerability studies foresee the ongoing reductions in
glaciers. A highly stressed condition is projected between 2015
and 2025 in the water availability in Colombia, affecting water
supply and ecosytem functioning in the páramos (IDEAM,
2004), and very probably impacting on the availability of water
supply for 60% of the population of Peru (Vásquez, 2004). The
projected glacier retreat would also affect hydroelectricity
generation in some countries, such as Colombia (IDEAM, 2004)
and Peru; one of the more affected rivers would be the Mantaro,
where an hydroelectric plant generates 40% of Peru’s electricity
and provides the energy supply for 70% of the country’s
industries, concentrated in Lima (UNMSM, 2004) .

In Ecuador, recent studies indicate that seven of the eleven
principal basins would be affected by a a decrease in their annual
runoff, with monthly decreases varying up to 421% of unsatisfied
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Yield impacts (%)

Study Climate scenario Wheat Maize Soybean Rice Others

Guyana
(NC-Guyana, 2002)

CGCM1 2020-2040 (2xCO2)
CGCM1 2080-2100 (3xCO2)

−3
−16

Sg: −30
Sg: −38

Panama
(NC-Panama, 2000)

HadCM2-UKHI (IS92c-IS92f)
2010/2050/2100 (1xCO2)

+9/−34/−21

Costa Rica
(NC-Costa Rica, 2000)

+2ºC −15% precip. (1xCO2) −31 Pt: ↓

Guatemala
(NC-Guatemala, 2001)

+1.5ºC −5% precip.
+2ºC +6% precip.
+3.5ºC −30% precip.

+8 to −11
+15 to −11
+13 to −34

−16
−20
−27

Bn: +3 to −28
Bn: +3 to −42
Bn: 0 to −66

Bolivia
(NC-Bolivia, 2000)

GISS and UK89 (2xCO2).I
Incremental (2xCO2)
+3ºC −20% precip.
optimistic-pessimistic (1xCO2)
optimistic-pessimistic (2xCO2)
IS92a (1xCO2)*1

IS92a (2xCO2)*1

−25
+50

−3 to −20
+12 to +59

−2

−15
Pt: +5 to+2*2

Pt: +7 to+5*2

Brazil
(Siqueira et al., 2001)

GISS (550 ppm CO2) −30 −15 +21

SESA*3

(Gimenez, 2006)
Hadley CM3-A2 (500 ppm)
Hadley CM3-A2 (500 ppm).I

+9 to +13
+10 to +14

−5 to +8
0 to +2

+31 to +45
+24 to +30

Argentina, Pampas
(Magrin and Travasso, 2002)

+1/+2/+3ºC (550 ppm CO2).I
UKMO (+5.6ºC) (550 ppm CO2).I

+11/+3/−4
−16

0/−5/−9
−17

+40/+42/+39
+14

Honduras
(Díaz-Ambrona et al., 2004)

Hadley CM2 (1xCO2) 2070
Hadley CM2 (2xCO2) 2070

−21
0

Central Argentina
(Vinocur et al., 2000;
Vinocur, 2005)

Hadley CM3-B2 (477ppm)
ECHAM98-A2 (550ppm)
+1.5/+3.5ºC (1xCO2)
+1.5/+3.5ºC (1xCO2) (2T )*4

+21
+27

−13/−17
−19/−35

Latin America
(Jones and Thornton, 2003)

HadCM2
(smallholders)

−10

Latin America
(Parry et al., 2004)

HadCM3 A1FI (1xCO2)
HadCM3 B1 (1xCO2)
HadCM3 A1FI (2xCO2)
HadCM3 B1 (2xCO2)

Cereal yields: −5 to −2.5 (2020) −30 to −5 (2050) −30 (2080)
−10 to −2.5 (2020) −10 to −2.5 (2050) −30 to −10 (2080)
−5 to +2.5 (2020) −10 to +10 (2050) −30 to +5 (2080)
−5 to −2.5 (2020) −5 to +2.5 (2050) −10 to +2.5 (2080)

Mexico, Veracruz
(Gay et al., 2004)

HadCM2 ECHAM4 (2050) Coffee: 73% to 78% reduction in production

Brazil, São Paulo
(Pinto et al., 2002)

+1ºC + 15% precip.
+5.8ºC + 15%precip.

Coffee: 10% reduction in suitable lands for coffee
97% reduction in suitable lands for coffee

Costa Rica
(NC-Costa Rica, 2000)

Sensitivity analysis Coffee: Increases (up to 2ºC) in temperature would benefit crop yields

Table 13.5. Future impacts on the agricultural sector.

I = Irrigated crops; precip. = precipitation; *1 Values correspond to soybean sowing in winter and summer for 2010 and 2020; *2 Increases every
10 years. *3 SESA= South East South America; *4 2Tσ: doubled variance of temperature. Bn: bean, Sg: sugar cane, Pt: potato.

1995 2025 2055

Scenario/
GCM

Without
climate

change (1)

With
climate

change (2)

Without
climate

change (1)

With
climate

change (2)

A1
HadCM3

22.2 35.7 21.0 54.0 60.0

A2
HadCM3

22.2 55.9 37.0-66.0 149.3 60.0-150.0

B1
HadCM3

22.2 35.7 22.0 54.0 74.0

B2
HadCM3

22.2 47.3 7.0-77.0 59.4 62.0

Table 13.6. Net increases in the number of people living in water-stressed
watersheds in Latin America (millions) by 2025 and 2055 (Arnell, 2004).

(1) according to Arnell (2004, Table 7); (2) according to Arnell (2004,
Tables 11 and 12).



demand (related to mean monthly runoff) in year 2010 with the
scenario of +2°C and −15% precipitation (Cáceres, 2004). In
Chile, recent studies confirm the potential damage to water supply
and sanitation services in coastal cities, as well as groundwater
contamination by saline intrusion. In the Central region river
basins, changes in streamflows would require many water
regulation works to be redesigned (NC-Chile, 1999).

Under severe dry conditions, inappropriate agricultural
practices (deforestation, soil erosion and the excessive use of
agrochemicals) will deteriorate surface and groundwater
quantity and quality. That would be the case in areas that are
currently degraded, such as Leon, Sebaco Valley, Matagalpa and
Jinoteca in Nicaragua, metropolitan and rural areas of Costa
Rica, Central Valley rivers in Central America, the Magdalena
river in Colombia, the Rapel river basin in Chile, and the
Uruguay river in Brazil, Uruguay and Argentina (UNEP, 2003b).

Landslides are generated by intense/persistent precipitation
events and rainstorms. Furthermore, in Latin America they are
associated with deforestation and a lack of land planning and
disaster-warning systems. Many cities of Latin America, which
are already vulnerable to landslides and mudflows, are very
likely to suffer the exacerbation of extreme events, with
increasing risks/hazards for local populations (Fay et al., 2003).
Accelerated urban growth, increasing poverty and low
investment in water supply will contribute to: water shortages in
many cities, high percentages of the urban population without
access to sanitation services, an absence of treatment plants, high
groundwater pollution, lack of urban drainage systems, storm
sewers used for domestic waste disposal, the occupation of flood
valleys during drought seasons, and high impacts during flood
seasons (Tucci, 2001).

13.4.4 Coasts

The majority of vulnerability and impacts assessments in
Latin America have been made under the framework of National
Communications (NC) to the UNFCCC (United Nations
Framework Convention on Climate Change). Unfortunately the
methodological approaches adopted are very diverse. Many are
based on incremental scenarios (SLR 0.3-1.0 m), in some cases
combined with coastal river flooding. Some include a cost-
benefit analysis with and without measures (e.g., Ecuador, El
Salvador and Costa Rica). Long-term and recent trends of SLR,
flooding and storm surges are not always available or analysed.
Some other countries (e.g., Chile and Peru) prioritise the impacts
of ENSO events and the increase in SST on fisheries.

Significant impacts of projected climate change and sea-level
rise are expected for 2050-2080 on the Latin American coastal
areas. With most of their population, economic activities and
infrastructure located at or near sea-level, coastal areas will be
very likely to suffer floods and erosion, with high impacts on
people, resources and economic activities (Grasses et al., 2000;
Kokot, 2004; Barros, 2005; UCC, 2005). Results from several
studies using SLR incremental and future climate change
scenarios are summarised in Table 13.7. Projected impacts
which would entail serious socio-economic consequences
include floods; population displacement; salinisation of lowland
areas affecting sources of drinking water (Ubitarán Moreira et

al., 1999); coastal storm regime modification; increased erosion
and altered coastal morphology (Conde, 2001; Schaeffer-Novelli
et al., 2002; Codignotto, 2004; Villamizar, 2004); diversion of
farm land; disruption of access to fishing grounds; negative
impacts on biodiversity, including mangroves; salinisation and
over-exploitation of water resources, including groundwater
(FAO, 2006); and pollution and sea-water acidification in marine
and coastal environments (Orr et al., 2005). Other factors such
as the artificial opening of littoral bars, pressures from tourism,
excessive afforestation with foreign species, and coastal setback
starting from the decrease of the fluvial discharge in the
Patagonian rivers, will add to the impacts on coastal
environments (Grasses et al., 2000; Rodríguez-Acevedo, 2001;
OAS-CIDI, 2003; Kokot, 2004).

As for coastal tourism, the most impacted countries will be
those where the sectoral contribution to the GDP, balance of
payments and employment is relatively high, and which are
threatened by windstorms and projected sea-level rise: such as
those of Central America, the Caribbean coast of South America
and Uruguay (Nagy et al., 2006a, c). Thus, climate change is
very likely to be a major challenge for all coastal nations.

13.4.5 Human health

The regional assessments of health impacts due to climate
change in the Americas show that the main concerns are heat
stress, malaria, dengue, cholera and other water-borne diseases
(Githeko and Woodward, 2003). Malaria continues to pose a
serious health risk in Latin America, where 262 million people
(31% of the population) live in tropical and sub-tropical regions
with some potential risk of transmission, ranging from 9% in
Argentina to 100% in El Salvador (PAHO, 2003). Based on
SRES emissions scenarios and socio-economic scenarios, some
projections indicate decreases in the length of the transmission
season of malaria in many areas where reductions in
precipitation are projected, such as the Amazon and Central
America. The results report additional numbers of people at risk
in areas around the southern limit of the disease distribution in
South America (van Lieshout et al., 2004). Nicaragua and
Bolivia have predicted a possible increase in the incidence of
malaria in 2010, reporting seasonal variations (Aparicio, 2000;
NC-Nicaragua, 2001). The increase in malaria and population
at risk could impact the costs of health services, including
treatment and social security payments.

Kovats et al. (2005) have estimated relative risks (the ratio of
risk of disease/outcome or death among the exposed to the risk
among the unexposed) of different health outcomes in the year
2030 in Central America and South America, with the highest
relative risks being for coastal flood deaths (drowning), followed
by diarrhoea, malaria and dengue. Other models project a
substantial increase in the number of people at risk of dengue
due to changes in the geographical limits of transmission in
Mexico, Brazil, Peru and Ecuador (Hales et al., 2002). Some
models project changes in the spatial distribution (dispersion)
of the cutaneous leishmaniasis vector in Peru, Brazil, Paraguay,
Uruguay, Argentina and Bolivia (Aparicio, 2000; Peterson and
Shaw, 2003), as well as the monthly distribution of dengue
vector (Peterson et al., 2005).
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Climate change is likely to increase the risk of forest fires. In
some countries, wildfires and intentional forest fires have been
associated with an increased risk of out-patient visits to hospital
for respiratory diseases and an increased risk of breathing
problems (WHO, 2000; Mielnicki et al., 2005). In urban areas
exposed to the ‘heat island’ effect and located in the vicinity of
topographical features which encourage stagnant air mass
conditions and the ensuing air pollution, health problems would

be exacerbated, particularly those resulting from surface ozone
concentrations (PAHO, 2005). Furthermore, urban settlements
located on hilly ground, where soil texture is loose, would be
affected by landslides and mudflows; thus people living in poor-
quality housing would be highly vulnerable.

Highly unusual stratospheric ozone loss and UV-B increases
have occurred in the Punta Arenas (Chile) area over the past two
decades, resulting in the non-photoadapted population being
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Country/Region Climate scenario Impacts/costs (people, infrastructure, ecosystems, sectors)

Latin America HADCM3: SRES
B2, B1, A2, A1FI.
SLR (Nicholls, 2004)

Assuming uniform population growth, no increase in storm intensity and no adaptation response
(constant protection) the average annual number of coastal flood victims by the 2080s will
probably range between 3 million and 1 million under scenarios A and B, respectively. If coastal
defences are upgraded in line with rising wealth (evolving adaptation), the number of victims
would be 1 million people under the worst-case scenario (A1FI). Finally, if coastal defences are
upgraded against sea-level rise (enhanced adaptation); no people should be affected (Warren et
al., 2006).
People at risk1 on coastal flood plains are likely to increase from 9 million in 1990 to 16 million (B1)
and 36 million (A2) by the 2080s.

Low-lying coasts
in Brazil, Ecuador,
Colombia, Guyana,
El Salvador,
Venezuela

SRES A2: 38-104 cm Mangrove areas could disappear from more exposed and marginal environments and, at the same
time, the greatest development would occur in the more optimal high-sedimentation, high-tide
and drowned river-valley environments. Shrimp production will be affected, with a consequent
drop in production and GDP share (Medina et al., 2001).

El Salvador SLR: 13-110 cm Land loss ranging from 10% to 27.6% of the total area (141-400.7 km2) (NC-El Salvador, 2000).

Guyana SLR 100 cm projected
by GCMs

Over 90% of the population and the most important economic activities are located in coastal
areas which are expected to retreat by as much as 2.5 km (NC-Guyana, 2002).

Mesoamerican
coral reef and
mangroves from
Gulf of Mexico

Warmer SST: 1-3°C by
the 2080s under IPCC
SRES scenarios

Coral reef and mangroves are expected to be threatened, with consequences for a number of
endangered species: e.g., the green, hawksbill and loggerhead turtles, the West Indian manatee,
and the American and Motelet’s species of crocodile (Cahoon and Hensel, 2002).

Costa Rica, Punta
Arenas coast

SLR 0.3-1.0 m Sea water could penetrate 150 to 500 m inland, affecting 60-90% of urban areas (NC-Costa Rica,
2000).

Ecuador, Guayas
river system,
associated coastal
zone and
Guayaquil City

No-change: LANM0,
moderate: LANM1,
and severe changes:
LANM2, with and
without economic
development

Losses of US$1,305 billion, which include shrimp cultures, mangroves, urban and recreation
areas, supply of drinking water, as well as banana, rice and sugarcane cultivation. US$1,040 billion
would be under risk. Evacuated and at-risk population should rise to 327,000 and 200,000 people,
respectively. Of the current 1,214 km2 of mangroves, it is estimated that 44% will be affected by
the LANM2 scenario (NC-Ecuador, 2000).

Peru Intensification of
ENSO events and
increases in SST.
Potential SLR

Increased wind stress, hypoxia and deepening of the thermocline will impact on the marine
ecosystem and fisheries, i.e., reduction of spawning areas and fish catches of anchovy. Flooding
of infrastructure, houses and fisheries will cause damage valued at US$168.3 million. Global
losses on eight coastal regions in Peru are estimated at US$1,000 million (NC-Perú, 2001).

Colombia SLR 1.0 m Permanent flooding of 4,900 km2 of low-lying coast. About 1.4 million people would be affected;
29% of homes would be highly vulnerable; the agricultural sector would be exposed to flooding
(e.g., 7.2 Mha of crops and pasture would be lost); 44.8% of the coastal road network would be
highly vulnerable (NC-Colombia, 2001).

Argentina (Buenos
Aires City)

Storm surges and SLR
2070/2080

Very low-lying areas which are likely to be permanently flooded are now only thinly populated.
Vulnerability is mostly conditioned by future exposure to extreme surges. Rapid erosion with its
consequent coastline retreat will occur at a rate depending on geological characteristics of the
area. As a result of adaptation to present storm-surge conditions, the social impact of future
permanent flooding will be relatively small (Kokot, 2004; Kokot et al., 2004; Menéndez and Ré,
2005).

Argentina and
Uruguay (western
Montevideo)
coastal areas.
Buenos Aires and
Rio Negro
Provinces

SLR, climate variability,
ENSO, storm surges
(‘sudestadas’)

Increases in non-eustatic factors (i.e., an increase in ‘sudestadas’ (a strong south-eastern wind
along the Rio de la Plata coast) and freshwater flow, the latter often associated with El Niño, would
accelerate SLR in the Río de la Plata, having diverse environmental and societal impacts on both
the Argentine and Uruguay coasts over the next few decades, i.e., coastal erosion and inundation.
Low-lying areas (estuarine wetlands and sandy beaches very rich in biodiversity) will be highly
vulnerable to SLR and storm surges (southern winds). Loss of land would have a major impact on
the tourism industry, which accounts for 3.8% of Uruguay’s GDP (Barros, 2003; Codignotto, 2004;
Kokot, 2004, Kokot et al., 2004; NC-Uruguay, 2004; Nagy et al., 2005, 2006c; Natenzon et al.,
2005b).

Table 13.7. Future impacts and vulnerability to climate change and variability in Latin America: people and coastal systems.

1 This is defined as living below the 1 in 1,000 year flood level.



repeatedly exposed to an altered solar UV spectrum causing a
greater risk of erythema and photocarcinogenesis. According to
Abarca and Cassiccia (2002), the rate of non-melanoma skin
cancer, 81% of the total, has increased from 5.43 to 7.94 per
100,000 (46%).

Human migration resulting from drought, environmental
degradation and economic reasons may spread disease in
unexpected ways, and new breeding sites for vectors may arise
due to increasing poverty in urban areas and deforestation and
environmental degradation in rural areas (Sims and Reid, 2006).

Recent studies warn of the possible re-emergence of Chagas’
disease in Venezuela (Feliciangeli et al., 2003; Ramírez et al.,
2005) and Argentina (PNC, 2005), and a wider vector
distribution in Peru (Cáceres et al., 2002). Some models project
a dispersal potential for Chagas’ vector species into new areas
(Costa et al., 2002).

A national assessment of Brazilian regions demonstrated that
the north-east is the most vulnerable to the health effects of
changing climate due to its poor social indicators, the high level
of endemic infectious diseases, and the periodic droughts that
affect this semi-arid region (Confalonieri et al., 2005).

13.5 Adaptation: practices, options and
constraints

13.5.1 Practices and options

13.5.1.1 Natural ecosystems
Some options to increase the capacity to adapt to climate

change include the reduction of ecosystem degradation in Latin
America through the improvement and reinforcement of policy,
planning and management. According to the Millennium
Ecosystem Assessment (2005), Biringer et al. (2005), FAO
(2004b), Laurance et al. (2001), Brown et al. (2000) and Nepstad
et al. (2002), these options are basically as follows.

• In the government context: integrate decision-making
between different departments and sectors and participate in
international institutions in order to ensure that policies are
focused on the protection of ecosystems.

• Identify and exploit synergies: taking advantage of synergies
between proposed and existing adaptation policies and
actions can provide significant benefits to both endeavours
(Biringer et al., 2005).

• Procure the empowerment of marginalised groups so as to
influence the decisions that affect them and their ecosystem
services, and campaign for legal recognition of local
communities’ ownership of natural resources. This option is
the key to reducing the incidence of forest fires.

• Include sound valuation and management of ecosystem
services in all regional planning decisions and in poverty
reduction strategies, e.g., Noel Kempff Mercado Climate
Action Project in Bolivia and Río Bravo Carbon
Sequestration Pilot Project in Belize.

• Establish additional protected areas, particularly the
biological or ecological corridors, for preserving the
connections between protected areas, with the aim of

preventing the fragmentation of natural habitats. Some
programmes and projects involving actions with different
degrees of implementation are: the Meso-American
Biological Corridor; Binational Corridors (e.g., Tariquía-
Baritú between Argentina and Bolivia, Vilcabamba-Amboro
between Peru and Bolivia, Cóndor Kutukú between Peru and
Ecuador, Chocó–Manabí between Ecuador and Colombia),
the natural corridor projects under way in Brazil’s Amazon
region and the Atlantic forests of Colombia (e.g., Corredor
Biológico Guácharos–Puracé and Corredor de Bosques
Altoandinos de Roble); those in Venezuela (e.g., Corredor
Biológico de la Sierra de Portuguesa), Chile (e.g., Corredor
entre la Cordillera de los Andes y la Cordillera de la Costa
and Proyecto Gondwana), and some initiatives in Argentina
(e.g., Iniciativa Corredor de Humedales del Litoral Fluvial de
la Argentina, Corredor Verde de Misiones, and Proyecto de
Biodiversidad Costera).

• Tropical countries in the region can reduce deforestation
through adequate funding of programmes designed to
enforce environmental legislation, support for economic
alternatives to extensive forest clearing (including carbon
crediting), and building capacity in remote forest regions, as
recently suggested in part of the Brazilian Amazon (Nepstad
et al., 2002; Fearnside, 2003). Moreover, substantial amounts
of forest can be saved in protected areas if adequate funding
is available (Bruner et al., 2001; Pimm et al., 2001).

• Monitoring and evaluating (M&E) adaptation strategy
impacts on biodiversity. The process of monitoring change in
biological systems can be complex and resource-intensive,
requiring involved observation and data collection,
painstaking analysis, etc. Care should be taken to ensure that
an M&E plan is developed which ensures a robust yet
streamlined M&E process (Biringer et al., 2005).

• Agroforestry using agroecological methods offers strong
possibilities for maintaining biological diversity in Latin
America, given the overlap between protected areas and
agricultural zones (Morales et al., 2007).

13.5.1.2 Agriculture and forestry
Some adaptation measures aiming to reduce climate change

impacts have been proposed in the agricultural sector. For
example, in Ecuador, options such as agro-ecological zoning and
appropriate sowing and harvesting seasons, the introduction of
higher-yielding varieties, installation of irrigation systems,
adequate use of fertilisers, and implementation of a system for
controlling pests and disease were proposed (NC-Ecuador,
2000). In Guyana several adjustments relating to crop variety
(thermal and moisture requirements and shorter-maturing
varieties), soil management, land allocation to increase
cultivable area, using new sources of water (recycling of
wastewater), harvesting efficiency, and purchases to supplement
production (fertilisers and machinery) were identified (NC-
Guyana, 2002).

In other countries, adaptation measures have been assessed
by means of crop simulation models. For example, in the
Pampas region of Argentina, anticipating planting dates and the
use of wheat and maize genotypes with longer growth cycles
would take advantage of projected longer growing seasons as a
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result of the shortening of the period when frosts may occur
(Magrin and Travasso, 2002). More recently, Travasso et al.
(2006) reported that, in South Brazil, Uruguay and Argentina,
the negative impacts of future climate on maize and soybean
production could be offset by changing planting dates and
adding supplementary irrigation.

In terms of food security, a significant number of
smallholders and subsistence farmers may be particularly
vulnerable to climate change in the short term, and their
adaptation options may be more limited. Of particular concern
are farmers in Central America, where drying trends have been
reported, and in the poorer regions of the Andes. Adaptations in
these communities may involve policies for market development
of new and existing crop and livestock products, breeding
drought-tolerant crops, modified farm-management practices,
and improved infrastructure for off-farm employment
generation. Increasingly, cross-sectoral perspectives are needed
when considering adaptation options in these communities
(Jones and Thornton, 2003; Eakin, 2005). In dry areas of north-
eastern Brazil, where small farmers are among the social groups
most vulnerable to climate change, the production of vegetable
oils from native plants (e.g., castor bean) to supply the bio-diesel
industry has been proposed as an adaptation measure (La
Rovere et al., 2006).

A global study (which includes case studies of northern
Argentina and south-eastern Brazil) concluded that in northern
Argentina occasional problems in water supply for agriculture
under the current climate may be exacerbated by climate change,
and may require timely improvements in crop cultivars,
irrigation and drainage technology, and water management.
Conversely, in south-eastern Brazil, future water supply for
agriculture is likely to be plentiful (Rosenzweig et al., 2004).

As a way of avoiding the consequences of deforestation as a
likely impact on the regional climate, several measures are
currently being initiated in the region and are likely to be
intensified in the future. Argentina, Brazil, Costa Rica and Peru
have adopted new forestry laws and policies that include better
regulatory measures, sustainability principles, expansion of
protected areas, certification of forestry products and expansion of
forest plantations into non-forested areas (Tomaselli, 2001). In the
Brazilian Amazon state of Mato Grosso, where 18,000 km2 of
forest and savannas were converted to pasture and soybean fields
in 2003, requirements for licensing of deforestation and
environmental certification of soybean have been introduced as a
way to preserve the environment. A similar proposal is under
development for the Mato Grosso cattle industry (Nepstad, 2004).
Most countries provide incentives for managing their native
forests: exemption from land taxes (Chile, Ecuador), technical
assistance (Ecuador), and subsidies (Argentina, Mexico and
Colombia) (UNEP, 2003a). Chile and Guyana demand prior
studies on environmental impact before approving forestry
projects, depending upon their importance; Mexico, Belize, Costa
Rica and Brazil are already applying forestry certification.
Argentina, Chile, Paraguay, Costa Rica and Mexico have
established model forests designed to demonstrate the application
of sustainable management, taking into account productive and
environmental aspects, and with the wide participation of civilian
society, including community and indigenous groups.

13.5.1.3 Water resources
Water management policies in Latin America should be the

central point of the adaptation criteria to be established in order to
strengthen the countries’ capacities to manage water resources
availability and demand, and ensure the safety of people and
protection of their belongings under changing climatic conditions.
In this regard, the principal actions for adaptation must include:
improvement and further development of legislation related to
land use on floodplains, ensuring compliance with existing
regulations of risk zones, floodplain use and building codes; re-
evaluating the design and safety criteria of structural measures for
water management; developing groundwater protection and
restoration plans to maintain water storage for dry seasons;
developing public awareness campaigns to highlight the value of
rivers and wetlands as buffers against increased climate variability
and to improve participation of vulnerable groups in flood
adaptation and mitigation programmes (IRDB, 2000; Bergkamp
et al., 2003; Solanes and Jouravlev, 2006).

Adaptation to drier conditions in 60% of the territory of Latin
America would require a great increase in the amount of
investment in water supply systems, in addition to the
US$17.7 billion needed to accomplish the provision of safe water
systems to 121 million people, necessary to achieve the
Millennium Declaration for Safe Water goals by 2015 (even
though this would leave 10% of the population of Latin America
without access to safe water) (IDB, 2004).

Managing transbasin diversions has been the solution for water
development in some regions of the world, particularly in
California. In Latin America, transbasin transfers in Yacambú
basin (Venezuela), Catamayo-Chira basins (Ecuador and Peru),
Alto Piura and Mantaro basins (Peru), and the São Francisco River
(Brazil) would be an option to mitigate the likely stresses on water
supply for the population. Transbasin diversions should be
practiced responsibly, taking into account environmental
consequences and the hydrological regime (Vásquez, 2004;
Marengo and Raigoza, 2006).

The use of urban and rural groundwater needs to be controlled
and rationalised, taking into account the quality, distribution and
trends over time identified in each region. To develop sustainable
groundwater and aquifer management, the rules to apply would
be: limit or reduce the consequences of excessive abstractions,
slow down growth of abstractions, explore possibilities for artificial
aquifer recharge, and evaluate options for planned mining of
groundwater storage (IRDB, 2000; World Bank, 2002b; Solanes
and Jouravlev, 2006). Water conservation practices, re-use of water,
water recycling by modification of industrial processes and
optimisation of water consumption bring opportunities for
adaptation to water-stressed periods (COHIFE, 2003).

13.5.1.4 Coasts
Future adaptation of coastal systems in LatinAmerica is mostly

based on coastal zone management, monitoring and protection
plans (see Sections 13.2.5.4 and 13.4.4) which are not specific for
climate variability and change and are not yet fully implemented.
However, the current coastal environmental framework should be
an important support for implementing adaptation options to
climate change. Table 13.8 shows some examples of practices and
options related to adaptations to climate change.
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Most fishing countries have regulations governing access to
their fishing grounds (e.g., Argentina, Chile and Ecuador) and
others have been drafting new legislation in order to control the
use of coastal and fishing resources and to introduce adaptation
measures (e.g., Costa Rica, Guyana, Panama, Peru, Venezuela). A
number of regional agreements have also been signed on the
protection of the marine environment, the prevention of pollution
from marine or terrestrial sources, and the management of
commercial fisheries (Young, 2001; UNEP, 2002; Bidone and
Lacerda, 2003; OAS-CIDI, 2003). Brazil and Costa Rica ratified
the UN Convention on the Law of the Sea (UNCLOS, 2005),
related to the conservation and management of straddling fish
stocks2 and highly migratory fish stocks.

Coastal biodiversity could be maintained, and even improved,
through sustainable use by promoting community management to
make conservation a part of sustainable development of coastal
resources such as mangroves and their artisanal fisheries. In this
regard, Mexico, Ecuador, Guatemala, Brazil and Nicaragua have
promoted initiatives to develop the necessary local community
participation in the managed forest of coastal zones (Kovacs,
2000; Windevoxhel and Sención, 2000; Yáñez-Arancibia and
Day, 2004; FAO, 2006).

13.5.1.5 Human health
There are many initiatives that should be implemented in

order to deal with different health impacts due to climate change
in Latin American countries. Awareness regarding impacts
should be enhanced in the region, including community
involvement (see Chapter 8, Section 8.6.1). One main

shortcoming is that a lack of information adversely affects
decision-making, so research and human-resource training are
fundamental. Therefore, one of the main tasks to support
research and decision-making is to build up statistical
information relating health conditions and events to the
corresponding climate and related environmental issues (e.g.,
floods, tornados, landslides, etc.), based on a strengthened
surveillance system for climate-sensitive diseases (see Chapter
8, Section 8.6) (Anderson, 2006). It is essential to establish a
regular channel of communication -with the Pan American
Health Organization (PAHO/WHO) to report and classify such
information, to integrate the data into a regionalisation of
sanitary/health conditions, and thus improve early warnings of
epidemics. The advantages of international initiatives such as
the Global Health Watch 2005-2006 – not simply as a recipient
of information but also as a provider of information – should
also be considered. The assessments should take into account
human health vulnerability and public health adaptation to
climate change.

As human health is a result of the interplay between many
different sectors, it is important to consider the impacts in the water
sector in order to identify the measures focusing on the surveillance
of water-borne diseases and vulnerable populations, as well as
impacts from the agricultural sector, biodiversity, natural resources,
air pollution and drought. An important concern relating to health
is the implications of increased human migration and changes in
disease patterns; this implies greater intergovernmental co-
ordination and cross-boundary actions. Future analysis based on
ecological niche modelling for disease vectors will be very useful
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2 Straddling fish stocks: found in both the coastal zone and high seas.

Country/Study Climate scenario Adaptation (practices and options)/costs

Ecuador
(NC-Ecuador,
2000)

LANM2 (+1.0 m) Protection against severe scenario conditions: coastal defence of Guayas river basin at a cost of less than
US$2 billion with benefits two to three times greater; reforestation of mangroves and preservation of flooded
areas to protect 1,204 km2 and shrimp farms (the shrimp industry is the country’s third largest export item)
against flooding.

Guyana
(NC-Guyana,
2002)

LANM2 Accretion development on a low-lying coastal strip 77 km wide in the east and 26 km wide in the western
Essequibo region.

Colombia
(NC-Colombia,
2001)

SLR Recovery and strengthening resiliency of natural systems in order to facilitate natural adaptation to SLR as
well as a programme of coastal zone management which emphasizes preservation of wetlands, areas prone
to flooding and those of high value.

Panama
(NC-Panama,
2000)

SLR Autonomous and planned adaptation measures to protect the loss of beaches, based mainly on soft
engineering practices.

Peru
(NC-Perú, 2001)

ENSO, SST Modern satellite observation systems of sea and continent similar to the international programmes TOGA and
CLIVAR, and capacity-building for at least 50 scientists in oceanic, atmospheric and hydrological modelling
and GIS systems.

Uruguay
(NC-Uruguay,
2004)

Flooding and SLR Monitoring systems in order to: track impacts on the coasts; restore degraded areas; develop an institutional
framework for integrated coastal management (ICM); define setback regulations; improve local knowledge on
beach nourishment; develop contingency plans against flooding; assess socio-economic and environmental
needs; encourage stakeholders’ participation.

Argentina
(Kokot, 2004;
Menéndez and
Ré, 2005)

SLR 2070 Flood risk maps for Buenos Aires based on SLR trends, records of storm surges (‘sudestadas’) and a two-
dimensional hydrodynamic model. These maps will be useful for early warning of extreme events.

Table 13.8. Adaptation practices and options for Latin American coasts: selected countries.



to provide new potentials for optimising the use of resources for
disease prevention and remediation via automated forecasting of
disease transmission rates (Costa et al., 2002; Peterson et al., 2005).

13.5.2 Constraints on adaptation

At the present time, constraints of a different nature are
observed in the region that are very likely to damp stakeholders’
capacities, and decision-makers’ capabilities, to achieve policy
efficacy and economic efficiency for adapting to climate change.
Socio-economic and political factors such as limited availability
of credit and technical assistance, and low public investment in
infrastructure in rural areas, have been shown to seriously reduce
the capability to implement adaptive options in the agricultural
sector, particularly for small producers (Eakin, 2000; Vásquez-
León et al., 2003). In addition, inadequate education and public
health services are key barriers to decreasing climate change and
variability impacts, and developing coping mechanisms for
extreme weather events such as flooding and droughts, mainly
in poor rural areas (Villagrán de León et al., 2003).

A poor appreciation of risk, lack of technical knowledge,
inappropriate monitoring, and scarce or incomplete databases

and information are important constraints to adaptation to
current climate trends. The usefulness of weather forecasts and
early warning systems in the region is typically limited by these
factors as well as by the lack of resources to implement and
operate them (NC-Ecuador, 2000; Barros, 2005).

Public health policies are focused on curative approaches
rather than on large-scale preventative programmes and are not
integrated with other socio-economic policies that could enhance
their effectiveness in addressing climate change impacts. There
is a lack of tools to address cross-cutting issues and long-term
public health challenges. In most countries, the inter-sectoral
work between the health sector and other sectors such as
environment, water resources, agriculture and climat-
ological/meteorological services is very limited (Patz et al.,
2000). In coastal areas, environmental policies, laws and
regulations, have been conflicting in the implementation of
adaptation options to climate-change-related impacts (UNEP,
2003b).

13.6 Case studies
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Box 13.1. Amazonia: a ‘hotspot’ of the Earth system

The Amazon Basin contains the largest contiguous extent of tropical forest on Earth, almost 5.8 million km2 (see Figure 13.3). It
harbours perhaps 20% of the planet’s plant and animal species. There is abundance of water resources and the Amazon River
accounts for 18% of the freshwater input to the global oceans. Over the past 30 years almost 600,000 km2 have been deforested
in Brazil alone (INPE-MMA, 2005a) due to the rapid development of Amazonia, making the region one of the ‘hotspots’ of global
environmental change on the planet. Field studies carried out over the last 20 years clearly show local changes in water, energy,
carbon and nutrient cycling, and in atmospheric composition, caused by deforestation, logging, forest fragmentation and biomass
burning. The continuation of current trends shows that over 30% of the forest may be gone by 2050 (Alencar et al., 2004; Soares-
Filho et al., 2006). In the last decade, research by the Large Scale Biosphere-Atmosphere (LBA) Experiment in Amazonia is
uncovering novel features of the complex interaction between vegetated land surfaces and the atmosphere on many spatial and
temporal scales. The LBA Experiment is producing new knowledge on the physical, chemical and biological functioning of
Amazonia, its role for our planet, and the impacts on that functioning due to changes in climate and land use
(http://lba.cptec.inpe.br/lba/site/).

There is observational evidence of sub-regional changes in surface energy budget, boundary layer cloudiness and regional
changes in the lower troposphere radiative transfer due to biomass-burning aerosol loadings. The discovery of large numbers of
cloud condensation nuclei (CCN) due to biomass burning has led to speculation about their possible direct and indirect roles in
cloud formation and rainfall, possibly reducing dry-season rainfall (e.g., Andreae et al., 2004). During the rainy season, in contrast,
there are very low amounts of CCN of biogenic origin and the Amazonian clouds show the characteristics of oceanic clouds.
Carbon cycle studies of the LBA Experiment indicate that the Amazonian undisturbed forest may be a sink of carbon for about
100 to 400 Mt C/yr, roughly balancing CO2 emissions due to deforestation, biomass burning, and forest fragmentation of about
300 Mt C/yr (e.g., Ometto et al., 2005). On the other hand, the effect of deforestation and forest fragmentation is increasing the
susceptibility of the forest to fires (Nepstad et al., 2004).

Observational evidence of changes in the hydrological cycle due to land-use change is inconclusive at present, although
observations have shown reductions in streamflow and no change in rainfall for a large sub-basin, the Tocantins river basin (Costa
et al., 2003). Modelling studies of large-scale deforestation indicate a probably drier and warmer post-deforestation climate (e.g.,
Nobre et al., 1991, among others). Reductions in regional rainfall might lead to atmospheric teleconnections affecting the climate
of remote regions (Werth and Avissar, 2002). In sum, deforestation may lead to regional climate changes that would lead in turn
to a ‘savannisation’ of Amazonia (Oyama and Nobre, 2003; Hutyra et al., 2005). That factor might be greatly amplified by global
warming. The synergistic combination of both regional and global changes may severely affect the functioning of Amazonian
ecosystems, resulting in large biome changes with catastrophic species disappearance (Nobre et al., 2005).



Chapter 13 Latin America

605

The subsistence of indigenous civilisations in the Americas relied on the resources cropped under the prevailing climate
conditions around their settlements. In the highlands of today’s Latin America, one of the most critical limitations affecting
development was, as currently is, the irregular distribution of water. This situation is the result of the particularities of the
atmospheric processes and extremes, the rapid runoff in the deep valleys, and the changing soil conditions. The tropical Andes’
snowmelt was, as it still is, a reliable source of water. However, the streams run into the valleys within bounded water courses,
bringing water only to certain locations. Moreover, valleys and foothills outside of the Cordillera Blanca glaciers and extent of
the snow cover, as well as the Altiplano, receive little or no melt-water at all. Therefore, in large areas, human activities depended
on seasonal rainfall. Consequently, the pre-Colombian communities developed different adaptive actions to satisfy their
requirements. Today, the problem of achieving the necessary balance between water availability and demand is practically the
same, although the scale might be different.

Under such limitations, from today’s Mexico to northern Chile and Argentina, the pre-Colombian civilisations developed the
necessary capacity to adapt to the local environmental conditions. Such capacity involved their ability to solve some hydraulic
problems and foresee climate variations and seasonal rain periods. On the engineering side, their developments included rainwater
cropping, filtration and storage; the construction of surface and underground irrigation channels, including devices to measure the
quantity of water stored (Figure 13.4) (Treacy, 1994; Wright and Valencia Zegarra, 2000; Caran and Nelly, 2006). They also were
able to interconnect river basins from the Pacific and Atlantic watersheds, in the Cumbe valley and in Cajamarca (Burger, 1992).

Figure 13.4. Nasca (southern coast of Peru) system of water cropping for underground aqueducts and feeding the phreatic layers.

Other capacities were developed to foresee climate variations and seasonal rain periods, to organise their sowing schedules
and to programme their yields (Orlove et al., 2000). These efforts enabled the subsistence of communities which, at the peak
of the Inca civilisation, included some 10 million people in what is today Peru and Ecuador.

Their engineering capacities also enabled the rectification of river courses, as in the case of the Urubamba River, and the building
of bridges, either hanging ones or with pillars cast in the river bed. They also used running water for leisure and worship purposes,
as seen today in the ‘Baño del Inca’ (the spa of the Incas), fed from geothermal sources, and the ruins of a musical garden at
Tampumacchay in the vicinity of Cusco (Cortazar, 1968). The priests of the Chavin culture used running water flowing within
tubes bored into the structure of the temples in order to produce a sound like the roar of a jaguar; the jaguar being one of their
deities (Burger, 1992). Water was also used to cut stone blocks for construction. As seen in Ollantaytambo, on the way to Machu
Picchu, these stones were cut in regular geometric shapes by leaking water into cleverly made interstices and freezing it during
the Altiplano night, reaching below zero temperatures. They also acquired the capacity to forecast climate variations, such as those
from El Niño (Canziani and Mata, 2004), enabling the most convenient and opportune organisation of their foodstuff production.
In short, they developed pioneering efforts to adapt to adverse local conditions and define sustainable development paths.

Today, under the vagaries of weather and climate, exacerbated by the increasing greenhouse effect and the rapid retreat of the
glaciers (Carey, 2005; Bradley et al., 2006), it would be extremely useful to revisit and update such adaptation measures.
Education and training of present community members on the knowledge and technical abilities of their ancestors would be
the way forward. ECLAC’s procedures for the management of sustainable development (Dourojeanni, 2000), when considering
the need to manage the extreme climate conditions in the highlands, refer back to the pre-Colombian irrigation strategies.

Box 13.2. Adaptation capacity of the South American highlands’ pre-Colombian communities



13.7 Conclusions and implications for
sustainable development

In Latin America there is ample evidence of increases in
extreme climatic events and climate change. Since the TAR,
unusual extreme weather events have occurred in most
countries, such as continuous drought/flood episodes, the
Hurricane Catarina in the South Atlantic, and the record
hurricane season of 2005 in the Caribbean Basin. In addition,
during the 20th century, temperature increases, rainfall increases
and decreases, and changes in extreme events, were reported for
several areas. Changes in extreme episodes included positive
trends in warm nights, and a positive tendency for intense
rainfall events and consecutive dry days. Some negative impacts
of these changes were glacier retreat, increases in flood
frequency, increases in morbidity and mortality, increases in
forest fires, loss of biodiversity, increases in plant diseases,
reduction in dairy cattle production and problems with
hydropower generation. However, beneficial impacts were
reported for the agricultural sector in temperate zones.
According to Swiss Re estimations, if no action is taken in Latin
America to slow down climate change, in the next decades
climate-related disasters could cost US$300 billion per year
(CEPAL, 2002; Swiss Re, 2002).

On the other hand, rates of deforestation have increased since
the TAR (e.g., in Brazilian Amazonia). In Argentina, Bolivia,
Brazil and Paraguay, agricultural expansion, mainly the soybean
cropping boom, has exacerbated deforestation and has
intensified the process of land degradation. This critical land-
use change will enhance aridity and desertification in many of
the already water-stressed regions in South America, affecting
not only the landscape but also modifying the water cycle and
the climate of the region.

As well as climatic stress and changes in land use, other
stresses are compromising the sustainable development of Latin
America. Demographic pressures, as a result of migration to
urban areas, result in widespread unemployment, overcrowding
and the spread of infectious diseases. Furthermore, over-
exploitation is a threat to most local production systems, and
aquifer over-exploitation and mismanagement of irrigation
systems are causing salinisation of soils and water and sanitation
problems.

By the end of the 21st century, the projected mean warming
for Latin America ranges from 1 to 4°C or from 2 to 6°C,
according to the scenario, and the frequency of weather and
climate extremes is very likely to increase. By the year 2020,
100 Mha of Brazil Amazonia forest will have disappeared if
deforestation rates continue as in 2002/03, and the soybean-
planted area in South America could reach 59 Mha, representing
57% of the world’s soybean production. By 2050, the population
of LA is likely to be 50% higher than in 2000, and migration
from the countryside to the cities will continue.

Predicted changes are very likely to severely affect a number
of ecosystems and sectors (see Figure 13.5) by:

• decreasing plant and animal species diversity, and causing
changes in ecosystem composition and biome distribution,

• melting most tropical glaciers in the near future (2020-2030),
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Figure 13.5. Key hotspots for Latin America.



• reducing water availability and hydropower generation,
• increasing desertification and aridity,
• severely affecting people, resources and economic activities

in coastal areas,
• increasing crop pests and diseases,
• changing the distribution of some human diseases and

introducing new ones.
One beneficial impact of climate change is likely to be the
projected increase in soybean yields in the south of South
America. However, the future conversion of natural habitats to
accommodate soybean expansion are very likely to severely
affect some ecosystems such as the Cerrados, dry and humid
Chaco, Amazon transition and rainforest, and the Atlantic,
Chiquitano and Yungas forests.

If the Latin American countries continue to follow the
business-as-usual scenario, the wealth of natural resources that
have supported economic and socio-cultural development in the
region will be further degraded, reducing the regional potential
for growth. Urgent measures must be taken to help bring
environmental and social considerations from the margins to the
fore of decision-making and development strategies (UNEP,
2002).

Climate change would bring new environmental conditions
resulting from modifications in space and time, and in the
frequency and intensity, of weather and climate processes. These
atmospheric processes are closely interlinked with environmental,
social and economic pillars on which development should be
based, and all together may influence the selection of sustainable
development paths. Facing a new climate system and, in
particular, the exacerbation of extreme events, will call for new
ways to manage human and natural systems for achieving
sustainability. Future development in regional, sub-regional and
local areas must be based on reliable and sufficiently-dense basic
data. Consequently, any action towards sustainable development
already commits governments and stakeholders to take the lead in
the development of the information necessary to facilitate the
actions needed to cope with the adversities of climate events, from
the transitional period until a new climate system is established,
and to take advantage of the new climate system’s potential
advantages.

13.8 Key uncertainties and investigation
priorities

The projections mentioned in this chapter rely on the quality
of the available mathematical models. As it can be seen in its
different sections, there are contradictory statements. Such
contradictions, also observed in other sectoral and regional
chapters, make evident some of the weaknesses of models,
especially when the necessary observational background is
missing. In addition to the models’ shortcomings, the use of
socio-economic scenarios which are not sufficiently
representative of the socio-economic conditions in the region,
plus the problems still being faced with downscaling techniques,
puts more emphasis on the lack of information as a critical
uncertainty. Additionally, the communication of risk to

stakeholders and decision-makers under uncertainty has been
shown to be a significant weakness that needs to be addressed in
the short term.

In order to promote economic efficiency and policy efficacy
for future adaptation, important multidisciplinary research
efforts are required in order to reduce the information gaps. In
preparing for the challenges that climate change is posing to the
region in the future, the research priorities should be to resolve
the constraints already identified in terms of facing current
climate variability and trends, such as:

• lack of awareness,
• lack of well-distributed and reliable observation systems,
• lack of adequate monitoring systems,
• poor technical capabilities,
• lack of investment and credits for the development of

infrastructure in rural areas,
• scarce integrated assessments, mainly between sectors,
• limited studies on the economic impacts of current and

future climate variability and change,
• restricted studies on the impacts of climate change on

societies,
• lack of clear prioritisation in the treatment of topics for the

region as a whole.
In addition, other priorities considering climate change are:

• to reduce uncertainties in future projections,
• to assess the impacts of different policy options on

reducing vulnerability and/or increasing adaptive capacity.
It is also worth stating that we must change the attitude from
planning to effective operation of observation and alerting
systems. Currently, the typical response to a severe climatic
event consists of intervening after the fact, usually with
insufficient funds to restore the conditions prior to the event. A
necessary change would be to migrate from a culture of response
to a culture of prevention.

In addition, the possibility of abrupt climate change due to a
perturbation of the thermohaline circulation opens up a new
theme for concern in the Latin American region, where there
have been no studies about its possible effects. Another related
problem is the occurrence of possible climatic ‘surprises’ (even
in a gradually changing climate) when certain thresholds are
surpassed and a negative feedback mechanism is triggered,
affecting different sectors and resources. Tropical forests and
tropical glaciers are likely candidates for surprises.
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Executive summary

North America has experienced locally severe economic
damage, plus substantial ecosystem, social and cultural
disruption from recent weather-related extremes, including
hurricanes, other severe storms, floods, droughts, heatwaves
and wildfires (very high confidence).
Over the past several decades, economic damage from severe
weather has increased dramatically, due largely to increased value
of the infrastructure at risk. Annual costs to North America have
now reached tens of billions of dollars in damaged property and
economic productivity, as well as lives disrupted and lost. [14.2.3,
14.2.6, 14.2.7, 14.2.8]

The vulnerability of North America depends on the
effectiveness and timing of adaptation and the distribution of
coping capacity, which vary spatially and among sectors (very
high confidence).
Although North America has considerable adaptive capacity,
actual practices have not always protected people and property
from adverse impacts of climate variability and extreme weather
events. Especially vulnerable groups include indigenous peoples
and those who are socially or economically disadvantaged.
Traditions and institutions in North America have encouraged a
decentralised response framework where adaptation tends to be
reactive, unevenly distributed, and focused on coping with rather
than preventing problems. ‘Mainstreaming’climate change issues
into decision making is a key prerequisite for sustainability.
[14.2.6, 14.4, 14.5, 14.7]

Coastal communities and habitats will be increasingly
stressed by climate change impacts interacting with
development and pollution (very high confidence).
Sea level is rising along much of the coast, and the rate of change
will increase in the future, exacerbating the impacts of progressive
inundation, storm-surge flooding and shoreline erosion. Storm
impacts are likely to be more severe, especially along the Gulf
and Atlantic coasts. Salt marshes, other coastal habitats, and
dependent species are threatened by sea-level rise, fixed structures
blocking landward migration, and changes in vegetation.
Population growth and the rising value of infrastructure in coastal
areas increases vulnerability to climate variability and future
climate change. Current adaptation is uneven and readiness for
increased exposure is low. [14.2.3, 14.4.3, 14.5]

Climate change will constrain North America’s over-allocated
water resources, increasing competition among agricultural,
municipal, industrial and ecological uses (very high
confidence).
Rising temperatures will diminish snowpack and increase
evaporation, affecting seasonal availability of water. Higher
demand from economic development, agriculture and population
growth will further limit surface and groundwater availability. In
the Great Lakes and major river systems, lower levels are likely
to exacerbate challenges relating to water quality, navigation,
recreation, hydropower generation, water transfers and bi-national
relationships. [14.2.1, 14.4.1, 14.4.6, Boxes 14.2 and 14.3]

Climate change impacts on infrastructure and human health
and safety in urban centres will be compounded by ageing
infrastructure, maladapted urban form and building stock,
urban heat islands, air pollution, population growth and an
ageing population (very high confidence).
While inertia in the political, economic, and cultural systems
complicates near-term action, the long life and high value of North
American capital stock make proactive adaptation important for
avoiding costly retrofits in coming decades. [14.4.5, 14.4.6, 14.5,
Box 14.3]

Without increased investments in countermeasures, hot
temperatures and extreme weather are likely to cause
increased adverse health impacts from heat-related mortality,
pollution, storm-related fatalities and injuries, and infectious
diseases (very high confidence).
Historically important countermeasures include early warning and
surveillance systems, air conditioning, access to health care,
public education, vector control, infrastructure standards and air
quality management. Cities that currently experience heatwaves
are expected to experience an increase in intensity and duration of
these events by the end of the century, with potential for adverse
health effects. The growing number of the elderly is most at risk.
Water-borne diseases and degraded water quality are very likely
to increase with more heavy precipitation. Warming and climate
extremes are likely to increase respiratory illness, including
exposure to pollen and ozone. Climate change is likely to increase
risk and geographic spread of vector-borne infectious diseases,
including Lyme disease and West Nile virus. [14.2.5, 14.2.6,
14.4.5, 14.4.6, 14.5]

Disturbances such as wildfire and insect outbreaks are
increasing and are likely to intensify in a warmer future with
drier soils and longer growing seasons (very high confidence).
Although recent climate trends have increased vegetation growth,
continuing increases in disturbances are likely to limit carbon
storage, facilitate invasive species, and disrupt ecosystem services.
Warmer summer temperatures are expected to extend the annual
window of high fire ignition risk by 10-30%, and could result in
increased area burned of 74-118% in Canada by 2100. Over the
21st century, pressure for species to shift north and to higher
elevations will fundamentally rearrange North American
ecosystems. Differential capacities for range shifts and constraints
from development, habitat fragmentation, invasive species, and
broken ecological connections will alter ecosystem structure,
function and services. [14.2.4, 14.2.2, 14.4.2, Box 14.1]

14.1 Introduction

The United States (U.S.) and Canada will experience climate
changes through direct effects of local changes (e.g.,
temperature, precipitation and extreme weather events), as well
as through indirect effects, transmitted among regions by
interconnected economies and migrations of humans and other
species. Variations in wealth and geography, however, lead to
an uneven distribution of likely impacts, vulnerabilities and
capacities to adapt. This chapter reviews and synthesises the
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state of knowledge on direct and indirect impacts, vulnerability
and adaptations for North America (comprising Canada and the
U.S). Hawaii and other U.S. protectorates are discussed in
Chapter 16 on Small Islands, and Mexico and Central America
are treated in Chapter 13 on Latin America. Chapter 15, Polar
Regions, covers high-latitude issues and peoples.

14.1.1 Key findings from the Third Assessment
Report (TAR)

Key findings for the North America chapter of the Third
Assessment Report (TAR) (Cohen et al., 2001) are:

Resources and ecosystems
• In western snowmelt-dominated watersheds, shifts in

seasonal runoff, with more runoff in winter. Adaptation may
not fully offset effects of reduced summer water availability.

• Changes in the abundance and spatial distribution of species
important to commercial and recreational fisheries.

• Benefits from warming for food production in North
America but with strong regional differences.

• Benefits from farm- and market-level adjustments in
ameliorating impacts of climate change on agriculture.

• Increases in the area and productivity of forests, though
carbon stocks could increase or decrease.

• Major role of disturbance for forest ecosystems. The forest-
fire season is likely to lengthen, and the area subject to high
fire danger is likely to increase significantly.

• Likely losses of cold-water ecosystems, high alpine areas,
and coastal and inland wetlands.

Human settlements and health
• Less extreme winter cold in northern cities. Across North

America, cities will experience more extreme heat and, in
some locations, rising sea levels and risk of storm surge,
water scarcity, and changes in timing, frequency, and severity
of flooding.

• The need for changes in land-use planning and infrastructure
design to avoid increased damages from heavy precipitation
events.

• For communities that have the necessary resources, reduced
vulnerability by adapting infrastructure.

• Increased deaths, injuries, infectious diseases, and stress-
related disorders and other adverse effects associated with
social disruption and migration from more frequent extreme
weather.

• Increased frequency and severity of heatwaves leading to
more illness and death, particularly among the young, elderly
and frail. Respiratory disorders may be exacerbated by
warming-induced deterioration in air quality.

• Expanded ranges of vector-borne and tick-borne diseases in
North America but with modulation by public health
measures and other factors.

Vulnerability and adaptation
• Increased weather-related losses in North America since the

1970s, with rising insured losses reflecting growing
affluence and movement into vulnerable areas.

• Coverage, since the 1980s, by disaster relief and insurance
programmes of a large fraction of flood and crop losses,
possibly encouraging more human activity in at-risk areas.

• Responses by insurers to recent extreme events through
limiting insurance availability, increasing prices and
establishing new risk-spreading mechanisms. Improving
building codes, land-use planning and disaster preparedness
also reduce disaster losses.

• Awareness that developing adaptation responses requires a
long, interdisciplinary dialogue between researchers and
stakeholders, with substantial changes in institutions and
infrastructure.

• Recognition that adaptation strategies generally address
current challenges, rather than future impacts and
opportunities.

14.1.2 Key differences from TAR

This assessment builds on the findings from the TAR and
incorporates new results from the literature, including:

• Prospects for increased precipitation variability, increasing
challenges of water management.

• The need to include groundwater and water-quality impacts
in the assessment of water resources.

• The potential that multi-factor impacts may interact non-
linearly, leading to tipping points.

• The potential importance of interactions among climate
change impacts and with other kinds of local, regional and
global changes.

• The potential for adaptation, but the unevenness of current
adaptations.

• The challenge of linking adaptation strategies with future
vulnerabilities.

• Availability of much more literature on all aspects of
impacts, adaptation and vulnerability in North America.

14.2 Current sensitivity/vulnerability

Annual mean air temperature, on the whole, increased in
North America for the period 1955 to 2005, with the greatest
warming in Alaska and north-western Canada, substantial
warming in the continental interior and modest warming in the
south-eastern U.S. and eastern Canada (Figure 14.1). Spring and
winter show the greatest changes in temperature (Karl et al.,
1996; Hengeveld et al., 2005) and daily minimum (night-time)
temperatures have warmed more than daily maximum (daytime)
temperatures (Karl et al., 2005; Vincent and Mekis, 2006). The
length of the vegetation growing season has increased an
average of 2 days/decade since 1950 in Canada and the
conterminous U.S., with most of the increase resulting from
earlier spring warming (Bonsal et al., 2001; Easterling, 2002;
Bonsal and Prowse, 2003; Feng and Hu, 2004). The warming
signal in North America during the latter half of the 20th century
reflects the combined influence of greenhouse gases, sulphate
aerosols and natural external forcing (Karoly et al., 2003; Stott,
2003; Zwiers and Zhang, 2003).
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Annual precipitation has increased for most of North America
with large increases in northern Canada, but with decreases in
the south-west U.S., the Canadian Prairies and the eastern Arctic
(see Working Group I Fourth Assessment (WGI AR4) Trenberth
et al., 2007 Section 3.3.2.2, Figures 3.13 and 3.14) (Hengeveld
et al., 2005; Shein, 2006). Heavy precipitation frequencies in the
U.S. were at a minimum in the 1920s and 1930s, and increased
to the 1990s (1895 to 2000) (Kunkel, 2003; Groisman et al.,
2004). In Canada there is no consistent trend in extreme
precipitation (Vincent and Mekis, 2006).

14.2.1 Freshwater resources

Streamflow in the eastern U.S. has increased 25% in the last
60 years (Groisman et al., 2004), but over the last century has
decreased by about 2%/decade in the central Rocky Mountain
region (Rood et al., 2005). Since 1950, stream discharge in both
the Colorado and Columbia river basins has decreased, at the
same time annual evapotranspiration (ET) from the
conterminous U.S. increased by 55 mm (Walter et al., 2004). In
regions with winter snow, warming has shifted the magnitude
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Change in annual mean temperature (°C): 1955 to 2005

Figure 14.1. Observed trends in some biophysical and socio-economic indicators. Background: change in annual mean temperature from 1955 to
2005 (based on the GISS2001 analysis for land from Hansen et al., 2001; and on the Hadley/Reyn_V2 analysis for sea surface from Reynolds et al.,
2002). Insets: (a) trend in April 1 snow water equivalent (SWE) across western North America from 1925 to 2002, with a linear fit from 1950 to 2002
(data from Mote, 2003), (b) Spring bud-burst dates for trembling aspen in Edmonton since 1900 (data from Beaubien and Freeland, 2000), (c)
anomaly in 5-year mean area burned annually in wildfires in Canada since 1930, plus observed mean summer air temperature anomaly, weighted
for fire areas, relative to 1920 to 1999 (data from Gillett et al., 2004) (d) relative sea-level rise from 1850 to 2000 for Churchill, MB, Pointe-au-Père,
QB, New York, NY, and Galveston, TX, (POL, 2006) (e) hurricane energy (power dissipation index (PDI) based on method of Emanuel, 2005),
economic damages, million U.S. dollars (adjusted to constant 2005 US dollars and normalized accounting for changes in personal wealth and
coastal population to 2004), and deaths from Atlantic hurricanes since 1900 (data from Pielke Jr. and Landsea, 1998 updated through 2005), and,
(f) trend North American Net Primary Production (NPP) from 1981 to 1998 (data from Hicke et al., 2002).



and timing of hydrologic events (Mote et al., 2005; Regonda et
al., 2005; Stewart et al., 2005). The fraction of annual
precipitation falling as rain (rather than snow) increased at 74%
of the weather stations studied in the western mountains of the
U.S. from 1949 to 2004 (Knowles et al., 2006). In Canada,
warming from 1900 to 2003 led to a decrease in total
precipitation as snowfall in the west and Prairies (Vincent and
Mekis, 2006). Spring and summer snow cover has decreased in
the U.S. west (Groisman et al., 2004). April 1 snow water
equivalent (SWE) has declined 15 to 30% since 1950 in the
western mountains of North America, particularly at lower
elevations and primarily due to warming rather than changes in
precipitation (Figure 14.1a) (see Mote et al., 2003; Mote et al.,
2005; Lemke et al., 2007: Section 4.2.2.2.1). Whitfield and
Cannon (2000) and Zhang et al. (2001) reported earlier spring
runoff across Canada. Summer (May to August) flows of the
Athabasca River have declined 20% since 1958 (Schindler and
Donahue, 2006). Streamflow peaks in the snowmelt-dominated
western mountains of the U.S. occurred 1 to 4 weeks earlier in
2002 than in 1948 (Stewart et al., 2005). Break up of river and
lake ice across North America has advanced by 0.2 to 12.9 days
over the last 100 years (Magnuson et al., 2000).

Vulnerability to extended drought is increasing across North
America as population growth and economic development
create more demands from agricultural, municipal and industrial
uses, resulting in frequent over-allocation of water resources
(Alberta Environment, 2002; Morehouse et al., 2002; Postel and
Richter, 2003; Pulwarty et al., 2005). Although drought has been
more frequent and intense in the western part of the U.S. and
Canada, the east is not immune from droughts and attendant
reductions in water supply, changes in water quality and
ecosystem function, and challenges in allocation (Dupigny-
Giroux, 2001; Bonsal et al., 2004; Wheaton et al., 2005).

14.2.2 Ecosystems

Three clear, observable connections between climate and
terrestrial ecosystems are the seasonal timing of life-cycle events
or phenology, responses of plant growth or primary production,
and biogeographic distribution. Direct impacts on organisms
interact with indirect effects of ecological mechanisms
(competition, herbivory1, disease), and disturbance (wildfire,
hurricanes, human activities).

Phenology, productivity and biogeography
Global daily satellite data, available since 1981, indicate

earlier onset of spring ‘greenness’ by 10-14 days over 19 years,
particularly across temperate latitudes of the Northern
Hemisphere (Myneni et al., 2001; Lucht et al., 2002). Field
studies confirm these satellite observations. Many species are
expanding leaves or flowering earlier (e.g., earlier flowering in
lilac - 1.8 days/decade, 1959 to 1993, 800 sites across North
America (Schwartz and Reiter, 2000), honeysuckle - 3.8
days/decade, western U.S. (Cayan et al., 2001), and leaf
expansion in apple and grape - 2 days/decade, 72 sites in north-
eastern U.S. (Wolfe et al., 2005), trembling aspen - 2.6

days/decade since 1900, Edmonton (Beaubien and Freeland,
2000)) (Figure 14.1b). The timing of autumn leaf fall, which is
controlled by a combination of temperature, photoperiod and
water deficits, shows weaker trends (Badeck et al., 2004).

Net primary production (NPP) in the continental U.S.
increased nearly 10% from 1982 to 1998 (Figure 14.1f)
(Boisvenue and Running, 2006), with the largest increases in
croplands and grasslands of the Central Plains due to improved
water balance (Lobell et al., 2002; Nemani et al., 2002; Hicke
and Lobell, 2004).

North American forests can be influenced indirectly by climate
through effects on disturbance, especially from wildfire, storms,
insects and diseases. The area burned in wildfires has increased
dramatically over the last three decades (see Box 14.1).

Wildlife population and community dynamics
North American animals are responding to climate change,

with effects on phenology, migration, reproduction, dormancy
and geographic range (Walther et al., 2002; Parmesan and Yohe,
2003; Root et al., 2003; Parmesan and Galbraith, 2004; Root et
al., 2005). Warmer springs have led to earlier nesting for 28
migrating bird species on the east coast of the U.S. (Butler, 2003)
and to earlier egg laying for Mexican jays (Brown et al., 1999)
and tree swallows (Dunn and Winkler, 1999). In northern
Canada, red squirrels are breeding 18 days earlier than 10 years
ago (Reale et al., 2003). Several frog species now initiate
breeding calls 10 to 13 days earlier than a century ago (Gibbs
and Breisch, 2001). In lowland California, 70% of 23 butterfly
species advanced the date of first spring flights by an average 24
days over 31 years (Forister and Shapiro, 2003). Reduced water
depth, related to recent warming, in Oregon lakes has increased
exposure of toad eggs to UV-B, leading to increased mortality
from a fungal parasite (Kiesecker et al., 2001; Pounds, 2001).

Many North American species have shifted their ranges,
typically to the north or to higher elevations (Parmesan and Yohe,
2003). Edith’s checkerspot butterfly has become locally extinct
in the southern, low-elevation portion of its western North
American range but has extended its range 90 km north and 120
m higher in elevation (Parmesan, 1996; Crozier, 2003; Parmesan
and Galbraith, 2004). Red foxes have expanded northward in
northern Canada, leading to retreat of competitively subordinate
arctic foxes (Hersteinsson and Macdonald, 1992).

14.2.3 Coastal regions

The North American coast is long and diverse with a wide
range of trends in relative sea level (Figure 14.1d) (Shaw et al.,
1998; Dyke and Peltier, 2000; Zervas, 2001). Relative sea level
(see glossary) is rising in many areas, yet coastal residents are
often unaware of the trends and their impacts on coastal retreat
and flooding (O’Reilly et al., 2005). In the Great Lakes, both
extremely high and extremely low water levels have been
damaging and disruptive (Moulton and Cuthbert, 2000).
Demand for waterfront property and building land continues to
grow, increasing the value of property at risk (Heinz Center,
2000; Forbes et al., 2002b; Small and Nichols, 2003).
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Many coastal areas in North America are potentially exposed
to storm-surge flooding (Titus and Richman, 2001; Titus, 2005).
Some major urban centres on large deltas are below sea level (e.g.,
New Orleans on the Mississippi; Richmond and Delta on the
Fraser), placing large populations at risk. Breaching of New
Orleans floodwalls following Hurricane Katrina in 2005 (see
Chapter 6, Section 6.4.1.2 and Box 6.4) and storm-wave breaching
of a dike in Delta, British Columbia, in 2006 demonstrate the
vulnerability. Under El Niño conditions, high water levels
combined with changes in winter storms along the Pacific coast
have produced severe coastal flooding and storm impacts (Komar
et al., 2000; Walker and Barrie, 2006). At San Francisco, 140 years
of tide-gauge data suggest an increase in severe winter storms
since 1950 (Bromirski et al., 2003) and some studies have detected
accelerated coastal erosion (Bernatchez and Dubois, 2004). Some
Alaskan villages are threatened and require protection or
relocation at projected costs up to US$54 million (Parson et al.,
2001a). Recent severe tropical and extra-tropical storms
demonstrate that North American urban centres with assumed
high adaptive capacity remain vulnerable to extreme events.
Recent winters with less ice in the Great Lakes and Gulf of St.
Lawrence have increased coastal exposure to damage from winter
storms. Winter ice provides seasonal shore protection, but can also
damage shorefront homes and infrastructure (Forbes et al., 2002a).

Impacts on coastal communities and ecosystems can be more
severe when major storms occur in short succession, limiting
the opportunity to rebuild natural resilience (Forbes et al., 2004).
Adaptation to coastal hazards under the present climate is often
inadequate, and readiness for increased exposure is poor (Clark
et al., 1998; Leatherman, 2001; West et al., 2001). Extreme
events can add to other stresses on ecological integrity (Scavia
et al., 2002; Burkett et al., 2005), including shoreline
development and nitrogen eutrophication2 (Bertness et al.,
2002). Already, more than 50% of the original salt marsh habitat
in the U.S. has been lost (Kennish, 2001). Impacts from sea-
level rise can be amplified by ‘coastal squeeze’ (see Glossary)
and submergence where landward migration is impeded and
vertical growth is slower than sea-level rise (see Section 14.4.3)
(Kennish, 2001; Scavia et al., 2002; Chmura and Hung, 2004).

14.2.4 Agriculture, forestry and fisheries

Agriculture
Over the last century, yields of major commodity crops in the

U.S. have increased consistently, typically at rates of 1 to 2%/yr
(Troyer, 2004), but there are significant variations across regions
and between years. These yield trends are a result of cumulative
changes in multiple factors, including technology, fertiliser use,
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Box 14.1. Accelerating wildfire and ecosystem disturbance dynamics

Since 1980, an average of 22,000 km2/yr has burned in U.S. wildfires, almost twice the 1920 to 1980 average of 13,000 km2/yr
(Schoennagel et al., 2004). The forested area burned in the western U.S. from 1987 to 2003 is 6.7 times the area burned from
1970 to 1986 (Westerling et al., 2006). In Canada, burned area has exceeded 60,000 km2/yr three times since 1990, twice the
long-term average (Stocks et al., 2002). Wildfire-burned area in the North American boreal region increased from 6,500 km2/yr
in the 1960s to 29,700 km2/yr in the 1990s (Kasischke and Turetsky, 2006). Human vulnerability to wildfires has also increased,
with a rising population in the wildland-urban interface.

A warming climate encourages wildfires through a longer summer period that dries fuels, promoting easier ignition and faster
spread (Running, 2006). Westerling et al. (2006) found that in the last three decades the wildfire season in the western U.S. has
increased by 78 days, and burn durations of fires >1000 ha in area have increased from 7.5 to 37.1 days, in response to a spring-
summer warming of 0.87°C. Earlier spring snowmelt has led to longer growing seasons and drought, especially at higher
elevations, where the increase in wildfire activity has been greatest (Westerling et al., 2006). In Canada, warmer May to August
temperatures of 0.8°C since 1970 are highly correlated with area burned (Figure 14.1c) (Gillett et al., 2004). In the south-western
U.S., fire activity is correlated with El Niño-Southern Oscillation (ENSO) positive phases (Kitzberger et al., 2001; McKenzie et al.,
2004), and higher Palmer Drought Severity Indices.

Insects and diseases are a natural part of ecosystems. In forests, periodic insect epidemics kill trees over large regions, providing
dead, desiccated fuels for large wildfires. These epidemics are related to aspects of insect life cycles that are climate sensitive
(Williams and Liebhold, 2002). Many northern insects have a two-year life cycle, and warmer winter temperatures allow a larger
fraction of overwintering larvae to survive. Recently, spruce budworm in Alaska has completed its life cycle in one year, rather
than the previous two (Volney and Fleming, 2000). Mountain pine beetle has expanded its range in British Columbia into areas
previously too cold (Carroll et al., 2003). Insect outbreaks often have complex causes. Susceptibility of the trees to insects is
increased when multi-year droughts degrade the trees’ ability to generate defensive chemicals (Logan et al., 2003). Recent
dieback of aspen stands in Alberta was caused by light snowpacks and drought in the 1980s, triggering defoliation by tent
caterpillars, followed by wood-boring insects and fungal pathogens (Hogg et al., 2002).

2 Eutrophication is a process whereby water bodies, such as lakes, estuaries, or slow-moving streams receive excess nutrients that stimulate
excessive plant growth (e.g., algal blooms and nuisance plants weeds).



seed stocks, and management techniques, plus any changes due
to climate; the specific impact from any one factor may be
positive or negative. In the Midwestern U.S. from 1970 to 2000,
corn yield increased 58% and soybean yields increased 20%, with
annual weather fluctuations resulting in year-to-year variability
(Hicke and Lobell, 2004). Heavy rainfalls reduced the value of
the U.S. corn crop by an average of US$3 billion/yr between
1951 and 1998 (Rosenzweig et al., 2002). In the Corn and Wheat
Belt of the U.S., yields of corn and soybeans from 1982 to 1998
were negatively impacted by warm temperatures, decreasing
17% for each 1°C of warm-temperature anomaly (Lobell and
Asner, 2003). In California, warmer nights have enhanced the
production of high-quality wine grapes (Nemani et al., 2001), but
additional warming may not result in similar increases. For
twelve major crops in California, climate fluctuations over the
last 20 years have not had large effects on yield, though they have
been a positive factor for oranges and walnuts and a negative for
avocados and cotton (Lobell et al., 2006).

North American agriculture has been exposed to many severe
weather events during the past decade. More variable weather,
coupled with out-migration from rural areas and economic
stresses, has increased the vulnerability of the agricultural sector
overall, raising concerns about its future capacity to cope with a
more variable climate (Senate of Canada, 2003; Wheaton et al.,
2005). North American agriculture is, however, dynamic.
Adaptation to multiple stresses and opportunities, including
changes in markets and weather, is a normal process for the
sector. Crop and enterprise diversification, as well as soil and
water conservation, are often used to reduce weather-related
risks (Wall and Smit, 2005). Recent adaptations by the
agricultural sector in North America, including improved water
conservation and conservation tillage, are not typically
undertaken as single discrete actions, but evolve as a set of
decisions that can span several years in a dynamic and changing
environment (Smit and Skinner, 2002) that includes changes in
public policy (Goodwin, 2003). While there have been attempts
to realistically model the dynamics of adaptation to climate
change (Easterling et al., 2003), understanding of agriculture’s
current sensitivity to climate variability and its capacity to cope
with climate change remains limited (Tol, 2002).

Forestry
Forest growth appears to be slowly accelerating (at a rate of

less than 1%/decade) in regions where tree growth has
historically been limited by low temperatures and short growing
seasons (Caspersen et al., 2000; McKenzie et al., 2001; Joos et
al., 2002; Boisvenue and Running, 2006). In black spruce at the
forest-tundra transition in eastern Canada, height growth has
been increasing since the 1970s (Gamache and Payette, 2004).
Growth is slowing, however, in areas subject to drought. Radial
growth of white spruce on dry south-facing slopes in Alaska has
decreased over the last 90 years, due to increased drought stress
(Barber et al., 2000). In semi-arid forests of the south-western
U.S., growth rates have decreased since 1895, correlated with
drought linked to warming temperatures (McKenzie et al.,

2001). Relationships between tree-ring growth in sub-alpine
forests and climate in the Pacific Northwest from 1895 to 1991
had complex topographic influences (Peterson and Peterson,
2001; Peterson et al., 2002). On high elevation north-facing
slopes, growth of sub-alpine fir and mountain hemlock was
negatively correlated with spring snowpack depth and positively
correlated with summer temperatures, indicating growing-
season temperature limitations. On lower elevation sites,
however, growth was negatively correlated with summer
temperature, suggesting water limitations. In Colorado, aspen
have advanced into the more cold-tolerant spruce-fir forests over
the past 100 years (Elliott and Baker, 2004). The northern range
limit of lodgepole pine is advancing into the zone previously
dominated by the more cold-tolerant black spruce in the Yukon
(Johnstone and Chapin, 2003). A combination of warmer
temperatures and insect infestations has resulted in economically
significant losses of the forest resource base to spruce bark beetle
in both Alaska and the Yukon (ACIA, 2004).

Freshwater fisheries
Most commercial freshwater fishing in North America occurs

in rural or remote areas, with indigenous peoples often taking a
major role. Recreational inland fisheries are also significant and
increasing (DFO-MPO, 2002; DOI, 2002). Ecological
sustainability of fish and fisheries productivity is closely tied to
temperature and water supply (flows and lake levels). Climate
change and variability increasingly have direct and indirect
impacts, both of which interact with other pressures on
freshwater fisheries, including human development (Schindler,
2001; Chu et al., 2003; Reed and Czech, 2005; Rose, 2005),
habitat loss and alteration (including water pollution), biotic
homogenisation due to invasions and introductions (Rahel,
2002), and over-exploitation (Post et al., 2002; Cooke and
Cowx, 2004). Cold- and cool-water fisheries, especially
Salmonids, have been declining as warmer/drier conditions
reduce their habitat. The sea-run3 salmon stocks are in steep
decline throughout much of North America (Gallagher and
Wood, 2003). Evidence for impacts of recent climate change is
rapidly accumulating. Pacific salmon have been appearing in
Arctic rivers (Babaluk et al., 2000). Salmonid species have been
affected by warming in U.S. streams (O’Neal, 2002). Lake charr
in an Ontario lake suffered recruitment4 failure due to El Niño-
linked warm temperatures (Gunn, 2002). Lake Ontario
year-class productivity is strongly linked to temperature, with a
shift in the 1990s toward warm-water species (Casselman,
2002). Walleye yield in lakes depends on the amount of cool,
turbid habitat (Lester et al., 2004). Recent contraction in habitat
for walleye in the Bay of Quinte, Lake Ontario was due in part
to warming and lower water levels (Chu et al., 2005). Success of
adult spawning and survival of the fry (new-borne) of brook
trout is closely linked to cold groundwater seeps, which provide
preferred temperature refuges for lake-dwelling populations
(Borwick et al., 2006). Rates of fish-egg development and
mortality increase with temperature rise within species-specific
tolerance ranges (Kamler, 2002).
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3 Sea-run: having the habit of ascending a river from the sea, especially to spawn.
4 Recruitment: the number of new juvenile fish reaching a size large enough to be caught by commercial fishing methods.



14.2.5 Human health

Many human diseases are sensitive to weather, from
cardiovascular and respiratory illnesses due to heatwaves or air
pollution, to altered transmission of infectious diseases.
Synergistic effects of other activities can exacerbate weather
exposures (e.g., via the urban heat island effect), requiring cross-
sector risk assessment to determine site-specific vulnerability
(Patz et al., 2005).

The incidence of infectious diseases transmitted by air varies
seasonally and annually, due partly to climate variations. In the
early 1990s, California experienced an epidemic of Valley Fever
that followed five years of drought (Kolivras and Comrie, 2003).
Water-borne disease outbreaks from all causes in the U.S. are
distinctly seasonal, clustered in key watersheds, and associated
with heavy precipitation (in the U.S. Curriero et al., 2001) or
extreme precipitation and warmer temperatures (in Canada,
Thomas et al., 2006). Heavy runoff after severe rainfall can also
contaminate recreational waters and increase the risk of human
illness (Schuster et al., 2005) through higher bacterial counts.
This association is strongest at beaches closest to rivers (Dwight
et al., 2002).

Food-borne diseases show some relationship with historical
temperature trends. In Alberta, ambient temperature is strongly
but non-linearly associated with the occurrence of three enteric
pathogens, Salmonella, E. coli and Campylobacter (Fleury et
al., 2006).

Many zoonotic diseases5 are sensitive to climate fluctuations
(Charron, 2002). The strain of West Nile virus (WNV) that
emerged for the first time in North America during the record
hot July 1999 requires warmer temperatures than other strains.
The greatest WNV transmissions during the epidemic summers
of 2002 to 2004 in the U.S. were linked to above-average
temperatures (Reisen et al., 2006). Laboratory studies of virus
replication in WNV’s main Culex mosquito vector show high
levels of virus at warmer temperatures (Dohm and Turell, 2001;
Dohm et al., 2002). Bird migratory pathways and WNV’s recent
advance westward across the U.S. and Canada are key factors in
WNV and must be considered in future assessments of the role
of temperature in WNV dynamics. A virus closely related to
WNV, Saint Louis encephalitis, tends to appear during hot, dry
La Niña years, when conditions facilitate transmission by
reducing the extrinsic incubation period6 (Cayan et al., 2003).

Lyme disease is a prevalent tick-borne disease in North
America for which there is new evidence of an association with
temperature (Ogden et al., 2004) and precipitation (McCabe and
Bunnell, 2004). In the field, temperature and vapour pressure
contribute to maintaining populations of the tick Ixodes
scapulariswhich, in the U.S., is the micro-organism’s secondary
host. A monthly average minimum temperature above -7ºC is
required for tick survival (Brownstein et al., 2003).

Exposure to both extreme hot and cold weather is associated
with increased morbidity and mortality, compared to an
intermediate ‘comfortable’ temperature range (Curriero et al.,

2002). Across 12 U.S. cities, hot temperatures have been
associated with increased hospital admissions for cardiovascular
disease (Schwartz et al., 2004a). Emergency hospital admissions
have been directly related to extreme heat in Toronto (Dolney
and Sheridan, 2006). Heat-response plans and heat early warning
systems (EWS) can save lives (Ebi et al., 2004). After the 1995
heatwave, the city of Milwaukee initiated an ‘extreme heat
conditions plan’ that almost halved heat-related morbidity and
mortality (Weisskopf et al., 2002). Currently, over two dozen
cities worldwide have warning systems focused on monitoring
for dangerous air masses (Sheridan and Kalkstein, 2004).

14.2.6 Human settlements

Economic base of resource-dependent communities
Among the most climate-sensitive North American

communities are those of indigenous populations dependent on
one or a few natural resources. About 1.2 million (60%) of the
U.S. tribal members live on or near reservations, and many
pursue lifestyles with a mix of traditional subsistence activities
and wage labour (Houser et al., 2001). Many reservation
economies and budgets of indigenous governments depend
heavily on agriculture, forest products and tourism (NAST,
2001). A 1993 hantavirus outbreak related indirectly to heavy
rainfall led to a significant reduction in tourist visits to the
American South-west (NAST, 2001). Many indigenous
communities in northern Canada and Alaska are already
experiencing constraints on lifestyles and economic activity
from less reliable sea and lake ice (for travelling, hunting, fishing
and whaling), loss of forest resources from insect damage, stress
on caribou, and more exposed coastal infrastructure from
diminishing sea ice (NAST, 2001; CCME, 2003; ACIA, 2005).
Many rural settlements in North America, particularly those
dependent on a narrow resource base, such as fishing or forestry,
have been seriously affected by recent declines in the resource
base, caused by a number of factors (CDLI, 1996). However,
not all communities have suffered, as some Alaskan fishing
communities have benefited from rising regional abundance of
selected salmon stocks since the mid-1970s (Eggers, 2006).

Infrastructure and extreme events
About 80% of North Americans live in urban areas (Census

Bureau, 2000; Statistics Canada, 2001b). North American cities,
while diverse in size, function, climate and other factors, are
largely shielded from the natural environment by technical
systems. The devastating effects of hurricanes Ivan in 2004 and
Katrina, Rita and Wilma in 2005, however, illustrate the
vulnerability of North American infrastructure and urban
systems that were either not designed or not maintained to
adequate safety margins. When protective systems fail, impacts
can be widespread and multi-dimensional (see Chapter 7, Boxes
7.2 and 7.4). Disproportionate impacts of Hurricane Katrina on
the poor, infirm, elderly, and other dependent populations were
amplified by inadequate public sector development and/or
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5 Zoonotic diseases: diseases caused by infectious agents that can be transmitted between (or are shared by) animals and humans.
6 Extrinsic incubation period: the interval between the acquisition of an infectious agent by a vector and the vector’s ability to transmit the agent

to other hosts.



execution of evacuation and emergency services plans (Select
Bipartisan Committee, 2006).

Costs of weather-related natural disasters in North America
rose at the end of the 20th century, mainly as a result of the
increasing value of infrastructure at risk (Changnon, 2003,
2005). Key factors in the increase in exposure include rising
wealth, demographic shifts to coastal areas, urbanisation in
storm-prone areas, and ageing infrastructure, combined with
substandard structures and inadequate building codes (Easterling
et al., 2000; Balling and Cerveny, 2003; Changnon, 2003, 2005).
Trends in the number and intensity of extreme events in North
America are variable, with many (e.g., hail events, tornadoes,
severe windstorms, winter storms) holding steady or even
decreasing (Kunkel et al., 1999; McCabe et al., 2001; Balling
and Cerveny, 2003; Changnon, 2003; Trenberth et al., 2007:
Section 3.8.4.2).

North America very likely will continue to suffer serious
losses of life and property simply due to growth in property
values and numbers of people at risk (very high confidence)
(Pielke Jr., 2005; Pielke et al., 2005). Of the US$19 trillion value
of all insured residential and commercial property in the U.S.
states exposed to North Atlantic hurricanes, US$7.2 trillion
(41%) is located in coastal counties. This economic value
includes 79% of the property in Florida, 63% of the property in
New York, and 61% of the property in Connecticut (AIR, 2002).
Cumulative decadal hurricane intensity in the U.S. has risen in
the last 25 years, following a peak in the mid 20th century and
a later decline (Figure 14.1e). North American mortality (deaths
and death rates) from hurricanes, tornadoes, floods and lightning
have generally declined since the beginning of the 20th century,
due largely to improved warning systems (Goklany, 2006).
Mortality was dominated by three storms where the
warning/evacuation system did not lead to timely evacuation:
Galveston in 1900, Okeechobee in 1926, and Katrina in 2005.

Flood hazards are not limited to the coastal zone. River basins
with a history of major floods (e.g., the Sacramento (Miller,
2003), the Fraser (Lemmen and Warren, 2004), the Red River
(Simonovic and Li, 2004) and the upper Mississippi (Allen et
al., 2003)) illustrate the sensitivity of riverine flooding to
extreme events and highlight the critical importance of
infrastructure design standards, land-use planning and
weather/flood forecasts.

14.2.7 Tourism and recreation

The U.S. and Canada rank among the top ten nations for
international tourism receipts (US$112 billion and US$16
billion, respectively) with domestic tourism and outdoor
recreation markets that are several times larger (World Tourism
Organization, 2002; Southwick Associates, 2006). Climate
variability affects many segments of this growing economic
sector. For example, wildfires in Colorado (2002) and British
Columbia (2003) caused tens of millions of dollars in tourism
losses by reducing visitation and destroying infrastructure
(Associated Press, 2002; Butler, 2002; BC Stats, 2003). Similar
economic losses were caused by drought-affected water levels in
rivers and reservoirs in the western U.S. and parts of the Great
Lakes (Fisheries and Oceans Canada, 2000; Kesmodel, 2002;

Allen, 2003). The ten-day closure and clean-up following
Hurricane Georges (September 1998) resulted in tourism
revenue losses of approximately US$32 million in the Florida
Keys (EPA, 1999). While the North American tourism industry
acknowledges the important influence of climate, its impacts
have not been analysed comprehensively (Scott et al., 2006).

14.2.8 Energy, industry and transportation

North American industry, energy supply and transportation
networks are sensitive to weather extremes that exceed their
safety margins. Costs of these impacts can be high. For example,
power outages in the U.S. cost the economy US$30 billion to
130 billion annually (EPRI, 2003; LaCommare and Eto, 2004).
The hurricanes crossing Florida in the summer of 2004 resulted
in direct system restoration costs of US$1.4 billion to the four
Florida public utilities involved (EEI, 2005). From 1994 to 2004,
fourteen U.S. utilities experienced 81 other major storms, which
cost an average of US$49 million/storm, with the highest single
storm impact of US$890 million (EEI, 2005).

Although it was not triggered specifically by the concurrent
hot weather, the 2003 summer outage in north-eastern U.S. and
south-eastern Canada illustrates costs to North American society
that result from large-scale power interruptions during periods of
high demand. Over 50 million people were without power,
resulting in US$180 million in insured losses and up to US$10
billion in total losses (Fletcher, 2004). Business interruptions
were particularly significant, with costs of over US$250,000/hr
incurred by the top quartile of recently surveyed companies
(RM, 2003).

The impacts of Hurricanes Katrina, Rita and Wilma in 2005
and Ivan in 2004 demonstrated that the Gulf of Mexico offshore
oil and natural gas platforms and pipelines, petroleum refineries,
and supporting infrastructure can be seriously harmed by major
hurricanes, which can produce national-level impacts, and
require recovery times stretching to months or longer (Business
Week, 2005; EEA, 2005; EIA, 2005a; Levitan and Associates
Inc., 2005; RMS, 2005b; Swiss Re, 2005b, c, d, e).

Hydropower production is known to be sensitive to total
runoff, to its timing, and to reservoir levels. For example, during
the 1990s, Great Lakes levels fell as a result of a lengthy
drought, and in 1999 hydropower production was down
significantly both at Niagara and Sault St. Marie (CCME, 2003).

14.3 Assumptions about future trends

14.3.1 Climate

Recent climate model simulations (Ruosteenoja et al., 2003)
indicate that by the 2010 to 2039 time slice, year-round
temperatures across North America will be outside the range of
present-day natural variability, based on 1000 year Atmosphere-
Ocean General Circulation Model (AOGCM) simulations with
either the CGCM2 or HadCM3 climate models. For most
combinations of model, scenario, season and region, warming
in the 2010 to 2039 time slice will be in the range of 1 to 3ºC.
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Late in the century, projected annual warming is likely to be 2
to 3°C across the western, southern, and eastern continental
edges, but more than 5ºC at high latitudes (Christensen et al.,
2007: Section 11.5.3.1). The projected warming is greatest in
winter at high latitudes and greatest in the summer in the south-
west U.S. Warm extremes across North America are projected to
become both more frequent and longer (Christensen et al., 2007:
Section 11.5.3.3).

Annual-mean precipitation is projected to decrease in the
south-west of the U.S. but increase over the rest of the continent
(Christensen et al., 2007: Section 11.5.3.2). Increases in
precipitation in Canada are projected to be in the range of +20%
for the annual mean and +30% for the winter. Some studies
project widespread increases in extreme precipitation
(Christensen et al., 2007: Section 11.5.3.3), with greater risks of
not only flooding from intense precipitation, but also droughts
from greater temporal variability in precipitation. In general,
projected changes in precipitation extremes are larger than
changes in mean precipitation (Meehl et al., 2007: Section
10.3.6.1)

Future trends in hurricane frequency and intensity remain
very uncertain. Experiments with climate models with sufficient
resolution to depict some aspects of individual hurricanes tend
to project some increases in both peak wind speeds and
precipitation intensities (Meehl et al., 2007: Section 10.3.6.3).
The pattern is clearer for extra-tropical storms, which are likely
to become more intense, but perhaps less frequent, leading to
increased extreme wave heights in the mid-latitudes (Meehl et
al., 2007: Section 10.3.6.4).

El Niño events are associated with increased precipitation and
severe storms in some regions, such as the south-east U.S., and
higher precipitation in the Great Basin of the western U.S., but
warmer temperatures and decreased precipitation in other areas
such as the Pacific Northwest, western Canada, and parts of
Alaska (Ropelewski and Halpert, 1986; Shabbar et al., 1997).
Recent analyses indicate no consistent future trends in El Niño
amplitude or frequency (Meehl et al., 2007: Section 10.3.5.4).

14.3.2 Social, economic, and institutional context

Canada and the U.S. have developed economies with per
capita gross domestic product (GDP) in 2005 of US$31,572 and
US$37,371, respectively (UNECE, 2005a,b). Future population
growth is likely to be dominated by immigration (Campbell,
1996). Interests of indigenous peoples are important in both
Canada and the U.S., especially in relation to questions of land
management. With ageing populations, the costs of health care
are likely to climb over several decades (Burleton, 2002).

Major parts of the economies of Canada and the U.S. are
directly sensitive to climate, including the massive agricultural
(2005 value US$316 billion) (Economic Research Service,
2006; Statistics Canada, 2006), transportation (2004 value
US$510 billion) (Bureau of Transportation Statistics, 2006;
Industry Canada, 2006) and tourism sectors (see Section 14.2.4,
14.2.7 and 14.2.8). Although many activities have limited direct
sensitivity to climate (Nordhaus, 2006), the potential realm of
climate-sensitive activities expands with increasing evidence
that storms, floods, or droughts increase in frequency or intensity

with climate change (Christensen et al., 2007: Section 11.5.3.3
and Meehl et al., 2007: Sections 10.3.6.1 and 10.3.6.2).

The economies of Canada and the U.S. have large private and
public sectors, with strong emphasis on free market mechanisms
and the philosophy of private ownership. If strong trends toward
globalisation in the last several decades continue through the
21st century, it is likely that the means of production, markets,
and ownership will be predominantly international, with policies
and governance increasingly designed for the international
marketplace (Stiglitz, 2002).

14.4 Key future impacts and vulnerabilities

14.4.1 Freshwater resources

Freshwater resources will be affected by climate change
across Canada and the U.S., but the nature of the vulnerabilities
varies from region to region (NAST, 2001; Environment
Canada, 2004; Lemmen and Warren, 2004). In certain regions
including the Colorado River, Columbia River and Ogallala
Aquifer, surface and/or groundwater resources are intensively
used for often competing agricultural, municipal, industrial and
ecological needs, increasing potential vulnerability to future
changes in timing and availability of water (see Box 14.2).

Surface water
Simulated annual water yield in basins varies by region,

General Circulation Model (GCM) or Regional Climate Model
(RCM) scenario (Stonefelt et al., 2000; Fontaine et al., 2001;
Stone et al., 2001; Rosenberg et al., 2003; Jha et al., 2004;
Shushama et al., 2006 ), and the resolution of the climate model
(Stone et al., 2003). Higher evaporation related to warming tends
to offset the effects of more precipitation, while magnifying the
effects of less precipitation (Stonefelt et al., 2000; Fontaine et al.,
2001).

Warming, and changes in the form, timing and amount of
precipitation, will very likely lead to earlier melting and
significant reductions in snowpack in the western mountains by
the middle of the 21st century (high confidence) (Loukas et al.,
2002; Leung and Qian, 2003; Miller et al., 2003; Mote et al.,
2003; Hayhoe et al., 2004). In projections for mountain
snowmelt-dominated watersheds, snowmelt runoff advances,
winter and early spring flows increase (raising flooding
potential), and summer flows decrease substantially (Kim et al.,
2002; Loukas et al., 2002; Snyder et al., 2002; Leung and Qian,
2003; Miller et al., 2003; Mote et al., 2003; Christensen et al.,
2004; Merritt et al., 2005). Over-allocated water systems of the
western U.S. and Canada, such as the Columbia River, that rely
on capturing snowmelt runoff, will be especially vulnerable (see
Box 14.2).

Lower water levels in the Great Lakes are likely to influence
many sectors, with multi-dimensional, interacting impacts
(Figure 14.2) (high confidence). Many, but not all, assessments
project lower net basin supplies and water levels for the Great
Lakes – St. Lawrence Basin (Mortsch et al., 2000; Quinn and
Lofgren, 2000; Lofgren et al., 2002; Croley, 2003). In addition
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Box 14.2. Climate change adds challenges to managing the Columbia River system

Current management of water in the Columbia River basin involves balancing complex, often competing, demands for hydropower,
navigation, flood control, irrigation, municipal uses, and maintenance of several populations of threatened and endangered species
(e.g., salmon). Current and projected needs for these uses over-commit existing supplies. Water management in the basin operates
in a complex institutional setting, involving two sovereign nations (Columbia River Treaty, ratified in 1964), aboriginal populations
with defined treaty rights (‘Boldt decision’ in U.S. vs. Washington in 1974), and numerous federal, state, provincial and local
government agencies (Miles et al., 2000; Hamlet, 2003). Pollution (mainly non-point source) is an important issue in many
tributaries. The first-in-time first-in-right provisions of western water law in the U.S. portion of the basin complicate management
and reduce water available to junior water users (Gray, 1999; Scott et al., 2004). Complexities extend to different jurisdictional
responsibilities when flows are high and when they are low, or when protected species are in tributaries, the main stem or ocean
(Miles et al., 2000; Mote et al., 2003).

With climate change, projected annual Columbia River flow changes relatively little, but seasonal flows shift markedly toward
larger winter and spring flows and smaller summer and autumn flows (Hamlet and Lettenmaier, 1999; Mote et al., 1999). These
changes in flows will likely coincide with increased water demand, principally from regional growth but also induced by climate
change. Loss of water availability in summer would exacerbate conflicts, already apparent in low-flow years, over water (Miles et
al. 2000). Climate change is also projected to impact urban water supplies within the basin. For example, a 2°C warming projected
for the 2040s would increase demand for water in Portland, Oregon by 5.7 million m3/yr with an additional demand of 20.8 million
m3/yr due to population growth, while decreasing supply by 4.9 million m3/yr (Mote et al., 2003). Long-lead climate forecasts are
increasingly considered in the management of the river but in a limited way ( Hamlet et al., 2002; Lettenmaier and Hamlet, 2003;
Gamble et al., 2004; Payne et al., 2004). Each of 43 sub-basins of the system has its own sub-basin management plan for fish
and wildlife, none of which comprehensively addresses reduced summertime flows under climate change (ISRP/ISAB, 2004).

The challenges of managing water in the Columbia River basin will likely expand with climate change due to changes in snowpack
and seasonal flows (Miles et al., 2000; Parson et al., 2001b; Cohen et al., 2003). The ability of managers to meet operating goals
(reliability) will likely drop substantially under climate change (as projected by the HadCM2 and ECHAM4/OPYC3 AOGCMs under
the IPCC IS92a emissions scenario for the 2020s and 2090s) (Hamlet and Lettenmaier, 1999). Reliability losses are projected to
reach 25% by the end of the 21st century (Mote et al., 1999) and interact with operational rule requirements. For example, ‘fish-
first’ rules would reduce firm power reliability by 10% under present climate and 17% in years during the warm phase of the
Pacific Decadal Oscillation. Adaptive measures have the potential to moderate the impact of the decrease in April snowpack, but
lead to 10 to 20% losses of firm hydropower and lower than current summer flows for fish (Payne et al., 2004). Integration of climate
change adaptation into regional planning processes is in the early stages of development (Cohen et al., 2006).

Figure 14.2. Interconnected impacts of lower water levels in the Great Lakes - St Lawrence system (modified from Lemmen and Warren, 2004).



to differences due to climate scenarios, uncertainties include
atmosphere-lake interactions (Wetherald and Manabe, 2002;
Kutzbach et al., 2005). Adapting infrastructure and dredging to
cope with altered water levels would entail a range of costs
(Changnon, 1993; Schwartz et al., 2004b). Adaptations sufficient
to maintain commercial navigation on the St. Lawrence River
could range from minimal adjustments to costly, extensive
structural changes (St. Lawrence River-Lake Ontario Plan of
Study Team, 1999; D’Arcy et al., 2005). There have been
controversies in the Great Lakes region over diversions of water,
particularly at Chicago, to address water quality, navigation,
water demand and drought mitigation outside the region.
Climate change will exacerbate these issues and create new
challenges for bi-national co-operation (very high confidence)
(Changnon and Glantz, 1996; Koshida et al., 2005).

Groundwater
With climate change, availability of groundwater is likely to

be influenced by withdrawals (reflecting development, demand
and availability of other sources) and recharge (determined by
temperature, timing and amount of precipitation, and surface
water interactions) (medium confidence) (Rivera et al., 2004).
Simulated annual groundwater base flows and aquifer levels
respond to temperature, precipitation and pumping – decreasing
in scenarios that are drier or have higher pumping and increasing
in a wetter scenario. In some cases there are base flow shifts -
increasing in winter and decreasing in spring and early summer
(Kirshen, 2002; Croley and Luukkonen, 2003; Piggott et al.,
2003). For aquifers in alluvial valleys of south-central British
Columbia, temperature and precipitation scenarios have less
impact on groundwater recharge and levels than do projected
changes in river stage7 (Allen et al., 2004a,b).

Heavily utilised groundwater-based systems in the southwest
U.S. are likely to experience additional stress from climate
change that leads to decreased recharge (high confidence).
Simulations of the Edwards aquifer in Texas under average
recharge project lower or ceased flows from springs, water
shortages, and considerable negative environmental impacts
(Loáiciga, 2000; Loáiciga et al., 2000). Regional welfare losses
associated with projected flow reductions (10 to 24%) range
from US$2.2 million to 6.8 million/yr, with decreased net
agricultural income as a consequence of water allocation shifting
to municipal and industrial uses (Chen et al., 2001). In the
Ogallala aquifer region, projected natural groundwater recharge
decreases more than 20% in all simulations with warming of
2.5°C or greater (based on outputs from the GISS, UKTR and
BMRC AOGCMs, with three atmospheric concentrations of
CO2: 365, 560 and 750 ppm) (Rosenberg et al., 1999).

Water quality
Simulated future surface and bottom water temperatures of

lakes, reservoirs, rivers, and estuaries throughout North America
consistently increase from 2 to 7°C (based on 2×CO2 and IS92a
scenarios) (Fang and Stefan, 1999; Hostetler and Small, 1999;
Nicholls, 1999; Stefan and Fang, 1999; Lehman, 2002; Gooseff
et al., 2005), with summer surface temperatures exceeding 30°C

in Midwestern and southern lakes and reservoirs (Hostetler and
Small, 1999). Warming is likely to extend and intensify summer
thermal stratification, contributing to oxygen depletion. A
shorter ice-cover period in shallow northern lakes could reduce
winter fish kills caused by low oxygen (Fang and Stefan, 1999;
Stefan and Fang, 1999; Lehman, 2002). Higher stream
temperatures affect fish access, survival and spawning (e.g., west
coast salmon) (Morrison et al., 2002).

Climate change is likely to make it more difficult to achieve
existing water quality goals (high confidence). For the Midwest,
simulated low flows used to develop pollutant discharge limits
(Total Maximum Daily Loads) decrease over 60% with a 25%
decrease in mean precipitation, reaching up to 100% with the
incorporation of irrigation demands (Eheart et al., 1999).
Restoration of beneficial uses (e.g., to address habitat loss,
eutrophication, beach closures) under the Great Lakes Water
Quality agreement will likely be vulnerable to declines in water
levels, warmer water temperatures, and more intense
precipitation (Mortsch et al., 2003). Based on simulations,
phosphorus remediation targets for the Bay of Quinte (Lake
Ontario) and surrounding watershed could be compromised as 3
to 4°C warmer water temperatures contribute to 77 to 98%
increases in summer phosphorus concentrations in the bay
(Nicholls, 1999), and as changes in precipitation, streamflow
and erosion lead to increases in average phosphorus
concentrations in streams of 25 to 35% (Walker, 2001).
Decreases in snow cover and more winter rain on bare soil are
likely to lengthen the erosion season and enhance erosion,
increasing the potential for water quality impacts in agricultural
areas (Atkinson et al., 1999; Walker, 2001; Soil and Water
Conservation Society, 2003). Soil management practices (e.g.,
crop residue, no-till) in the Cornbelt may not provide sufficient
erosion protection against future intense precipitation and
associated runoff (Hatfield and Pruger, 2004; Nearing et al.,
2004).

14.4.2 Ecosystems

Several simulations (Cox et al., 2000; Berthelot et al., 2002;
Fung et al., 2005) indicate that, over the 21st century, warming
will lengthen growing seasons, sustaining forest carbon sinks in
North America despite some decreased sink strength resulting
from greater water limitations in western forests and higher
respiration in the tropics (medium confidence). Impacts on
ecosystem structure and function may be amplified by changes
in extreme meteorological events and increased disturbance
frequencies. Ecosystem disturbances, caused either by humans
or by natural events, accelerate both loss of native species and
invasion of exotics (Sala et al., 2000).

Primary production
At high latitudes, several models simulate increased NPP as

a result of expansion of forests into the tundra and longer
growing seasons (Berthelot et al., 2002). In the mid-latitudes,
simulated changes in NPP are variable, depending on whether
there is sufficient enhancement of precipitation to offset
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increased evapotranspiration in a warmer climate (Bachelet et
al., 2001; Berthelot et al., 2002; Gerber et al., 2004; Woodward
and Lomas, 2004). Bachelet et al. (2001) project the areal extent
of drought-limited ecosystems to increase by 11%/ºC warming
in the continental U.S. By the end of the 21st century,
ecosystems in the north-east and south-east U.S. will likely
become carbon sources, while the western U.S. remains a carbon
sink (Bachelet et al., 2004).

Overall forest growth in North America will likely increase
modestly (10-20%) as a result of extended growing seasons and
elevated CO2 over the next century (Morgan et al., 2001), but
with important spatial and temporal variations (medium
confidence). Growth of white spruce in Québec will be enhanced
by a 1ºC temperature increase but depressed with a 4ºC increase
(Andalo et al., 2005). A 2ºC temperature increase in the Olympic
Mountains (U.S.) would cause dominant tree species to shift
upward in elevation by 300 to 600m, causing temperate species
to replace sub-alpine species over 300 to 500 years (Zolbrod and
Peterson, 1999). For widespread species such as lodgepole pine,
a 3ºC temperature increase would increase growth in the
northern part of its range, decrease growth in the middle, and
decimate southern forests (Rehfeldt et al., 2001).

Population and community dynamics
For many amphibians, whose production of eggs and

migration to breeding ponds is intimately tied to temperature
and moisture, mismatches between breeding phenology and
pond drying can lead to reproductive failure (Beebee, 1995).
Differential responses among species in arrival or persistence in
ponds will likely lead to changes in community composition and
nutrient flow in ponds (Wilbur, 1997). Changes in plant species
composition in response to climate change can facilitate other
disturbances, including fire (Smith et al., 2000) and biological
invasion (Zavaleta and Hulvey, 2004). Bioclimate modelling
based on output from five GCMs suggests that, over the next
century, vertebrate and tree species richness will decrease in
most parts of the conterminous U.S., even though long-term
trends (over millennia) ultimately favour increased richness in
some taxa and locations (Currie, 2001). Based on relationships
between habitat area and biodiversity, 15 to 37% of plant and
animal species in a global sample are likely to be ‘committed to
extinction’ by 2050, although actual extinctions will be strongly
influenced by human forces and could take centuries (Thomas et
al., 2004).

14.4.3 Coastal regions

Added stress from rapid coastal development, including an
additional 25 million people in the coastal U.S. over the next 25
years, will reduce the effectiveness of natural protective features,
leading to impaired resilience. As property values and
investment continue to rise, coastal vulnerability tends to
increase on a broad scale (Pielke Jr. and Landsea, 1999; Heinz
Center, 2000), with a sensitivity that depends on the
commitment to and flexibility of adaptation measures.
Disproportionate impacts due to socio-economic status are likely
to be exacerbated by rising sea levels and storm severity (Wu et
al., 2002; Kleinosky et al., 2006).

Sea-level rise has accelerated in eastern North America since
the late 19th century (Donnelly et al., 2004) and further
acceleration is expected (high confidence). For The IPCC
Special Report on Emissions Scenarios (SRES, Nakićenović and
Swart, 2000) scenario A1B, global mean sea level is projected to
rise by 0.35 ± 0.12 m from the 1980 to 1999 period to the 2090
to 2099 period (Meehl et al., 2007: Section 10.6.5). Spatial
variability of sea-level rise has become better defined since the
TAR (Church et al., 2004) and the ensemble mean for A1B
shows values close to the global mean along most North
American coasts, with slightly higher rates in eastern Canada
and western Alaska, and stronger positive anomalies in the
Arctic (Meehl et al., 2007: Figure 10.32). Vertical land motion
will decrease (uplift) or increase (subsidence) the relative sea-
level rise at any site (Douglas and Peltier, 2002).

Superimposed on accelerated sea-level rise, the present
storm and wave climatology and storm-surge frequency
distributions lead to forecasts of more severe coastal flooding
and erosion hazards. The water-level probability distribution is
shifted upward, giving higher potential flood levels and more
frequent flooding at levels rarely experienced today (very high
confidence) (Zhang et al., 2000; Forbes et al., 2004). If coastal
systems, including sediment supply, remain otherwise
unchanged, higher sea levels are likely to be correlated with
accelerated coastal erosion (Hansom, 2001; Cowell et al.,
2003).

Up to 21% of the remaining coastal wetlands in the U.S. mid-
Atlantic region are potentially at risk of inundation between
2000 and 2100 (IS92a emissions scenario) (Najjar et al., 2000).
Rates of coastal wetland loss, in Chesapeake Bay and elsewhere
(Kennish, 2002), will increase with accelerated sea-level rise, in
part due to ‘coastal squeeze’ (high confidence). Salt-marsh
biodiversity is likely to be diminished in north-eastern marshes
through expansion of cordgrass (Spartina alterniflora) at the
expense of high-marsh species (Donnelly and Bertness, 2001).
Many salt marshes in less developed areas have some potential
to keep pace with sea-level rise (to some limit) through vertical
accretion (Morris et al., 2002; Chmura et al., 2003; Chmura and
Hung, 2004). Where rapid subsidence increases rates of relative
sea-level rise, however, as in the Mississippi Delta, even heavy
sediment loads cannot compensate for inundation losses
(Rybczyk and Cahoon, 2002).

Potentially more intense storms and possible changes in El
Niño (Meehl et al., 2007: Sections 10.3.5.4 and 10.3.6.3) are
likely to result in more coastal instability (medium confidence)
(see Section 14.3.1) (Scavia et al., 2002; Forbes et al., 2004;
Emanuel, 2005). Damage costs from coastal storm events (storm
surge, waves, wind, ice encroachment) and other factors (such as
freeze-thaw) have increased substantially in recent decades
(Zhang et al., 2000; Bernatchez and Dubois, 2004) and are
expected to continue rising (high confidence). Higher sea levels
in combination with storm surges will cause widespread
problems for transportation along the Gulf and Atlantic coasts
(Titus, 2002). More winters with reduced sea ice in the Gulf of
St. Lawrence, resulting in more open water during the winter
storm season, will lead to an increase in the average number of
storm-wave events per year, further accelerating coastal erosion
(medium confidence) (Forbes et al., 2004).
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14.4.4 Agriculture, forestry and fisheries

Agriculture
Research since the TAR supports the conclusion that

moderate climate change will likely increase yields of North
American rain-fed agriculture, but with smaller increases and
more spatial variability than in earlier estimates (high
confidence) (Reilly, 2002). Most studies project likely climate-
related yield increases of 5 to 20% over the first decades of the
century, with the overall positive effects of climate persisting
through much or all of the 21st century. This pattern emerges
from recent assessments for corn, rice, sorghum, soybean, wheat,
common forages, cotton and some fruits (Adams et al., 2003;
Polsky et al., 2003; Rosenberg et al., 2003; Tsvetsinskaya et al.,
2003; Antle et al., 2004; Thomson et al., 2005b), including
irrigated grains (Thomson et al., 2005b). Increased climate
sensitivity is anticipated in the south-eastern U.S. and in the U.S.
Cornbelt (Carbone et al., 2003), but not in the Great Plains
(Mearns et al., 2003). Crops that are currently near climate
thresholds (e.g., wine grapes in California) are likely to suffer
decreases in yields, quality, or both, with even modest warming
(medium confidence) (Hayhoe et al., 2004; White et al., 2006).

Recent integrated assessment model studies explored the
interacting impacts of climate and economic factors on
agriculture, water resources and biome boundaries in the
conterminous U.S. (Edmonds and Rosenberg, 2005; Izaurralde
et al., 2005; Rosenberg and Edmonds, 2005; Sands and
Edmonds, 2005; Smith et al., 2005; Thomson et al., 2005a,b,c,d),
concluding that scenarios with decreased precipitation create
important challenges, restricting the availability of water for
irrigation and at the same time increasing water demand for
irrigated agriculture and urban and ecological uses.

The critical importance of specific agro-climatic events (e.g.,
last frost) introduces uncertainty in future projections (Mearns et
al., 2003), as does continued debate about the CO2 sensitivity of
crop growth (Long et al., 2005). Climate change is expected to
improve the climate for fruit production in the Great Lakes
region and eastern Canada but with risks of early season frost
and damaging winter thaws (Bélanger et al., 2002; Winkler et
al., 2002). For U.S. soybean yield, adjusting the planting date
can reduce the negative effects of late season heat stress and can
more than compensate for direct effects of climate change
(Southworth et al., 2002).

Vulnerability of North American agriculture to climatic
change is multi-dimensional and is determined by interactions
among pre-existing conditions, indirect stresses stemming from
climate change (e.g., changes in pest competition, water
availability), and the sector’s capacity to cope with multiple,
interacting factors, including economic competition from other
regions as well as advances in crop cultivars and farm
management (Parson et al., 2003). Water access is the major
factor limiting agriculture in south-east Arizona, but farmers in
the region perceive that technologies and adaptations such as
crop insurance have recently decreased vulnerability (Vasquez-
Leon et al., 2002). Areas with marginal financial and resource
endowments (e.g., the U.S. northern plains) are especially
vulnerable to climate change (Antle et al., 2004). Unsustainable
land-use practices will tend to increase the vulnerability of

agriculture in the U.S. Great Plains to climate change (Polsky
and Easterling, 2001).

Forestry
Across North America, impacts of climate change on

commercial forestry potential are likely to be sensitive to
changes in disturbances (Dale et al., 2001) from insects (Gan,
2004), diseases (Woods et al., 2005) and wildfires (high
confidence) (see Box 14.1). Warmer summer temperatures are
projected to extend the annual window of high fire ignition risk
by 10-30%, and could result in increased area burned of 74-
118% in Canada by 2100 (Brown et al., 2004; Flannigan et al.,
2004). In the absence of dramatic increases in disturbance,
effects of climate change on the potential for commercial harvest
in one study for the 2040s ranged from mixed for a low
emissions scenario (the EPPA LLH emissions scenario) to
positive for a high emissions scenario (the EPPA HHL emissions
scenario) (Perez-Garcia et al., 2002). Scenarios with increased
harvests tend to lead to lower prices and, as a consequence,
reduced harvests, especially in Canada (Perez-Garcia et al.,
2002; Sohngen and Sedjo, 2005). The tendency for North
American producers to suffer losses increases if climate change
is accompanied by increased disturbance, with simulated losses
averaging US$1 billion to 2 billion/yr over the 21st century
(Sohngen and Sedjo, 2005). Increased tropospheric ozone could
cause further decreases in tree growth (Karnosky et al., 2005).
Risks of losses from Southern pine beetle likely depend on the
seasonality of warming, with winter and spring warming leading
to the greatest damage (Gan, 2004).

Warmer winters with more sporadic freezing and thawing are
likely to increase erosion and landslides on forest roads, and
reduce access for winter harvesting (Spittlehouse and Stewart,
2003).

Freshwater fisheries
Cold-water fisheries will likely be negatively affected by

climate change; warm-water fisheries will generally gain; and
the results for cool-water fisheries will be mixed, with gains in
the northern and losses in the southern portions of ranges (high
confidence) (Stefan et al., 2001; Rahel, 2002; Shuter et al., 2002;
Mohseni et al., 2003; Fang et al., 2004). Salmonids, which prefer
cold, clear water, are likely to experience the most negative
impacts (Gallagher and Wood, 2003). Arctic freshwaters will
likely be most affected, as they will experience the greatest
warming (Wrona et al., 2005). Many warm-water and cool-water
species will shift their ranges northward or to higher altitudes
(Clark et al., 2001; Mohseni et al., 2003). In the continental U.S.,
cold-water species will likely disappear from all but the deeper
lakes, cool-water species will be lost mainly from shallow lakes,
and warm-water species will thrive except in the far south, where
temperatures in shallow lakes will exceed survival thresholds
(see Section 14.4.1) (Stefan et al., 2001). Species already listed
as threatened will face increased risk of extinction (Chu et al.,
2005), with pressures from climate exacerbated by the expansion
of predatory species like smallmouth bass (Jackson and
Mandrak, 2002). In Lake Erie, larval recruitment of river-
spawning walleye will depend on temperature and flow changes,
but lake-spawning stocks will likely decline due to the effects of
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warming and lower lake levels (Jones et al., 2006). Thermal
habitat suitable for yellow perch will expand, while that for lake
trout will contract (Jansen and Hesslein, 2004). While
temperature increases may favour warm-water fishes like
smallmouth bass, changes in water supply and flow regimes
seem likely to have negative effects (Peterson and Kwak, 1999).

14.4.5 Human health

Risks from climate change to human health will be strongly
modulated by changes in health care infrastructure, technology,
and accessibility as well as ageing of the population, and patterns
of immigration and/or emigration (UNPD, 2005). Across North
America, the population over the age of 65 will increase slowly
to 2010, and then grow dramatically as the Baby Boomers join
the ranks of the elderly – the segment of the population most at
risk of dying in heatwaves.

Heatwaves and health
Severe heatwaves, characterised by stagnant, warm air

masses and consecutive nights with high minimum
temperatures, will intensify in magnitude and duration over the
portions of the U.S. and Canada where they already occur (high
confidence) (Cheng et al., 2005). Late in the century, Chicago
is projected to experience 25% more frequent heatwaves
annually (using the PCM AOGCM with a business-as-usual
emissions scenario, for the period 2080 to 2099) (Meehl and
Tebaldi, 2004), and the projected number of heatwave days in
Los Angeles increases from 12 to 44-95 (based on PCM and
HadCM3 for the A1FI and B1 scenarios, for the 2070 to 2099
period) (Hayhoe et al., 2004).

Air pollution
Surface ozone concentration may increase with a warmer

climate. Ozone damages lung tissue, causing particular problems
for people with asthma and other lung diseases. Even modest
exposure to ozone may encourage the development of asthma
in children (McConnell et al., 2002; Gent et al., 2003). Ozone
and non-volatile secondary particulate matter generally increase
at higher temperatures, due to increased gas-phase reaction rates
(Aw and Kleeman, 2002). Many species of trees emit volatile
organic compounds (VOC) such as isoprene, a precursor of
ozone (Lerdau and Keller, 1998), at rates that increase rapidly
with temperature (Guenther, 2002).

For the 2050s, daily average ozone levels are projected to
increase by 3.7 ppb across the eastern U.S. (based on the
GISS/MM5 AOGCM and the SRES A2 emissions scenario),
with the cities most polluted today experiencing the greatest
increase in ozone pollution (Hogrefe et al., 2004). One-hour
maximum ozone follows a similar pattern, with the number of
summer days exceeding the 8-hour regulatory U.S. standard
projected to increase by 68% (Bell et al., 2007). Assuming
constant population and dose-response characteristics, ozone-
related deaths from climate change increase by approximately
4.5% from the 1990s to the 2050s (Knowlton et al., 2004; Bell
et al., 2007). The large potential population exposed to outdoor
air pollution translates this small relative risk into a substantial
attributable health risk.

Pollen
Pollen, another air contaminant, is likely to increase with

elevated temperature and atmospheric CO2 concentrations. A
doubling of the atmospheric CO2 concentration stimulated
ragweed-pollen production by over 50% (Wayne et al., 2002).
Ragweed grew faster, flowered earlier and produced
significantly greater above-ground biomass and pollen at urban
than at rural locations (Ziska et al., 2003).

Lyme disease
The northern boundary of tick-borne Lyme disease is limited

by cold temperature effects on the tick, Ixodes scapularis. The
northern range limit for this tick could shift north by 200 km by
the 2020s, and 1000 km by the 2080s (based on projections from
the CGCM2 and HadCM3 AOGCMs under the SRES A2
emissions scenario) (Ogden et al., 2006).

14.4.6 Human settlements

Economic base
The economies of resource-dependent communities and

indigenous communities in North America are particularly
sensitive to climate change, with likely winners and losers
controlled by impacts on important local resources (see Sections
14.4.1, 14.4.4 and 14.4.7). Residents of northern Canada and
Alaska are likely to experience the most disruptive impacts of
climate change, including shifts in the range or abundance of
wild species crucial to the livelihoods and well-being of
indigenous peoples (high confidence) (see Chapter 15 Sections
15.4.2.4 and 15.5) (Houser et al., 2001; NAST, 2001; Parson et
al., 2001a; ACIA, 2005).

Infrastructure, climate trends and extreme events
Many of the impacts of climate change on infrastructure in

North America depend on future changes in variability of
precipitation and extreme events, which are likely to increase but
with substantial uncertainty (Meehl et al., 2007: Section 10.5.1;
Christensen et al., 2007: Section 11.5.3). Infrastructure in Alaska
and northern Canada is known to be vulnerable to warming.
Among the most sensitive areas are those affected by coastal
erosion and thawing of ice-rich permafrost (see Chapter 15
Section 15.7.1) (NAST, 2001; Arctic Research Commission,
2003; ACIA, 2005). Building, designing, and maintaining
foundations, pipelines and road and railway embankments will
become more expensive due to permafrost thaw (ACIA, 2005).
Examples where infrastructure is projected to be at ‘moderate to
high hazard’ in the mid-21st century include Shishmaref, Nome
and Barrow in Alaska, Tuktoyaktuk in the Northwest Territories,
the Dalton Highway in Alaska, the Dempster Highway in the
Yukon, airfields in the Hudson Bay region, and the Alaska
Railroad (based on the ECHAM1-A, GFDL89 and UKTR
climate models) (Nelson et al., 2002; Instanes et al., 2005).

Since the TAR, a few studies have projected increasing
vulnerability of infrastructure to extreme weather related to
climate warming unless adaptation is effective (high
confidence). Examples include the New York Metropolitan
Region (Rosenzweig and Solecki, 2001) (see Box 14.3), the
mid-Atlantic Region (Fisher, 2000; Barron, 2001; Wu et al.,
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2002; Rygel et al., 2006) and the urban transportation network
of the Boston metropolitan area (Suarez et al., 2005). For
Boston, projections of a gradual increase (0.31%/yr) in the
probability of the 100-year storm surge, as well as sea-level rise
of 3 mm/yr, leads to urban riverine and coastal flooding (based
on the CGCM1 climate model), but the projected economic
damages do not justify the cost of adapting the transportation
infrastructure to climate change.

Less reliable supplies of water are likely to create challenges
for managing urban water systems as well as for industries that

depend on large volumes of water (see Sections 14.2.1, 14.4.1).
U.S. water managers anticipate local, regional or state-wide
water shortages during the next ten years (GAO, 2003). Threats
to reliable supply are complicated by the high population growth
rates in western states where many water resources are at or
approaching full utilisation (GAO, 2003) (see Section 14.4.1).
Potential increases in heavy precipitation, with expanding
impervious surfaces, could increase urban flood risks and create
additional design challenges and costs for stormwater
management (Kije Sipi Ltd., 2001).
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Box 14.3. North American cities integrate impacts across multiple scales and sectors

Impacts of climate change in the metropolitan regions of North America will be similar in many respects. Los Angeles, New York
and Vancouver are used to illustrate some of the affected sectors, including infrastructure, energy and water supply. Adaptation
will need to be multi-decadal and multi-dimensional, and is already beginning (see Section 14.5).

Infrastructure
Since most large North American cities are on tidewater, rivers or both, effects of climate change will likely include sea-level rise
(SLR) and/or riverine flooding. The largest impacts are expected when SLR, heavy river flows, high tides and storms coincide
(California Regional Assessment Group, 2002). In New York, flooding from the combination of SLR and storm surge could be
several metres deep (Gornitz and Couch, 2001; Gornitz et al., 2001). By the 2090s under a strong warming scenario (the CGCM
climate model with the CCGG emissions scenario), today’s 100-year flood level could have a return period of 3 to 4 years, and
today’s 500-year flood could be a 1-in-50-year event, putting much of the region’s infrastructure at increased risk (Jacob et al.,
2001; Major and Goldberg, 2001).

Energy supply and demand
Climate change will likely lead to substantial increases in electricity demand for summer cooling in most North American cities
(see Section 14.4.8). This creates a number of conflicts, both locally and at a distance. In southern California, additional summer
electricity demand will intensify inherent conflicts between state-wide hydropower and flood-control objectives (California
Regional Assessment Group, 2002). Operating the Columbia River dams that supply 90% of Vancouver’s power would be
complicated by lower flows and environmental requirements (see Box 14.2). In New York, supplying summer electricity demand
could increase air pollutant levels (e.g., ozone) (Hill and Goldberg, 2001; Kinney et al., 2001; Knowlton et al., 2004) and health
impacts could be further exacerbated by climate change interacting with urban heat island effects (Rosenzweig et al., 2005).
Unreliable electric power, as in minority neighbourhoods during the New York heatwave of 1999, can amplify concerns about
health and environmental justice (Wilgoren and Roane, 1999).

Water supply systems
North American city water supply systems often draw water from considerable distances, so climate impacts need not be local
to affect cities. By the 2020s, 41% of the supply to southern California is likely to be vulnerable to warming from loss of Sierra
Nevada and Colorado River basin snowpack (see Section 14.4.1). Similarly, less mountain snowpack and summer runoff could
require that Vancouver undertakes additional conservation and water restrictions, expands reservoirs, and develops additional
water sources (Schertzer et al., 2004). The New York area will likely experience greater water supply variability (Solecki and
Rosenzweig, 2007). The New York system can likely accommodate this, but the region’s smaller systems may be vulnerable,
leading to a need for enhanced regional water distribution protocols (Hansler and Major, 1999).

Adaptation
Many cities in North America have initiated ‘no regrets’ actions based on historical experience. In the Los Angeles area, incentive
and information programmes of local water districts encourage water conservation (MWD, 2005). A population increase of over
35% (nearly one million people) since 1970 has increased water use in Los Angeles by only 7% (California Regional Assessment
Group, 2002). New York has reduced total water consumption by 27% and per capita consumption by 34% since the early
1980s (City of New York, 2005). Vancouver’s ‘CitiesPLUS’ 100-year plan will upgrade the drainage system by connecting natural
areas and waterways, developing locally resilient, smaller systems, and upgrading key sections of pipe during routine
maintenance (Denault et al., 2002).



14.4.7 Tourism and recreation

Although coastal zones are among the most important
recreation resources in North America, the vulnerability of key
tourism areas to sea-level rise has not been comprehensively
assessed. The cost to protect Florida beaches from a 0.5 m rise
in sea level, with sand replenishment, was estimated at US$1.7
billion to 8.8 billion (EPA, 1999).

Nature-based tourism is a major market segment, with over
900 million visitor-days in national/provincial/state parks in
2001. Visits to Canada’s national parks system are projected to
increase by 9 to 25% (2050s) and 10 to 40% (2080s) as a result
of a lengthened warm-weather tourism season (based on the
PCM GCM and the SRES B2 emissions scenario, and the CCSR
GCM with A1) (Jones and Scott, 2006). This would have
economic benefits for park agencies and nearby communities,
but could exacerbate visitor-related ecological pressures in some
parks. Climate-induced environmental changes (e.g., loss of
glaciers, altered biodiversity, fire- or insect-impacted forests)
would also affect park tourism, although uncertainty is higher
regarding the regional specifics and magnitude of these impacts
(Richardson and Loomis, 2004; Scott et al., 2007a).

Early studies of the impact of climate change on the ski
industry did not account for snowmaking, which substantially
lowers the vulnerability of ski areas in eastern North America
for modest (B2 emissions scenario) but not severe (A1) warming
(based on 5 GCMs for the 2050s) (Scott et al., 2003; Scott et al.,
2007b). Without snowmaking, the ski season in western North
America will likely shorten substantially, with projected losses
of 3 to 6 weeks (by the 2050s) and 7 to 15 weeks (2080s) in the
Sierra Nevada of California (based on PCM and HadCM3
GCMs for the B1 and A1FI scenarios), and 7 to 10 weeks at
lower elevations and 2 to 14 weeks at higher elevations at Banff,
Alberta (based on the PCM GCM with the B2 emissions
scenario, and the CCSR GCM with A1, for the 2050s) (Hayhoe
et al., 2004; Scott and Jones, 2005). With advanced
snowmaking, the ski season in Banff shortens at low but not at
high altitudes. The North American snowmobiling industry
(valued at US$27 billion) (ISMA, 2006) is more vulnerable to
climate change because it relies on natural snowfall. By the
2050s, a reliable snowmobile season disappears from most
regions of eastern North America that currently have developed
trail networks (based on the CGCM1 and HadCM3 GCMs with
IS92a emissions, the PCM GCM with B2 emissions and the
CCSR GCM with A1 emissions) (Scott, 2006; Scott and Jones,
2006).

14.4.8 Energy, industry and transportation

Energy demand
Recent North American studies generally confirm earlier

work showing a small net change (increase or decrease,
depending on methods, scenarios and location) in the net
demand for energy in buildings but a significant increase in
demand for electricity for space cooling, with further increases
caused by additional market penetration of air conditioning (high
confidence) (Sailor and Muñoz, 1997; Mendelsohn and
Schlesinger, 1999; Morrison and Mendelsohn, 1999;

Mendelsohn, 2001; Sailor, 2001; Sailor and Pavlova, 2003; Scott
et al., 2005; Hadley et al., 2006). Ruth and Amato (2002)
projected a 6.6% decline in annual heating fuel consumption for
Massachusetts in 2020 (linked to an 8.7% decrease in heating
degree-days) and a 1.9% increase in summer electricity
consumption (12% increase in annual cooling degree-days). In
Québec, net energy demand for heating and air conditioning
across all sectors could fall by 9.4% of 2001 levels by 2100
(based on the CGCM1 GCM and the IS92a emissions scenario),
with residential heating falling by 10 to 15% and air
conditioning increasing two- to four-fold. Peak electricity
demand is likely to decline in the winter peaking system of
Quebec, while summer peak demand is likely to increase 7 to
17% in the New York metropolitan region (Ouranos, 2004).

Energy supply
Since the TAR, there have been regional but not national-

level assessments of the effects of climate change on future
hydropower resources in North America. For a 2 to 3°C warming
in the Columbia River Basin and British Columbia Hydro
service areas, the hydroelectric supply under worst-case water
conditions for winter peak demand will likely increase (high
confidence). However, generating power in summer will likely
conflict with summer instream flow targets and salmon
restoration goals established under the Endangered Species Act
(Payne et al., 2004). This conclusion is supported by
accumulating evidence of a changing hydrologic regime in the
western U.S. and Canada (see Sections 14.2.1, 14.4.1, Box 14.2).
Similarly, Colorado River hydropower yields will likely
decrease significantly (medium confidence) (Christensen et al.,
2004), as will Great Lakes hydropower (Moulton and Cuthbert,
2000; Lofgren et al., 2002; Mirza, 2004). James Bay
hydropower will likely increase (Mercier, 1998; Filion, 2000).
Lower Great Lake water levels could lead to large economic
losses (Canadian $437 million to 660 million/yr), with increased
water levels leading to small gains (Canadian $28 million to 42
million/yr) (Buttle et al., 2004; Ouranos, 2004). Northern
Québec hydropower production would likely benefit from
greater precipitation and more open-water conditions, but hydro
plants in southern Québec would likely be affected by lower
water levels. Consequences of changes in seasonal distribution
of flows and in the timing of ice formation are uncertain
(Ouranos, 2004).

Wind and solar resources are about as likely as not to increase
(medium confidence). The viability of wind resources depends
on both wind speed and reliability. Studies to date project wind
resources that are unchanged by climate change (based on the
HadGCM2 CGSa4 experiment) or reduced by 0 to 40% (based
on CGCM1 and the SRES A1 scenario, and HadCM2 and
RegCM2 and a 1%/yr CO2 increase) (Segal et al., 2001; Breslow
and Sailor, 2002). Future changes in cloudiness could slightly
increase the potential for solar energy in North America south of
60°N (using many models, the A1B scenario and for 2080 to
2099 vs. 1980 to 1999) (Meehl et al., 2007: Figure 10.10).
However, Pan et al. (2004) projected the opposite: that increased
cloudiness will likely decrease the potential output of
photovoltaics by 0 to 20% (based on HadCM2 and RegCM2 and
a 1%/yr CO2 increase for the 2040s).
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Bioenergy potential is climate-sensitive through direct impacts
on crop growth and availability of irrigation water. Bioenergy
crops are projected to compete successfully for agricultural
acreage at a price of US$33/Mg, or about US$1.83/109 joules
(Walsh et al., 2003). Warming and precipitation increases are
expected to allow the bioenergy crop switchgrass to compete
effectively with traditional crops in the central U.S. (based on
RegCM2 and a 2×CO2 scenario) (Brown et al., 2000).

Construction
As projected in the TAR, the construction season in Canada

and the northern U.S. will likely lengthen with warming (see
Section 14.3.1 and Christensen et al., 2007 Section 11.5.3). In
permafrost areas in Canada and Alaska, increasing depth of the
‘active layer’ or loss of permafrost can lead to substantial
decreases in soil strength (ACIA, 2004). In areas currently
underlain by permafrost, construction methods are likely to
require changes (Cole et al., 1998), potentially increasing
construction and maintenance costs (high confidence) (see
Chapter 15 Section 15.7.1) (ACIA, 2005).

Transportation
Warmer or less snowy winters will likely reduce delays,

improve ground and air transportation reliability, and decrease
the need for winter road maintenance (Pisano et al., 2002). More
intense winter storms could, however, increase risks for traveller
safety (Andrey and Mills, 2003) and require increased snow
removal. Continuation of the declining fog trend in at least some
parts of North America (Muraca et al., 2001; Hanesiak and
Wang, 2005) should benefit transport. Improvements in
technology and information systems will likely modulate
vulnerability to climate change (Andrey and Mills, 2004).

Negative impacts of climate change on transportation will very
likely result from coastal and riverine flooding and landslides
(Burkett, 2002). Although offset to some degree by fewer ice
threats to navigation, reduced water depth in the Great Lakes would
lead to the need for ‘light loading’ and, hence, adverse economic
impacts (see Section 14.4.1) (du Vair et al., 2002; Quinn, 2002;
Millerd, 2005). Adaptive measures, such as deepening channels
for navigation, would need to address both institutional and
environmental challenges (Lemmen and Warren, 2004).

Warming will likely adversely affect infrastructure for surface
transport at high northern latitudes (Nelson et al., 2002).
Permafrost degradation reduces surface load-bearing capacity and
potentially triggers landslides (Smith and Levasseur, 2002;
Beaulac and Doré, 2005). While the season for transport by barge
is likely to be extended, the season for ice roads will likely be
compressed (Lonergan et al., 1993; Lemmen and Warren, 2004;
Welch, 2006). Other types of roads are likely to incur costly
improvements in design and construction (Stiger, 2001; McBeath,
2003; Greening, 2004) (see Chapter 15 Section 15.7.1).

An increase in the frequency, intensity or duration of heat spells
could cause railroad track to buckle or kink (Rosetti, 2002), and
affect roads through softening and traffic-related rutting
(Zimmerman, 2002). Some problems associated with warming
can be ameliorated with altered road design, construction and
management, including changes in the asphalt mix and the timing
of spring load restrictions (Clayton et al., 2005; Mills et al., 2006).

14.4.9 Interacting impacts

Impacts of climate change on North America will not occur
in isolation, but in the context of technological, economic
(Nakićenović and Swart, 2000; Edmonds, 2004), social (Lebel,
2004; Reid et al., 2005) and ecological changes (Sala et al.,
2000). In addition, challenges from climate change will not
appear as isolated effects on a single sector, region, or group.
They will occur in concert, creating the possibility of a suite of
local, as well as long-distance, interactions, involving both
impacts of climate change and other societal and ecosystem
trends (NAST, 2001; Reid et al., 2005). In some cases, these
interactions may reduce impacts or decrease vulnerability, but
in others they may amplify impacts or increase vulnerability.

Effects of climate change on ecosystems do not occur in
isolation. They co-occur with numerous other factors, including
effects of land-use change (Foley et al., 2005), air pollution
(Karnosky et al., 2005), wildfires (see Box 14.1), changing
biodiversity (Chapin et al., 2000) and competition with invasives
(Mooney et al., 2005). The strong dependence of ecosystem
function on moisture balance (Baldocchi and Valentini, 2004),
coupled with the greater uncertainty about future precipitation
than about future temperature (Christensen et al., 2007: Section
11.5.3), further expands the range of possible futures for North
American ecosystems.

People also experience climate change in a context that is
strongly conditioned by changes in other sectors and their
adaptive capacity. Interactions with changes in material wealth
(Ikeme, 2003), the vitality of local communities (Hutton, 2001;
Wall et al., 2005), the integrity of key infrastructure (Jacob et
al., 2001), the status of emergency facilities and preparedness
and planning (Murphy et al. 2005), the sophistication of the
public health system (Kinney et al., 2001), and exposure to
conflict (Barnett, 2003), all have the potential to either
exacerbate or ameliorate vulnerability to climate change. Among
the unexpected consequences of the population displacement
caused by Hurricane Katrina in 2005 is the strikingly poorer
health of storm evacuees, many of whom lost jobs, health
insurance, and stable relationships with medical professionals
(Columbia University Mailman School of Public Health, 2006).

Little of the literature reviewed in this chapter addresses
interactions among sectors that are all impacted by climate
change, especially in the context of other changes in economic
activity, land use, human population, and changing personal and
political priorities. Similarly, knowledge of the indirect impacts
on North America of climate change in other geographical
regions is very limited.

14.5 Adaptation: practices, options and
constraints

The U.S. and Canada are developed economies with
extensive infrastructure and mature institutions, with important
regional and socio-economic variations (NAST, 2000; Lemmen
and Warren, 2004). These capabilities have led to adaptation and
coping strategies across a wide range of historic conditions, with

Chapter 14 North America

635



both successes and failures. Most studies on adaptive strategies
consider implementation based on past experiences (Paavola
and Adger, 2002). Examples of adaptation based on future
projections are rare (Smit and Wall, 2003; Devon, 2005).
Expanding beyond reactive adaptation to proactive, anticipatory
adaptive strategies presents many challenges. Progress toward
meeting these challenges is just beginning in North America.

14.5.1 Practices and options

Canada and the U.S. emphasise market-based economies.
Governments often play a role implementing large-scale
adaptive measures, and in providing information and incentives
to support development of adaptive capacity by private decision
makers (UNDP, 2001; Michel-Kerjan, 2006). In practice, this
means that individuals, businesses and community leaders act
on perceived self interest, based on their knowledge of adaptive
options. Despite many examples of adaptive practices in North
America, under-investment in adaptation is evident in the recent
rapid increase in property damage due to climate extremes
(Burton and Lim, 2005; Epstein and Mills, 2005) and illustrates
the current adaptation deficit.

Adaptation by individuals and private businesses
Research on adaptive behaviour for coping with projected

climate change is minimal, though several studies address
adaptations to historic variation in the weather. About 70% of
businesses face some weather risk. The impact of weather on
businesses in the U.S. is an estimated US$200 billion/yr (Lettre,
2000). Climate change may also create business opportunities.
For example, spending on storm-worthiness and construction of
disaster-resilient homes (Koppe et al., 2004; Kovacs, 2005b;
Kunreuther, 2006) increased substantially after the 2004 and
2005 Atlantic hurricanes, as did the use of catastrophe bonds
(CERES, 2004; Byers et al., 2005; Dlugolecki, 2005; Guy
Carpenter, 2006).

Businesses in Canada and the U.S. are investing in climate-
relevant adaptations, though few of these appear to be based on
projections of future climate change. For example:

• Insurance companies are introducing incentives for
homeowners and businesses that invest in loss prevention
strategies (Kim, 2004; Kovacs, 2005b).

• Insurance companies are investing in research to prevent
future hazard damage to insured property, and to adjust
pricing models (Munich Re., 2004; Mills and Lecomte,
2006).

• Ski resort operators are investing in lifts to reach higher
altitudes and in snow-making equipment (Elsasser et al.,
2003; Census Bureau, 2004; Scott, 2005; Jones and Scott,
2006; Scott et al., 2007a).

• With highly detailed information on weather conditions,
farmers are adjusting crop and variety selection, irrigation
strategies and pesticide application (Smit and Wall, 2003).

• The forest resources sector is investing in improved varieties,
forest protection, forest regeneration, silvicultural
management and forest operations (Loehle et al., 2002;
Spittlehouse and Stewart, 2003).

Adaptation by governments and communities
Many North American adaptations to climate-related risks are

implemented at the community level. These include efforts to
minimise damage from heatwaves, droughts, floods, wildfires
or tornados. These actions may entail land-use planning,
building code enforcement, community education and
investments in critical infrastructure (Burton et al., 2002;
Multihazard Mitigation Council, 2005).

Flooding and drought present recurring challenges for many
North American communities (Duguid, 2002). When the City
of Peterborough, Canada, experienced two 100-year flood
events within three years, it responded by flushing the drainage
systems and replacing the trunk sewer systems to meet more
extreme 5-year flood criteria (Hunt, 2005). Recent droughts in
six major U.S. cities, including New York and Los Angeles, led
to adaptive measures involving investments in water
conservation systems and new water supply-distribution
facilities (Changnon and Changnon, 2000). To cope with a 15%
increase in heavy precipitation, Burlington and Ottawa, Ontario,
employed both structural and non-structural measures, including
directing downspouts to lawns to encourage infiltration and
increasing depression and street detention storage (Waters et al.,
2003).

Some large cities (e.g., New Orleans) and important
infrastructure (e.g., the only highway and rail link between Nova
Scotia and the rest of Canada) are located on or behind dykes
that will provide progressively less protection unless raised on
an ongoing basis. Some potential damages may be averted
through redesigning structures, raising the grade, or relocating
(Titus, 2002). Following the 1996 Saguenay flood and 1998 ice
storm, the province of Québec modified the Civil Protection Act
and now requires municipalities to develop comprehensive
emergency management plans that include adaptation strategies
(McBean and Henstra, 2003). More communities are expected
to re-examine their hazard management systems following the
catastrophic damage in New Orleans from Hurricane Katrina
(Kunreuther et al., 2006).

Rapid development and population growth are occurring in
many coastal areas that are sensitive to storm impacts (Moser,
2005). While past extreme events have motivated some
aggressive adaptation measures (e.g., in Galveston, Texas)
(Bixel and Turner, 2000), the passage of time, new residents,
and high demand for waterfront property are pushing coastal
development into vulnerable areas.

Climate change will likely increase risks of wildfire (see Box
14.1). FireWise and FireSmart are programmes promoting
wildfire safety in the U.S. and Canada, respectively (FireSmart,
2005; FireWise, 2005). Individual homeowners and businesses
can participate, but the greatest reduction in risk will occur in
communities that take a comprehensive approach, managing
forests with controlled burns and thinning, promoting or
enforcing appropriate roofing materials, and maintaining
defensible space around each building (McGee et al., 2000).

Public institutions are responsible for adapting their own
legislation, programmes and practices to appropriately anticipate
climate changes. The recent Québec provincial plan, for
example, integrates climate change science into public policy.
Public institutions can also use incentives to encourage or to
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overcome disincentives to investment by private decision
makers (Moser, 2006). Options, including tax assistance, loan
guarantees and grants, can improve resilience to extremes and
reduce government costs for disaster management (Moser,
2005). The U.S. National Flood Insurance Program is changing
its policy to reduce the risk of multiple flood claims, which cost
the programme more than US$200 million/yr (Howard, 2000).
Households with two flood-related claims are now required to
elevate their structure 2.5 cm above the 100-year flood level, or
relocate. To complement this, a 5-year, US$1 billion programme
to update and digitise flood maps was initiated in 2003 (FEMA,
2006). However, delays in implementing appropriate zoning can
encourage accelerated, maladapted development in coastal
communities and flood plains.

14.5.2 Mainstreaming adaptation

One of the greatest challenges in adapting North America to
climate change is that individuals often resist and delay change
(Bacal, 2000). Good decisions about adapting to climate change
depend on relevant experience (Slovic, 2000), socio-economic
factors (Conference Board of Canada, 2006), and political and
institutional considerations (Yarnal et al., 2006; Dow et al., 2007).
Adaptation is a complex concept (Smit et al., 2000; Dolan and
Walker, 2006), that includes wealth and several other dimensions.

Experience and knowledge
The behaviour of people and systems in North America

largely reflects historic climate experience (Schipper et al.,
2003), which has been institutionalised through building codes,
flood management infrastructure, water systems and a variety
of other programmes. Canadian and U.S. citizens have invested
in buildings, infrastructure, water and flood management
systems designed for acceptable performance under historical
conditions (Bruce, 1999; Co-operative Programme on Water and
Climate, 2005; UMA Engineering, 2005; Dow et al., 2007).
Decisions by community water managers (Rayner et al., 2005;
Dow et al., 2007) and set-back regulations in coastal areas
(Moser, 2005) also account for historic experience but rarely
incorporate information about climate change or sea-level rise.
In general, decision makers lack the tools and perspectives to
integrate future climate, particularly events that exceed historic
norms (UNDP, 2001).

Examples of adaptive behaviour influenced exclusively or
predominantly by projections of climate change are largely
absent from the literature, but some early steps toward planned
adaptation have been taken by the engineering community,
insurance companies, water managers, public health officials,
forest managers and hydroelectric producers. Some initiatives
integrate consideration of climate change into the environmental
impact assessment process. Philadelphia, Toronto and a few
other communities have introduced warning programmes to
manage the health threat of heatwaves (Kalkstein, 2002). The
introduction of Toronto’s heat/health warning programme was
influenced by both climate projections and fatalities from past
heatwaves (Koppe et al., 2004; Ligeti, 2006).

Weather extremes can reveal a community’s vulnerability or
resilience (RMS, 2005a) and provide insights into potential

adaptive responses to future events. Since the 1998 ice storm,
Canada’s two most populous provinces, Ontario and Québec,
have strengthened emergency preparedness and response
capacity. Included are comprehensive hazard-reduction
measures and loss-prevention strategies to reduce vulnerability
to extreme events. These strategies may include both public
information programmes and long-term strategies to invest in
safety infrastructure (McBean and Henstra, 2003). Adaptive
behaviour is typically greater in the communities that recently
experienced a natural disaster (Murphy et al., 2005). But the near
absence of any personal preparedness following the 2003
blackout in eastern North America demonstrated that adaptive
actions do not always follow significant emergencies (Murphy,
2004).

Socio-economic factors
Wealthier societies tend to have greater access to technology,

information, developed infrastructure, and stable institutions
(Easterling et al., 2004), which build capacity for individual and
collective action to adapt to climate change. But average
economic status is not a sufficient determinant of adaptive
capacity (Moss et al., 2001). The poor and marginalised in
Canada and the U.S. have historically been most at risk from
weather shocks (Turner et al., 2003), with vulnerability directly
related to income inequality (Yohe and Tol, 2002). Differences
in individual capacity to cope with extreme weather were
evident in New Orleans during and after Hurricane Katrina
(Kunreuther et al., 2006), when the large majority of those
requiring evacuation assistance were either poor or in groups
with limited mobility, including elderly, hospitalised and
disabled citizens (Murphy et al., 2005; Kumagi et al., 2006;
Tierney, 2006).

Political and institutional capacity for autonomous adaptation
Public officials in Canada and the U.S. typically provide early

and extensive assistance in emergencies. Nevertheless,
emergency response systems in the U.S. and Canada are based
on the philosophy that households and businesses should be
capable of addressing their own basic needs for up to 72 hours
after a disaster (Kovacs and Kunreuther, 2001). The residents’
vulnerability depends on their own resources, plus those
provided by public service organisations, private firms and
others (Fischhoff, 2006). When a household is overwhelmed by
an extreme event, household members often rely on friends,
family and other social networks for physical and emotional
support (Cutter et al., 2000; Enarson, 2002; Murphy, 2004).
When a North American community responds to weather
extremes, non-governmental organisations often coordinate
support for community-based efforts (National Voluntary
Organizations Active in Disaster, 2006).

An active dialogue among stakeholders and political
institutions has the potential to clarify the opportunities for
adaptation to changing climate. However, public discussion
about adaptation is at an early stage in the U.S. and Canada
(Natural Resources Canada, 2000), largely because national
governments have focused public discussion on mitigation, with
less attention to adaptation (Moser, 2005). Some public funds
have been directed to research on impacts and adaptation, and

Chapter 14 North America

637



both countries have undertaken national assessments with a
synthesis of the adaptation literature, but neither country has a
formal adaptation strategy (Conference Board of Canada, 2006).
Integrating perspectives on climate change into legislation and
regulations has the potential to promote or constrain adaptive
behaviour (Natural Resources Canada, 2000). North American
examples of public policies that influence adaptive behaviour
include water allocation law in the western U.S. (Scheraga,
2001), farm subsidies (Goklany, 2007), public flood insurance in
the U.S. (Crichton, 2003), guidance on preservation of wetlands
and emergency management.

14.5.3 Constraints and opportunities

Social and cultural barriers
High adaptive capacity, as in most of North America, should

be an asset for coping with or benefiting from climate change.
Capacity, however, does not ensure positive action or any action
at all. Societal values, perceptions and levels of cognition shape
adaptive behaviour (Schneider, 2004). In North America,
information about climate change is usually not ‘mainstreamed’
or explicitly considered (Dougherty and Osaman Elasha, 2004)
in the overall decision-making process (Slovic, 2000; Leiss,
2001). This can lead to actions that are maladapted, for example,
development near floodplains or coastal areas known to be
vulnerable to climate change. Water managers are unlikely to
use climate forecasts, even when they recognise the
vulnerability, unless the forecast information can fit directly into
their everyday management decisions (Dow et al., 2007).

Informational and technological barriers
Uncertainty about the local impacts of climate change is a

barrier to action (NRC, 2004). Incomplete knowledge of disaster
safety options (Murphy, 2004; Murphy et al., 2005) further
constrains adaptive behaviour. Climate change information must
be available in a form that fits the needs of decision-makers. For
example, insurance companies use climate models with outputs
specifically designed to support decisions related to the risk of
insolvency, pricing and deductibles, regulatory and rating
agency considerations, and reinsurance (Swiss Re, 2005a). Some
electrical utilities have begun to integrate climate model output
into planning and management of hydropower production
(Ouranos, 2004).

A major challenge is the need for efficient technology and
knowledge transfer. In general, questions about responsibility
for funding research, involving stakeholders, and linking
communities, government and markets have not been answered
(Ouranos, 2004). Another constraint is resistance to new
technologies (e.g., genetically modified crops), so that some
promising adaptations in the agricultural, water resource
management and forestry sectors are unlikely to be realised
(Goklany, 2000, 2001).

Financial and market barriers
In the U.S., recent spending on adaptation to extremes has

been a sound investment, contributing to reduced fatalities,
injuries and significant economic benefits. The Multihazard
Mitigation Council (2005) found that US$3.5 billion in spending

between 1993 and 2003 on programmes to reduce future
damages from flooding, severe wind and earthquakes
contributed US$14 billion in societal benefits. The greatest
savings were in flood (5-fold) and wind (4-fold) damage
reduction. Adaptation also benefited government as each dollar
of spending resulted in US$3.65 in savings or increased tax
revenue. This is consistent with earlier case studies; the
Canadian $65 million invested in 1968 to create the Manitoba
Floodway has prevented several billion dollars in flood damage
(Duguid, 2002).

Economic issues are frequently the dominant factors
influencing adaptive decisions. This includes community
response to coastal erosion (Moser, 2000), investments to
enhance water resource systems (Report of the Water Strategy
Expert Panel, 2005), protective retrofits to residences (Simmons
et al., 2002; Kunreuther, 2006), and changes in insurance
practices (Kovacs, 2005a). The cost and availability of economic
resources clearly influence choices (WHO, 2003), as does the
private versus public identity of the beneficiaries (Moser, 2000).

Sometimes, financial barriers interact with the slow turnover
of existing infrastructure (Figure 14.3). Extensive property
damage in Florida during Hurricane Andrew in 1992 led to
significant revisions to the building code. If all properties in
southern Florida met this updated code in 1992, then property
damage from Hurricane Andrew would have been lower by
nearly 45% (AIR, 2002). Florida will, however, still experience
extensive damage from hurricanes through damage to the large
number of older homes and businesses. Other financial barriers
come from the challenge property owners face in recovering the
costs of protecting themselves. Hidden adaptations tend to be
undervalued, relative to obvious ones. For example, homes with
storm shutters sell for more than homes without this visible
adaptation, while less visible retrofits, such as tie-down straps to
hold the roof in high winds, add less to the resale value of the
home, relative to their cost (Simmons et al., 2002).
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Figure 14.3. Typical infrastructure lifetimes in North America (data from
Lewis, 1987; Bettigole, 1990; EIA, 1999, 2001; Statistics Canada, 2001a;
BEA, 2003), in relation to projected North American warming for 2000 to
2100 (relative to 1901-1950) for the A1B scenario, from the IPCC AR4
Multi-Model Dataset (yellow envelope). Measured and modelled
anomalies for 2000 are shown with black and orange bars, respectively.
Projected warming for 2091 to 2100 for the B1, A1B and A2 scenarios
are indicated by the blue, yellow and red bars, respectively at the right
(data from Christensen et al., 2007: Box 11.1 Figure 1).



14.6 Case studies

Many of the topics discussed in this chapter have important
dimensions, including interactions with other sectors, regions
and processes, that make them difficult to assess from the
perspective of a single sector. This chapter develops multi-sector
case studies on three topics of special importance to North
America – forest disturbances (see Box 14.1), water resources
(using the Columbia River as an example) (see Box 14.2) and
coastal cities (see Box 14.3).

14.7 Conclusions: implications for
sustainable development

Climate change creates a broad range of difficult challenges
that influence the attainment of sustainability goals. Several of
the most difficult emerge from the long time-scale over which
the changes occur (see Section 14.3) and the possible need for
action well before the magnitude (and certainty) of the impacts
is clear (see Section 14.5). Other difficult problems arise from
the intrinsic global scale of climate change (EIA, 2005b).
Because the drivers of climate change are truly global, even
dedicated action at the regional scale has limited prospects for
ameliorating regional-scale impacts. These two sets of
challenges, those related to time-scale and those related to the
global nature of climate change, are not in the classes that have
traditionally yielded to the free-market mechanisms and political
decision making that historically characterise Canada and the
U.S. (see Section 14.5). Yet, the magnitude of the climate change
challenge calls for proactive adaptation and technological and
social innovation, areas where Canada and the U.S. have
abundant capacity. An important key to success will be
developing the capacity to incorporate climate change
information into adaptation in the context of other important
technological, social, economic and ecological trends.

The preceding sections describe current knowledge
concerning the recent climate experience of North America, the
impacts of the changes that have already occurred, and the
potential for future changes. They also describe historical
experience with and future prospects for dealing with climate
impacts. The key points are:

• North America has experienced substantial social, cultural,
economic and ecological disruption from recent climate-
related extremes, especially storms, heatwaves and wildfires
[14.2].

• Continuing infrastructure development, especially in
vulnerable zones, will likely lead to continuing increases in
economic damage from extreme weather [14.2.6, 14.4.6].

• The vulnerability of North America depends on the
effectiveness of adaptation and the distribution of coping
capacity, both of which are currently uneven and have not
always protected vulnerable groups from adverse impacts of
climate variability and extreme weather events [14.5].

• A key prerequisite for sustainability is ‘mainstreaming’
climate issues into decision making [14.5].

• Climate change will exacerbate stresses on diverse sectors
in North America, including, but not limited to, urban
centres, coastal communities, human health, water resources
and managed and unmanaged ecosystems [14.4].

• Indigenous peoples of North America and those who are
socially and economically disadvantaged are
disproportionately vulnerable to climate change [14.2.6,
14.4.6].

14.8 Key uncertainties and research
priorities

The major limits in understanding of climate change impacts
on North America, and on the ability of its people, economies
and ecosystems to adapt to these changes, can be grouped into
seven areas.

• Projections of climate changes still have important
uncertainties; especially on a regional scale (Christensen et
al., 2007: Section 11.5.3). For North America, the greater
uncertainty about future precipitation than about future
temperature substantially expands the uncertainty of a broad
range of impacts on ecosystems (see Section 14.4.2),
hydrology and water resources (see Sections 14.4.1, 14.4.7),
and on industries (see Sections 14.4.6, 14.4.7).

• North American people, economies and ecosystems tend to
be much more sensitive to extremes than to average
conditions [14.2]. Incomplete understanding of the
relationship between changes in the average climate and
extremes (Meehl et al., 2007: Section 10.3.6; Christensen et
al., 2007: Section 11.5.3.3) limits our ability to connect
future conditions with future impacts and the options for
adaptation. There is a need for improved understanding of
the relationship between changes in average climate and
those extreme events with the greatest potential impact on
North America, including hurricanes, other severe storms,
heatwaves, floods, and prolonged droughts.

• For most impacts of climate change, we have at least some
tools for estimating gradual change (see Section 14.4), but
we have few tools for assessing the conditions that lead to
tipping points, where a system changes or deteriorates
rapidly, perhaps without further forcing.

• Most of the past research has addressed impacts on a single
sector (e.g., health, transportation, unmanaged ecosystems).
Few studies address the interacting responses of diverse
sectors impacted by climate change, making it very difficult
to evaluate the extent to which multi-sector responses limit
options or push situations toward tipping points (see Section
14.4.9).

• Very little past research addresses impacts of climate change
in a context of other trends with the potential to exacerbate
impacts of climate change or to limit the range of response
options (see Section 14.4.9) (but see Reid et al., 2005 for an
important exception). A few North American examples of
trends likely to complicate the development of strategies for
dealing with climate change include continuing development
in coastal areas (see Section 14.2.3), increasing demand on
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freshwater resources (see Section 14.4.1), the accumulation
of fuel in forest ecosystems susceptible to wildfire (see Box
14.1), and continued introductions of invasive species with
the potential to disrupt agriculture and ecosystem processes
(see Section 14.2.2, 14.2.4). In the sectors that are the subject
of the most intense human management (e.g., health,
agriculture, settlements, industry), it is possible that changes
in technology or organisation could exacerbate or ameliorate
impacts of climate change (see Section 14.4.9).

• Indirect impacts of climate change are poorly understood. In
a world of ever-increasing globalisation, the future of North
American people, economies and ecosystems is connected
to the rest of the world through a dense network of cultural
exchanges, trade, mixing of ecosystems, human migration
and, regrettably, conflict (see Section 14.3). In this
interconnected world, it is possible that profoundly important
impacts of climate change on North America will be indirect
consequences of climate change impacts on other regions,
especially where people, economies or ecosystems are
unusually vulnerable.

• Examples of North American adaptations to climate-related
impacts are abundant, but understanding of the options for
proactive adaptation to conditions outside the range of
historical experience is limited (see Section 14.5).

All of these areas potentially interact, with impacts that are
unevenly distributed among regions, industries, and
communities. Progress in research and management is occurring
in all these areas. Yet stakeholders and decision makers need
information immediately, placing a high priority on strategies
for providing useful decision support in the context of current
knowledge, conditioned by an appreciation of the limits of that
knowledge.
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Executive summary

In both polar regions, there is strong evidence of the ongoing
impacts of climate change on terrestrial and freshwater
species, communities and ecosystems (very high confidence).
Recent studies project that such changes will continue (high
confidence), with implications for biological resources and
globally important feedbacks to climate (medium confidence).
Strong evidence exists of changes in species’ ranges and
abundances and in the position of some tree lines in the Arctic
(high confidence). An increase in greenness and biological
productivity has occurred in parts of the Arctic (high confidence).
Surface albedo is projected to decrease and the exchange of
greenhouse gases between polar landscapes and the atmosphere
will change (very high confidence). Although recent models
predict that a small net accumulation of carbon will occur in Arctic
tundra during the present century (low confidence), higher
methane emissions responding to the thawing of permafrost and
an overall increase in wetlands will enhance radiative forcing
(medium confidence). [15.4.1, 15.4.2, 15.4.6].

In both polar regions, components of the terrestrial
cryosphere and hydrology are increasingly being affected
by climate change (very high confidence). These changes
will have cascading effects on key regional bio-physical
systems and cause global climatic feedbacks, and in the
north will affect socio-economic systems (high confidence).
Freshwater and ice flows into polar oceans have a direct impact
on sea level and (in conjunction with the melt of sea ice) are
important in maintaining the thermohaline circulation. In the
Arctic, there has been increased Eurasian river discharge to the
Arctic Ocean, and continued declines in the ice volume of Arctic
and sub-Arctic glaciers and the Greenland ice sheet (very high
confidence). Some parts of the Antarctic ice sheet are also losing
significant volume (very high confidence). Changes to
cryospheric processes are also modifying seasonal runoff and
routings (very high confidence). These combined effects will
impact freshwater, riparian and near-shore marine systems (high
confidence) around the Arctic, and on sub-Antarctic islands. In
the Arctic, economic benefits, such as enhanced hydropower
potential, may accrue, but some livelihoods are likely to be
adversely affected (high confidence). Adaptation will be
required to maintain freshwater transportation networks with the
loss of ice cover (high confidence). [15.4.1, 15.4.6, 15.7.1].

Continued changes in sea-ice extent, warming and acidification
of the polar oceans are likely to further impact the biomass
and community composition of marine biota as well as
Arctic human activities (high confidence).
Although earlier claims of a substantial mid-20th century
reduction of Antarctic sea-ice extent are now questioned, a
recently reported decline in krill abundance is due to regional
reductions in Antarctic sea-ice extent; any further decline will
adversely impact their predators and ecosystems (high
confidence). Acidification of polar waters is predicted to have
adverse effects on calcified organisms and consequential effects
on species that rely upon them (high confidence). The impact of

climate change on Arctic fisheries will be regionally specific;
some beneficial and some detrimental. The reduction of Arctic
sea ice has led to improved marine access, increased coastal
wave action, changes in coastal ecology/biological production
and adverse effects on ice-dependent marine wildlife, and
continued loss of Arctic sea ice will have human costs and
benefits (high confidence). [15.2.1, 15.2.2, 15.4.3].

Already Arctic human communities are adapting to climate
change, but both external and internal stressors challenge their
adaptive capabilities (high confidence). Benefits associated with
climate change will be regionally specific and widely variable at
different locations (medium confidence).

Impacts on food accessibility and availability, and personal safety
are leading to changes in resource and wildlife management and in
livelihoods of individuals (e.g., hunting, travelling) (high
confidence). The resilience shown historically byArctic indigenous
peoples is now being severely tested (high confidence). Warming
and thawing of permafrost will bring detrimental impacts on
community infrastructure (very high confidence). Substantial
investments will be needed to adapt or relocate physical structures
and communities (high confidence). The benefits of a less severe
climate are dependant on local conditions, but include reduced
heating costs, increasing agricultural and forestry opportunities,
more navigable northern sea routes, and marine access to resources
(medium confidence). [15.4.5, 15.5, 15.7]

15.1 Introduction

The polar regions are increasingly recognised as being:
• geopolitically and economically important,
• extremely vulnerable to current and projected climate change,
• the regions with the greatest potential to affect global climate

and thus human populations and biodiversity.

Sub-regions of the Arctic and Antarctic have shown the most
rapid rates of warming in recent years. Substantial
environmental impacts of climate change show profound
regional differences both within and between the polar regions,
and enormous complexity in their interactions. The impacts of
this climate change in the polar regions over the next 100 years
will exceed the impacts forecast for many other regions and will
produce feedbacks that will have globally significant
consequences. However, the complexity of response in
biological and human systems, and the fact that these systems
are subject to multiple stressors, means that future impacts
remain very difficult to predict.

15.1.1 Summary of knowledge assessed in the TAR

This chapter updates and extends the discussion of polar
regions in the IPCC Working Group II, Third Assessment Report
(TAR, Anisimov et al., 2001). That report summarised the climatic
changes that have been observed in the polar regions over the 20th
century, the impacts those changes have had on the environment,
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and the likely impact of projected climate change in the future.
The following summarises the key findings of that assessment to
which ‘very-high confidence’ or ‘high confidence’ was attached
(see Figure 15.1 for overview and place names used in this chapter).

Key trends highlighted in the TAR
• In the Arctic, during the 20th century, air temperatures over

extensive land areas increased by up to 5°C; sea ice thinned
and declined in extent; Atlantic water flowing into the Arctic
Ocean warmed; and terrestrial permafrost and Eurasian spring
snow decreased in extent.

• There has been a marked warming in the Antarctic Peninsula
over the last half-century. There has been no overall change in
Antarctic sea-ice extent over the period 1973-1996.

Key regional projections highlighted in the TAR
• Increased melting of Arctic glaciers and the Greenland ice

sheet, but thickening of the Antarctic ice sheet due to
increased precipitation, were projected.

• Exposure of more bare ground and consequent changes in
terrestrial biology on the Antarctic Peninsula were anticipated.

• Substantial loss of sea ice at both poles was projected.
• Reduction of permafrost area and extensive thickening of the

active layer in the Arctic was expected to lead to altered
landscapes and damage to infrastructure.

• Climate change combined with other stresses was projected
to affect human Arctic communities, with particularly
disruptive impacts on indigenous peoples following
traditional and subsistence lifestyles.

• Economic costs and benefits were expected to vary among
regions and communities.

Key polar drivers of global climate change identified in the TAR
• Changes in albedo due to reduced sea-ice and snow extent

were expected to cause additional heating of the surface and
further reductions in ice/snow cover.

Awareness of such issues led to the preparation of a uniquely
detailed assessment of the impacts of climate change in the
Arctic (ACIA, 2005), which has been drawn upon heavily in the
Arctic component of this chapter. There is no similarly detailed
report for the Antarctic.

15.2 Current sensitivity/vulnerability

15.2.1 Climate, environment and
socio-economic state

Arctic
For several decades, surface air temperatures in the Arctic

have warmed at approximately twice the global rate (McBean
et al., 2005). The areally averaged warming north of 60°N has
been 1-2°C since a temperature minimum in the 1960s and
1970s. In the marine Arctic, the 20th-century temperature record
is marked by strong low-frequency (multi-decadal) variations
(Polyakov et al., 2002). Serreze and Francis (2006) have
discussed the attribution of recent changes in terms of natural

variability and anthropogenic forcing, concluding that a
substantial proportion of the recent variability is circulation-
driven, and that the Arctic is in the early stages of a
manifestation of a human-induced greenhouse signature. This
conclusion is based largely on the relatively slow rate of
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Figure 15.1. Location maps of the North and South polar regions,
including place names used in the text. The topography of glaciated
and non-glaciated terrain is shown by using different shading schemes.
The polar fronts shown are intended to give an approximate location
for the extent of cold, polar waters but are, in places, open to
interpretation and fluctuations. (This and other maps were drawn
by P. Fretwell, British Antarctic Survey.)



emergence of the greenhouse signal in model simulations of the
late 20th and early 21st centuries.

The most recent (1980 to present) warming of much of the
Arctic is strongest (about 1°C/decade) in winter and spring, and
smallest in autumn; it is strongest over the interior portions of
northern Asia and north-western North America (McBean et al.,
2005). The latter regions, together with the Antarctic Peninsula,
have been the most rapidly warming areas of the globe over the
past several decades (Turner et al., 2007). The North Atlantic
sub-polar seas show little warming during the same time period,
probably because of their intimate connection with the cold,
deep waters. Temperatures in the upper troposphere and
stratosphere of the Arctic have cooled in recent decades,
consistent with increases in greenhouse gases and with decreases
in stratospheric ozone since 1979 (Weatherhead et al., 2005).

Precipitation in the Arctic shows signs of an increase over the
past century, although the trends are small (about 1% per
decade), highly variable in space, and highly uncertain because
of deficiencies in the precipitation measurement network
(McBean et al., 2005) and the difficulty in obtaining accurate
measurements of rain and snow in windy polar regions. There is
no evidence of systematic increases in intense storms in the
Arctic (Atkinson, 2005) although coastal vulnerability to storms
is increasing with the retreat of sea ice (see Section 15.4.6).
Little is known about areally averaged precipitation over
Greenland. The discharge of Eurasian rivers draining into the
Arctic Ocean shows an increase since the 1930s (Peterson et al.,
2002), generally consistent with changes in temperature and the
large-scale atmospheric circulation.

Reductions of Arctic sea ice and glaciers (see Lemke et al.,
2007), reductions in the duration of river and lake ice in much of
the sub-Arctic (Prowse et al., 2004; Walsh et al., 2005), and a
recent (1980s to present) warming of permafrost in nearly all areas
for which measurements are available (Romanovsky et al., 2002;
Walsh et al., 2005) are consistent with the recent changes in Arctic
surface air temperatures. Although there is visual evidence of
permafrost degradation (Lemke et al., 2007), long-term
measurements showing widespread thickening of the active layer
are lacking. Changes in vegetation, particularly a transition from
grasses to shrubs, has been reported in the North American Arctic
(Sturm et al., 2001) and elsewhere (Tape et al., 2006), and satellite
imagery has indicated an increase in the Normalised Difference
Vegetation Index (NDVI, a measure of photosynthetically active
biomass) over much of the Arctic (Slayback et al., 2003). This is
consistent with a longer growing season and with documented
changes in the seasonal variation in atmospheric CO2
concentrations as reported in the TAR. Broader ecosystem impacts
of climate change in both polar regions are summarised by Walther
et al. (2002) and were documented more extensively for the Arctic
by the Arctic Climate Impact Assessment (ACIA, 2005).

Recent analysis of air-borne data (Krabill et al., 2004),
satellite data (Howat et al., 2005; Luckman et al., 2006; Rignot
and Kanagaratnam, 2006) and seismic data (Ekstrom et al.,
2006) indicate thinning around the periphery of the Greenland
ice sheet, where summer melt has increased during the past 20
years (Abdalati and Steffen, 2001; Walsh et al., 2005), while
there is evidence of slower rates of thickening further inland
(Johannessen et al., 2005).

The Arctic is now home to approximately 4 million residents
(Bogoyavlenskiy and Siggner, 2004). Migration into the Arctic
during the 20th century has resulted in a change of demographics
such that indigenous peoples now represent 10% of the entire
population. This influx has brought various forms of social,
cultural and economic change (Huntington, 1992; Nuttall,
2000b). For most Arctic countries, only a small proportion of
their total population lives in the Arctic, and settlement remains
generally sparse (Bogoyavlenskiy and Siggner, 2004) and
nomadic peoples are still significant in some countries. On
average, however, two-thirds of the Arctic population live in
settlements with more than 5,000 inhabitants. Indigenous
residents have, in most regions, been encouraged to become
permanent residents in fixed locations, which has had a
predominantly negative effect on subsistence activities and some
aspects of community health. At the same time, Arctic residents
have experienced an increase in access to treated water supplies,
sewage disposal, health care facilities and services, and
improved transportation infrastructure which has increased
access to such things as outside market food items (Hild and
Stordhal, 2004). In general, the Arctic has a young, rapidly
growing population with higher birth rates than their national
averages, and rising but lower than national average life-
expectancy. This is particularly true for indigenous populations,
although some exceptions exist, such as in the Russian north,
where population and life-expectancy has decreased since 1990
(Einarsson et al., 2004).

Political and administrative regimes in Arctic regions vary
between countries. In particular, indigenous groups have
different levels of self-determination and autonomy. Some
regions (e.g., northern Canada and Greenland) now have
formalised land-claim settlements, while in Eurasia indigenous
claims have only recently begun to be addressed (Freeman,
2000). Wildlife management regimes and indigenous/non-
indigenous roles in resource management also vary between
regions. Nowadays, large-scale resource extraction initiatives
and/or forms of social support play significant roles in the
economies of many communities. Despite these changes, aspects
of subsistence and pastoral livelihoods remain important.

Regardless of its small and dispersed population, the Arctic
has become increasingly important in global politics and
economies. For example, the deleterious effect on the health of
Arctic residents of contaminants produced in other parts of the
world has led to international agreements such as the Stockholm
Convention on Persistent Organic Pollutants (Downey and
Fenge, 2003). Furthermore, significant oil, gas and mineral
resources (e.g., diamonds) are still to be developed in circum-
Arctic regions that will further increase the importance of this
region in the world (e.g., U.S. Geological Survey World Energy
Assessment Team, 2000; Laherre, 2001).

Antarctic
Direct measurements reveal considerable spatial variability

in temperature trends in Antarctica. All meteorological stations
on the Antarctic Peninsula show strong and significant warming
over the last 50 years (see Section 15.6.3). However, of the other
long-term (>30 years) mean annual temperature records
available, twelve show warming, while seven show cooling;
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although only two of these (one of each) are significant at the
10% level (Turner et al., 2005). If the individual station records
are considered as independent measurements, then the mean
trend is warming at a rate comparable to mean global warming
(Vaughan et al., 2003), but there is no evidence of a continent-
wide ‘polar amplification’ in Antarctica. In some areas where
cooling has occurred, such as the area around Amundsen-Scott
Station at the South Pole, there is no evidence of directly
attributable impacts, but elsewhere cooling has caused clear
local impacts. For example, in the Dry Valleys, a 6 to 9%
reduction in primary production in lakes and a >10%/yr decline
in soil invertebrates has been observed (Doran et al., 2002).
Although the impacts are less certain, precipitation has also
declined on sub-Antarctic islands (Bergstrom and Chown,
1999).

Recent changes in Antarctic sea-ice extent are discussed in
detail elsewhere (Lemke et al., 2007), but evidence highlighted
in the TAR (Anisimov et al., 2001) gleaned from records of
whaling activities (de la Mare, 1997) is no longer considered
reliable (Ackley et al., 2003). So, for the period before satellite
observation, only direct local observations (e.g., Murphy et al.,
1995) and proxies (e.g., Curran et al., 2003) are available. For
the satellite period (1978 to present) there has been no
ubiquitous trend in Antarctic sea-ice duration, but there have
been strong regional trends (see Figure 15.2). Sea-ice duration
in the Ross Sea has increased, while in the Bellingshausen and
Amundsen Seas it has decreased, with high statistical
significance in each case (Parkinson, 2002; Zwally et al., 2002).

This pattern strongly reflects trends in atmospheric temperature
at nearby climate stations (Vaughan et al., 2003).

Increasing atmospheric CO2 concentrations are leading to an
increased draw-down of CO2 by the oceans and, as a consequence,
sea water is becoming more acidic (Royal Society, 2005). As is the
case in other parts of the world’s oceans, coccolithophorids and
foraminifera are significant components of the pelagic microbial
community of the Southern Ocean and contribute to the draw-
down of atmospheric CO2 to the deep ocean. Experimental studies
(Riebesell et al., 2000) indicate that elevated CO2 concentration
reduces draw-down of CO2 compared with the production of
organic matter. Recent investigations suggest that at the present
rate of acidification of the Southern Ocean, pteropods (marine
pelagic molluscs) will not be able to survive after 2100 and their
loss will have significant consequences for the marine food web
(Orr et al., 2005). Similarly, cold-water corals are threatened by
increasing acidification. Furthermore, increasing acidification
leads to changes in the chemistry of the oceans, altering the
availability of nutrients and reducing the ability of the oceans to
absorb CO2 from the atmosphere (Royal Society, 2005; see also
Chapter 4 this volume).

15.2.2 Vulnerability and adaptive capacity

Vulnerability is the degree to which a system is susceptible to,
or unable to cope with, adverse effects of stress; whereas
adaptive capacity, or resilience, is an ability to adjust to stress,
to realise opportunities or to cope with consequences (McCarthy
et al., 2005).

15.2.2.1 Terrestrial and marine ecosystems
Many polar species are particularly vulnerable to climate

change because they are specialised and have adapted to harsh
conditions in ways that are likely to make them poor competitors
with potential immigrants from environmentally more benign
regions (e.g., Callaghan et al., 2005; Peck et al., 2006). Other
species require specific conditions, for example winter snow
cover or a particular timing of food availability (Mehlum, 1999;
Peck et al., 2006). In addition, many species face multiple,
concurrent human-induced stresses (including increased
ultraviolet-B radiation, increasing contaminant loads, habitat
loss and fragmentation) that will add to the impacts of climate
change (Walther et al., 2002; McCarthy et al., 2005).

Plants and animals in the polar regions are vulnerable to
attacks from pests (Juday et al., 2005) and parasites (Albon et al.,
2002; Kutz et al., 2002) that develop faster and are more prolific
in warmer and moister conditions. Many terrestrial polar ecosystems
are vulnerable because species richness is low in general, and
redundancy within particular levels of food chains and some
species groups is particularly low (Matveyeva and Chernov,
2000). Loss of a keystone species (e.g., lemmings, Turchin and
Batzli, 2001) could have cascading effects on entire ecosystems.

Arctic
In Arctic ecosystems, adaptive capacity varies across species

groups from plants that reproduce by cloning, which have
relatively low adaptive potential, through some insects (e.g.,
Strathdee et al., 1993) that can adapt their life cycles, to micro-

Figure 15.2. Trends in annual Antarctic sea-ice duration in days per year,
for the period 1978-2004, after Parkinson (2002). Hatched areas show
where trends are not significant at the 95% level. (Data compiled by
W.M. Connolley, British Antarctic Survey.)



organisms that have great adaptive potential because of rapid
turnover and universal dispersal. The adaptive capacity of
current Arctic ecosystems is small because their extent is likely
to be reduced substantially by compression between the general
northwards expansion of forest, the current coastline and longer-
term flooding of northern coastal wetlands as the sea level rises,
and also as habitat is lost to land use (see Figure 15.3). General
vulnerability to warming and lack of adaptive capacity of Arctic
species and ecosystems are likely, as in the past, to lead to
relocation rather than rapid adaptation to new climates (see
Figure 15.3).

As air and sea water temperatures have increased in the
Bering Sea, there have been associated changes in sea-ice cover,
water-column properties and processes including primary
production and sedimentation, and coupling with the bottom
layer (Grebmeier et al., 2006). A change from Arctic to sub-
Arctic conditions is happening with a northward movement of
the pelagic-dominated marine ecosystem that was previously
confined to the south-eastern Bering Sea. Thus communities that
consist of organisms such as bottom-feeding birds and marine
mammals are being replaced by communities dominated by
pelagic fish. Changes in sea ice conditions have also affected
subsistence and commercial harvests (Grebmeier et al., 2006).

Many Arctic and sub-Arctic seas (e.g., parts of the Bering and
Barents Seas) are among the most productive in the world
(Sakshaug, 2003), and yield about 7 Mt of fish per year, provide
about US$15 billion in earnings (Vilhjálmsson et al., 2005), and
employ 0.6 to 1 million people (Agnarsson and Arnason, 2003).
In addition, Arctic marine ecosystems are important to
indigenous peoples and rural communities following traditional
and subsistence lifestyles (Vilhjálmsson et al., 2005).

Recent studies reveal that sea surface warming in the north-
east Atlantic is accompanied by increasing abundance of the
largest phytoplankton in cooler regions and their decreasing
abundance in warmer regions (Richardson and Schoeman,
2004). In addition, the seasonal cycles of activities of marine
micro-organisms and invertebrates and differences in the way
components of pelagic communities respond to change, are
leading to the activities of prey species and their predators
becoming out of step. Continued warming is therefore likely to
impact on the community composition and the numbers of
primary and secondary producers, with consequential stresses
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Figure 15.3. Present and projected vegetation and minimum sea-ice
extent for Arctic and neighbouring regions. Vegetation maps based on
floristic surveys (top) and projected vegetation for 2090-2100, predicted
by the LPJ Dynamic Vegetation Model driven by the HadCM2 climate
model (bottom) modified from Kaplan et al. (2003) in Callaghan et al.
(2005). The original vegetation classes have been condensed as follows:
grassland = temperate grassland and xerophytic scrubland; temperate
forest = cool mixed forest, cool-temperate evergreen needle-leaved and
mixed forest, temperate evergreen needle-leaved forest, temperate
deciduous broadleaved forest; boreal forest = cool evergreen needle-
leaved forest, cold deciduous forest, cold evergreen needle-leaved
forest; tundra = low- and high-shrub tundra, erect dwarf-shrub tundra,
prostrate dwarf-shrub tundra; polar desert/semi-desert = cushion forb,
lichen and moss tundra. Also shown are observed minimum sea-ice
extent for September 2002, and projected sea-ice minimum extent,
together with potential new/improved sea routes (redrawn from Instanes
et al., 2005; Walsh et al., 2005).



on higher trophic levels. This will impact economically important
species, primarily fish, and dependent predators such as marine
mammals and sea birds (Edwards and Richardson, 2004).

Antarctic
Substantial evidence indicates major regional changes in

Antarctic terrestrial and marine ecosystems in areas that have
experienced warming. Increasing abundance of shallow-water
sponges and their predators, declining abundances of krill,
Adelie and Emperor penguins, and Weddell seals have all been
recorded (Ainley et al., 2005). Only two species of native
flowering plant, the Antarctic pearlwort (Colobanthus quitensis)
and the Antarctic hair grass (Deschampsia antarctica) currently
occur in small and isolated ice-free habitats on the Antarctic
continent. Their increased abundance and distribution was
ascribed to the increasing summer temperatures (Fowbert and
Smith, 1994). Elsewhere on continental Antarctica, climate
change is also affecting the vegetation, which is largely
composed of algae, lichens and mosses, and changes are
expected in future, as temperature, and water and nutrient
availability, change (Robinson et al., 2003).

The marked reduction reported in the biomass of Antarctic krill
(Euphausia superba) and an increase in the abundance of salps
(principally Salpa thompsoni), a pelagic tunicate, may be related to
regional changes in sea ice conditions (Atkinson et al., 2004). This
change may also underlie the late-20th century changes in the
demography of krill predators (marine mammals and sea birds)
reported from the south-west Atlantic (Fraser and Hoffmann,
2003), and this connection indicates a potential vulnerability to
climate change whose importance cannot yet be determined.

Recent studies on sub-Antarctic islands have shown increases
in the abundance of alien species and negative impacts on the
local biota such as a decline in the number and size of Sphagnum
moss beds (Whinam and Copson, 2006). On these islands,
increasing human activities and increasing temperatures are
combining to promote successful invasions of non-indigenous
species (Bergstrom and Chown, 1999).

15.2.2.2 Freshwater systems
Arctic

Climate variability/change has historically had, and will
continue to have, impacts on Arctic freshwater resources. First-
order impacts (e.g., changes to the snow/ice/water budget) play
a significant role in important global climate processes, through
feedbacks (e.g., changes to radiative feedbacks, stability of the
oceanic stratification and thermohaline circulation, and
carbon/methane source-sink status). Cascading effects have
important consequences for the vulnerability of freshwater
systems, as measured by their ecological or human resource value.

From an ecological perspective, the degree of vulnerability
to many higher-order impacts (e.g., changes in aquatic
geochemistry, habitat availability/quality, biodiversity) are
related to gradual and/or abrupt threshold transitions such as
those associated with water-phase changes (e.g., loss of
freshwater ice cover) or coupled bio-chemical responses (e.g.,
precipitous declines in dissolved oxygen related to lake
productivity) (Wrona et al., 2005). Historically, Arctic
freshwater ecosystems have adapted to large variations in

climate over long transitional periods (e.g., Ruhland and Smol,
2002; Ruhland et al., 2003), but in the next 100 years the
combination of high-magnitude events and rapid rates of change
will probably exceed the ability of the biota and their associated
ecosystems to adapt (Wrona et al., 2006a). This will result in
significant changes and both positive and negative impacts. It is
projected, however, that overall the negative effects will very
probably outweigh the positive, implying that freshwater
systems are vulnerable to climate change (Wrona et al., 2005).

From a human-use perspective, potential adaptation measures
are extremely diverse, ranging from measures to facilitate
modified use of the resource (e.g., changes in ice-road
construction practices, increased open-water transportation, flow
regulation for hydroelectric production, harvesting strategies,
and methods of drinking-water access), to adaptation strategies
to deal with increased/decreased freshwater hazards (e.g.,
protective structures to reduce flood risks or increase floods for
aquatic systems (Prowse and Beltaos, 2002); changes to more
land-based travel to avoid increasingly hazardous ice).
Difficulties in pursuing adaptation strategies may be greatest for
those who place strong cultural and social importance on
traditional uses of freshwater resources (McBean et al., 2005;
Nuttall et al., 2005).

Antarctic
Antarctic freshwater systems are fewer and smaller than those

in the Arctic, but are no less vulnerable to climate change. The
microbial communities inhabiting these systems are likely to be
modified by changing nutrient regimes, contaminants and
introductions of species better able to cope with the changing
conditions. A drop in air temperature of 0.7°C per decade late in
the 20th century in the Dry Valleys led to a 6 to 9% drop in
primary production in the lakes of the area (Doran et al., 2002).
In marked contrast, summer air temperature on the maritime
sub-Antarctic Signy Island increased by 1°C over the last 50
years and, over the period 1980 to 1995, water temperature in the
lakes rose several times faster than the air temperature; this is
one of the fastest responses to regional climate change in the
Southern Hemisphere yet documented (Quayle et al., 2002). As
a consequence, the annual ice-free period has lengthened by up
to 4 weeks. In addition, the area of perennial snow cover on
Signy Island has decreased by about 45% since 1951, and the
associated change in microbial and geochemical processes has
led to increased amounts of organic and inorganic nutrients
entering the lakes. There has also been an explosion in the
population of fur seals (Arctocephalus gazella) on the island due
to decreased ice cover and increased area available for resting
and moulting. Together these changes are leading to disruption
of the ecosystem due to increased concentrations of nutrients
(eutrophication) (Quayle et al., 2003). Similar ecological
vulnerabilities are expected to exist in other Antarctic freshwater
systems.

15.2.2.3 Permafrost
Permafrost, defined as sub-surface earth materials that remain

at or below 0°C continuously for two or more years, is
widespread in Arctic, sub-Arctic and high-mountain regions, and
in the small areas of Antarctica without permanent ice cover.
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The physical processes of climate-permafrost interactions and
observations of permafrost change are discussed elsewhere
(Lemke et al., 2007); here we focus on the observed and
projected changes of permafrost, and impacts they may have on
natural and human systems in the Arctic.

Observational data are limited, but precise measurements in
boreholes indicate that permafrost temperatures in the Arctic
rose markedly during the last 50 years (Romanovsky et al.,
2002), with rapid warming in Alaska (Hinzman et al., 2005),
Canada (Beilman et al., 2001), Europe (Harris et al., 2003) and
Siberia (Pavlov and Moskalenko, 2002). Short-term and
localised warming associated with the reduction of snow cover
(Stieglitz et al., 2003) and feedbacks associated with increased
vegetation productivity (Sturm et al., 2001; Anisimov and
Belolutskaia, 2004; Chapin et al., 2005b) are, however,
important considerations that must be taken into account.

In the context of the future climate change, there are two key
concerns associated with the thawing of permafrost: the
detrimental impact on the infrastructure built upon it, and the
feedback to the global climate system through potential emission
of greenhouse gases. These are discussed in Sections 15.7.1
and 15.4.2.3.

15.2.2.4 Human populations
Neither Antarctica nor the sub-Antarctic islands have

permanent human populations; the vast majority of residents are
staff at scientific stations and summer-only visitors. While there
are some areas of particular sensitivity (see Section 15.6.3),
where climate change might dictate that facilities be abandoned,
from a global perspective these can be viewed as logistical issues
only for the organisations concerned.

In contrast, the archaeological record shows that humans have
lived in the Arctic for thousands of years (Pavlov et al., 2001).

Previously, many Arctic peoples practised seasonal
movements between settlements, and/or seasonally between
activities (e.g., farming to fishing), and the semi-nomadic and
nomadic following of game animals and herding. Today, most
Arctic residents live in permanent communities, many of which
exist in low-lying coastal areas. Despite the socio-economic
changes taking place, many Arctic communities retain a strong
relationship with the land and sea, with community economies
that are a combination of subsistence and cash economies, in
some cases, strongly associated with mineral, hydrocarbon and
resource development (Duhaime, 2004). The vulnerable nature
of Arctic communities, and particularly coastal indigenous
communities, to climate change arises from their close
relationship with the land, geographical location, reliance on the
local environment for aspects of everyday life such as diet and
economy, and the current state of social, cultural, economic and
political change taking place in these regions.

Communities are already adapting to local environmental
changes (Krupnik and Jolly, 2002; Nickels et al., 2002) through
wildlife management regimes, and changes in individual
behaviours (i.e., shifts in timing and locations of particular
activities) and they retain a substantial capacity to adapt. This is
related to flexibility in economic organisation, detailed local
knowledge and skills, and the sharing mechanisms and social
networks which provide support in times of need (Berkes and

Jolly, 2001). However, for some Arctic peoples, movement into
permanent communities, along with shifts in lifestyle and
culture, limits some aspects of adaptive capacity as more
sedentary lifestyles minimise mobility, and increased
participation in wage-economy jobs decreases the number of
individuals able to provide foods from the local environment.
The sustainability of this trend is unknown.

Small Arctic communities, however remote, are tightly tied
politically, economically and socially to the national
mainstream, as well as being linked to and affected by the global
economy (Nuttall et al., 2005). Today, trade barriers, resource
management regimes, political, legal and conservation interests,
and globalisation all affect, constrain or reduce the abilities of
Arctic communities to adapt to climate change (Nuttall et al.,
2005). Trends in modernity within communities also affect
adaptive capacity in both positive and negative ways. Increased
access to outside markets and new technologies improve the
ability to develop resources and a local economic base; however,
increased time spent in wage-earning employment, while
providing significant benefits at the individual and household
levels through enhanced economic capacity, reduces time on the
land observing and developing the knowledge that strengthens
the ability to adapt. This underscores the reality that climate
change is one of several interrelated problems affecting Arctic
communities and livelihoods today (Chapin et al., 2005a).

In some cases, indigenous peoples may consider adaptation
strategies to be unacceptable, as they impact critical aspects of
traditions and cultures. For example, the Inuit Circumpolar
Conference has framed the issue of climate change in a
submission to the United States Senate as an infringement on
human rights because it restricts access to basic human needs as
seen by the Inuit and will lead to the loss of culture and identity
(Watt-Cloutier, 2004). Currently we do not know the limits of
adaptive capacity among Arctic populations, or what the impacts
of some adaptive measures will be.

15.3 Assumptions about future trends

15.3.1 Key regional impacts with importance to the
global system

We expect climate change in the polar regions to have many
direct regional impacts; however, those regional direct impacts
may have global implications through the following processes
and feedbacks.

• Reflectivity of snow, ice and vegetation: snow, ice and
vegetation play vital roles in the global climate system,
through albedo and insulation effects. Since the TAR,
increasing evidence has emerged indicating a more rapid
disappearance of snow and sea-ice cover in some areas (e.g.,
Siberia, Alaska, the Greenland Sea), and consequent changes
of albedo may be leading to further climate change (e.g.,
Holland and Bitz, 2003).

• Retreat of glaciers and ice sheets, freshwater runoff, sea
level and ocean circulation: the retreat of glaciers in the
Arctic and more rapid melting of the edges of the Greenland
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ice sheet (Section 15.2.1), together with observed increases
in river runoff (Peterson et al., 2002), the major contributor,
will alter the freshwater budget of the Arctic Ocean. Further
changes are expected and could influence ocean circulation
with global impacts (Lemke et al., 2007).

• Arctic terrestrial carbon flux: although models project that
Arctic terrestrial ecosystems and the active layer will be a
small sink for carbon in the next century, processes are
complex and uncertainty is high. It is possible that increased
emissions of carbon from thawing permafrost will lead to
positive climate forcing (Sitch et al., 2007). Whether such
emissions reach the atmosphere as methane or as carbon
dioxide is important, because, on a per molecule basis,
methane has more than 20 times the warming influence
(Anisimov et al., 2005b).

• Migrating species: species that seasonally migrate from
lower latitudes to polar regions rely on the existence of
specific polar habitats, and if those habitats are compromised
the effects will be felt in communities and food webs far
beyond the polar regions. These habitats are likely to be
compromised by direct or consequential climate change
impacts such as drying of ponds and wetlands, and also by
multiple stresses (e.g., land-use changes, hunting
regulations).

• Methane hydrates: significant amounts of methane hydrates
are contained in sediments, especially on Arctic continental
shelves. As these areas warm, this methane may be released,
adding to the greenhouse gas concentration in the
atmosphere (Sloan, 2003; Maslin, 2004).

• Southern Ocean carbon flux: climate models indicate that
stratification of the Southern Ocean will change. This could
change the community structure of primary producers and
alter rates of draw-down of atmospheric CO2 and its
transport to the deep ocean.

15.3.2 Projected atmospheric changes

The areally averaged warming in the Arctic is projected to
range from about 2°C to about 9°C by the year 2100, depending
on the model and forcing scenario. The projected warming is
largest in the northern autumn and winter, and is largest over the
polar oceans in areas of sea-ice loss. Over land, the projected
warming shows less seasonal variation, although regions such as
the Canadian Archipelago are not well resolved.

In contrast to the unanimity of the models in predicting a north-
polar amplification of warming, there are differences among the
model projections concerning polar amplification in Antarctica,
especially over the continent (Parkinson, 2004). However, in
several simulations, the warming is amplified over a narrow
Southern Ocean band from which sea ice retreats.

Global precipitation is projected to increase during the 21st
century by 10 to 20% in response to the SRES1 A1B emissions
scenario of the IPCC Fourth Assessment Report (AR4)
simulations. However, the seasonality and spatial patterns of the
precipitation increase in the Arctic vary among the models.
Similar results have emerged from other IPCC AR4 simulations

(Kattsov et al., 2007). In addition, the partitioning among snow
and rain will change in a warmer climate, affecting surface
hydrology, terrestrial ecosystems and snow loads on structures.
The ratio of rain to snow should increase especially in those
seasons and Arctic sub-regions in which present-day air
temperatures are close to freezing. The difference between
precipitation and evapotranspiration (P−E), which over multi-year
timescales is approximately equivalent to runoff (river discharge),
is also projected to increase over the course of the 21st century.
The projected increases of runoff by 2080 are generally in the
range of 10 to 30%, largest in the A2 scenario and smallest in the
B1 scenario. Of the major river basins, the largest increases are
projected for the Lena River basin. Additional information on
projected changes is presented elsewhere (Meehl et al., 2007). The
effects of these freshwater changes on the thermohaline circulation
are uncertain.

15.3.3 Projected changes in the oceans

A new study (Zhang and Walsh, 2006) based on the IPCC
AR4 model simulations, projected mean reductions of annually
averaged sea ice area in the Arctic by 2080-2100 of 31%, 33%
and 22% under the A2, A1B and B1 scenarios, respectively (see
Figure 15.3). A consistent model result is that the sea-ice loss is
greater in summer than in winter, so that the area of seasonal
(winter-only) sea-ice coverage actually increases in many
models. The loss of summer sea ice will change the moisture
supply to northern coastal regions and will be likely to impact
the calving rates of glaciers that are now surrounded by sea ice
for much of the year. There will also be increases in wind-
driven transport and mixing of ocean waters in regions of
sea-ice loss.

The projected increases of Arctic river discharge and
precipitation over polar oceans, as well as the projections of
increasing discharge from the Greenland ice sheet (Lemke et al.,
2007), point to a freshening of the ocean surface in northern high
latitudes. However, the projected changes of ice discharge
(calving rates) are generally not available from the model
simulations, since the ice sheet discharge is not explicitly
included in coupled global models.

15.3.4 Projected changes on land

Arctic
Although seasonal snow cover on land is highly variable, it

has important effects on the substrate and on local climate,
primarily through its insulating properties and high albedo. In
Eurasia, and to a lesser extent North America, there has been a
persistent 5-6 day/decade increase in the duration of snow-free
conditions over the past three decades (Dye, 2002). The
reduction of snow residence time occurs primarily in spring.
Projections from different climate models generally agree that
these changes will continue. Likely impacts include increases in
near-surface ground temperature, changes in the timing of spring
melt-water pulses, and enhanced transportation and agricultural
opportunities (Anisimov et al., 2005a). The projected warming
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also implies a continuation of recent trends toward later freeze-
up and earlier break-up of river and lake ice (Walsh et al., 2005).

Projections of change agree that the retreat of glaciers will
continue across Arctic glaciers, with a consequent impact on
global sea level (Meehl et al., 2007). Recent changes in the
Greenland ice sheet have, however, been complex. The colder
interior has thickened, most probably as a result of recently high
precipitation rates, while the coastal zone has been thinning.
Thus some studies suggest that overall the ice sheet is growing
in thickness (Krabill et al., 2000; Johannessen et al., 2005).
However, there is a growing body of evidence for accelerating
coastal thinning, a response to recent increases in summer melt
(Abdalati and Steffen, 2001), and acceleration of many coastal
glaciers (Krabill et al., 2004; Howat et al., 2005; Ekstrom et al.,
2006; Luckman et al., 2006; Rignot and Kanagaratnam, 2006)
suggest that thinning is now dominating the mass balance of the
entire ice sheet.

Warming, thawing and decrease in areal extent of terrain
underlain by permafrost are expected in response to climatic
change in the 21st century (Sazonova et al., 2004; Euskirchen et
al., 2006; Lemke et al., 2007). Results from models forced with
a range of IPCC climate scenarios indicate that by the mid-21st
century the permafrost area in the Northern Hemisphere is likely
to decrease by 20 to 35%, largely due to the thawing of
permafrost in the southern portions of the sporadic and
discontinuous zones, but also due to increasing patchiness in
areas that currently have continuous permafrost (Anisimov and
Belolutskaia, 2004). Projected changes in the depth of seasonal
thawing (base of the active layer) are uniform neither in space
nor in time. In the next three decades, active layer depths are
likely to be within 10 to 15% of their present values over most
of the permafrost area; by the middle of the century, the depth of
seasonal thawing may increase on average by 15 to 25%, and
by 50% and more in the northernmost locations; and by 2080, it
is likely to increase by 30 to 50% and more over all permafrost
areas (Anisimov and Belolutskaia, 2004; Instanes et al., 2005).

Antarctic
Current and projected changes in the Antarctic ice sheet are

discussed in greater detail elsewhere (Lemke et al., 2007), and
are only summarised here. Recent changes in volume of the
Antarctic ice sheet are much better mapped and understood than
they were in the TAR, but competing theories over the causes
still limits confidence in prediction of the future changes. The ice
sheet on the Antarctic Peninsula is probably alone in showing a
clear response to contemporary climate change (see Section
15.6.3), while the larger West Antarctic and East Antarctic ice
sheets are showing changes whose attribution to climate change
are not clear, but cannot be ruled out. In West Antarctica, there
is a suggestion that the dramatic recent thinning of the ice sheet
throughout the Amundsen Sea sector is the result of recent ocean
change (Payne et al., 2004; Shepherd et al., 2004), but as yet
there are too few oceanographic measurements to confirm this
interpretation. Indeed, there is evidence that deglaciation of
some parts of West Antarctica, as a response to climate change
at the end of the last glacial period, is not yet complete (Stone et
al., 2003). There are still competing theories, but the now clear
evidence of ice-sheet change, has reinvigorated debate about

whether we should expect a deglaciation of part of the West
Antarctic ice sheet on century to millennial timescales (Vaughan,
2007). Studies based on satellite observations do not provide
unequivocal evidence concerning the mass balance of the East
Antarctic ice sheet; some appear to indicate marginal thickening
(Davis et al., 2005), while others indicate little change (Zwally
et al., 2005; Velicogna and Wahr, 2006; Wingham et al., 2006).

Permafrost in ice-free areas, seasonal snow cover, and lake-
ice do exist in Antarctica but in such small areas that they are
only discussed in respect to particular impacts.

15.4 Key future impacts and vulnerabilities

15.4.1 Freshwater systems and their management

15.4.1.1 Arctic freshwater systems and historical changes
Some freshwater systems exist wholly within the Arctic but

many others are fed by river and lake systems further south. The
latter includes five of the world’s largest river catchments, which
act as major conduits transporting water, heat, sediment,
nutrients, contaminants and biota into the Arctic. For these
systems, it will be the basin-wide changes that will determine
the Arctic impacts.

Historically, the largest changes to northern river systems
have been produced by flow regulation, much of it occurring in
the headwaters of Arctic rivers. For Canada and Russia, it is
these northward-flowing rivers that hold the greatest remaining
potential for large-scale hydroelectric development (e.g.,
Shiklomanov et al., 2000; Prowse et al., 2004). Similar to some
expected effects of climate change, the typical effect of
hydroelectric flow regulation is to increase winter flow but also
to decrease summer flow and thereby change overall inter-
seasonal variability. In the case of the largest Arctic-flowing
river in North America, the Mackenzie River, separating the
effects of climate change from regulation has proven difficult
because of the additional dampening effects on flow produced
by natural storage-release effects of major lake systems (e.g.,
Gibson et al., 2006; Peters et al., 2006). For some major Russian
rivers (Ob and Yenisei), seasonal effects of hydroelectric
regulation have been noted as being primarily responsible for
observed trends in winter discharge that were previously thought
to be a result of climatic effects (Yang et al., 2004a, b). By
contrast, winter flow increases on the Lena River have resulted
primarily from increased winter precipitation and warming
(Yang et al., 2002; Berezovskaya et al., 2005). Spatial patterns
in timing of flows, however, have not been consistent, with
adjacent major Siberian rivers showing both earlier (Lena –
Yang et al., 2002) and later (Yenisei – Yang et al., 2004b) spring
flows over the last 60 years. Although precipitation changes are
often suspected of causing many changes in river runoff, a sparse
precipitation monitoring network in the Arctic, makes such
linkages very difficult (Walsh et al., 2005). Seasonal
precipitation-runoff responses could be further obscured by the
effects of permafrost thaw and related alterations to flow
pathways and transfer times (Serreze et al., 2003; Berezovskaya
et al., 2005; Zhang et al., 2005).
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Over the last half-century, the combined flow from the six
largest Eurasian rivers has increased by approximately 7% or an
average of 2 km3/yr (Peterson et al., 2002). The precise
controlling factors remain to be identified, but effects of ice-melt
from permafrost, forest fires and dam storage have been
eliminated as being responsible (McClelland et al., 2004).
Increased runoff to the Arctic Ocean from circumpolar glaciers,
ice caps and ice sheets has also been noted to have occurred in
the late 20th century and to be comparable to the increase in
combined river inflow from the largest pan-Arctic rivers
(Dyurgerov and Carter, 2004).

The Arctic contains numerous types of lentic (still-water)
systems, ranging from shallow tundra ponds to large lakes.
Seasonal shifts in flow, ice cover, precipitation/evapotranspiration
and inputs of sediment and nutrients have all been identified as
climate-related factors controlling their biodiversity, storage
regime and carbon-methane source-sink status (Wrona et al.,
2005). A significant number of palaeolimnological records from
lakes in the circumpolar Arctic have shown synchronous
changes in biological community composition and
sedimentological parameters associated with climate-driven
regime shifts in increasing mean annual and summer
temperatures and corresponding changes in thermal
stratification/stability and ice-cover duration (e.g., Korhola et
al., 2002; Ruhland et al., 2003; Pienitz et al., 2004; Smol et al.,
2005; Prowse et al., 2006b).

Permafrost plays a large role in the hydrology of lentic
systems, primarily through its influence on substrate
permeability and surface ponding of water (Hinzman et al.,
2005). Appreciable changes have been observed in lake
abundance and area over a 500,000 km2 zone of Siberia during
an approximate three-decade period at the end of the last century
(see Figure 15.4; Smith et al., 2005). The spatial pattern of lake

disappearance strongly suggests that permafrost thawing is
driving the changes.

15.4.1.2 Impacts on physical regime
Changes in Arctic freshwater systems will have numerous

impacts on the physical regime of the Arctic, particularly
affecting hydrological extremes, global feedbacks and
contaminant pathways.

Hydrological models based on atmosphere-ocean general
circulation models (AOGCMs) have consistently also predicted
increases in flow for the major Arctic river systems, with the
largest increases during the cold season (Miller and Russell,
2000; Arora and Boer, 2001; Mokhov et al., 2003; Georgievsky
et al., 2005). Less clear is what may occur during the summer
months, with some results suggesting that flow may actually
decrease because of evaporation exceeding precipitation (e.g.,
Walsh et al., 2005). Reductions in summer flow could be
enhanced for many watersheds because of increases in
evapotranspiration as dominant terrestrial vegetation shifts from
non-transpiring tundra lichens to various woody species (e.g.,
Callaghan et al., 2005). CO2-induced reductions in transpiration
might offset this, and have been suggested as being responsible
for some 20th-century changes in global runoff (Gedney et al.,
2006).

Since Arctic river flow is the major component of the
freshwater budget of the Arctic Ocean (Lewis et al., 2000), it is
important to the supply of freshwater to the North Atlantic and
related effects on the thermohaline circulation (Bindoff et al.,
2007). The sum of various freshwater inputs to the Arctic Ocean
has matched the amount and rate at which freshwater has
accumulated in the North Atlantic over the period 1965 to 1995
(Peterson et al., 2006). Under greenhouse gas scenarios, the total
annual river inflow to the Arctic Ocean is expected to increase
by approximately 10 to 30% by the late 21st century (Walsh et
al., 2005). An additional source of future freshwater input will
be from melting of large glaciers and ice caps, most notably from
Greenland (Gregory et al., 2004; Dowdeswell, 2006). The
cumulative effect of these increasing freshwater supplies on
thermohaline circulation remains unclear but is a critical area of
concern (Loeng et al., 2005; Bindoff et al., 2007).

Warming is also forecast to cause reductions in river- and
lake-ice cover, which will lead to changes in lake thermal
structures, quality/quantity of under-ice habitat and effects on
ice jamming and related flooding (Prowse et al., 2006a). Specific
to the latter, forecasts of earlier snowmelt freshets could create
conditions more conducive to severe break-up events (Prowse
and Beltaos, 2002), although a longer period of warming could
also reduce severity (Smith, 2000). This effect, however, is likely
to be offset on some large northward-flowing rivers because of
reduced regional contrasts in south-to-north temperatures and
related hydrological and physical gradients (Prowse et al.,
2006a).

Projected changes of permafrost, vegetation and river-runoff
may have noticeable impacts on river morphology, acting
through destabilisation of banks and slopes, increased erosion
and sediment supply, and ultimately leading to the
transformation between multi- and single-channel types.
Geological reconstructions and numerical simulations indicate
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Figure 15.4. Locations of Siberian lakes that have disappeared after
a three-decade period of rising soil and air temperatures (changes
registered from satellite imagery from early 1970s to 1997-2004), overlaid
on various permafrost types. The spatial pattern of lake disappearance
suggests that permafrost thawing has driven the observed losses. From
Smith et al., 2005. Reprinted with permission from AAAS.



that such transformations and also erosion events and flood risks
occur especially at times of permafrost degradation (Bogaart and
van Balen, 2000; Vandenberghe, 2002). Such changes are largely
controlled by thresholds in sediment supply to the river and
discharge (Vandenberghe, 2001). However, historical examples
have shown that variability in flow regime is less important than
variability in sediment supply, which is especially determined
by the vegetation cover (Huisink et al., 2002; Vandenberghe and
Huisink, 2003). Thus an increasingly denser vegetation cover
may counter increased sediment discharge, which has been
modelled to rise in Arctic rivers with both increases in air
temperature and water discharge (Syvitski, 2002).

Various changes in Arctic hydrology have the potential to
effect large changes in the proportion of pollutants (e.g.,
persistent organic pollutants and mercury) that enter Arctic
aquatic systems, either by solvent-switching or solvent-depleting
processes (e.g., MacDonald et al., 2003). Given that the Arctic
is predicted to be generally ‘wetter’, the increase in loadings of
particulates and contaminants that partition strongly into water
might more than offset the reductions expected to accrue from
reductions in global emissions (e.g., MacDonald et al., 2003).
Shifts in other hydrological regime components such as
vegetation, runoff patterns and thermokarst drainage (Hinzman
et al., 2005) all have the capacity to increase contaminant
capture. Changes in aquatic trophic structure and related rate
functions (see Section 15.4.1.3) have further potential to alter
the accumulation of bio-magnifying chemicals within food webs.

15.4.1.3 Impacts on aquatic productivity and biodiversity
Projected changes in runoff, river- and lake-ice regimes, and

seasonal and interannual water balance and thermal
characteristics will alter biodiversity and productivity
relationships in aquatic ecosystems (Walsh et al., 2005; Prowse
et al., 2006b; Wrona et al., 2006a). Ultimately the dispersal and
geographical distribution patterns of aquatic species will be
altered, particularly for fish (Reist et al., 2006a). Extension of the
ice-free season may lead to a decline in fish habitat availability
and suitability, particularly affecting species such as lake trout
(Salvelinus namaycush) that prefer colder waters (Hobbie et al.,
1999; Reist et al., 2006b). The projected enhanced river flows
will also increase sediment transport and nutrient loading into
the Arctic Ocean, thereby affecting estuarine and marine
productivity (Carmack and Macdonald, 2002).

Increased permafrost thawing and deepening of the active
layer will increase nutrient, sediment and carbon loadings,
enhancing microbial and higher trophic level productivity in
nutrient-limited systems. As water-column dissolved organic
carbon (DOC) concentration increases, penetration of damaging
UV radiation and photochemical processing of organic material
would decline, although not as prominently in highly productive
systems (Reist et al., 2006b; Wrona et al., 2006a). Enhanced
sediment loadings will negatively affect benthic and fish-
spawning habitats by increasing the biological oxygen demand
and hypoxia/anoxia associated with sedimentation, and
contribute to habitat loss through infilling (Reist et al., 2006a).
Whether freshwater systems will function as net carbon sinks or
sources depends on the complex interactions between
temperature, nutrient status and water levels (Frey and Smith,

2005; Flanagan et al., 2006). Initial permafrost thaw will form
depressions for new wetlands and ponds interconnected by new
drainage networks. This will allow for the dispersal and
establishment of new aquatic communities in areas formerly
dominated by terrestrial species (Wrona et al., 2006b). As the
permafrost thaws further, surface waters will increasingly drain
into groundwater systems, leading to losses in freshwater
habitat.

Southerly species presently limited by temperature/
productivity constraints will probably colonise Arctic areas,
resulting in new assemblages. Many of these, particularly fishes,
will be likely to out-compete or prey upon established Arctic
species, resulting in negative local effects on these (Reist et al.,
2006a). These southern emigrants to the Arctic will also bring
with them new parasites and/or diseases to which Arctic species
are not adapted, thereby increasing mortality (Wrona et al.,
2006b). Direct environmental change combined with indirect
ecosystem shifts will significantly impact local faunas by
reducing productivity, abundance and biodiversity. Such effects
will be most severe for freshwater fish that rely entirely upon
local aquatic ecosystems (Reist et al., 2006c). Distributions of
anadromous fish, which migrate up rivers from the sea to breed
in freshwater, will probably shift as oceanic conditions and
freshwater drainage patterns are affected (Reist et al., 2006c);
as will the geographical patterns of habitat use of migratory
aquatic birds and mammals (Wrona et al., 2005). Important
northern fish species such as broad whitefish (Coregonus nasus),
Arctic char (Salvelinus alpinus), inconnu (Stenodus leucichthys),
Arctic grayling (Thymallus arcticus) and Arctic cisco
(Coregonus autumnalis) will probably experience population
reductions and extirpations (e.g., due to reproductive failures),
contraction of geographical ranges in response to habitat
impacts, and competition and predation from colonising species
(Reist et al., 2006a, b, c).

15.4.1.4 Impacts on resource use and traditional
economies/livelihoods

Given the large hydrological changes expected for Arctic
rivers, particularly regarding the magnitude of the spring freshet,
climate-induced changes must be factored into the design,
maintenance and safety of existing and future development
structures (e.g., oil and gas drilling platforms, pipelines, mine
tailings ponds, dams and impoundments for hydroelectric
production) (World Commission on Dams, 2000; Prowse et al.,
2004; Instanes et al., 2005).

Freshwater sources are critical to human health, especially
for many northern communities that rely on surface and/or
groundwater, often untreated, for drinking water and domestic
use (United States Environmental Protection Agency, 1997;
Martin et al., 2005). Direct use of untreated water from lakes,
rivers and large pieces of multi-year sea ice is considered to
be a traditional practice, despite the fact that it poses a risk to
human health via the transmission of water-borne diseases
(e.g., Martin et al., 2005). Such risks may increase with
changes in migration and northward movement of species and
their related diseases. Changes in hydrology may also decrease
the availability and quality of drinking water, particularly for
coastal communities affected by rising sea levels where sea-
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water contamination could affect groundwater reserves
(Warren et al., 2005).

Northern freshwater ecosystems provide many services to
Arctic peoples, particularly in the form of harvestable biota used
to support both subsistence and commercial economies (Reist
et al., 2006b). Shifts in ecosystem structure and function will
result in substantial changes in the abundance, replenishment,
availability and accessibility of such resources which, in turn,
will alter local resource use and traditional and subsistence
lifestyles (Nuttall et al., 2005; Reist et al., 2006b). It is unlikely
that such changes related to natural freshwater systems would be
offset by increased opportunity for freshwater aquaculture
resulting from a warming climate. Thus, conservation of Arctic
aquatic biodiversity, maintenance of traditional and subsistence
lifestyles, and continued viability and sustainable use of Arctic
freshwater resources will present significant challenges for
Arctic peoples, resource managers and policy-makers (Wrona
et al., 2005; Reist et al., 2006b).

15.4.2 Terrestrial ecosystems and their services

15.4.2.1 Historical and current changes in Arctic
terrestrial ecosystems

Climatic changes during the past 20,000 years and more have
shaped current biodiversity, ecosystem extent, structure and
function. Arctic species diversity is currently low, partly because
of past extinction events (FAUNMAP Working Group, 1996).
As a group, large mammals are in general more vulnerable to
current change than in the past when the group contained many
more species. Also, tundra ecosystem extent, particularly in
Eurasia, is now less than during the glacial period, when
extensive tundra-steppe ecosystems existed (Callaghan et al.,
2005). Modern habitat fragmentation (e.g., Nellemann et al.,
2001), stratospheric ozone depletion, and spread of
contaminants, compound the ongoing impacts of anthropogenic
climate change and natural variability on ecosystems and their
services.

Traditional ecological knowledge (TEK, see Section 15.6.1)
from Canada has recorded current ecosystem changes such as
poor vegetation growth in eastern regions associated with
warmer and drier summers; increased plant biomass and growth
in western regions associated with warmer, wetter and longer
summers; the spreading of some existing species, and new
sightings of a few southern species; and changing grazing
behaviours of musk oxen and caribou as the availability of
forage increases in some areas (Riedlinger and Berkes, 2001;
Thorpe et al., 2001; Krupnik and Jolly, 2002).

In northern Fennoscandia the cycles of voles, and possibly
also of lemmings, have become considerably dampened since
the 1980s, due to low spring peak densities, and it is likely that
these changes are linked to poorer winter survival due to
changing snow conditions (Yoccoz and Ims, 1999; Henttonen
and Wallgren, 2001; Ims and Fuglei, 2005). Arctic fox, lesser
white fronted goose and shore lark have declined dramatically
(Elmhagen et al., 2000) and moose, red fox and some southern
bird species have spread northwards (Hörnberg, 1995;
Tannerfeldt et al., 2002), although the specific role of climate
change is unknown. Some migrant bird populations, particularly

Arctic waders, have declined substantially (Stroud et al., 2004)
due to various causes including climate change and loss of
habitat on migration routes and wintering grounds (Morrison et
al., 2001, 2004; Zöckler, 2005). In contrast, populations of Arctic
breeding geese, which in winter increasingly feed on agricultural
crops or unharvested grain, have shown a geometric increase in
numbers in Europe and North America, which has led to intense
foraging in Arctic coastal breeding habitats, loss of vegetation
and the occurrence of hypersaline soils (Jefferies et al., 2006).
Although there are examples from temperate latitudes, evidence
for early arrival of migratory birds in the Arctic is weak
(Gauthier et al., 2005), emphasising the need for adequate
monitoring programmes (Both et al., 2005). Some populations of
caribou/reindeer, which are essential to the culture and
subsistence of several Arctic peoples, are currently in decline
(Russell et al., 2002; Chapin et al., 2005a), mainly due to social
and cultural factors. However, climate impacts have also
affected some populations. Icing events during warmer winters
that restrict access to frozen vegetation have impacted some
reindeer/caribou populations and high-Arctic musk oxen
populations (Forchhammer and Boertmann, 1993; Aanes et al.,
2000; Callaghan et al., 2005 and references therein).

Evidence of recent vegetation change is compelling. Aerial
photographs show increased shrub abundance in Alaska in 70%
of 200 locations (Sturm et al., 2001; Tape et al., 2006). Along the
Arctic to sub-Arctic boundary, the tree line has moved about 10
km northwards, and 2% of Alaskan tundra on the Seward
Peninsula has been displaced by forest in the past 50 years
(Lloyd et al., 2003). In some areas, the altitude of the tree line
has risen, for example by about 60 m in the 20th century in sub-
Arctic Sweden (Callaghan et al., 2004; Truong et al., 2007),
although the tree line has been stable or become lower in other
localities (Dalen and Hofgaard, 2005). Bog growth has caused
tree death in parts of the Russian European Arctic (Crawford et
al., 2003). The pattern of northward and upward tree-line
advances is comparable with earlier Holocene changes
(MacDonald et al., 2000; Esper and Schweingruber, 2004) (see
below for rates of advance). In addition to changes in woody
vegetation, dry-habitat vegetation in sub-Arctic Sweden has
been partly displaced by wet-habitat vegetation because of
permafrost degradation in the discontinuous permafrost zone
(Christensen et al., 2004; Malmer et al., 2005). Similarly, in
northern Canada, up to 50% of peat plateau permafrost has
thawed at four sites in the discontinuous permafrost zone
(Beilman and Robinson, 2003).

There is also recent evidence of changes in growing season
duration and timing, together with plant productivity, but
patterns are spatially variable. Analyses of satellite images
indicate that the length of growing season is increasing by 3 days
per decade in Alaska and 1 day per decade in northern Eurasia
(McDonald et al., 2004; Smith et al., 2004; McGuire et al.,
2007), but there has been a delayed onset of the growing season
in the Kola Peninsula during climatic cooling over the past two
decades (Høgda et al., 2007). Remote sensing estimates of
primary productivity also show spatial variability: there were
increases in the southern Arctic and decreases in the central and
eastern Russian Arctic between 1982 and 1999 (Nemani et al.,
2003).
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15.4.2.2 Projected changes in biodiversity, vegetation zones
and productivity

Where soils are adequate for forest expansion, species
richness will increase as relatively species-rich forest displaces
tundra (see Figure 15.3; Callaghan et al., 2005). Some species in
isolated favourable microenvironments far north of their main
distribution are very likely to spread rapidly during warming.
Except for the northernmost and highest-Arctic species, species
will generally extend their ranges northwards and higher in
altitude, while the dominance and abundance of many will
decrease. Likely rates of advance are uncertain; although tree-
line advance of up to 25 km/yr during the early Holocene have
been recorded, rates of 2 km/yr and less are more probable
(Payette et al., 2002; Callaghan et al., 2005). Trophic structure
is relatively simple in the Arctic, and decreases in the abundance
of keystone species are expected to lead to ecological cascades,
i.e., knock-on effects for predators, food sources etc. Local
changes in distribution and abundance of genetically different
populations will be the initial response of genetically diverse
species to warming (Crawford, 2004). Arctic animals are likely
to be most vulnerable to warming-induced drying
(invertebrates); changes in snow cover and freeze-thaw cycles
that affect access to food and protection from predators; changes
that affect the timing of behaviour (e.g., migration and
reproduction); and influx of new competitors, predators,
parasites and diseases. Southern species constantly reach the
Arctic but few become established (Chernov and Matveyeva,
1997). As a result of projected climate change, establishment
will increase and some species, such as the North American
mink, will become invasive, while existing populations of weedy
southern plant species that have already colonised some Arctic
areas are likely to expand. The timing of bird migrations and
migration routes are likely to change as appropriate Arctic
habitats become less available (Callaghan et al., 2005; Usher et
al., 2005).

Warming experiments that adequately reproduced natural
summer warming impacts on ecosystems across the Arctic
showed that plant communities responded rapidly to 1-3°C
warming after two growing seasons, that shrub growth increased
as observed under natural climate warming, and that species
diversity decreased initially (Walker et al., 2006). Experimental
warming and nutrient addition showed that mosses and lichens
became less abundant when vascular plants increased their
growth (Cornelissen et al., 2001; Van Wijk et al., 2003). CO2-
enrichment produced transient plant responses, but microbial
communities changed in structure and function (Johnson et al.,
2002) and frost hardiness of some plants decreased (Beerling et
al., 2001) making them more susceptible to early frosts.
Supplemental ultraviolet-B caused few plant responses but did
reduce nutrient cycling processes (Callaghan et al., 2005; Rinnan
et al., 2005). Such reductions could potentially reduce plant
growth.

A ‘moderate’ projection for 2100 for the replacement of
tundra areas by forest is about 10% (Sitch et al., 2003; see Figure
15.3), but estimates of up to 50% have also been published
(White et al., 2000). However, impacts of changing hydrology,
active layer depth and land use are excluded from these models.
These impacts can be large: for example, Vlassova (2002)

suggests that 475,000 km2 of tree-line forest has been destroyed
in Russia, thereby creating tundra-like ecosystems. Narrow
coastal strips of tundra (e.g., in parts of the Russian European
Arctic) will be completely displaced as forest reaches the Arctic
Ocean. During 1960 to 2080, tundra is projected to replace about
15 to 25% of the polar desert, and net primary production (NPP)
will increase by about 70% (2.8 to 4.9 Gt of carbon) (Sitch et al.,
2003). Geographical constraints on vegetation relocation result
in large sub-regional variations in projected increases of NPP,
from about 45% in fragmented landmasses to about 145% in
extensive tundra areas (Callaghan et al., 2005).

Climate warming is likely to increase the incidence of pests,
parasites and diseases such as musk ox lung-worm (Kutz et al.,
2002) and abomasal nematodes of reindeer (Albon et al., 2002).
Large-scale forest fires and outbreaks of tree-killing insects that
are triggered by warm weather are characteristic of the boreal
forest and are likely to increase in extent and frequency (Juday
et al., 2005), creating new areas of forest tundra. During the
1990s, the Kenai Peninsula of south-central Alaska experienced
a massive outbreak of spruce bark beetle over 16,000 km2 with
10-20% tree mortality (Juday et al., 2005). Also following recent
climate warming, spruce budworm has reproduced further north,
reaching problematic numbers in Alaska (Juday et al., 2005),
while autumn moth defoliation of mountain birch trees,
associated with warm winters in northern Fennoscandia, has
occurred over wide areas and is projected to increase (Callaghan
et al., 2005).

15.4.2.3 Consequences of changes in ecosystem structure
and function for feedbacks to the climate system

Climate warming will decrease the reflectivity of the land
surface due to expansion of shrubs and trees into tundra (Eugster
et al., 2000); this could influence regional (Chapin et al., 2005a)
and global climate (Bonan et al., 1992; Thomas and Rowntree,
1992; Foley et al., 1994; Sturm et al., 2005; McGuire et al., 2007).

Measurements show great spatial variability in the magnitude
of sink (net uptake) or source (net release) status for carbon, with
no overall trend for the Arctic (Corradi et al., 2005). In contrast,
models suggest that overall the Arctic is currently a small sink
of about 20 ± 40 g carbon m2/yr (McGuire et al., 2000; Sitch et
al., 2003, 2007). The high uncertainties in both measurements
and model projections indicate that the Arctic could be either a
sink or source of carbon. Thus, currently circumpolar Arctic
vegetation and the active layer are unlikely to be a large source
or sink of carbon in the form of CO2 (Callaghan et al., 2005;
Chapin et al., 2005a). They are, however, most probably a source
of positive radiative forcing due to large methane emissions;
even in tundra areas that are net sinks of carbon, significant
emissions of methane lead to positive forcing (Friborg et al.,
2003; Callaghan et al., 2005).

Higher temperatures, longer growing seasons and projected
northward movement of productive vegetation are likely to
increase photosynthetic carbon capture in the longer term,
whereas soil warming is likely to increase trace gas emissions in
the short term. Drying or wetting of tundra concurrent with
warming and increased active-layer depth (see Section 15.3.4)
will determine the magnitude of carbon fluxes and the balance
of trace gases that are involved. Drying has increased sources
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in Alaska (Oechel et al., 2000), whereas wetting has increased
sinks in Scandinavian and Siberian peatlands (Aurela et al.,
2002; Johansson et al., 2006).

Models project that the Arctic and sub-Arctic are likely to
become a weak sink of carbon during future warming (an
increase in carbon storage in vegetation, litter and soil of about
18.3 Gt carbon between 1960 and 2080), although there is high
uncertainty (Sitch et al., 2003; Callaghan et al., 2005). Increased
carbon emissions from projected increases in disturbances and
land use, and net radiative forcing resulting from the changing
balance between methane and carbon dioxide emissions (Friborg
et al., 2003; Johansson et al., 2006) are particular uncertainties.
Wetting, from increased precipitation and permafrost thawing, is
projected to increase fluxes of methane relative to carbon
dioxide from the active layer and thawing permafrost (Walter et
al., 2006).

Changes in forest area will lead to both negative and positive
feedbacks on climate. According to one coupled climate model,
the negative feedback of carbon sequestration and the positive
feedback of reduced albedo interact. This model predicts that
the central Canadian boreal forests will give net negative
feedback through dominance of increased carbon sequestration,
while in the forests of Arctic Russia decreased albedo will
dominate, giving net positive feedback (Betts and Ball, 1997;
Betts, 2000).

15.4.2.4 Impacts on resource use, traditional economies
and lifestyles

Terrestrial resources are critical aspects of Arctic residents’
livelihoods, culture, traditions and health (Arctic Monitoring
and Assessment Programme, 2003; Chapin et al., 2005a). Per
capita consumption of wild foods by rural Alaskans is 465 g
per day (16% land mammals, 10% plant products) and
consumption by urban Alaskans is 60 g per day. The collective
value of these foods in the state is estimated at about US$200
million/yr. Consumption in Canadian Arctic communities
ranges from 106 g per day to 440 g per day, accounting for 6 to
40% of total energy intake and 7 to 10% of the total household
income in Nunavik and Nunavut (Kuhnlein et al., 2001; Chabot,
2004). Terrestrial ecosystem resources include caribou/reindeer,
moose, musk ox, migratory birds and their eggs, and plants and
berries (Arctic Monitoring and Assessment Programme, 2003;
Chapin et al., 2005a). Wild and domesticated caribou/reindeer
are particularly important, as they provide food, shelter,
clothing, tools, transportation and, in some cases, marketable
goods (Klein, 1989; Paine, 1994; Kofinas et al., 2000;
Jernsletten and Klokov, 2002). Wood, sods, peat and coal are
used locally as fuels throughout the north. Despite the
significant role these resources represent to Arctic residents,
ties to subsistence activities among indigenous peoples are
deteriorating because of changes in lifestyles, cultural, social,
economic and political factors (Chapin et al., 2005a). These ties
are expected to continue decreasing as climate-driven changes
in terrestrial ecosystems influence conditions for hunting,
decreases in natural resources, and loss of traditional
knowledge. Together these shifts are turning previously well-
adapted Arctic peoples into “strangers in their own lands”
(Berkes, 2002).

Agriculture in southern parts of the Arctic is limited by short,
cool growing seasons and lack of infrastructure, including
limited local markets because of small populations and long
distances to large markets (Juday et al., 2005). The northern limit
of agriculture may be roughly approximated by a metric based
on the cumulative degree-days above +10°C (Sirotenko et al.,
1997). By the mid-21st century, climatic warming may see
displacement of its position to the north by a few hundred
kilometres over most of Siberia, and up to 100 km elsewhere in
Russia (Anisimov and Belolutskaia, 2001). Thus climate
warming is likely to lead to the opportunity for an expansion of
agriculture and forestry where markets and infrastructure exist
or are developed. While conservation management and protected
areas are extensive in the Arctic, these only protect against direct
human actions, not against climate-induced vegetation zone
shifts, and decisions need to be made about the goals and
methods of conservation in the future (Callaghan et al., 2005;
Klein et al., 2005; Usher et al., 2005).

15.4.3 Marine ecosystems and their services in
the Arctic

15.4.3.1 Historical changes in marine ecosystems
Water temperatures in the North Atlantic have fluctuated over

the last 200 years. The effects of these temperature variations
have been profound, impacting plankton communities as well
as larval drift, distribution and abundance of many fish stocks
including southern invaders and, especially, the commercially
important cod and herring (Loeng et al., 2005; Vilhjálmsson et
al., 2005; see Section 15.6.3). These climatic impacts on fish
stocks are superimposed on those arising from exploitation.

15.4.3.2 Likely general effects of a warming ocean climate
Changing climatic conditions in Arctic and sub-Arctic oceans

are driving changes in the biodiversity, distribution and
productivity of marine biota, most obviously through the
reduction of sea ice. As the sea-ice edge moves northward, the
distribution of crustaceans (copepods and amphipods), adapted
for life at the sea-ice edge, and fish such as polar cod (Boreogadus
saida), which forage on them, will shift accordingly and their
abundance diminish (Sakshaug et al., 1994). This reduction is
likely to seriously impact other predators, e.g., seals, sea birds and
polar bears (Ursus maritimus), dependent on sea ice for feeding
and breeding (see Chapter 4, Box 4.3; Sakshaug et al., 1994) as
well as humans depending on them (Loeng et al., 2005;
Vilhjálmsson et al., 2005).

Thinning and reduced coverage of Arctic sea ice are likely to
substantially alter ecosystems that are in close association with
sea ice (Loeng et al., 2005). Polar cod, an important member of
these ecosystems, is a prime food source for many marine
mammals. Ringed seals, which are dependent on sea ice for
breeding, moulting and resting, feed on ice amphipods and cod.
Premature break-up of ice may not only lead to high mortality of
seal pups but also produce behavioural changes in seal populations
(Loeng et al., 2005). Polar bears, a top predator, are highly
dependent on both sea ice and ringed seals (see Chapter 4, Box
4.3). Initially, the loss of sea ice and the subsequent deleterious
effects are likely to occur at the southern distribution limit of polar
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bears, where early melt and late freezing of sea ice extend the
period when the bears are restricted to land and only limited
feeding can occur. Recently, the condition of adult bears has
declined in the Hudson Bay region and first-year cubs come
ashore in poor condition (Stirling et al., 1999; Derocher et al.,
2004; Stirling and Parkinson, 2006). As a proportion of the
population, the number of cubs has fallen as a result of the early
break-up of sea ice. Loss of sea ice may also adversely affect other
Arctic marine mammals, such as walrus (Odobenus rosmarus)
that use sea ice as a resting platform and which occupy a narrow
ecological range with restricted mobility. Similarly, the narwhal
(Monodon monoceros) and the bowhead whale (Balaena
mysticetus) are dependent on sea-ice organisms for feeding and
polynyas for breathing (Loeng et al., 2005). The early melting of
sea ice may lead to an increasing mismatch in the timing of these
sea-ice organisms and secondary production that severely affects
the populations of sea mammals (Loeng et al., 2005).

However, with an increase in open water, primary and
secondary production south of the ice edge will increase and this
will benefit almost all of the most important commercial fish
stocks in Arctic and sub-Arctic seas; for example, cod (Gadus
morhua) and herring (Clupea harengus) in the North Atlantic and
walleye pollock (Theragra chalcogramma) in the Bering Sea;
species that currently comprise about 70% of the total catch in
these areas. However, some coldwater species (e.g., northern
shrimp (Pandalus borealis) and king crab (Paralithoides spp.)
may lose habitat (Vilhjálmsson et al., 2005).

15.4.3.3 Predicting future yields of commercial and
forage stocks

Quantitative predictions of the responses of commercial and
forage fish stocks to changes in ocean temperature are very
difficult to make because (a) resolution of existing predictive
models is insufficient, (b) exploitation has already altered stock
sizes and basic biology/ecology, so stocks cannot be expected
to react as they did historically, and (c) the effect of a moderate
climate change (+1-3°C) may well be of less importance than
sound fisheries policies and their effective enforcement. The
examples given in Box 15.1 show how such climate change,
exploitation and other factors affecting marine ecosystems may
interact strongly at the northern extreme of the range of a
species, while having less effect on the same species further
south (e.g., Rose et al., 2000; Rose, 2004; Drinkwater, 2005).

Changes in distribution of commercial stocks may lead to
conflicts over fishing rights and will require effective
negotiations to generate solutions regarding international co-
operation in fisheries management (Vilhjálmsson et al., 2005).

In addition, rising water temperatures will lead to an
increased risk of harmful algal blooms and occurrences of other
marine pests and pollution, hazards that will be multiplied by
increased shipping (Loeng et al., 2005; Vilhjálmsson et al.,
2005).

15.4.4 Marine ecosystems and their services in
the Antarctic

Southern Ocean ecosystems are far from pristine. Over the last
200 years some seal and whale species (e.g., Antarctic fur seals,

blue and fin whales) were exploited almost to extinction, then
fisheries developed. From the 1960s, fin-fish were exploited, and
in the Scotia Sea and surrounding areas stocks of these fish were
reduced to low levels and have not yet recovered. In contrast to the
Arctic, however, the management of Southern Ocean fisheries is
based on an ecosystem approach, within an international
convention. The Convention on the Conservation of Antarctic
Marine Living Resources (CCAMLR), part of the Antarctic
Treaty, was designed to maintain the natural marine ecosystem
while allowing sustainable exploitation, and emphasises the need
to consider the wider context of the exploitation of individual
species, taking account of the entire food web and environmental
variations. The CCAMLR applies to areas south of the Antarctic
polar front, and management decisions are made by consensus of
the Member States (Constable et al., 2000).

The current major fin-fish fishery is for the Patagonian
toothfish (Dissostichus eleginoides), and to a lesser extent for the
mackerel icefish (Champsocephalus gunnari). The fishery for
Antarctic krill (Euphausia superba) developed during the 1970s,
peaked in the 1980s at over 500,000 t/yr and now operates at about
100,000 t/yr (Jones and Ramm, 2004), a catch that is well below
the precautionary limits set within CCAMLR for maintaining the
stock.

During the 20th century there were significant changes in air
temperatures, sea-ice and ocean temperatures around the Antarctic
Peninsula (see Section 15.6.3) and in the Scotia Sea. Over 50% of
the krill stock was lost in the Scotia Sea region (Atkinson et al.,
2004), which is the major area for krill fishing. The decline in the
abundance of krill in this area appears to be associated with
changes in sea ice in the southern Scotia Sea and around the
Antarctic Peninsula (Atkinson et al., 2004). Future reductions in
sea ice may therefore lead to further changes in distribution and
abundance across the whole area, with consequent impacts on
food webs where krill are currently key prey items for many
predator species and where krill fishing occurs.

For other species the uncertainty in climate predictions leads to
uncertainty in projections of impacts, but increases in
temperatures and reductions in winter sea ice would undoubtedly
affect the reproduction, growth and development of fish and krill,
leading to further reductions in population sizes and changes in
distributions. However, the potential for species to adapt is mixed,
some ‘cold-blooded’ (poikilothermic) organisms may die if water
temperatures rise to 5-10°C (Peck, 2005), while the bald rock cod
(Pagothenia borchgrevinki), which uses the specialisation of anti-
freeze proteins in its blood to live at sub-zero temperatures, can
acclimatise so that its swimming performance at +10°C is similar
to that at −1°C (Seebacher et al., 2005).

The importance of ocean transport for connecting Southern
Ocean ecosystems has been increasingly recognised. Simple
warming scenarios may indicate that exploitation effects would
be shifted south, but it is also likely that other species may become
the target of new fisheries in the same areas. More complex
changes in patterns of ocean circulation could have profound
effects on ocean ecosystems and fisheries, although not all
changes may be negative and some species may benefit. Complex
interactions in food webs may, however, generate secondary
responses that are difficult to predict. For example, reductions in
krill abundance may have negative effects on species of fish, as
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Box 15.1. Atlantic cod in the 20th century: historical examples

This box illustrates how cod populations have responded through the 20th century and until 2005 to the multiple stresses of
ocean temperature change, exploitation, changing abundance of food species and predators. All four cod populations show
substantial decreases to the present, and suggest that they are now vulnerable to future changes in both climate and exploitation.
However, the data suggest that the vulnerability of stocks south of the polar front is less than that to the north of the polar front.

Greenland
Ocean temperature records, begun off West Greenland in the 1870s, showed very cold conditions until temperatures warmed
suddenly around 1920, and maintained high levels until they dropped suddenly in the late 1960s (Jensen, 1939; Buch et al., 1994;
Vilhjálmsson, 1997; see Figure 15.5a). There were no Atlantic cod in Greenland waters in the latter half of the 19th century (Jensen,
1926; Buch et al., 1994), while there was a good cod fishery off Iceland (Jensen, 1926, 1939; Buch et al., 1994). Concurrent with
the warming in the early 1920s, large numbers of juvenile cod drifted from Iceland toWest Greenland and started a self-supporting
stock there, which vanished in the 1970s (Buch et al., 1994; Vilhjálmsson, 1997; Vilhjálmsson et al., 2005).

Comparison of catches and temperature records shows that the occurrence of cod off Greenland depends principally on West
Greenland water temperature (Horsted, 2000). Thus the reappearance of cod off Greenland will probably depend on drift of
juvenile cod from Iceland as it did in the 1920s. West Greenland waters may now be sufficiently warm for this to happen. Indeed
such drifts did occur in 2003 and 2005, but the numbers were small; a probable consequence of the depleted and younger
spawning stock of Icelandic cod, which has not produced a strong year class for 20 years (ICES, 2005b).

Newfoundland/Labrador
Beginning in the 16th century, annual catches from this stock increased until the mid-1800s. From 1920 to 1960, catches varied
then increased rapidly, peaking in 1968. Catches then dropped sharply until about 1977 when Canada acquired its 200-mile
Exclusive Economic Zone (Rose, 2004). Total allowable catches were increased in the mid- to late 1980s, but dropped again after
1989. Amoratorium on fishing was imposed in 1992 (see Figure 15.5b). While fishing was the primary cause of the decline (Walters
and Maguire, 1996), decreased productivity in cod and a reduction in their primary food (capelin) also occurred in the late 1980s
and 1990s (Rose and O’Driscoll, 2002; Shelton et al., 2006). Furthermore, a moratorium on seal hunting led to an explosion in
seal abundance and thus increased mortalities of their prey, including cod (Lilly et al., 2003). High mortality remains the key
obstacle to population growth. While future warming climate is likely to promote recovery of cod (Drinkwater, 2005), an increase
in abundance of the main forage fish, capelin, is likely to be a necessary precursor.

Iceland/Barents Sea
In the face of exploitation, the comparative resilience of these cod stocks is high because they are south of the polar front and,
therefore, well inside the limit tolerance of the species to cold temperatures (see Figure 15.5c, d).

Figure 15.5. The geographical distribution of four major cod stocks in the North Atlantic (red patches). The continuous blue line indicates an
average geographical position of the Polar Front. The graphs (a: West Greenland; b: Newfoundland/Labrador; c: Barents Sea, and d: Iceland)
show the developments of fishable stock (yellow shading), catches (red line) and temperature (blue line) during the period 1900-2005. Data
sources: Greenland (Buch et al., 1994; Horsted, 2000; ICES, 2006); Newfoundland/Labrador (Harris, 1990; Lilly et al., 2003); Iceland (Schopka,
1994; Hafrannsóknastofnunin, 2006; ICES, 2006); Barents Sea (Bochkov, 1982; Hylen, 2002; ICES, 2005a), data since 1981 were kindly
provided by the Polar Research Institute of Marine Fisheries and Oceanography (PINRO), Murmansk, Russia.



they become a greater target for predators. Importantly, the impact
of changes in these ecosystems will not be confined to the
Southern Ocean. Many higher predator species depend on lower-
latitude systems during the Antarctic winter or the breeding
seasons.

The fundamental precautionary basis for managing exploitation
in a changing environment is in place in CCAMLR, but longer
duration and more spatially extensive monitoring data are required
in order to help identify change and its effects.

15.4.5 Human health and well-being

The impact of projected climate change on the diverse
communities of the Arctic can only be understood in the context
of the interconnected social, cultural, political and economic
forces acting on them (Berner et al., 2005). However, such
impacts on the health and well-being of Arctic residents are, and
will be, tangible and ongoing. Recently, significant research has
been conducted on the health and well-being of indigenous
populations in the Arctic and the role of environmental change
as a determinant of health; accordingly, this section puts more
emphasis on these more vulnerable segments of the population.

15.4.5.1 Direct impacts of climate on the health of
Arctic residents

Direct impacts (injury and death) are expected to result, in part,
from exposure to temperature extremes and weather events.
Increases in precipitation are expected to affect the frequency and
magnitude of natural disasters such as debris flow, avalanches and
rock falls (Koshida and Avis, 1998). Thunderstorms and high
humidity are associated with short-term increases in respiratory
and cardiovascular diseases (Kovats et al., 2000). Messner (2005)
reported an increased incidence of non-fatal heart attacks with
increased temperature during the positive phase of the Arctic
Oscillation (AO) in Sweden, but related it to changes in behaviour
that can cause an increase in the susceptibility of individuals to
atherosclerotic diseases. Low temperatures and social stress have
been related to cases of cardiomyopathy, a weakening of the heart
muscle or change in heart muscle structure, identified in northern
Russia (Khasnullin et al., 2000). Residents in some Arctic regions
report respiratory stress associated with extreme warm summer
days not previously experienced (Furgal et al., 2002).

The frequency of some injuries (e.g., frostbite, hypothermia)
or accidents, and diseases (cardiovascular, respiratory, circulatory,
musculoskeletal, skin) is increased by cold exposure (Hassi et al.,
2005). An estimated 2,000 to 3,000 deaths/yr occur from cold-
related diseases and injury in Finland during the cold season. This
winter-related mortality is higher than the number of deaths
associated with other common causes in the country throughout
the year (e.g., 400/yr from traffic accidents, 100-200/yr from
heat). The prevalence of respiratory diseases among children in
the Russian North is 1.5 to 2 times higher than the national
average. Evidence suggests that warming in Arctic regions during
the winter months will reduce excess winter mortality, primarily
through a reduction in cardiovascular and respiratory deaths
(Nayha, 2005). Assuming that the standard of cold protection
(including individual behavioural factors) does not deteriorate, a
reduction in cold-related injuries is also likely (Nayha, 2005).

15.4.5.2 Indirect impacts of climate on the health of
Arctic residents

Climate variability will have a series of more complex,
indirect impacts on human-environment interactions in the
Arctic (Berner et al., 2005). Local and traditional knowledge in
nearly all regions records increasingly uncharacteristic
environmental conditions and extremes not previously
experienced (e.g., Krupnik and Jolly, 2002). Evidence suggests
that an increase in injuries among northern residents associated
with ‘strange’ or changing environmental conditions, such as
thinning and earlier break-up of sea ice, are related to trends in
climate (e.g., Lafortune et al., 2004).

Climate change in the Arctic during El Niño-Southern
Oscillation (ENSO) events has been associated with illness in
marine mammals, birds, fish and shellfish. A number of disease
agents have been associated with these illnesses (e.g., botulism,
Newcastle disease). It is likely that temperature changes arising
from long-term climate change will be associated with an
increased incidence of those diseases that can be transmitted to
humans (Bradley et al., 2005). Many zoonotic diseases which
currently exist in Arctic host species (e.g., tularemia in rabbits,
rodents, muskrats and beaver, and rabies in foxes; Dietrich,
1981) can spread via climate-controlled mechanisms (e.g.,
movement of animal populations). Similarly, the overwintering
survival and distribution of many insect species that act as
vectors of disease are positively impacted by warming
temperatures and may mean that many diseases reappear, or new
diseases appear, in Arctic regions (Parkinson and Butler, 2005).
The examples of tick-borne encephalitis (brain infection) in
Sweden (Lindgren and Gustafson, 2001), and Giardia spp. and
Cryptosporidium spp. infection of ringed seals (Phoca hispida)
and bowhead whales (Balaena mysticetus) in the Arctic Ocean
are evidence of this potential (Hughes-Hanks et al., 2005).

Subsistence foods from the local environment provide Arctic
residents with cultural and economic benefits and contribute a
significant proportion of daily requirements of several vitamins
and essential elements to the diet (e.g., Blanchet et al., 2000).
Wild foods also comprise the greatest source of exposure to
environmental contaminants. The uptake, transport and
deposition behaviour of many of these chemicals is influenced
by temperature, and therefore climate warming may indirectly
influence human exposure (Kraemer et al., 2005). Through
changes in accessibility and distribution of wildlife species,
climate change in combination with other social, cultural,
economic and political trends in Arctic communities, will be
likely to influence the diet of circumpolar residents.

Transitions towards more market food items in Arctic
indigenous diets to date have been associated with a rise in
levels of cardiovascular diseases, diabetes, dental cavities and
obesity (Van Oostdam et al., 2003). In many indigenous
communities, these subsistence food systems are the basis of
traditions, socio-economic and cultural well-being. Indigenous
peoples maintain a strong connection to the environment
through traditional resource-harvesting activities in a way that
distinguishes them from non-indigenous communities, and this
may indeed contribute to how specific peoples retain a
fundamental identification to a particular area (Gray, 1995;
Nuttall et al., 2005).
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While climate-related changes threaten aspects of food
security for some subsistence systems, increased temperatures
and decreased sea-ice cover represent increased transport
opportunities and access to market food items. Shifts in animal
population movements also mean potential introduction of new
food species to northern regions. These combined effects on
Arctic food security, in addition to increased opportunities for
agricultural and pastoral activities with decreased severity of
winter and lengthened summer growing seasons, make it
difficult to predict how diets will change and impact health, even
presupposing that we have a sufficient understanding of what
local environments can provide and sustain. It is also clear that
these impacts will be influenced not only by environmental
change but also by economic, technological and political forces.

Through increased river and coastal flooding and erosion,
increased drought, and degradation of permafrost, resulting in
loss of reservoirs or sewage contamination, climate change is
likely to threaten community and public health infrastructure,
most seriously in low-lying coastal Arctic communities (e.g.,
Shishmaref, Alaska, USA; Tuktoyaktuk, Northwest Territories,
Canada). Community water sources may be subject to salt-water
intrusion and bacterial contamination. Quantities of water
available for basic hygiene can become limited due to drought
and damaged infrastructure. The incidence of disease caused by
contact with human waste may increase when flooding and
damaged infrastructure such as sewage lagoons, or inadequate
hygiene, spreads sewage. However, treatment efficiencies in
wastewater lagoons may also improve due to warmer water
temperatures, delaying the need to expand natural wastewater
treatment systems as local populations grow (Warren et al.,
2005).

The combined socio-cultural, economic, political and
environmental forces acting on and within Arctic communities
today (Chapin et al., 2005a) have significant implications for
health and well-being (Curtis et al., 2005). Alterations in the
physical environment threatening specific communities (e.g.,
through erosion and thawing permafrost) and leading to forced
relocation of inhabitants, or shifts or declines in resources
resulting in altered access to subsistence species (e.g., Inuit
hunting of polar bear) can lead to rapid and long-term cultural
change and loss of traditions. Such loss can, in turn, create
psychological distress and anxiety among individuals (Hamilton
et al., 2003; Curtis et al., 2005). However, across most of the
Arctic, climate change is just one of many driving forces
transforming communities. These forces arise from inside and
outside the community, but combined are influencing the
acculturation process by influencing ways of living, and loss of
traditions that are positively related to social, cultural and
psychological health (Berry, 1997).

The social, cultural and economic transitions that Arctic
communities have seen over the last 50 years has influenced all
aspects of health in the Arctic, and this influence is highly likely
to continue in the future. Climate change is probably going to
drive changes in communities by challenging individuals’ and
communities’ relationships with their local environment, which
has been the basis of Arctic peoples’ identity, culture, social and
physical well-being (Einarsson et al., 2004; Berner et al., 2005;
Chapin et al., 2005a).

15.4.6 Coastal zone and small islands

15.4.6.1 Arctic coastal erosion
Coastal stability in polar regions is affected by factors common

to all areas (exposure, relative sea-level change, climate and
lithology), and by factors specific to the high latitudes (low
temperatures, ground ice and sea ice). The most severe erosion
problems affect infrastructure and culturally important sites in
areas of rising sea level, where warming coincides with areas that
are seasonally free of sea ice or where there is widespread ice-
rich permafrost (Forbes, 2005). Ice-rich permafrost is widespread
in the western Canadian Arctic, northern Alaska and along much
of the Russian Arctic coast (e.g., Smith, 2002; Nikiforov et al.,
2003). Wave erosion and high summer air temperatures promote
rapid shoreline retreat, in some cases contributing a significant
proportion of regional sediment and organic carbon inputs to the
marine environment (Aré, 1999; Rachold et al., 2000).
Communities located on resistant bedrock or where glacio-
isostatic rebound is occurring are less vulnerable to erosion.

Coastal instability may be further magnified by poorly adapted
development. For example, in places such as Varandey (Russian
Federation) industrial activity has promoted erosion, leading to the
destruction of housing estates and industrial facilities (Ogorodov,
2003). Interacting human and natural effects may also increase the
sensitivity to coastal erosion. For example, in Shishmaref (Alaska,
USA) and Tuktoyaktuk (Northwest Territories, Canada), the
combined effects of reduced sea ice, thawing permafrost, storm
surges and waves have led to significant loss of property, and this
has led to relocation or abandonment of homes and other facilities
(Instanes et al., 2005). Despite a cultural aversion to moving from
traditional sites, these changes may ultimately force relocation.
Although clear evidence for accelerated erosion is sparse, there has
been a documented increase in erosion rates between 1954-1970
and 1970-2000 for coastal terrain with very high ground-ice
content at Herschel Island, Canada (Lantuit and Pollard, 2003). A
modelling exercise (Rasumov, 2001) suggested that erosion rates
in the eastern Siberian Arctic could increase by 3-5 m/yr with a
3°C increase in mean summer air temperature. Furthermore, the
projected reduction of sea ice would also contribute to increased
erosion, as has been observed at Nelson Lagoon inAlaska (Instanes
et al., 2005).

15.4.6.2 Sub-Antarctic islands
Several sub-Antarctic islands have undergone substantial

recent climate change, the impacts of which have been
significant and have included profound physical and biological
changes (specific examples can be found in Chapter 11, Sections
11.2.1 and 11.4.2, Table 11.1; Chapter 16, Section 16.4.4).

15.5 Adaptation: practices, options
and constraints

Circum-Arctic nations are responsible for a significant
fraction of global CO2 emissions and the Arctic is an important
source of fossil fuels. Although some residents and less
developed regions may contribute only a very small proportion
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of these nations’ emissions, there is a need to consider both
mitigation and adaptation in polar regions in the light of trends
in resource development and modernisation taking place in these
areas. The burden faced by Arctic residents is magnified by the
observed and projected amplification of climate change in the
Arctic and the potential for dramatic environmental impacts. As
with other vulnerable regions of the world, human adaptation is
critical, particularly for those living in closest relationship with
the local environment.

Historically, cultural adaptations and the ability of Arctic
indigenous peoples to utilise their local resources have been
associated with, or affected by, seasonal variation and changing
ecological conditions. One of the hallmarks of successful
adaptation has been flexibility in technology and social
organisation, and the knowledge and ability to cope with climate
change and circumvent some of its negative impacts. Indigenous
groups have developed resilience through sharing resources in
kinship networks that link hunters with office workers, and even
in the cash sector of the economy. Many people work flexibly,
changing jobs frequently and having several part-time jobs
(Chapin et al., 2006). Historically, responses to major climatic
and environmental changes included an altering of group size
or moving to appropriate new locations, flexibility with regard
to seasonal cycles and harvesting, and the establishment of
sharing mechanisms and networks for support (Krupnik, 1993;
Freeman, 1996). Many of these strategies, with the exception of
group mobility, are still employed in various forms today (e.g.,
Berkes and Jolly, 2001; Nickels et al., 2002; McCarthy et al.,
2005) yet, in the future, such responses may be constrained by
social, cultural, economic and political forces acting on
communities externally and from within.

Detailed local knowledge and the social institutions in which
it exists are critical foundations of understanding interactions
between people and their environment and therefore vital to
community adaptability (see Section 15.6.1). Yet the generation
of this knowledge requires active engagement with the
environment and, as the nature of this interaction changes (e.g.,
amount and frequency of time spent on land or engaged in
subsistence activities), so does the information it provides.
Changes in local environments further challenge this knowledge
and can increase human vulnerability to climatic and social
change.

Greater uncertainty and threats to food security stress the
need for resilient and flexible resource procurement systems.
Resilience and adaptability depend on ecosystem diversity as
well as the institutional rules that govern social and economic
systems (Adger, 2000). Innovative co-management of both
renewable and non-renewable resources could support adaptive
abilities via flexible management regimes while providing
opportunities to enhance local economic benefits and ecological
and societal resilience (Chapin et al., 2004).

Opportunities for adaptation exist within some changes
already taking place. The arrival of new species (e.g., Babaluk
et al., 2000; Huntington et al., 2005) and an increase in growing
seasons and opportunities for high-latitude agriculture provide
opportunities to enhance resilience in local food systems.
Increased eco-tourism may increase incentives for protection of
environmental areas. Taking advantage of these potentially

positive impacts will, however, require institutional flexibility
and forms of economic support.

Given the interconnected nature of Arctic ecosystems and
human populations, strategies are required that take a broad
approach to support adaptation among a range of sectors. For
example, policies that allow local people to practice subsistence
activities within protected areas contribute to both biodiversity
and cultural integrity (Chapin et al., 2005a). The creation and
protection of critical areas such as parks, with flexible boundaries
to compensate for changing climatic conditions, enhances
conservation of wildlife and services provided by this land for
human use (e.g., tourism and recreation) (Chapin et al., 2005a).

Although Arctic communities in many regions show great
resilience and ability to adapt, some responses have been
compromised by socio-political change. The political, cultural
and economic diversity that exists among Arctic regions today
impacts how communities are affected by, and respond to,
environmental change. Such diversity also means that particular
experiences of climate variability, impacts and responses may
not be universal. Currently, little is known about how
communities and individuals, indigenous or non-indigenous,
differ in the way risks are perceived, or how they might adapt
aspects of their lives (e.g., harvesting strategies) in response to
negative change. The effectiveness of local adaptive strategies is
uneven across the Arctic and there are large gaps in knowledge
about why some communities do well, while others are more
vulnerable to drivers of change, even when they share similar
resources and ecological settings. Ultimately, an understanding
of adaptation can only derive from a better understanding of
social and economic vulnerability among all Arctic residents
(Handmer et al., 1999).

15.6 Case studies

15.6.1 Case study: traditional knowledge for
adaptation

Among Arctic peoples, the selection pressures for the evolution
of an effective knowledge base have been exceptionally strong,
driven by the need to survive off highly variable natural
resources in the remote, harsh Arctic environment. In response,
they have developed a strong knowledge base concerning
weather, snow and ice conditions as they relate to hunting and
travel, and natural resource availability (Krupnik and Jolly,
2002). These systems of knowledge, belief and practice have
been developed through experience and culturally transmitted
among members and across generations (Huntington, 1998;
Berkes, 1999). This Arctic indigenous knowledge offers detailed
information that adds to conventional science and environmental
observations, as well as to a holistic understanding of
environment, natural resources and culture (Huntington et al.,
2004). There is an increasing awareness of the value of Arctic
indigenous knowledge and a growing collaborative effort to
document it. In addition, this knowledge is an invaluable basis
for developing adaptation and natural resource management
strategies in response to environmental and other forms of
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change. Finally, local knowledge is essential for understanding
the effects of climate change on indigenous communities
(Riedlinger and Berkes, 2001; Krupnik and Jolly, 2002) and
how, for example, some communities have absorbed change
through flexibility in traditional hunting, fishing and gathering
practices.

The generation and application of this knowledge is
evidenced in the ability of Inuit hunters to navigate new travel
and hunting routes despite decreasing ice stability and safety
(e.g., Lafortune et al., 2004); in the ability of many indigenous
groups to locate and hunt species such as geese and caribou that
have shifted their migration times and routes and to begin to
locate and hunt alternative species moving into the region (e.g.,
Krupnik and Jolly, 2002; Nickels et al., 2002; Huntington et al.,
2005); the ability to detect safe sea ice and weather conditions
in an environment with increasingly uncharacteristic weather
(George et al., 2004); or the knowledge and skills required to
hunt marine species in open water later in the year under
different sea ice conditions (Community of Arctic Bay, 2005).

Although Arctic peoples show great resilience and
adaptability, some traditional responses to environmental change
have already been compromised by recent socio-political
changes. Their ability to cope with substantial climatic change
in future, without a fundamental threat to their cultures and
lifestyles, cannot be considered as unlimited. The generation and
application of traditional knowledge requires active engagement
with the environment, close social networks in communities, and
respect for and recognition of the value of this form of
knowledge and understanding. Current social, economic and
cultural trends, in some communities and predominantly among
younger generations, towards a more western lifestyle has the
potential to erode the cycle of traditional knowledge generation
and transfer, and hence its contribution to adaptive capacity.

15.6.2 Case study: Arctic megadeltas

Numerous river deltas are located along the Arctic coast and
the rivers that flow to it. Of particular importance are the
megadeltas of the Lena (44,000 km2) and Mackenzie (9,000
km2) rivers, which are fed by the largest Arctic rivers of Eurasia
and North America, respectively. In contrast to non-polar
megadeltas, the physical development and ecosystem health of
these systems are strongly controlled by cryospheric processes
and are thus highly susceptible to the effects of climate change.

Currently, advance/retreat of Arctic marine deltas is highly
dependent on the protection afforded by near-shore and land-
fast sea ice (Solomon, 2005; Walsh et al., 2005). The loss of such
protection with warming will lead to increased erosion by waves
and storm surges. The problems will be exacerbated by rising
sea levels, greater wind fetch produced by shrinking sea-ice
coverage, and potentially by increasing storm frequency.
Similarly, thawing of the permafrost and ground-ice that
currently consolidates deltaic material will induce hydrodynamic
erosion on the delta front and along riverbanks. Thawing of
permafrost on the delta plain itself will lead to similar changes;
for example, the initial development of more ponded water, as
thermokarst activity increases, will eventually be followed by
drainage as surface and groundwater systems become linked.

Climate warming may have already caused the loss of wetland
area as lakes expanded on the Yukon River delta in the late 20th
century (Coleman and Huh, 2004). Thaw subsidence may also
affect the magnitude and frequency of delta flooding from spring
flows and storm surges (Kokelj and Burn, 2005).

The current water budget and sediment-nutrient supply for
the multitude of lakes and ponds that populate much of the
tundra plains of Arctic deltas depends strongly on the supply of
floodwaters produced by river-ice jams during the spring freshet.
Studies of future climate conditions on a major river delta of the
Mackenzie River watershed (Peace-Athabasca Delta) indicate
that a combination of thinner river ice and reduced spring runoff
will lead to decreased ice-jam flooding (Beltaos et al., 2006).
This change combined with greater summer evaporation, due to
warmer temperatures, will cause a decline in delta-pond water
levels (Marsh and Lesack, 1996). For many Arctic regions,
summer evaporation already exceeds precipitation and therefore
the loss of ice-jam flooding could lead to a drying of delta ponds
and a loss of sediment and nutrients known to be critical to their
ecosystem health (Lesack et al., 1998; Marsh et al., 1999). A
successful adaptation strategy that has already been used to
counteract the effects of drying of delta ponds involves
managing water release from reservoirs to increase the
probability of ice-jam formation and related flooding (Prowse
et al., 2002).

15.6.3 Case study: Antarctic Peninsula – rapid
warming in a pristine environment

The Antarctic Peninsula is a rugged mountain chain generally
more than 2,000 m high, differing from most of Antarctica by
having a summer melting season. Summer melt produces many
isolated snow-free areas, which are habitats for simple biological
communities of primitive plants, microbes and invertebrates,
and breeding grounds for marine mammals and birds. The
Antarctic Peninsula has experienced dramatic warming at rates
several times the global mean (Vaughan et al., 2003; Trenberth
et al., 2007). Since the TAR, substantial progress has been made
in understanding the causes and profound impacts of this
warming.

Since records began, 50 years ago, mean annual temperatures
on the Antarctic Peninsula have risen rapidly; >2.5°C at
Vernadsky (formerly Faraday) Station (Turner et al., 2005). On
the west coast, warming has been much slower in summer and
spring than in winter or autumn, but has been sufficient to raise
the number of positive-degree-days by 74% (Vaughan et al.,
2003), and the resulting increase in melt has caused dramatic
impacts on the Antarctic Peninsula environment, and its ecology.

Around 14,000 km2 of ice have been lost from ten floating
ice shelves (King, 2003), 87% of glacier termini have retreated
(Cook et al., 2005), and seasonal snow cover has decreased (Fox
and Cooper, 1998). The loss of seasonal snow and floating ice do
not have a direct impact on global sea level, but acceleration of
inland glaciers due to the loss of ice shelves (De Angelis and
Skvarca, 2003; Scambos et al., 2004; Rignot et al., 2005) and
increased run-off of melt water (Vaughan, 2006) will cause an
increase in this contribution. If summer warming continues,
these effects will grow.
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Marine sediment cores show that ice shelves probably have
not reached a similar minimum for at least 10,000 years
(Domack et al., 2005), and certainly not for 1,000 years (Pudsey
and Evans, 2001; Domack et al., 2003). This suggests that the
retreat is not simply due to cyclic variations in local climate, and
that recent warming is unique in the past 10,000 years (Turner
et al., 2007). The processes leading to warming are unclear, but
appear to be correlated with atmospheric circulation (van den
Broeke and van Lipzig, 2003) and particularly with changes in
the Southern Annular Mode caused by anthropogenic influence
(Marshall et al., 2004; Marshall et al., 2006). The winter
warming on the west coast also appears to be related to persistent
retreat of sea ice (see Figure 15.2; Parkinson, 2002) and
warming in the Bellingshausen Sea (Meredith and King, 2005).
The spring depletion of ozone over Antarctica (the Antarctic
Ozone Hole) has also been implicated in driving circulation
change (Thompson and Solomon, 2002), but this has been
disputed (Marshall et al., 2004). Current general circulation
models (GCMs) do not, however, simulate this observed
warming over the past 50 years (King, 2003) and we cannot
predict with confidence whether rapid warming will continue in
future.

If warming does continue (especially in the summer) there
will be significant impacts; retreat of coastal ice and loss of snow
cover would result in newly exposed rock and permafrost –
providing new habitats for colonisation by expanding and
invading flora and fauna. However, the direct impacts of climate
change on the flora and fauna are difficult to predict, since these
ecosystems are subject to multiple stressors. For example,
increased damage by ultraviolet exposure, because of reduced
ozone levels and summer desiccation, may oppose the direct
responses to warming (Convey et al., 2002). In addition, there is
a growing threat of alien species invasion, as climatic barriers to
their establishment are eroded by climate amelioration, and
increasing human activity increases the opportunity for
introduction. Such invasions have already occurred on many
sub-Antarctic islands, with detrimental consequences for native
species (Frenot et al., 2005). Furthermore, slow reproduction
rates during rapid climate change may limit the possible
relocation of native species.

There have been trends in all trophic levels in the marine
ecosystems west of the Antarctic Peninsula. These have been
driven by reduced sea-ice extent and duration. Changes in
primary production may also have been affected by increases in
the supply of glacial melt (Smith et al., 2003). Similarly, reduced
sea-ice cover was the likely cause of the dramatic change in the
balance between krill and salps, the main grazers of
phytoplankton (Atkinson et al., 2004). The loss of krill will
probably have impacts on higher predators (albatrosses, seals,
whales and penguins: populations of the latter are already
changing; Smith et al., 2003), but could have more far-reaching
impacts, perhaps even affecting CO2 sequestration in parts of
the Southern Ocean (Walsh et al., 2001).

The global significance of the Antarctic Peninsula warming is
difficult to encapsulate, but the main concern is for the loss of a
unique landscape and biota. The rate of warming on the
Antarctic Peninsula is among the highest seen anywhere on
Earth in recent times, and is a dramatic reminder of how subtle

climate-dynamic processes can drive regional climate change,
and the complexity of its impacts in an environment where
human influence is at a minimum.

15.7 Conclusions: implications for
sustainable development

15.7.1 Economic activity, infrastructure and
sustainability in the Arctic

The thawing of ice-rich permafrost creates potential for
subsidence and damage to infrastructure, including oil and gas
extraction and transportation facilities (Hayley, 2004), and
climate warming will exacerbate existing subsidence problems
(Instanes et al., 2005). These risks have been assessed using a
‘permafrost hazard’ index (e.g., Nelson et al., 2001; Anisimov
and Belolutskaia, 2004; Anisimov and Lavrov, 2004; Smith and
Burgess, 2004), which, when coupled with climate projections,
suggests that a discontinuous high-risk zone (containing
population centres, pipelines and extraction facilities) will
develop around the Arctic Ocean by the mid-21st century (Nelson
et al., 2001). Similarly, a zone of medium risk contains larger
population centres (Yakutsk, Noril′sk, Vorkuta) and much of the
Trans-Siberian and Baikal-Amur railways. However,
distinguishing between the broad effects of climate change on
permafrost and more localised human-induced changes remains
a significant challenge (Tutubalina and Rees, 2001; Nelson,
2003). Although several recent scientific and media reports have
linked widespread damage to infrastructure with climate change
(e.g., Smith et al., 2001; Couture et al., 2003), the effect of heated
buildings on underlying ice-rich permafrost can easily be
mistaken for a climate-change impact. Similarly, urban heat-
island effects occur in northern settlements (e.g., Hinkel et al.,
2003) and may be a factor in local degradation of permafrost.

The cost of rehabilitating community infrastructure damaged
by thawing of permafrost could be significant (Couture et al.,
2000, 2001; Chartrand et al., 2002). Even buildings designed
specifically for permafrost environments may be subject to severe
damage if design criteria are exceeded (Khrustalev, 2000). The
impervious nature of ice-rich permafrost has been relied on as a
design element in landfill and contaminant-holding facilities
(Snape et al., 2003), and thawing such areas could result in severe
contamination of hydrological resources and large clean-up costs,
even for relatively small spills (Roura, 2004). Rates of coastal
erosion in areas of ice-rich permafrost are among the highest
anywhere and could be increased by rising sea levels (Brown et
al., 2003). Relocation of threatened settlements would incur very
large expenses. It has been estimated that relocating the village of
Kivalina, Alaska, to a nearby site would cost US$54 million (U.S.
Arctic Research Commission Permafrost Task Force, 2003).
However, some fraction of the costs will be offset by economic
benefits to northern communities. For example, there will be
savings on heating costs: modelling has predicted a 15% decline
in the demand for heating energy in the populated parts of the
Arctic and sub-Arctic and up to 1 month decrease in the duration
of the period when heating is needed (Anisimov, 1999).
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Lakes and river ice have historically provided major winter
transportation routes and connections to smaller settlements.
Reductions in ice thickness will reduce the load-bearing capacity,
and shortening of the ice season will shorten periods of access.
Adaptation in the initial stages of climate change will be through
modified construction techniques and transport vehicles and
schedules, but longer-term strategies will require new
transportation methods and routes. Where an open-water network
is viable, it will be sensible to increase reliance on water
transport. In land-locked locations, the construction of all-
weather roads may be the only viable option, with implications
for significantly increased costs (e.g., Lonergan et al., 1993; Dore
and Burton, 2001). Similar issues will impact the use of the sea-
ice roads primarily used to access offshore facilities.

Loss of summer sea ice will bring an increasingly navigable
Northwest Passage, and the Northern Sea Route will create new
opportunities for cruise shipping. Projections suggest that by
2050, the Northern Sea Route will have 125 days/yr with less
than 75% sea-ice cover, which represents favourable conditions
for navigation by ice-strengthened cargo ships (Instanes et al.,
2005). Increased marine navigation and longer summers will
improve conditions for tourism and travel associated with
research (Instanes et al., 2005), and this effect is already being
reported in the North American Arctic (Eagles, 2004).

Even without climate change, the complexity of producing a
viable plan for sustainable development of the Arctic would be
daunting; but the added uncertainty of climate change, and its
likely amplification in the Arctic, make this task enormous. The
impacts on infrastructure discussed above, together with the
probable lengthening of growing seasons and increasing
agricultural effort, opening of new sea routes, changing fish
stocks, and ecosystem changes will provide many new
opportunities for the development of Arctic economies.
However it will also place limits on how much development is
actually sustainable. There does, however, now appear to be an
increasing understanding, among governments and residents,
that environmental protection and sustainable development are
two sides of the same coin (Nuttall, 2000a), and a forum for
circum-Arctic co-operation exists in the Arctic Council. This
involves eight nations and six indigenous peoples’ organisations
and embraces the concept of sustainable development in its
mandate. The Arctic Council, in partnership with the
International Arctic Science Committee, is responsible for the
recent Arctic Climate Impact Assessment (ACIA, 2005), which
has substantially improved the understanding of the impacts of
climate change in the Arctic, is a benchmark for regional impact
assessments, and may become the basis for a sustainable
management plan for the Arctic.

15.7.2 Economic activity and sustainability in
the Antarctic

Fishing and tourism are the only significant economic activities
in the Antarctic at present. Over 27,000 tourists visited Antarctica

in the 2005/06 summer and the industry is growing rapidly
(IAATO, 2006). The multiple stresses of climate change and
increasing human activity on the Antarctic Peninsula represent a
clear vulnerability (see Section 15.6.3), and have necessitated the
implementation of stringent clothing decontamination guidelines
for tourist landings on the Antarctic Peninsula (IAATO, 2005).

Fishing is, however, the only large-scale exploitation of
resources in Antarctica, and since 1982 Antarctic fisheries have
been regulated by the Convention on the Conservation of
Antarctic Marine Living Resources (CCAMLR), which takes
climate change into account in determining allowable catches.
However, before the CCAMLR came into force, heavy fishing
around South Georgia led to a major decline in some stocks,
which have not yet fully recovered. The illegal, unregulated and
unreported fishing of the Patagonian toothfish (Dissostichus
eleginoides) is of concern because it could act alongside climate
change to undermine sustainable management of stocks (Bialek,
2003). Furthermore, those fishing illegally often use techniques
that cause the death of by-catch species; for example, albatross
and petrels, which are now under threat (Tuck et al., 2001).

15.8 Key uncertainties and research
priorities

Significant advances in our understanding of polar systems
have been made since the TAR (Anisimov et al., 2001) and the
Arctic Climate Impacts Assessment reports (ACIA, 2005). Many
climate-induced changes that were anticipated in the TAR have
now been documented. This validation, together with improved
models, new data and increasing use of indigenous and local
knowledge, has increased our confidence in projecting future
changes in the polar regions, although substantial uncertainties
remain, and the remote and harsh environments of the polar
regions constrain data collection and mean that observational
networks are sparse and mostly only recently established. The
difficulty in understanding climate-change effects in polar
regions is further exacerbated by the complexity within and
among polar systems, their feedbacks and sensitivity, and their
potential to switch into different states of (dis)equilibrium.

Significant research since the TAR has focused on the impact
of climate change on Arctic indigenous populations, and
accordingly, this chapter has placed an emphasis on these
segments of the population. However, the impacts on the wider
population need also be considered, and in particular, the
economic impacts, which are difficult to address at present due
to the dearth of information.

To address the key uncertainties, particular approaches will be
required (Table 15.1). For the Arctic, detailed recommendations
for future research have been drafted by the international
scientific community (ICARP II, 2006), and a burst of co-
ordinated research at both poles is anticipated during the
International Polar Year, 2007-2009.
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Table 15.1. Key uncertainties and related scientific recommendations/approaches.
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Executive summary

Small islands, whether located in the tropics or higher
latitudes, have characteristics which make them especially
vulnerable to the effects of climate change, sea-level rise,
and extreme events (very high confidence).
This assessment confirms and strengthens previous observations
reported in the IPCC Third Assessment Report (TAR) which
show that characteristics such as limited size, proneness to
natural hazards, and external shocks enhance the vulnerability of
islands to climate change. In most cases they have low adaptive
capacity, and adaptation costs are high relative to gross domestic
product (GDP). [16.1, 16.5]

Sea-level rise is expected to exacerbate inundation, storm
surge, erosion and other coastal hazards, thus threatening
vital infrastructure, settlements and facilities that support
the livelihood of island communities (very high confidence).
Some studies suggest that sea-level rise could lead to a reduction in
island size, particularly in the Pacific, whilst others show that a few
islands are morphologically resilient and are expected to persist.
Island infrastructure tends to predominate in coastal locations. In the
Caribbean and Pacific islands, more than 50% of the population live
within 1.5 km of the shore. Almost without exception, international
airports, roads and capital cities in the small islands of the Indian and
Pacific Oceans and the Caribbean are sited along the coast, or on
tiny coral islands. Sea-level rise will exacerbate inundation, erosion
and other coastal hazards, threaten vital infrastructure, settlements
and facilities, and thus compromise the socio-economic well-being
of island communities and states. [16.4.2, 16.4.5, 16.4.7]

There is strong evidence that under most climate change
scenarios, water resources in small islands are likely to be
seriously compromised (very high confidence).
Most small islands have a limited water supply, and water
resources in these islands are especially vulnerable to future
changes and distribution of rainfall. Many islands in the
Caribbean are likely to experience increased water stress as a
result of climate change. Under all Special Report on Emissions
Scenarios (SRES) scenarios, reduced rainfall in summer is
projected for this region, so that it is unlikely that demand would
be met during low rainfall periods. Increased rainfall in winter
is unlikely to compensate, due to lack of storage and high runoff
during storms. In the Pacific, a 10% reduction in average rainfall
(by 2050) would lead to a 20% reduction in the size of the
freshwater lens on Tarawa Atoll, Kiribati. Reduced rainfall
coupled with sea-level rise would compound this threat. Many
small islands have begun to invest in the implementation of
adaptation strategies, including desalination, to offset current
and projected water shortages. [16.4.1]

Climate change is likely to heavily impact coral reefs,
fisheries and othermarine-based resources (high confidence).
Fisheries make an important contribution to the GDP of many
island states. Changes in the occurrence and intensity of El Niño-
Southern Oscillation (ENSO) events are likely to have severe
impacts on commercial and artisanal fisheries. Increasing sea

surface temperature and rising sea level, increased turbidity,
nutrient loading and chemical pollution, damage from tropical
cyclones, and decreases in growth rates due to the effects of higher
carbon dioxide concentrations on ocean chemistry, are very likely
to affect the health of coral reefs and other marine ecosystems
which sustain island fisheries. Such impacts will exacerbate non-
climate-change stresses on coastal systems. [16.4.3]

On some islands, especially those at higher latitudes,
warming has already led to the replacement of some local
species (high confidence).
Mid- and high-latitude islands are virtually certain to be
colonised by non-indigenous invasive species, previously
limited by unfavourable temperature conditions. Increases in
extreme events are virtually certain to affect the adaptation
responses of forests on tropical islands, where regeneration is
often slow, in the short term. In view of their small area, forests
on many islands can easily be decimated by violent cyclones or
storms. However, it is possible that forest cover will increase on
some high-latitude islands. [16.4.4, 5.4.2.4]

It is very likely that subsistence and commercial agriculture
on small islands will be adversely affected by climate
change (high confidence).
Sea-level rise, inundation, seawater intrusion into freshwater
lenses, soil salinisation, and decline in water supply are very
likely to adversely impact coastal agriculture. Away from the
coast, changes in extremes (e.g., flooding and drought) are likely
to have a negative effect on agricultural production. Appropriate
adaptation measures may help to reduce these impacts. In some
high-latitude islands, new opportunities may arise for increased
agricultural production. [16.4.3, 15.4.2.4]

New studies confirm previous findings that the effects of
climate change on tourism are likely to be direct and
indirect, and largely negative (high confidence).
Tourism is the major contributor to GDP and employment in
many small islands. Sea-level rise and increased sea water
temperature will cause accelerated beach erosion, degradation
of coral reefs, and bleaching. In addition, a loss of cultural
heritage from inundation and flooding reduces the amenity value
for coastal users. Whereas a warmer climate could reduce the
number of people visiting small islands in low latitudes, it could
have the reverse effect in mid- and high-latitude islands.
However, water shortages and increased incidence of vector-
borne diseases may also deter tourists. [16.4.6]

There is growing concern that global climate change is likely
to impact human health, mostly in adverse ways (medium
confidence).
Many small islands are located in tropical or sub-tropical zones
whose weather and climate are already conducive to the
transmission of diseases such as malaria, dengue, filariasis,
schistosomiasis, and food- and water-borne diseases. Other
climate-sensitive diseases of concern to small islands include
diarrhoeal diseases, heat stress, skin diseases, acute respiratory
infections and asthma. The observed increasing incidence of
many of these diseases in small islands is attributable to a
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combination of factors, including poor public health practices,
inadequate infrastructure, poor waste management practices,
increasing global travel, and changing climatic conditions. [16.4.5]

16.1 Introduction

While acknowledging their diversity, the IPCC Third
Assessment Report (TAR) also noted that small island states
share many similarities (e.g., physical size, proneness to natural
disasters and climate extremes, extreme openness of their
economies, low adaptive capacity) that enhance their vulnerability
and reduce their resilience to climate variability and change.

Analysis of observational data showed a global mean
temperature increase of around 0.6°C during the 20th century,
while mean sea level rose by about 2 mm/yr, although sea-level
trends are complicated by local tectonics and El Niño-Southern
Oscillation (ENSO) events. The rate of increase in air temperature
in the Pacific and Caribbean during the 20th century exceeded the
global average. The TAR also found much of the rainfall variability
appeared to be closely related to ENSO events, combined with
seasonal and decadal changes in the convergence zones.

Owing to their high vulnerability and low adaptive capacity,
small islands have legitimate concerns about their future, based
on observational records, experience with current patterns and
consequences of climate variability, and climate model
projections. Although emitting less than 1% of global
greenhouse gases, many small islands have already perceived a
need to reallocate scarce resources away from economic
development and poverty alleviation, and towards the
implementation of strategies to adapt to the growing threats
posed by global warming (e.g., Nurse and Moore, 2005).

While some spatial variation within and among regions is
expected, the TAR reported that sea level is projected to rise at
an average rate of about 5.0 mm/yr over the 21st century, and
concluded that sea-level change of this magnitude would pose
great challenges and high risk, especially to low-lying islands
that might not be able to adapt (Nurse et al., 2001). Given the sea
level and temperature projections for the next 50 to 100 years,
coupled with other anthropogenic stresses, the coastal assets of
small islands (e.g., corals, mangroves, sea grasses and reef fish),
would be at great risk. As the natural resilience of coastal areas
may be reduced, the ‘costs’ of adaptation could be expected to
increase. Moreover, anticipated land loss, soil salinisation and
low water availability would be likely to threaten the
sustainability of island agriculture and food security.

In addition to natural and managed system impacts, the TAR
also drew attention to projected human costs. These included an
increase in the incidence of vector- and water-borne diseases in
many tropical and sub-tropical islands, which was attributed
partly to temperature and rainfall changes, some linked to ENSO.
The TAR also noted that most settlements and infrastructure of
small islands are located in coastal areas, which are highly
vulnerable not only to sea-level rise (SLR) but also to high-
energy waves and storm surge. In addition, temperature and
rainfall changes and loss of coastal amenities could adversely
affect the vital tourism industry. Traditional knowledge and other
cultural assets (e.g., sites of worship and ritual), especially those

near the coasts, were also considered to be vulnerable to climate
change and sea-level rise. Integrated coastal management was
proposed as an effective management framework in small islands
for ensuring the sustainability of coastal resources. Such a
framework has been adopted in several island states. More
recently, the Organisation of Eastern Caribbean States (OECS,
2000) has adopted a framework called ‘island systems
management’, which is both an integrated and holistic (rather
than sectoral) approach to whole-island management including
terrestrial, aquatic and atmospheric environments.

The TAR concluded that small islands could focus their
efforts on enhancing their resilience and implement appropriate
adaptation measures as urgent priorities. Thus, integration of risk
reduction strategies into key sectoral activities (e.g., disaster
management, integrated coastal management and health care
planning) should be pursued as part of the adaptation planning
process for climate change.

Building upon the TAR, this chapter assesses recent scientific
information on vulnerability to climate change and sea-level rise,
adaptation to their effects, and implications of climate-related
policies, including adaptation, for the sustainable development
of small islands. Assessment results are presented in a
quantitative manner wherever possible, with near, middle, and
far time-frames in this century, although much of the literature
concerning small islands is not precise about the time-scales
involved in impact, vulnerability and adaptation studies. Indeed,
independent scientific studies on climate change and small
islands since the TAR have been quite limited, though there are
a number of synthetic publications, regional resource books,
guidelines, and policy documents including: Surviving in Small
Islands: A Guide Book (Tompkins et al., 2005); Climate
Variability and Change and Sea-level rise in the Pacific Islands
Region: A Resource Book for Policy and Decision Makers,
Educators and Other Stakeholders (Hay et al., 2003); Climate
Change: Small Island Developing States (UNFCCC, 2005); and
Not If, But When: Adapting to Natural Hazards in the Pacific
Island Region: A Policy Note (Bettencourt et al., 2006).

These publications rely heavily on the TAR, and on studies
undertaken by global and regional agencies and contracted
reports. It is our qualitative view that the volume of literature in
refereed international journals relating to small islands and
climate change since publication of the TAR is rather less than
that between the Second Assessment Report in 1995 and the
TAR in 2001. There is also another difference in that the present
chapter deals not only with independent small island states but
also with non-autonomous small islands in the continental and
large archipelagic countries, including those in high latitudes.
Nevertheless the focus is still mainly on the autonomous small
islands predominantly located in the tropical and sub-tropical
regions; a focus that reflects the emphasis in the literature.

16.2 Current sensitivity and vulnerability

16.2.1 Special characteristics of small islands

Many small islands are highly vulnerable to the impacts of
climate change and sea-level rise. They comprise small land
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masses surrounded by ocean, and are frequently located in
regions prone to natural disasters, often of a
hydrometeorological and/or geological nature. In tropical areas
they host relatively large populations for the area they occupy,
with high growth rates and densities. Many small islands have
poorly developed infrastructure and limited natural, human and
economic resources, and often small island populations are
dependent on marine resources to meet their protein needs. Most
of their economies are reliant on a limited resource base and are
subject to external forces, such as changing terms of trade,
economic liberalisation, and migration flows. Adaptive capacity
to climate change is generally low, though traditionally there has
been some resilience in the face of environmental change.

16.2.2 Climate and weather

16.2.2.1 General features
The climate regimes of small islands are quite variable,

generally characterised by large seasonal variability in precipitation
and by small seasonal temperature differences in low-latitude
islands and large seasonal temperature differences in high-latitude
islands. In the tropics, cyclones and other extreme climate and
weather events cause considerable losses to life and property.

The climates of small islands in the central Pacific are
influenced by several contributing factors such as trade wind
regimes, the paired Hadley cells and Walker circulation,
seasonally varying convergence zones such as the South Pacific
Convergence Zone (SPCZ), semi-permanent sub-tropical high-
pressure belts, and zonal westerlies to the south, with ENSO as
the dominant mode of year-to-year variability (Fitzharris, 2001;
Folland et al., 2002; Griffiths et al., 2003). The Madden-Julian
Oscillation (MJO) is a major mode of variability of the tropical
atmosphere-ocean system of the Pacific on time-scales of 30 to
70 days (Revell, 2004), while the leading mode of variability
with decadal time-scale is the Interdecadal Pacific Oscillation
(IPO) (Salinger et al., 2001). A number of studies suggest that
the influence of global warming could be a major factor in
accentuating the current climate regimes and the changes from
the normal that come with ENSO events (Folland et al., 2003;
Hay et al., 2003).

The climate of the Caribbean islands is broadly characterised
by distinct dry and wet seasons with orography and elevation
being significant modifiers on the sub-regional scale. The
dominant influences are the North Atlantic Sub-tropical High
(NAH) and ENSO. During the Northern Hemisphere winter, the
NAH lies further south, with strong easterly trades on its
equatorial flank modulating the climate and weather of the
region. Coupled with a strong inversion, a cool ocean, and
reduced atmospheric humidity, the region is generally at its
driest during the Northern Hemisphere winter. With the onset of
the Northern Hemisphere spring, the NAH moves northwards,
the trade wind intensity decreases, and the region then comes
under the influence of the equatorial trough.

In the Indian Ocean, the climate regimes of small islands in
tropical regions are predominantly influenced by the Asian
monsoon; the seasonal alternation of atmospheric flow patterns
which results in two distinct climatic regimes: the south-west or

summer monsoon and the north-east or winter monsoon, with a
clear association with ENSO events.

The climates of small islands in the Mediterranean are
dominated by influences from bordering lands. Commonly the
islands receive most of their rainfall during the Northern
Hemisphere winter months and experience a prolonged summer
drought of 4 to 5 months. Temperatures are generally moderate
with a comparatively small range of temperature between the
winter low and summer high.

16.2.2.2 Observed trends
Temperature

New observations and reanalyses of temperatures averaged
over land and ocean surfaces since the TAR show consistent
warming trends in all small-island regions over the 1901 to 2004
period (Trenberth et al., 2007). However, the trends are not
linear. Recent studies show that annual and seasonal ocean
surface and island air temperatures have increased by 0.6 to
1.0°C since 1910 throughout a large part of the South Pacific,
south-west of the SPCZ. Decadal increases of 0.3 to 0.5°C in
annual temperatures have been widely seen only since the 1970s,
preceded by some cooling after the 1940s, which is the
beginning of the record, to the north-east of the SPCZ (Salinger,
2001; Folland et al., 2003).

For the Caribbean, Indian Ocean and Mediterranean regions,
analyses shows warming ranged from 0 to 0.5°C per decade for
the 1971 to 2004 period (Trenberth et al., 2007). Some high-
latitude regions, including the western Canadian Arctic
Archipelago, have experienced warming more rapid than the
global mean (McBean et al., 2005).

Trends in extreme temperature across the South Pacific for
the period 1961 to 2003 show increases in the annual number of
hot days and warm nights, with decreases in the annual number
of cool days and cold nights, particularly in the years after the
onset of El Niño (Manton et al., 2001; Griffiths et al., 2003). In
the Caribbean, the percentage of days having very warm
maximum or minimum temperatures has increased considerably
since the 1950s, while the percentage of days with cold
temperatures has decreased (Peterson et al., 2002).

Precipitation
Analyses of trends in extreme daily rainfall across the South

Pacific for the period 1961 to 2003 show extreme rainfall trends
which are generally less spatially coherent than those of extreme
temperatures (Manton et al., 2001; Griffiths et al., 2003). In the
Caribbean, the maximum number of consecutive dry days is
decreasing and the number of heavy rainfall events is increasing.
These changes were found to be similar to the changes reported
from global analysis (Trenberth et al., 2007).

Tropical and extra-tropical cyclones
Variations in tropical and extra-tropical cyclones, hurricanes

and typhoons in many small-island regions are dominated by
ENSO and decadal variability which result in a redistribution of
tropical storms and their tracks, so that increases in one basin
are often compensated by decreases in other basins. For
example, during an El Niño event, the incidence of tropical
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storms typically decreases in the Atlantic and far-western Pacific
and the Australian regions, but increases in the central and
eastern Pacific, and vice versa. Clear evidence exists that the
number of storms reaching categories 4 and 5 globally have
increased since 1970, along with increases in the Power
Dissipation Index (Emanuel, 2005) due to increases in their
intensity and duration (Trenberth et al., 2007). The total number
of cyclones and cyclone days decreased slightly in most basins.
The largest increase was in the North Pacific, Indian and South-
West Pacific oceans. The global view of tropical storm activity
highlights the important role of ENSO in all basins. The most
active year was 1997, when a very strong El Niño began,
suggesting that the observed record sea surface temperatures
(SSTs) played a key role (Trenberth et al., 2007). For extra-
tropical cyclones, positive trends in storm frequency and
intensity dominate during recent decades in most regional
studies performed. Longer records for the North Atlantic suggest
that the recent extreme period may be similar in level to that of
the late 19th century (Trenberth et al., 2007).

In the tropical South Pacific, small islands to the east of the
dateline are highly likely to receive a higher number of tropical
storms during an El Niño event compared with a La Niña event
and vice versa (Brazdil et al., 2002). Observed tropical cyclone
activity in the South Pacific east of 160°E indicates an increase
in level of activity, with the most active years associated with
El Niño events, especially during the strong 1982/1983 and
1997/1998 events (Levinson, 2005). Webster et al. (2005) found
more than a doubling in the number of category 4 and 5 storms
in the South-West Pacific from the period 1975–1989 to the
period 1990–2004. In the 2005/2006 season, La Niña influences
shifted tropical storm activity away from the South Pacific
region to the Australian region and, in March and April 2006,
four category 5 typhoons occurred (Trenberth et al., 2007).

In the Caribbean, hurricane activity was greater from the
1930s to the 1960s, in comparison with the 1970s and 1980s and
the first half of the 1990s. Beginning with 1995, all but two
Atlantic hurricane seasons have been above normal (relative to
the 1981-2000 baseline). The exceptions are the two El Niño
years of 1997 and 2002. El Niño acts to reduce activity and La
Niña acts to increase activity in the North Atlantic. The increase
contrasts sharply with the generally below-normal seasons
observed during the previous 25-year period, 1975 to 1994.
These multi-decadal fluctuations in hurricane activity result
almost entirely from differences in the number of hurricanes and
major hurricanes forming from tropical storms first named in
the tropical Atlantic and Caribbean Sea.

In the Indian Ocean, tropical storm activity (May to
December) in the northern Indian Ocean has been near normal
in recent years. For the southern Indian Ocean, the tropical
cyclone season is normally active from December to April. A
lack of historical record-keeping severely hinders trend analysis
(Trenberth et al., 2007).

Sea level
Analyses of the longest available sea-level records, which

have at least 25 years of hourly data from 27 stations installed
around the Pacific basin, show the overall average mean relative
sea-level rise around the whole region is +0.77 mm/yr (Mitchell

et al., 2001). Rates of relative sea level have also been calculated
for the SEAFRAME stations in the Pacific. Using these results
and focusing only on the island stations with more than 50 years
of data (only four locations), the average rate of sea-level rise
(relative to the Earth’s crust) is 1.6 mm/yr (Bindoff et al., 2007).
Church et al. (2004) used TOPEX/Poseidon altimeter data,
combined with historical tide gauge data, to estimate monthly
distributions of large-scale sea-level variability and change over
the period 1950 to 2000. Church et al. (2004) observed the
maximum rate of rise in the central and eastern Pacific,
spreading north and south around the sub-tropical gyres of the
Pacific Ocean near 90°E, mostly between 2 and 2.5 mm/yr but
peaking at over 3 mm/yr. This maximum was split by a
minimum rate of rise, less than 1.5 mm/yr, along the equator in
the eastern Pacific, linking to the western Pacific just west of
180° (Christensen et al., 2007).

The Caribbean region experienced, on average, a mean
relative sea-level rise of 1 mm/yr during the 20th century.
Considerable regional variations in sea level were observed in
the records; these were due to large-scale oceanographic
phenomena such as El Niño coupled with volcanic and tectonic
crustal motions of the Caribbean Basin rim, which affect the land
levels on which the tide gauges are located. Similarly, recent
variations in sea level on the west Trinidad coast indicate that sea
level in the north is rising at a rate of about 1 mm/yr, while in the
south the rate is about 4 mm/yr; the difference being a response
to tectonic movements (Miller, 2005).

In the Indian Ocean, reconstructed sea levels based on tide
gauge data and TOPEX/Poseidon altimeter records for the 1950
to 2001 period give rates of relative sea-level rise of 1.5, 1.3 and
1.5 mm/yr (with error estimates of about 0.5 mm/yr) at Port
Louis, Rodrigues, and Cocos Islands, respectively (Church et
al., 2006). In the equatorial band, both the Male and Gan sea-
level sites in the Maldives show trends of about 4 mm/yr (Khan
et al., 2002), with the range from three tidal stations over the
1990s being from 3.2 to 6.5 mm/yr (Woodworth et al., 2002).
Church et al. (2006) note that the Maldives has short records and
that there is high variability between sites, and their 52-year
reconstruction suggests a common rate of rise of 1.0 to 1.2 mm/yr.

Some high-latitude islands are in regions of continuing
postglacial isostatic uplift, including parts of the Baltic, Hudson
Bay, and the Canadian Arctic Archipelago (CAA). Others along
the Siberian coast and the eastern and western margins of the
CAA are subsiding. Although few long tide-gauge records exist
in the region, relative sea-level trends are known to range from
negative (falling relative sea level) in the central CAA and
Hudson Bay to rates as high as 3 mm/yr or more in the Beaufort
Sea (Manson et al., 2005). Available data from the Siberian
sector of the Arctic Ocean indicate that late 20th century sea-
level rise was comparable to the global mean (Proshutinsky et
al., 2004).

16.2.3 Other stresses

Climate change and sea-level rise are not unique contributors
to the extreme vulnerability of small islands. Other factors
include socio-economic conditions, natural resource and space
limitations, and the impacts of natural hazards such as tsunami
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and storms. In the Pacific, vulnerability is also a function of
internal and external political and economic processes which
affect forms of social and economic organisation that are
different from those practiced traditionally, as well as attempts
to impose models of adaptation that have been developed for
Western economies, without sufficient thought as to their
applicability in traditional island settings (Cocklin, 1999).

Socio-economic stresses
Socio-economic contributors to island vulnerability include

external pressures such as terms of trade, impacts of
globalisation (both positive and negative), financial crises,
international conflicts, rising external debt, and internal local
conditions such as rapid population growth, rising incidence of
poverty, political instability, unemployment, reduced social
cohesion, and a widening gap between poor and rich, together
with the interactions between them (ADB, 2004).

Most settlements in small islands, with the exception of some
of the larger Melanesian and Caribbean islands, are located in
coastal locations, with the prime city or town also hosting the
main port, international airport and centre of government
activities. Heavy dependence on coastal resources for
subsistence is also a major feature of many small islands.

Rapid and unplanned movements of rural and outer-island
residents to the major centres is occurring throughout small
islands, resulting in deteriorating urban conditions, with pressure
on access to urban services required to meet basic needs. High
concentrations of people in urban areas create various social,
economic and political stresses, and make people more
vulnerable to short-term physical and biological hazards such as
tropical cyclones and diseases. It also increases their
vulnerability to the impacts of climate change and sea-level rise
(Connell, 1999, 2003).

Globalisation is also a major stress, though it has been argued
that it is nothing new for many small islands, since most have
had a long history of colonialism and, more latterly, experience
of some of the rounds of transformation of global capitalism
(Pelling and Uitto, 2001). Nevertheless, in the last few years,
the rate of change and growth of internationalisation have
increased, and small islands have had to contend with new forms
of extra-territorial economic, political and social forces such as
multinational corporations, transnational social movements,
international regulatory agencies, and global communication
networks. In the present context, these factors take on a new
relevance, as they may influence the vulnerability of small
islands and their adaptive capacity (Pelling and Uitto, 2001;
Adger et al., 2003a).

Pressure on island resources
Most small islands have limited sources of freshwater. Atoll

countries and limestone islands have no surface water or streams
and are fully reliant on rainfall and groundwater harvesting.
Many small islands are experiencing water stress at the current
levels of rainfall input, and extraction of groundwater is often
outstripping supply. Moreover, pollution of groundwater is often
a major problem, especially on low-lying islands. Poor water
quality affects human health and carries water-borne diseases.

Water quality is just one of several health issues linked to climate
variability and change and their potential effects on the well-
being of the inhabitants of small islands (Ebi et al., 2006).

It is also almost inevitable that the ecological systems of small
islands, and the functions they perform, will be sensitive to the
rate and magnitude of climate change and sea-level rise,
especially where exacerbated by human activities (e.g., ADB,
2004, in the case of the small islands in the Pacific). Both
terrestrial ecosystems on the larger islands and coastal ecosystems
on most islands have been subjected to increasing degradation
and destruction in recent decades. For instance, analysis of coral
reef surveys over three decades has revealed that coral cover
across reefs in the Caribbean has declined by 80% in just 30
years, largely as a result of continued pollution, sedimentation,
marine diseases, and over-fishing (Gardner et al., 2003).

Interactions between human and physical stresses
External pressures that contribute to the vulnerability of small

islands to climate change include energy costs, population
movements, financial and currency crises, international
conflicts, and increasing debt. Internal processes that create
vulnerability include rapid population growth, attempts to
increase economic growth through exploitation of natural
resources such as forests, fisheries and beaches, weak
infrastructure, increasing income inequality, unemployment,
rapid urbanisation, political instability, a growing gap between
demand for and provision of health care and education services,
weakening social capital, and economic stagnation. These
external and internal processes are related and interact in
complex ways to heighten the vulnerability of island social and
ecological systems to climate change.

Natural hazards of hydrometeorological origin remain an
important stressor and cause impacts on the economies of small
islands that are disproportionally large (Bettencourt et al., 2006).
The devastation of Grenada following the passage of Hurricane
Ivan on 7 September 2004 is a powerful illustration of the reality
of small-island vulnerability (Nurse and Moore, 2005). In less
than 8 hours, the country’s vital socio-economic infrastructure,
including housing, utilities, tourism-related facilities and
subsistence and commercial agricultural production, suffered
incalculable damage. The island’s two principal foreign-
exchange earners – tourism and nutmeg production – suffered
heavily. More than 90% of hotel guest rooms were either
completely destroyed or damaged, while more than 80% of the
island’s nutmeg trees were lost. One of the major challenges
with regard to hydrometeorological hazards is the time it takes
to recover from them. In the past it was common for socio-
ecological systems to recover from hazards, as these were
sufficiently infrequent and/or less damaging. In the future,
climate change may create a situation where more intense and/or
more frequent extreme events may mean there is less time in
which to recover. Sequential extreme events may mean that
recovery is never complete, resulting in long-term deteriorations
in affected systems, e.g., declines in agricultural output because
soils never recover from salinisation; urban water systems and
housing infrastructure deteriorating because damage cannot be
repaired before the next extreme event.
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16.2.4 Current adaptation

Past studies of adaptation options for small islands have
largely focused on adjustments to sea-level rise and storm surges
associated with tropical cyclones. There was an early emphasis
on protecting land through ‘hard’ shore-protection measures
rather than on other measures such as accommodating sea-level
rise or retreating from it, although the latter has become
increasingly important on continental coasts. Vulnerability
studies conducted for selected small islands (Nurse et al., 2001)
show that the costs of overall infrastructure and settlement
protection are a significant proportion of GDP, and well beyond
the financial means of most small island states; a problem not
always shared by the islands of metropolitan countries (i.e., with
high-density, predominantly urban populations). More recent
studies since the TAR have identified major areas of adaptation,
including water resources and watershed management, reef
conservation, agricultural and forest management, conservation
of biodiversity, energy security, increased development of
renewable energy, and optimised energy consumption. Some of
these are detailed in Section 16.5. Proposed adaptation strategies
have also focused on reducing vulnerability and increasing
resilience of systems and sectors to climate variability and
extremes through mainstreaming adaptation (Shea et al., 2001;
Hay et al., 2003; ADB, 2004; UNDP, 2005).

16.3 Assumptions about future trends

16.3.1 Climate and sea-level change

16.3.1.1 Temperature and precipitation
Since the TAR, future climate change projections have been

updated (Ruosteenoja et al., 2003). These analyses reaffirm
previous IPCC projections that suggest a gradual warming of
SSTs and a general warming trend in surface air temperature in
all small-island regions and seasons (Lal et al., 2002). However,
it must be cautioned that, because of scaling problems, these
projections for the most part apply to open ocean surfaces and
not to land surfaces. Consequently the temperature changes may
well be higher than current projections.

Projected changes in seasonal surface air temperature (Table
16.1) and precipitation (Table 16.2) for the three 30-year periods
(2010 to 2039, 2040 to 2069 and 2070 to 2099) relative to the
baseline period 1961 to 1990, have been prepared by Ruosteenoja
et al. (2003) for all the sub-continental scale regions of the world,
including small islands. They used seven coupled atmosphere-
ocean general circulation models (AOGCMs), the greenhouse
gas and aerosol forcing being inferred from the IPCC Special
Report on Emissions Scenarios (SRES; Nakićenović and Swart,
2000) A1FI, A2, B1 and B2 emissions scenarios.

All seven models project increased surface air temperature
for all regions of the small islands. The Ruosteenoja et al. (2003)
projected increases all lie within previous IPCC surface air
temperature projections, except for the Mediterranean Sea. The
increases in surface air temperature are projected to be more or
less uniform in both seasons, but for the Mediterranean Sea,
warming is projected to be greater during the summer than the

winter. For the South Pacific, Lal (2004) has indicated that the
surface air temperature by 2100 is estimated to be at least 2.5°C
more than the 1990 level. Seasonal variations of projected
warming are minimal. No significant change in diurnal
temperature range is likely with a rise in surface temperatures.
An increase in mean temperature would be accompanied by an
increase in the frequency of extreme temperatures. High-latitude
regions are likely to experience greater warming, resulting in
decreased sea ice extent and increased thawing of permafrost
(Meehl et al., 2007).

Regarding precipitation, the range of projections is still large,
and even the direction of change is not clear. The models
simulate only a marginal increase or decrease (10%) in annual
rainfall over most of the small islands in the South Pacific.
During summer, more rainfall is projected, while an increase in
daily rainfall intensity, causing more frequent heavier rainfall
events, is also likely (Lal, 2004).

16.3.1.2 Sea levels
Sea-level changes are of special significance, not only for the

low-lying atoll islands but for many high islands where
settlements, infrastructure and facilities are concentrated in the
coastal zone. Projected globally averaged sea-level rise at the
end of the 21st century (2090 to 2099), relative to 1980 to 1999
for the six SRES scenarios, ranges from 0.19 to 0.58 m (Meehl
et al., 2007). In all SRES scenarios, the average rate of sea-level
rise during the 21st century very probably exceeds the 1961 to
2003 average rate (1.8 ± 0.5 mm/yr). Climate models also
indicate a geographical variation of sea-level rise due to non-
uniform distribution of temperature and salinity and changes in
ocean circulation. Furthermore, regional variations and local
differences depend on several factors, including non-climate-
related factors such as island tectonic setting and postglacial
isostatic adjustment. While Mörner et al. (2004) suggest that the
increased risk of flooding during the 21st century for the
Maldives has been overstated, Woodworth (2005) concludes that
a rise in sea level of approximately 50 cm during the 21st
century remains the most reliable scenario to employ in future
studies of the Maldives.

Table 16.1. Projected increase in air temperature (°C) by region, relative
to the 1961–1990 period.

Region 2010–2039 2040–2069 2040–2069
Mediterranean 0.60 to 2.19 0.81 to 3.85 1.20 to 7.07

Caribbean 0.48 to 1.06 0.79 to 2.45 0.94 to 4.18

Indian Ocean 0.51 to 0.98 0.84 to 2.10 1.05 to 3.77

Northern Pacific 0.49 to 1.13 0.81 to 2.48 1.00 to 4.17

Southern Pacific 0.45 to 0.82 0.80 to 1.79 0.99 to 3.11

Table 16.2. Projected change in precipitation (%) by region, relative to
the 1961–1990 period.

Region 2010–2039 2040–2069 2040–2069
Mediterranean −35.6 to +55.1 −52.6 to +38.3 −61.0 to +6.2

Caribbean −14.2 to +13.7 −36.3 to +34.2 −49.3 to +28.9

Indian Ocean −5.4 to +6.0 −6.9 to +12.4 −9.8 to +14.7

Northern Pacific −6.3 to +9.1 −19.2 to +21.3 −2.7 to +25.8

Southern Pacific −3. 9 to +3.4 −8.23 to +6.7 −14.0 to +14.6
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16.3.1.3 Extreme events
Global warming from anthropogenic forcing suggests

increased convective activity but there is a possible trade-off
between localised versus organised convection (IPCC, 2001).
While increases in SSTs favour more and stronger tropical
cyclones, increased isolated convection stabilises the tropical
troposphere and this, in turn, suppresses organised convection,
making conditions less favourable for vigorous tropical cyclones
to develop. Thus, the IPCC (2001) noted that changes in
atmospheric stability and circulation may produce offsetting
tendencies.

Recent analyses (e.g., Brazdil et al., 2002; Mason, 2004)
since the TAR confirm these findings. Climate modelling with
improved resolutions has demonstrated the capability to
diagnose the probability of occurrence of short-term extreme
events under global warming (Meehl et al., 2007). Vassie et al.
(2004) suggest that scientists engaged in climate change impact
studies should also consider possible changes in swell direction
and incidence and their potential impacts on the coasts of small
islands. With an increasing number of people living close to the
coast, deep ocean swell generation, and its potential
modifications as a consequence of climate change, is clearly an
issue that needs attention, alongside the more intensively studied
topics of changes in mean sea level and storm surges.

Although there is as yet no convincing evidence in the
observed record of changes in tropical cyclone behaviour, a
synthesis of the recent model results indicates that, for the future
warmer climate, tropical cyclones will show increased peak
wind speed and increased mean and peak precipitation
intensities. The number of intense cyclones is likely to increase,
although the total number may decrease on a global scale (Meehl
et al., 2007). It is likely that maximum tropical cyclone wind
intensities could increase, by 5 to 10% by around 2050 (Walsh,
2004). Under this scenario, peak precipitation rates are likely to
increase by 25% as a result of increases in maximum tropical
cyclone wind intensities, which in turn cause higher storm
surges. Although it is exceptionally unlikely that there will be
significant changes in regions of formation, the rate of formation
is very likely to change in some regions. Changes in tropical
cyclone tracks are closely associated with ENSO and other local
climate conditions. These suggest a strong possibility of higher
risks of more persistent and devastating tropical cyclones in a
warmer world.

Mid-latitude islands, such as islands in the Gulf of St.
Lawrence and off the coast of Newfoundland (St. Pierre et
Miquelon), are exposed to impacts from tropical, post-tropical,
and extra-tropical storms that can produce storm-surge flooding,
large waves, coastal erosion, and (in some winter storms) direct
sea ice damage to infrastructure and property. Possible increases
in storm intensity, rising sea levels, and changes in ice duration
and concentration, are projected to increase the severity of
negative impacts progressively, particularly by mid-century
(Forbes et al., 2004). In the Queen Charlotte Islands (Haida
Gwaii) off the Canadian Pacific coast, winter storm damage is
exacerbated by large sea-level anomalies resulting from ENSO
variability (Walker and Barrie, 2006).

16.3.2 Other relevant conditions

Populations on many small islands have long developed and
maintained unique lifestyles, adapted to their natural
environment. Traditional knowledge, practices and cultures,
where they are still practised, are strongly based on community
support networks and, in many islands, a subsistence economy is
still predominant (Berkes and Jolly, 2001; Fox, 2003; Sutherland
et al., 2005). Societal changes such as population growth,
increased cash economy, migration of people to urban centres
and coastal areas, growth of major cities, increasing dependency
on imported goods which create waste management problems,
and development of modern industries such as tourism have
changed traditional lifestyles in many small islands. Trade
liberalisation also has major implications for the economic and
social well-being of the people of small islands. For example, the
phasing out of the Lomé Convention and the implementation of
the Cotonou Agreement will be important. The end of the Lomé
Convention means that the prices the EU pays for certain
agricultural commodities, such as sugar, will decline. Such
countries as Fiji, Jamaica and Mauritius may experience
significant contractions in GDP as a result of declining sugar
prices (Milner et al., 2004). In Fiji, for example, where 25% of
the workforce is in the sugar sector, the replacement of the Lomé
Convention with the terms of the Cotonou Agreement is likely to
result in significant unemployment and deeper impoverishment
of many of the 23,000 smallholder farmers, many of whom
already live below the poverty line (Prasad, 2003). Such declines
in the agricultural sector, resulting from trade liberalisation,
heighten social vulnerability to climate change. These changes,
together with the gradual disintegration of traditional
communities, will continue to weaken traditional human support
networks, with additional feedback effects of social breakdown
and loss of traditional values, social cohesion, dignity and
confidence, which have been a major component of the resilience
of local communities in Pacific islands.

16.4 Key future impacts and vulnerabilities

The special characteristics of small islands, as described in
Section 16.2.1, make them prone to a large range of potential
impacts from climate change, some of which are already being
experienced. Examples of that range, thematically and
geographically, are shown in Box 16.1. Further details on sectors
that are especially vulnerable in small islands are expanded
upon below.

16.4.1 Water resources

Owing to factors of limited size, availability, and geology and
topography, water resources in small islands are extremely
vulnerable to changes and variations in climate, especially in
rainfall (IPCC, 2001). In most regions of small islands, projected
future changes in seasonal and annual precipitation are
uncertain, although in a few instances precipitation is likely to
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Box 16.1. Range of future impacts and vulnerabilities in small islands

* Numbers in bold
relate to the regions
defined on the map

Region* and

system at risk

Scenario and

reference

Changed

parameters

Impacts and vulnerability

1. Iceland and
isolated Arctic
islands of Svalbard and
the Faroe Islands:
Marine ecosystem
and plant species

SRES A1
and B2
ACIA (2005)

Projected
rise in
temperature

• The imbalance of species loss and replacement leads to an initial loss in diversity.
Northward expansion of dwarf-shrub and tree-dominated vegetation into areas rich
in rare endemic species results in their loss.

• Large reduction in, or even a complete collapse of, the Icelandic capelin stock leads
to considerable negative impacts on most commercial fish stocks, whales, and
seabirds.

2. High-latitude
islands (Faroe Islands):
Plant species

Scenario I / II:
temperature
increase /
decrease by
2°C. Fosaa et
al. (2004)

Changes
in soil
temperature,
snow cover
and growing
degree days

• Scenario 1: Species most affected by warming are restricted to the uppermost parts
of mountains. For other species, the effect will mainly be upward migration.

• Scenario II: Species affected by cooling are those at lower altitudes.

3. Sub-Antarctic Marion
Islands: Ecosystem

Own
scenarios
Smith (2002)

Projected
changes in
temperature
and
precipitation

• Changes will directly affect the indigenous biota. An even greater threat is that a
warmer climate will increase the ease with which the islands can be invaded by alien
species.

4. Mediterranean Basin
five islands:
Ecosystems

SRES A1FI and
B1
Gritti et al.
(2006)

Alien plant
invasion under
climatic and
disturbance
scenarios

• Climate change impacts are negligible in many simulated marine ecosystems.
• Invasion into island ecosystems become an increasing problem. In the longer term,
ecosystems will be dominated by exotic plants irrespective of disturbance rates.

5. Mediterranean:
Migratory birds (Pied
flycatchers – Ficedula
hypoleuca)

None (GLM/
STATISTICA
model)
Sanz et al.
(2003)

Temperature
increase,
changes in
water levels
and vegetation
index

• Some fitness components of pied flycatchers suffer from climate change in two of
the southernmost European breeding populations, with adverse effects on
reproductive output of pied flycatchers.

6. Pacific and
Mediterranean: Siam
weed (Chromolaena
odorata)

None (CLIMEX
model)
Kriticos et al.
(2005)

Increase in
moisture, cold,
heat and dry
stress

• Pacific islands at risk of invasion by Siam weed.
• Mediterranean semi-arid and temperate climates predicted to be unsuitable for
invasion.

7. Pacific small islands:
Coastal erosion, water
resources and
human settlement

SRES A2 and
B2
World Bank
(2000)

Changes in
temperature
and rainfall,
and sea-level
rise

• Accelerated coastal erosion, saline intrusion into freshwater lenses and increased
flooding from the sea cause large effects on human settlements.

• Less rainfall coupled with accelerated sea-level rise compound the threat on water
resources; a 10% reduction in average rainfall by 2050 is likely to correspond to a
20% reduction in the size of the freshwater lens on Tarawa Atoll, Kiribati.

8. American Samoa; 15
other Pacific islands:
Mangroves

Sea-level rise
0.88 m to 2100
Gilman et al.
(2006)

Projected rise
in sea level

• 50% loss of mangrove area in American Samoa; 12% reduction in mangrove area in
15 other Pacific islands.

9. Caribbean (Bonaire,
Netherlands Antilles):
Beach erosion and sea
turtle nesting habitats

SRES A1, A1FI,
B1, A2, B2
Fish et al.
(2005)

Projected rise
in sea level

• On average, up to 38% (±24% SD) of the total current beach could be lost with
a 0.5 m rise in sea level, with lower narrower beaches being the most vulnerable,
reducing turtle nesting habitat by one-third.

10. Caribbean (Bonaire,
Barbados): Tourism

None
Uyarra et al.
(2005)

Changes to
marine wildlife,
health,
terrestrial
features and
sea conditions

• The beach-based tourism industry in Barbados and the marine diving based
ecotourism industry in Bonaire are both negatively affected by climate change
through beach erosion in Barbados and coral bleaching in Bonaire.
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increase slightly during December, January and February (DJF)
in the Indian Ocean and southern Pacific and during June, July
and August (JJA) in the northern Pacific (Christensen et al.,
2007). Even so, the scarcity of fresh water is often a limiting
factor for social and economic development in small islands.
Burns (2002) has also cautioned that with the rapid growth of
tourism and service industries in many small islands, there is a
need both for augmentation of the existing water resources and
for more efficient planning and management of those resources.
Measures to reduce water demand and promote conservation are
also especially important on small islands, where infrastructure
deterioration resulting in major leakage is common, and water
pollution from soil erosion, herbicide and pesticide runoff,
livestock waste, and liquid and solid waste disposal results in
high costs, crudely estimated at around 3% of GDP in
Rarotonga, Cook Islands (Hajkowicz, 2006).

This dependency on rainfall significantly increases the
vulnerability of small islands to future changes in distribution
of rainfall. For example, model projections suggest that a 10%
reduction in average rainfall by 2050 is likely to correspond to
a 20% reduction in the size of the freshwater lens on Tarawa
Atoll, Kiribati. Moreover, a reduction in the size of the island,
resulting from land loss accompanying sea-level rise, is likely to
reduce the thickness of the freshwater lens on atolls by as much
as 29% (World Bank, 2000). Less rainfall coupled with
accelerated sea-level rise would compound this threat. Studies
conducted on Bonriki Island in Tarawa, Kiribati, showed that a
50 cm rise in sea level accompanied by a reduction in rainfall of
25% would reduce the freshwater lens by 65% (World Bank,
2000). Increases in sea level may also shift watertables close to
or above the surface, resulting in increased evapotranspiration,
thus diminishing the resource (Burns, 2000).

Lower rainfall typically leads to a reduction in the amount of
water that can be physically harvested, to a reduction in river
flow, and to a slower rate of recharge of the freshwater lens,
which can result in prolonged drought impacts. Recent
modelling of the current and future water resource availability
on several small islands in the Caribbean, using a macro-scale
hydrological model and the SRES scenarios (Arnell, 2004),
found that many of these islands would be exposed to severe
water stress under all SRES scenarios, and especially so under
A2 and B2. Since most of the islands are dependent upon surface
water catchments for water supply, it is highly likely that
demand could not be met during periods of low rainfall.

The wet and dry cycles associated with ENSO episodes can
have serious impacts on water supply and island economies. For
instance the strong La Niña of 1998 to 2000 was responsible for
acute water shortages in many islands in the Indian and Pacific
Oceans (Shea et al., 2001; Hay et al., 2003), which resulted in
partial shut-downs in the tourism and industrial sectors. In Fiji
and Mauritius, borehole yields decreased by 40% during the dry
periods, and export crops including sugar cane were also
severely affected (World Bank, 2000). The situation was
exacerbated by the lack of adequate infrastructure such as
reservoirs and water distribution networks in most islands.

Increases in demand related to population and economic
growth, in particular tourism, continue to place serious stress on
existing water resources. Excessive damming, over-pumping

and increasing pollution are all threats that will continue to
increase in the future. Groundwater resources are especially at
risk from pollution in many small islands (UNEP, 2000), and in
countries such as the Comoros, the polluted waters are linked to
outbreaks of yellow fever and cholera (Hay et al., 2003).

Access to safe potable water varies across countries. There is
very good access in countries such as Singapore, Mauritius and
most Caribbean islands, whereas in states such as Kiribati and
Comoros it has been estimated that only 44% and 50% of the
population, respectively, have access to safe water. Given the
major investments needed to develop storage and provide
treatment and distribution of water, it is evident that climate
change would further decrease the ability of many islands to
meet their future requirements.

Several small island countries have begun to invest, at great
financial cost, in the implementation of various augmentation
and adaptation strategies to offset current water shortages. The
Bahamas, Antigua and Barbuda, Barbados, Maldives,
Seychelles, Singapore, Tuvalu and others have invested in
desalination plants. However, in the Pacific, some of the systems
are now only being used during the dry season, owing to
operational problems and high maintenance costs. Options such
as large storage reservoirs and improved water harvesting are
now being explored more widely, although such practices have
been in existence in countries such as the Maldives since the
early 1900s. In other cases, countries are beginning to invest in
improving the scientific database that could be used for future
adaptation plans. In the Cook Islands, for example, a useful
index for estimating drought intensity was recently developed
based on analysis of more than 70 years of rainfall data; this will
be a valuable tool in the long-term planning of water resources
in these islands (Parakoti and Scott, 2002).

16.4.2 Coastal systems and resources

The coastlines of small islands are long relative to island area.
They are also diverse and resource-rich, providing a range of
goods and services, many of which are threatened by a
combination of human pressures and climate change and
variability arising especially from sea-level rise, increases in sea
surface temperature, and possible increases in extreme weather
events. Key impacts will almost certainly include accelerated
coastal erosion, saline intrusion into freshwater lenses, and
increased flooding from the sea. An extreme example of the
ultimate impact of sea-level rise on small islands – island
abandonment – has been documented by Gibbons and Nicholls
(2006) in Chesapeake Bay.

It has long been recognised that islands on coral atolls are
especially vulnerable to this combination of impacts, and the
long-term viability of some atoll states has been questioned.
Indeed, Barnett and Adger (2003) argue that the risk from
climate-induced factors constitutes a dangerous level of climatic
change to atoll countries by potentially undermining their
sovereignty (see Section 16.5.4).

The future of atoll island geomorphology has been predicted
using both geological analogues and simulation modelling
approaches. Using a modified shoreline translation model,
Kench and Cowell (2001) and Cowell and Kench (2001) found
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that, with sea-level rise, ocean shores will be eroded and
sediment redeposited further lagoonward, assuming that the
volume of island sediment remains constant. Simulations also
show that changes in sediment supply can cause physical
alteration of atoll islands by an equivalent or greater amount than
by sea-level rise alone. Geological reconstructions of the
relationship between sea level and island evolution in the mid-
to late Holocene, however, do not provide consistent
interpretations. For instance, chronic island erosion resulting
from increased water depth across reefs with global warming
and sea-level rise is envisaged for some islands in the Pacific
(Dickinson, 1999), while Kench et al. (2005) present data and a
model which suggest that uninhabited islands of the Maldives
are morphologically resilient rather than fragile systems, and are
expected to persist under current scenarios of future climate
change and sea-level rise. The impact of the Sumatran tsunami
on such islands appears to confirm this resilience (Kench et al.,
2006) and implies that islands which have been subject to
substantial human modification are inherently more vulnerable
than those that have not been modified.

On topographically higher and geologically more complex
islands, beach erosion presents a particular hazard to coastal
tourism facilities, which provide the main economic thrust for
many small island states. Ad hoc approaches to addressing this
problem have recently given way to the integrated coastal zone
management approach as summarised in the TAR (McLean et
al., 2001), which involves data collection, analysis of coastal
processes, and assessment of impacts. Daniel and Abkowitz
(2003, 2005) present the results of such an approach in the
Caribbean, which involves the development of tools for
integrating spatial and non-spatial coastal data, estimating long-
term beach erosion/accretion trends and storm-induced beach
erosion at individual beaches, identifying erosion-sensitive
beaches, and mapping beach-erosion hazards. Coastal erosion
on arctic islands has additional climate sensitivity through the
impact of warming on permafrost and extensive ground ice,
which can lead to accelerated erosion and volume loss, and the
potential for higher wave energy if the diminished sea ice results
in longer over-water fetch (see Chapter 6, Section 6.2.5; Chapter
15, Section 15.4.6).

While erosion is intuitively the most common response of
island shorelines to sea-level rise, it should be recognised that
coasts are not passive systems. Instead, they will respond
dynamically in different ways dependent on many factors
including: the geological setting; coastal type, whether soft or
hard shores; the rate of sediment supply relative to rate of
submergence; sediment type, sand or gravel; presence or
absence of natural shore protection structures such as beach rock
or conglomerate outcrops; presence or absence of biotic
protection such as mangroves and other strand vegetation; and
the health of coral reefs. That several of these factors are
interrelated can be illustrated by a model study by Sheppard et
al. (2005), who suggest that mass coral mortality over the past
decade at some sites in the Seychelles has resulted in a reduction
in the level of the fringing reef surface, a consequent rise in wave
energy over the reef, and increased coastal erosion. Further
declines in reef health are expected to accelerate this trend.

Global change is also creating a number of other stress factors
that are very likely to influence the health of coral reefs around
islands, as a result of increasing sea surface temperature and sea
level, damage from tropical cyclones, and possible decreases in
growth rates due to the effects of higher CO2 concentrations on
ocean chemistry. Impacts on coral reefs from those factors will
not be uniform throughout the small-island realm. For instance,
the geographical variability in the required thermal adaptation
derived from models and emissions scenarios presented by
Donner et al. (2005) suggest that coral reefs in some regions,
such as Micronesia and western Polynesia, may be particularly
vulnerable to climate change. In addition to these primarily
climate-driven factors, the impacts of which are detailed in
Chapter 6, Section 6.2.1, there are those associated mainly with
other human activities, which combine to subject island coral
reefs to multiple stresses, as illustrated in Box 16.2.

16.4.3 Agriculture, fisheries and food security

Small islands have traditionally depended upon subsistence
and cash crops for survival and economic development. While
subsistence agriculture provides local food security, cash crops
(such as sugar cane, bananas and forest products) are exported
in order to earn foreign exchange. In Mauritius, the sugar cane
industry has provided economic growth and has contributed to
the diversification of the economy through linkages with tourism
and other related industries (Government of Mauritius, 2002).
However, exports have depended upon preferential access to
major developed-country markets, which are slowly eroding.
Many island states have also experienced a decrease in GDP
contributions from agriculture, partly due to the drop in
competitiveness of cash crops, cheaper imports from larger
countries, increased costs of maintaining soil fertility, and
competing uses for water resources, especially from tourism
(FAO, 2004).

Local food production is vital to small islands, even those
with very limited land areas. In the Pacific islands subsistence
agriculture has existed for several hundred years. The ecological
dependency of small island economies and societies is well
recognised (ADB, 2004). A report by the FAO Commission on
Genetic Resources found that some countries’ dependence on
plant genetic resources ranged from 91% in Comoros, 88% in
Jamaica, 85% in Seychelles to 65% in Fiji, 59% in the Bahamas
and 37% in Vanuatu (Ximena, 1998).

Projected impacts of climate change include extended periods
of drought and, on the other hand, loss of soil fertility and
degradation as a result of increased precipitation, both of which
will negatively impact on agriculture and food security. In a
study of the economic and social implications of climate change
and variability for selected Pacific islands, the World Bank
(2000) found that in the absence of adaptation, a high island such
as Viti Levu, Fiji, could experience damages of US$23 million
to 52 million/yr by 2050, (equivalent to 2 to 3% of Fiji’s GDP
in 1998). A group of low islands such as Tarawa, Kiribati, could
face average annual damages of more than US$8 million to 16
million/yr (equivalent to 17 to 18% of Kiribati’s GDP in 1998)
under the SRES A2 and B2 emissions scenarios.
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Box 16.2. Non-climate-change threats to coral reefs of small islands

A large number of non-climate-change stresses and disturbances, mainly driven by human activities, can impact coral reefs
(Nyström et al., 2000; Hughes et al., 2003). It has been suggested that the ‘coral reef crisis’ is almost certainly the result of
complex and synergistic interactions among global-scale climatic stresses and local-scale, human-imposed stresses (Buddemeier
et al., 2004).

In a study by Bryant et al. (1998), four human-threat factors – coastal development, marine pollution, over-exploitation and
destructive fishing, and sediment and nutrients from inland – provide a composite indicator of the potential risk to coral reefs
associated with human activity for 800 reef sites. Their map (Figure 16.1) identifies low-risk (blue) medium-risk (yellow) and high-
risk (red) sites, the first being common in the insular central Indian and Pacific Oceans, the last in maritime South-East Asia
and the Caribbean archipelago. Details of reefs at risk in the two highest-risk areas have been documented by Burke et al.
(2002) and Burke and Maidens (2004), who indicate that about 50% of the reefs in South-East Asia and 45% in the Caribbean
are classed in the high- to very high-risk category. There are, however, significant local and regional differences in the scale
and type of threats to coral reefs in both continental and small-island situations.

Recognising that coral reefs are especially important for many small island states, Wilkinson (2004) notes that reefs on small
islands are often subject to a range of non-climate impacts. Some common types of reef disturbance are listed below, with
examples from several island regions and specific islands.

1. Impact of coastal developments and modification of shorelines:
• coastal development on fringing reefs, Langawi Island, Malaysia (Abdullah et al., 2002);
• coastal resort development and tourism impacts in Mauritius (Ramessur, 2002).

2. Mining and harvesting of corals and reef organisms:
• coral harvesting in Fiji for the aquarium trade (Vunisea, 2003).

3. Sedimentation and nutrient pollution from the land:
• sediment smothering reefs in Aria Bay, Palau (Golbuua et al., 2003) and southern islands of Singapore
(Dikou and van Woesik, 2006);

• non-point source pollution, Tutuila Island, American Samoa (Houk et al., 2005);
• nutrient pollution and eutrophication, fringing reef, Réunion (Chazottes et al., 2002) and Cocos Lagoon,
Guam (Kuffner and Paul, 2001).

4. Over-exploitation and damaging fishing practices:
• blast fishing in the islands of Indonesia (Fox and Caldwell, 2006);
• intensive fish-farming effluent in Philippines (Villanueva et al., 2006);
• subsistence exploitation of reef fish in Fiji (Dulvy et al., 2004);
• giant clam harvesting on reefs, Milne Bay, Papua New Guinea (Kinch, 2002).

5. Introduced and invasive species:
• Non-indigenous species invasion of coral habitats in Guam (Paulay et al., 2002).

There is another category of ‘stress’ that may inadvertently result in damage to coral reefs – the human component of poor
governance (Goldberg and Wilkinson, 2004). This can accompany political instability, one example being problems with
contemporary coastal management in the Solomon Islands (Lane, 2006).

Figure 16.1. The potential risk to coral reefs from human-threat factors. Low risk (blue), medium risk (yellow) and high risk (red).
Source: Bryant et al. (1998).
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Not all effects of climate change on agriculture are expected
to be negative. For example, increased temperatures in high-
latitude islands are likely to make conditions more suitable for
agriculture and provide opportunities to enhance resilience of
local food systems (see also Chapter 15, Section 15.5).

If the intensity of tropical cyclones increases, a concomitant
rise in significant damage to food crops and infrastructure is likely.
For example, Tropical Cyclone Ofa in 1990 turned Niue (in the
Pacific) from a food-exporting country into one dependent on
imports for the next two years, and Heta in 2004 had an even
greater impact on agricultural production in Niue (Wade, 2005).
Hurricane Ivan’s impact on Grenada (in the Caribbean) in 2004
caused losses in the agricultural sector equivalent to 10% of GDP.
The two main crops, nutmeg and cocoa, both of which have long
gestation periods, will not make a contribution to GDP or earn
foreign exchange for the next 10 years (OECS, 2004).

Fisheries contribute significantly to GDP on many islands;
consequently the socio-economic implications of the impact of
climate change on fisheries are likely to be important and would
exacerbate other anthropogenic stresses such as over-fishing.
For example, in the Maldives, variations in tuna catches are
especially significant during El Niño and La Niña years. This
was shown during the El Niño years of 1972/1973, 1976,
1982/1983, 1987 and 1992/1994, when the skipjack catches
decreased and yellow fin increased, whereas during La Niña
years skipjack tuna catches increased, whilst catches of other
tuna species decreased (MOHA, 2001). Changes in migration
patterns and depth are two main factors affecting the distribution
and availability of tuna during those periods, and it is expected
that changes in climate would cause migratory shifts in tuna
aggregations to other locations (McLean et al., 2001). Apart
from the study by Lehodey et al. (2003) of potential changes in
tuna fisheries, Aaheim and Sygna (2000) surveyed possible
economic impacts in terms of quantities and values, and give
examples of macroeconomic impacts. The two main effects of
climate change on tuna fishing are likely to be a decline in the
total stock and a migration of the stock eastwards, both of which
will lead to changes in the catch in different countries.

In contrast to agriculture, the mobility of fish makes it
difficult to estimate future changes in marine fish resources.
Furthermore, since the life cycles of many species of
commercially exploited fisheries range from freshwater to ocean
water, land-based and coastal activities will also be likely to affect
the populations of those species. Coral reefs and other coastal
ecosystems which may be severely affected by climate change
will also have an impact on fisheries (Graham et al., 2006).

16.4.4 Biodiversity

Oceanic islands often have a unique biodiversity through high
endemism (i.e., with regionally restricted distribution) caused by
ecological isolation. Moreover, human well-being on most small
islands is heavily reliant on ecosystem services such as amenity
value and fisheries (Wong et al., 2005). Historically, isolation – by
its very nature – normally implies immunity from threats such as
invasive species causing the extinction of endemics. However, it
is possible that in mid- and high-latitude islands, higher
temperature and the retreat and loss of snow cover could enhance

conditions for the spread of invasive species and forest cover
(Smith et al., 2003; see also Chapter 15, Section 15.6.3). For
example, in species-poor, sub-Antarctic island ecosystems, alien
microbes, fungi, plants and animals have been extensively
documented as causing substantial loss of local biodiversity and
changes to ecosystem function (Frenot et al., 2005). With rapid
climate change, even greater numbers of introductions and
enhanced colonisation by alien species are likely, with consequent
increases in impacts on these island ecosystems. Climate-related
ecosystem effects are also already evident in the mid-latitudes,
such as on the island of Hokkaido, Japan, where a decrease in
alpine flora has been reported (Kudo et al., 2004).

Under the SRES scenarios, small islands are shown to be
particularly vulnerable to coastal flooding and decreased extent
of coastal vegetated wetlands (Nicholls, 2004). There is also a
detectable influence on marine and terrestrial pathogens, such as
coral diseases and oyster pathogens, linked to ENSO events
(Harvell et al., 2002). These changes are in addition to coral
bleaching, which could become an annual or biannual event in the
next 30 to 50 years or sooner without an increase in thermal
tolerance of 0.2 to 1.0°C (Sheppard, 2003; Donner et al., 2005).
Furthermore, in the Caribbean, a 0.5 m sea-level rise is projected
to cause a decrease in turtle nesting habitat by up to 35% (Fish et
al., 2005).

In islands with cloud forest or high elevations, such as the
Hawaiian Islands, large volcanoes have created extreme
vegetation gradients, ranging from nearly tropical to alpine
(Foster, 2001; Daehler, 2005). In these ecosystems,
anthropogenic climate change is likely to combine with past
land-use changes and biological invasions to drive several
species such as endemic birds to extinction (Benning et al.,
2002). This trend among Hawaiian forest birds shows
concordance with the spread of avian malaria, which has
doubled over a decade at upper elevations and is associated with
breeding of mosquitoes and warmer summertime air
temperatures (Freed et al., 2005).

In the event of increasing extreme events such as cyclones
(hurricanes) (see Section 16.3.1.3) forest biodiversity could be
severely affected, as adaptation responses on small islands are
expected to be slow, and impacts of storms may be cumulative.
For example, Ostertag et al. (2005) examined long-term tropical
moist forests on the island of Puerto Rico in the Caribbean.
Hurricane-induced mortality of trees after 21 months was
5.2%/yr; more than seven times higher than background
mortality levels during the non-hurricane periods. These authors
show that resistance of trees to hurricane damage is not only
correlated with individual and species characteristics, but also
with past disturbance history, which suggests that individual
storms cannot be treated as discrete, independent events when
interpreting the effects of hurricanes on forest structure.

16.4.5 Human settlements and well-being

The concentration of large settlements along with economic
and social activities at or near the coast is a well-documented
feature of small islands. On Pacific and Indian Ocean atolls,
villages are located on low and narrow islands, and in the
Caribbean more than half of the population live within 1.5 km
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of the shoreline. In many regions of small islands, such as along
the north coast of Jamaica and along the west and south coasts
of Barbados, continuous corridors of development now occupy
practically all of the prime coastal lands. Fishing villages,
government buildings and important facilities such as hospitals
are frequently located close to the shore. Moreover, population
growth and internal migration of people are putting additional
pressure on coastal settlements, utilities and resources, and
creating problems in areas such as pollution, waste disposal and
housing. Changes in sea level, and any changes in the magnitude
and frequency of storm events, are likely to have serious
consequences for these land uses. On the other hand, rural and
inland settlements and communities are more likely to be
adversely affected by negative impacts on agriculture, given that
they are often dependent upon crop production for many of their
nutritional requirements.

An important consideration in relation to settlements is
housing. In many parts of the Pacific, traditional housing styles,
techniques and materials were resistant to damage and/or could
be repaired quickly. Moves away from traditional housing have
increased vulnerability to thermal stress, slowed housing
reconstruction after storms and flooding, and in some countries
increased the use of air-conditioning. As a result, human well-
being in several major settlements on islands in the Pacific and
Indian Oceans has changed over the past two or three decades,
and there is growing concern over the possibility that global
climate change and sea-level rise are likely to impact human
health and well-being, mostly in adverse ways (Hay et al., 2003).

Many small island states currently suffer severe health
burdens from climate-sensitive diseases, including morbidity
and mortality from extreme weather events, certain vector-borne
diseases, and food- and water-borne diseases (Ebi et al., 2006).
Tropical cyclones, storm surges, flooding, and drought have both
short- and long-term effects on human health, including
drowning, injuries, increased disease transmission, decreases in
agricultural productivity, and an increased incidence of common
mental disorders (Hajat et al., 2003). Because the impacts are
complex and far-reaching, the true health burden is rarely
appreciated. For example, threats to health posed by extreme
weather events in the Caribbean include insect- and rodent-borne
diseases, such as dengue, leptospirosis, malaria and yellow
fever; water-borne diseases, including schistosomiasis,
cryptosporidium and cholera; food-borne diseases, including
diarrhoeal diseases, food poisoning, salmonellosis and typhoid;
respiratory diseases, including asthma, bronchitis and respiratory
allergies and infections; and malnutrition resulting from
disturbances in food production or distribution (WHO, 2003a).

Many small island states lie in tropical or sub-tropical zones
with weather conducive to the transmission of diseases such as
malaria, dengue, filariasis, schistosomiasis, and food- and water-
borne diseases. The rates of many of these diseases are
increasing in small island states for a number of reasons,
including poor public health practices, inadequate infrastructure,
poor waste management practices, increasing global travel and
changing climatic conditions (WHO, 2003a). In the Caribbean,
the incidence of dengue fever increases during the warm years
of ENSO cycles (Rawlins et al., 2005). Because the greatest risk
of dengue transmission is during annual wet seasons, vector

control programs need to target these periods to reduce disease
burdens. The incidence of diarrhoeal diseases is associated with
annual average temperature (Singh et al., 2001) and negatively
associated with water availability in the Pacific (Singh et al.,
2001). Therefore, increasing temperatures and decreasing water
availability due to climate change may increase burdens of
diarrhoeal and other infectious diseases in some small island states.

Outbreaks of climate-sensitive diseases can be costly in terms
of lives and economic impacts. An outbreak of dengue fever in
Fiji coincided with the 1997/1998 El Niño; out of a population
of approximately 856,000 people, 24,000 were affected, with 13
deaths (World Bank, 2000). The epidemic cost US$3 million to
6 million. Neighbouring islands were also affected.

Ciguatera fish poisoning is common in marine waters,
particularly reef waters. Multiple factors contribute to outbreaks
of ciguatera poisoning, including pollution and reef degradation.
Warmer sea surface temperatures during El Niño events have
been associated with ciguatera outbreaks in the Pacific (Hales
et al., 1999).

16.4.6 Economic, financial and socio-cultural impacts

Small island states have special economic characteristics which
have been documented in several reports (Atkins et al., 2000;
ADB, 2004; Briguglio and Kisanga, 2004; Grynberg and Remy,
2004). Small economies are generally more exposed to external
shocks, such as extreme events and climate change, than larger
countries, because many of them rely on one or a few economic
activities such as tourism or fisheries. Recent conflicts in the Gulf
region have, for example, affected tourism arrivals in the Maldives
and the Seychelles; while internal conflicts associated with coups
have had similar effects on the tourism industry in Fiji (Becken,
2004). In the Caribbean, hurricanes cause loss of life, property
damage and destruction, and economic losses running into
millions of dollars (ECLAC, 2002; OECS, 2004). The reality of
island vulnerability is powerfully demonstrated by the near-total
devastation experienced on the Caribbean island of Grenada when
Hurricane Ivan made landfall in September 2004. Damage
assessments indicate that, in real terms, the country’s socio-
economic development has been set back at least a decade by this
single event that lasted for only a few hours (see Box 16.3).

Tourism is a major economic sector in many small islands,
and its importance is increasing. Since their economies depend
so highly on tourism, the impacts of climate change on tourism
resources in small islands will have significant effects, both
direct and indirect (Bigano et al., 2005; Viner, 2006). Sea-level
rise and increased sea water temperatures are projected to
accelerate beach erosion, cause degradation of natural coastal
defences such as mangroves and coral reefs, and result in the
loss of cultural heritage on coasts affected by inundation and
flooding. These impacts will in turn reduce attractions for coastal
tourism. For example, the sustainability of island tourism resorts
in Malaysia is expected to be compromised by rising sea level,
beach erosion and saline contamination of coastal wells, a major
source of water supply for island resorts (Tan and Teh, 2001).
Shortage of water and increased risk of vector-borne diseases
may steer tourists away from small islands, while warmer
climates in the higher-latitude countries may also result in a
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reduction in the number of people who want to visit small
islands in the tropical and sub-tropical regions.

Tourism in small island states is also vulnerable to climate
change through extreme events and sea-level rise leading to
transport and communication interruption. In a study of tourist
resorts in Fiji, Becken (2005) suggested that many operators
already prepare for climate-related events, and therefore are
adapting to potential impacts from climate change. She also
concludes that reducing greenhouse gas emissions from tourist
facilities is not important to operators; however, decreasing
energy costs is practised for economic reasons.

Climate change may also affect important environmental
components of holiday destinations, which could have
repercussions for tourism-dependent economies. The importance
of environmental attributes in determining the choice and
enjoyment of tourists visiting Bonaire and Barbados, two
Caribbean islands with markedly different tourism markets and
infrastructure, and possible changes resulting from climate
change (coral bleaching and beach erosion) have been
investigated by Uyarra et al. (2005). They concluded that such
changes would have significant impacts on destination selection
by visitors, and that island-specific strategies, such as focusing
resources on the protection of key tourist assets, may provide a
means of reducing the environmental impacts and economic
costs of climate change. Equally, the attractions of ‘cold water
islands’ (e.g., the Falklands, Prince Edward Island, Baffin, Banks
and Lulea) could be compromised, as these destinations seek to
expand their tourism sectors (Baldacchino, 2006).

16.4.7 Infrastructure and transportation

Like settlements and industry, the infrastructural base that
supports the vital socio-economic sectors of island economies
tends to occupy coastal locations. Hay et al. (2003) have

identified several challenges that will confront the transportation
sector in Pacific island countries as a result of climate variability
and change. These include closure of roads, airports and bridges
due to flooding and landslides, and damage to port facilities. The
resulting disruption would not be confined to the transportation
sector alone, but would impact other key dependent sectors and
services including tourism, agriculture, the delivery of health
care, clean water, food security and market supplies.

In most small islands, energy is primarily from non-
renewable sources, mainly from imported fossil fuels. In the
context of climate change, the main contribution to greenhouse
gas emissions is from energy use. The need to introduce and
expand renewable energy technologies in small islands has been
recognised for many years although progress in implementation
has been slow. Often, the advice that small islands receive on
options for economic growth is based on the strategies adopted
in larger countries, where resources are much greater and
alternatives significantly less costly. It has been argued by Roper
(2005) that small island states could set an example on green
energy use, thereby contributing to local reductions in
greenhouse gas emissions and costly imports. Indeed, some have
already begun to become ‘renewable energy islands’. La
Desirade (Caribbean), Fiji, Samsoe (Denmark), Pellworm
(Germany) and La Réunion (Indian Ocean) are cited as presently
generating more than 50% of their electricity from renewable
energy sources (Jensen, 2000).

Almost without exception, international airports on small
islands are sited on or within a few kilometres of the coast, and
on tiny coral islands. Likewise, the main (and often only) road
network runs along the coast (Walker and Barrie, 2006). In the
South Pacific region of small islands, Lal (2004) estimates that,
since 1950, mean sea level has risen at a rate of approximately
3.5 mm/yr, and he projects a rise of 25 to 58 cm by the middle
of this century. Under these conditions, much of the

Box 16.3. Grenada and Hurricane Ivan

Hurricane Ivan struck Grenada on 7 September 2004, as a category 4 system on the Saffir-Simpson scale. Sustained winds
reached 140 mph, with gusts exceeding 160 mph. An official OECS/UN-ECLAC Assessment reported the following:

• 28 people killed,
• overall damages calculated at twice the current GDP,
• 90% of housing stock damaged,
• 90% of guest rooms in the tourism sector damaged or destroyed, equivalent to approximately 29% GDP,
• losses in telecommunications equivalent to 13% GDP,
• damage to schools and education infrastructure equivalent to 20% GDP,
• losses in agricultural sector equivalent to 10% GDP. The two main crops, nutmeg and cocoa, which have
long gestation periods, will not contribute to GDP or earn foreign exchange for the next 10 years,

• damage to electricity installations totalling 9% GDP,
• heavy damage to eco-tourism and cultural heritage sites, resulting in 60% job losses in the sub-sector,
• prior to Hurricane Ivan, Grenada was on course to experience an economic growth rate of approximately
5.7% per annum but negative growth of around −1.4% per annum is now forecast.

Source: OECS (2004).
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infrastructure in these countries would be at serious risk from
inundation, flooding and physical damage associated with
coastal land loss. While the risk will vary from country to
country, the small islands of the Indian Ocean and the Caribbean
– countries such as Malta and Singapore and mid-latitude islands
such as the Îles-de-la-Madeleine in the Gulf of St. Lawrence –
may be confronted by similar threats. Raksakulthai (2003) has
shown that climate change would also increase the risk to critical
facilities on the island of Phuket, a premier tourism island in
South-East Asia.

The threat from sea-level rise to infrastructure on small
islands could be amplified considerably by the passage of
tropical cyclones (hurricanes). It has been shown, for instance,
that port facilities at Suva, Fiji, and Apia, Samoa, would
experience overtopping, damage to wharves, and flooding of the
hinterland if there were a 0.5 m rise in sea level combined with
waves associated with a 1-in-50 year cyclone (Hay et al., 2003).
In the Caribbean, the damage to coastal infrastructure from
storm surge alone has been severe. In November 1999, surge
damage in St. Lucia associated with Hurricane Lenny was in
excess of US$6 million, even though the storm was centred
many kilometres offshore.

16.5 Adaptation: practices, options
and constraints

16.5.1 Role of adaptation in reducing
vulnerability and impacts

It is clear from the previous sections that small islands are
presently subjected to a range of climatic and oceanic impacts,
and that these impacts will be exacerbated by ongoing climate
change and sea-level rise. Moreover, the TAR showed that the
overall vulnerability of small island states is primarily a function
of four interrelated factors:

• the degree of exposure to climate change;
• their limited capacity to adapt to projected impacts;
• the fact that adaptation to climate change is not a high

priority, given the more pressing problems that small
islands have to face;

• the uncertainty associated with global climate change
projections and their local validity (Nurse et al., 2001).

Several other factors that influence vulnerability and impacts on
small islands have also been identified in the present chapter,
including both global and local processes. This combination of
drivers is likely to continue into the future, which raises the
possibility that environmental conditions and the socio-economic
well-being of populations on small islands will worsen unless
adaptation measures are put in place to reduce impacts, as
illustrated in Box 16.4.

While it is clear that implementing anticipatory adaptation
strategies early on is desirable (see Box 16.4), there are obstacles
associated with the uncertainty of the climate change projections.
To overcome this uncertainty, Barnett (2001) has suggested that a
better strategy for small islands is to enhance the resilience of
whole-island socio-ecological systems, rather than concentrating
on sectoral adaptation; a theme that is expanded upon in Section

16.5.5. This is the policy of the Organisation of Eastern Caribbean
States (OECS, 2000).

Inhabitants of small islands, individuals, communities and
governments, have adapted to interannual variability in climate
and sea conditions, as well as to extreme events, over a long
period of time. There is no doubt that this experience will be of
value in dealing with inter-annual variability and extremes in
climate and sea conditions that are likely to accompany the
longer-term mean changes in climate and sea level. Certainly,
in Polynesia, Melanesia and Micronesia, and in the Arctic, the
socio-ecological systems have historically been able to adapt to
environmental change (Barnett, 2001; Berkes and Jolly, 2001).
However, it is also true that in many islands traditional
mechanisms for coping with environmental hazards are being, or
have been, lost, although paradoxically the value of such
mechanisms is being increasingly recognised in the context of
adaptation to climate change (e.g., MESD, 1999; Fox, 2003).

16.5.2 Adaptation options and priorities:
examples from small island states

What are the adaptation options and priorities for small
islands, and especially for small island states? Since the TAR
there have been a number of National Communications to the
United Nations Framework Convention on Climate Change
(UNFCCC) from small island states that have assessed their own
vulnerability to climate change and in-country adaptation
strategies. These communications give an insight into national
concerns about climate change, the country’s vulnerability, and
the priorities that different small island states place on adaptation
options. They also suggest that to date adaptation has been
reactive, and has been centred around responses to the effects
of climate variability and particularly climate extremes.
Moreover, the range of measures considered, and the priority
they are assigned, appear closely linked to the country’s key
socio-economic sectors, their key environmental concerns,
and/or the most vulnerable areas to climate change and/or sea-
level rise. Some island states such as Malta (MRAE, 2004)
emphasise potential adaptations to economic factors including
power generation, transport, and waste management, whereas
agriculture and human health figure prominently in
communications from the Comoros (GDE, 2002), Vanuatu
(Republic of Vanuatu, 1999), and St. Vincent and the Grenadines
(NEAB, 2000). In these cases, sea-level rise is not seen as a
critical issue, though it is in the low-lying atoll states such as
Kiribati, Tuvalu, Marshall Islands and the Maldives. The
Maldives provides one example of the sectors it sees as being the
most vulnerable to climate change, and the adaptive measures
required to reduce vulnerability and enhance resilience (see Box
16.5).

In spite of differences in emphasis and sectoral priorities,
there are three common themes.

• First, all National Communications emphasise the urgency
for adaptation action and the need for financial resources to
support such action.

• Second, freshwater is seen as a critical issue in all small
island states, both in terms of water quality and
quantity.Water is a multi-sectoral resource that impinges on
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Box 16.4. Future island conditions and well-being: the value of adaptation

Global change and regional/local change will interact to impact small islands in the future. Both have physical and human
dimensions. Two groups of global drivers are identified in the top panel of Figure 16.2: first, climate change including global
warming and sea-level rise and, second, externally driven socio-economic changes such as the globalisation of economic
activity and international trade (Singh and Grünbühel, 2003). In addition to these global processes, small islands are also
subject to important local change influences, such as population pressure and urbanisation, which increase demand on the
local resource base and expand the ecological footprint (Pelling and Uitto, 2001).

In general, both global and local drivers can be expected to show increases in the future. These will probably impact on island
environments and their bio-geophysical conditions, as well as on the socio-economic well-being of island communities (Clark,
2004).

Three possible scenarios are illustrated in the lower panel. Implicitly, and without adaptation, environmental conditions and
human well-being are likely to get worse in the future (line 1). On the other hand, if effective adaptation strategies are
implemented, both the bio-geophysical conditions and socio-economic well-being of islanders should improve. It is suggested
that the earlier this is done, the better the outcome (lines 2 and 3).

Source: Harvey et al. (2004).

Figure 16.2. Drivers of change in small islands and the implications for island condition and well-being under no adaptation and the near-term
and mid-term implementation of adaptation. Adapted from Harvey et al. (2004).
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all facets of life and livelihood, including security. It is seen
as a problem at present and one that will increase in the
future.

• Third, many small island states, including all the Least
Developed Countries (Small Island Developing States,
SIDS), see the need for more integrated planning and
management, be that related to water resources, the coastal
zone, human health, or tourism.

In a case study of tourism in Fiji, for instance, Becken (2004)
argues that the current tourism policy focuses on adaptation and
measures that are predominantly reactive rather than proactive,
whereas climate change measures that offer win-win situations
should be pursued. These include adaptation, mitigation, and
wider environmental management measures; examples being
reforestation of native forest, water conservation, and the use of
renewable energy resources (Becken, 2004). A similar view is
held by Stern (2007), who notes that climate change adaptation
policies and measures, if implemented in a timely and efficient
manner, can generate valuable co-benefits such as enhanced
energy security and environmental protection.

The need to implement adaptation measures in small islands
with some urgency has recently been reinforced by Nurse and
Moore (2005), and was also highlighted in the TAR, where it was
suggested that risk-reduction strategies, together with other
sectoral policy initiatives, in areas such as sustainable
development planning, disaster prevention and management,
integrated coastal zone management, and health care planning
could be usefully employed (Nurse et al., 2001). Since then a
number of projects on adaptation in several small islands have
adopted this suggestion. These projects aim to build the capacities
of individuals, communities and governments so that they are
more able to make informed decisions about adaptation to climate
change and to enhance their adaptive capacity in the long run.

There are few published studies that have attempted to
estimate climate change adaptation costs for small islands, and
much more work needs to be undertaken on the subject. The
most recent study was conducted by Ng and Mendelsohn (2005),
who found coastal protection to be the least-cost strategy to
combat sea-level rise in Singapore, under three scenarios. They
noted that the annual cost of shoreline protection would increase

Box 16.5. Adaptive measures in the Maldives

Adaptation options in low-lying atoll islands which have been identified as especially vulnerable, are limited, and response
measures to climate change or its adverse impacts are potentially very costly. In the Maldives adaptation covers two main types
of activities. First, there are adaptive measures involving activities targeted at specific sectors where climate change impacts
have been identified. Second, there are adaptive measures aimed at enhancing the capacity of the Maldives to effectively
implement adaptations to climate change and sea-level rise. Within these two activities the Maldivian Ministry of Home Affairs,
Housing and Environment has identified several vulnerable areas and adaptive measures that could be implemented to reduce
climate change impacts.

Source: MOHA (2001).

Vulnerable area Adaptation response

Land loss and beach erosion Coastal protection
Population consolidation i.e., reduction in number of inhabited islands
Ban on coral mining

Infrastructure and settlement damage Protection of international airport
Upgrading existing airports
Increase elevation in the future

Damage to coral reefs Reduction of human impacts on coral reefs
Assigning protection status for more reefs

Damage to tourism industry Coastal protection of resort islands
Reduce dependency on diving as a primary resort focus
Economy diversification

Agriculture and food security Explore alternate methods of growing fruits, vegetables and other foods
Crop production using hydroponic systems

Water resources Protection of groundwater
Increasing rainwater harvesting and storage capacity
Use of solar distillation
Management of storm water
Allocation of groundwater recharge areas in the islands

Lack of capacity to adapt
(both financial and technical)

Human resource development
Institutional strengthening
Research and systematic observation
Public awareness and education
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as sea-level rises, and would range from US$0.3–5.7 million by
2050 to US$0.9–16.8 million by 2100 (Ng and Mendolsohn,
2005). It was concluded that it would be more costly to the
country to allow the coast to become inundated than to defend
it. Studies of this type could provide useful guidance to island
governments in the future, as they are confronted with the
difficult task of making adaptation choices.

16.5.3 Adaptation of ‘natural’ ecosystems in
island environments

The natural adaptation of small-island ecosystems is
considered in very few National Communications. Instead
attention is mostly focused on: (1) protecting those ecosystems
that are projected to suffer as a consequence of climate change
and sea-level rise; and (2) rehabilitating ecosystems degraded
or destroyed as a result of socio-economic developments.

One group of natural island environments in low latitudes are
the tropical rainforests, savannas and wetlands that occupy the
inland, and often upland, catchment areas of the larger, higher
and topographically more complex islands, such as Mauritius in
the Indian Ocean, the Solomon Islands in the Pacific, and
Dominica in the Caribbean. Very little work has been done on
the potential impact of climate change on these highly biodiverse
systems, or on their adaptive capacity.

On the other hand, the potential impact of global warming and
sea-level rise on natural coastal systems, such as coral reefs and
mangrove forests, is now reasonably well known. For these
ecosystems several possible adaptation measures have been
identified. In those coral reefs and mangrove forests that have not
been subjected to significant degradation or destruction as a result
of human activities, natural or ‘autonomous’ adaptation, which
represents the system’s natural adaptive response and is triggered
by changes in climatic stimuli, can take place. For instance, some
corals may be able to adapt to higher sea surface and air
temperatures by hosting more temperature-tolerant symbiotic
algae (see Chapter 4, Box 4.4). They can also grow upwards with
the rise in sea level, providing that vertical accommodation space
is available (Buddemeier et al., 2004). Similarly, mangrove forests
can migrate inland, as they did during the Holocene sea-level
transgression, providing that there is horizontal accommodation
space and they are not constrained by the presence of infrastructure
and buildings; i.e., by ‘coastal squeeze’ (Alongi, 2002).

In addition to autonomous adaptation, both restoration and
rehabilitation of damaged mangrove and reef ecosystems can be
seen as ‘planned’ adaptation mechanisms aimed to increase
natural protection against sea-level rise and storms, and to
provide resources for coastal communities. In small islands, such
projects have usually been community-based and are generally
small-scale. In the Pacific islands, successful mangrove
rehabilitation projects have been recorded from Kiribati,
Northern Mariana Islands, Palau and Tonga, with failed efforts
in American Samoa and Papua New Guinea (Gillman et al.,
2006). Improved staff training, capacity building, and
information sharing between coastal managers is needed for
successful mangrove rehabilitation (Lewis, 2005). More
ambitious, costly and technical projects include an ecosystem
restoration programme in the Seychelles, which aims ultimately

to translocate globally threatened coastal birds as well as
rehabilitating native coastal woodlands on eleven islands in the
country (Henri et al., 2004).

16.5.4 Adaptation: constraints and opportunities

There are several constraints to adaptation that are inherent in
the very nature of many small islands, including small size,
limited natural resources, and relative isolation, and it is because
of these characteristics that some autonomous small islands have
been recognised in the United Nations process as either Least
Developed Countries (LDCs) or SIDS. Not all small islands
satisfy these criteria, notably those linked closely with global
finance or trade, as well as the non-autonomous islands within
larger countries. While these two groups of islands will share
some of the constraints of small island states, they are not
emphasised in this section.

16.5.4.1 Lack of adaptive capacity
The main determinants of a country’s adaptive capacity to

climate change are: economic wealth, technology, information
and skills, infrastructure, institutions and equity (WHO, 2003b).
A common constraint confronting most small island states is the
lack of in-country adaptive capacity, or the ease with which they
are able to cope with climate change. In many autonomous small
islands the cost of adopting and implementing adaptation options
is likely to be prohibitive, and a significant proportion of a
country’s economic wealth. Financial resources that are
generally not available to island governments would need to
come from outside (Rasmussen, 2004). This need for international
support to assist with the adaptation process in vulnerable,
developing countries is also strongly emphasised by Stern
(2007). Similarly, there are often inadequate human resources
available to accommodate, cope with, or benefit from the effects
of climate change; a situation that may be compounded by the
out-migration of skilled workers (Voigt-Graf, 2003). To
overcome this deficiency, the adaptive capacity of small island
states will need to be built up in several important areas
including human resource development, institutional
strengthening, technology and infrastructure, and public
awareness and education.

An extreme example of these deficiencies is the recently
independent state of Timor Leste (East Timor). Timor Leste is
vulnerable to climate change, as evidenced by existing
sensitivities to climate events, for example drought and food
shortages in the western highlands, and floods in Suai. Barnett
et al. (2003) note that relevant planning would address the
present problems as well as future climate risks, and conclude
that activities that promote sustainable development, human
health, food security, and renewable energy can reduce the risk
of future damages caused by climate change as well as
improving living standards. In short, “change in climate is a
long-term problem for Timor Leste, but climate change policies
can be positive opportunities” (Barnett et al., 2003).

16.5.4.2 Adaptation and global integration
This last theme is also developed by Pelling and Uitto (2001),

who suggest that change at the global level is a source of new
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opportunities, as well as constraints, for building local resilience.
They argue that small island populations have been mobile, both
historically and at present, and that remittances from overseas
relatives help to moderate economic risks and increase family
resiliency on home islands. They also recognise that this is a
critical time for small islands, which must contend with ongoing
development pressures, economic liberalisation, and the growing
pressures from risks associated with climate change and sea-level
rise. They conclude, following a case study of Barbados, that
efforts to enhance island resilience must be mainstreamed into
general development policy formulation, and that adaptations
should not be seen as separate or confined to engineering or land-
use planning-based realms (Pelling and Uitto, 2001).

Barnett (2001) discusses the potential impact of economic
liberalisation on the resilience of Pacific island communities to
climate change. He argues that many small island societies have
proved resilient in the past to social and environmental upheaval.
The key parameters of this resilience include: opportunities for
migration and subsequent remittances; traditional knowledge,
institutions and technologies; land and shore tenure regimes; the
subsistence economy; and linkages between formal state and
customary decision-making processes. However, this resilience
may be undermined as the small island states become
increasingly integrated into the world economy through, for
example, negotiations for fishery rights in their Exclusive
Economic Zones, and international tourism (Barnett, 2001).

These global economic processes, together with global
warming, sea-level rise, and possibly increased frequency and
intensity of extreme weather events, make it difficult for
autonomous small islands to achieve an appropriate degree of
sustainability, which Barnett and Adger (2003) suggest is one of
the goals of adaptation to climate change. They maintain that for
the most vulnerable small island states (those composed of low-
lying atolls), this combination of global processes interacting
with local socio-economic and environmental conditions puts
the long-term ability of humans to inhabit atolls at risk, and that
this risk constitutes a ‘dangerous’ level of climatic change that
may well undermine their national sovereignty (see Box 16.6).

This discussion highlights the role of resilience – both its
biophysical and human aspects – as a critical component in
developing the adaptive capacity of small island states, a role that
has effectively emerged since publication of the TAR. In a recent
study of the Cayman Islands, Tompkins (2005) found that self-
efficacy, strong local and international support networks,
combined with a willingness to act collectively and to learn from
mistakes, appeared to have increased the resilience of the
Government to tropical storm risk, implying that such resilience
can also contribute to the creation of national level adaptive
capacity to climate change, thereby reducing vulnerability.

16.5.4.3 Risk-sharing and insurance
Insurance is another way of reducing vulnerability and is

increasingly being discussed in the context of small islands and
climate change. However, there are several constraints to
transferring or sharing risk in small islands. These include the
limited size of the risk pool, and the lack of availability of financial
instruments and services for risk management. For instance, in
2004, Cyclone Heta devastated the tiny island of Niue in the South-

West Pacific, where no insurance is available against weather
extremes, leaving the island almost entirely reliant on overseas aid
for reconstruction efforts (Hamilton, 2004). Moreover, the relative
costs of natural disasters tend to be far higher in developing
countries than in advanced economies. Rasmussen (2004) shows
that autonomous small islands are especially vulnerable, with
natural disasters in the countries of the Eastern Caribbean shown
to have had a discernible macroeconomic impact, including large
effects on fiscal and external balances, pointing to an important
role for precautionary measures.

Thus, in many small island countries, the implementation of
specific instruments and services for risk-sharing may be
required. Perhaps recent initiatives on financial risk transfer
mechanisms through traditional insurance structures and new
financial instruments, such as catastrophe bonds, weather
derivatives, micro-insurance, and a regional pooling
arrangement for small island states, might provide them with the
flexibility for this form of adaptation (Auffret, 2003; Hamilton,
2004; Swiss Re, 2004). However, as Epstein and Mills (2005)
point out, the economic costs of adapting to climate-related risks
are spread among a range of stakeholders including
governments, insurers, business, non-profit entities and
individuals. They also note that sustainable development can
contribute to managing and maintaining the insurability of
climate change risk, though development projects can be
stranded where financing is contingent on insurance, particularly
with respect to coastlines and shorelines vulnerable to sea-level
rise (Epstein and Mills, 2005).

Climate change adaptation projects can also founder in other
ways, either at the implementation stage or when projects that
rely wholly on external personnel or financing are completed.
For this reason, Westmacott (2002) believes that integrated
coastal management in the Pacific should incorporate conflict

Box 16.6. Climate dangers
and atoll countries

“Climate change puts the long-term sustainability of
societies in atoll nations at risk. The potential abandonment
of sovereign atoll countries can be used as the benchmark
of the ‘dangerous’ change that the UNFCCC seeks to
avoid. This danger is as much associated with the
narrowing of adaptation options and the role of
expectations of impacts of climate change as it is with
uncertain potential climate-driven physical impacts. The
challenges for research are to identify the thresholds of
change beyond which atoll socio-ecological systems
collapse and to assess how likely these thresholds are to be
breached. These thresholds may originate from social as
well as environmental processes. Further, the challenge is
to understand the adaptation strategies that have been
adopted in the past and which may be relevant for the
future in these societies.”

Source: Barnett and Adger (2003).
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management that pays particular attention to, for example, the
over-extraction or destruction of resources.

16.5.4.4 Emigration and resettlement
Emigration as a potentially effective adaptation strategy has

been alluded to earlier, particularly in the context of temporary or
permanent out-migrants providing remittances to home-island
families, thereby enhancing home-island resilience (Barnett, 2001;
Pelling and Uitto, 2001). Within-country migration and
resettlement schemes have been common trends over the last
several decades in many small islands in the Pacific and Indian
Oceans. Both Kiribati and the Maldives have ongoing resettlement
schemes and, for the past 70 years, the people of Sikaiana Atoll in
the Solomon Islands have been migrating away from their atoll,
primarily to Honiara, the capital (Donner, 2002). Similarly there
has been internal migration from the Cartaret Islands in Papua
New Guinea to Bougainville, and from the outer islands of Tuvalu
to the capital Funafuti (Connell, 1999), the former as a
consequence of inundation from high water levels and storms, the
latter primarily in search of wage employment.

In the case of Tuvalu, this internal migration has brought almost
half of the national population to Funafuti atoll, with negative
environmental consequences, and the Government has indicated
that there is also visual evidence of sea-level rise through increased
erosion, flooding and salinisation (Connell, 2003). Connell
suggests that, as a result, the global media have increasingly
emphasised a doomsday scenario for Tuvalu, as a symbol of all
threatened small island environments. Farbotko (2005) also
indicates that Tuvalu is becoming prominent in connection with
climate-change-related sea-level rise. She undertook an analysis
of reports in a major Australian newspaper over the past several
years, and suggests that implicating climate change in the identity
of Tuvaluans as ‘vulnerable’ operates to silence alternative
identities that emphasise resilience. Indeed, she says that her
analysis “has highlighted the capacity for vulnerability rhetoric to
silence discourse of adaptation” and concludes that “adaptive
strategies are significant for island peoples faced with climate
change” and that “it is adaptation, perhaps even more than
relocation or mitigation initiatives, which is of immediate
importance in island places… [especially] in the face of changes
brought about by ‘global warming’” (Farbotko, 2005).

On the other hand, Adger et al. (2003a) argue that migration
is a feasible climate adaptation strategy in particular
circumstances, including in small islands. However, they suggest
that because of current inequities in labour flows, particularly
for international migration, this adaptation strategy is likely to be
contested, and may be a limited option in many parts of the
world, even for residents from small island states. They suggest
that other means of supporting adaptive capacity and enhancing
resilience are required, including building on existing coping
strategies, or by introducing innovation in terms of technology
or institutional development (Adger et al., 2003a).

16.5.5 Enhancing adaptive capacity

16.5.5.1 Traditional knowledge and past experience
Adaptive capacity and resilience can also be strengthened

through the application of traditional knowledge and past

experience of environmental changes. In the TAR, Nurse et al.
(2001) noted that some traditional island assets, including
subsistence and traditional technologies, skills and knowledge,
and community structures, and coastal areas containing spiritual,
cultural and heritage sites, appeared to be at risk from climate
change, and particularly sea-level rise. They argued that some of
these values and traditions are compatible with modern
conservation and environmental practices.

Since then, several examples of such practices have been
described. For instance, Hoffmann (2002) has shown that the
implementation of traditional marine social institutions, as
exemplified in the Ra’ui in Rarotonga, Cook Islands, is an
effective conservation management tool, and is improving coral
reef health; while Aswani and Hamilton (2004) show how
indigenous ecological knowledge and customary sea tenure may
be integrated with modern marine and social science to conserve
the bumphead parrotfish in Roviana Lagoon, Solomon Islands.
Changes in sea tenure, back to more traditional roles, have also
occurred in Kiribati (Thomas, 2001).

The utility of traditional knowledge and practices can also be
expanded to link not only with biodiversity conservation but also
with tourism. For instance, in a coastal village on Vanua Levu,
Fiji, the philosophy of vanua (which refers to the connection of
people with the land through their ancestors and guardian spirits)
has served as a guiding principle for the villagers in the
management and sustainable use of the rainforest, mangrove
forest, coral reefs, and village gardens. Sinha and Bushell (2002)
have shown that the same traditional concept can be the basis
for biodiversity conservation, because the ecological systems
upon which the villagers depend for subsistence are the very
same resources that support tourism. These examples indicate
that local knowledge, management frameworks and skills could
be important components of adaptive capacity in those small
islands that still have some traditional foundations.

16.5.5.2 Capacity building, communities and adaptive capacity
Encouraging the active participation of local communities in

capacity building and environmental education has become an
objective of many development programmes in small islands.
For example, Tran (2006) reports on a long-term project that has
successfully included the local community of Holbox Island
(Mexico) in monitoring coastal pollution in and around their
island. A similar approach is being applied by Dolan and Walker
(2006) to another community-based project which assesses the
vulnerability of island and coastal communities, their adaptive
capacity and options in the Queen Charlotte Islands (Haida
Gwaii), located off the west coast of Canada. The study
highlights determinants of adaptive capacity at the local scale,
and recognises that short-term exposure to climate variability is
an important source of vulnerability superimposed on long-term
change. Thus, they suggest that community perceptions and
experiences with climate extremes can identify inherent
characteristics that enable or constrain a community to respond,
recover and adapt to climate change, in this case ultimately to
sea-level rise (Dolan and Walker, 2006).

A similar conceptualisation, which considers current and
future community vulnerability and involves methodologies in
climate science and social science, provides the basis for
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building adaptive capacity, as illustrated in Box 16.7. This
approach requires community members to identify climate
conditions relevant to them, and to assess present and potential
adaptive strategies. The methodology was tested in Samoa, and
the results from one village (Saoluafata) are discussed by
Sutherland et al. (2005). In this case, local residents identified
several adaptive measures including building a seawall, the
provision of a water-drainage system and water tanks, a ban
on tree clearing, some relocation, and renovations to existing
infrastructure.

Enhancing adaptive capacity, however, involves more than
just the identification of local options which need to be
considered within the larger social, political and economic
processes. Based on the Samoan experience, Sutherland et al.
(2005) suggest that enhancing adaptive capacity will only be
successful when it is integrated with other policies such as
disaster preparedness, land-use planning, environmental
conservation, coastal planning, and national plans for sustainable
development.

Given the urgency for adaptation in small island states, there
has been an increase in ad hoc stand-alone projects, rather than
a programmed or strategic approach to the funding of adaptation
options and measures. It can be argued that successful adaptation
in small islands will depend on supportive institutions, finance,
information, and technological support. However, as noted by
Richards (2003), disciplinary and institutional barriers mean that
synergies between climate change adaptation and poverty
reduction strategies remain underdeveloped. Adger et al. (2003b)
note that climate change adaptation has implications for equity
and justice because “the impacts of climate change, and resources
for addressing these impacts, are unevenly distributed”. These
issues are particularly applicable to small islands, which have a
low capacity to deal with, or adapt to, such impacts.

16.6 Conclusions: implications
for sustainable development

The economic, social and environmental linkages between
climate change and sustainable development, and their
implications for poverty alleviation, have been highlighted in
various studies (e.g., Hay et al., 2003; Huq and Reid, 2004) and
these are highly relevant to small islands. Most recently, one of
the ‘key findings’ of a major study suggested that climate change
poses such a serious threat to poor, vulnerable developing
countries that if left unchecked, it will become a “…major
obstacle to continued poverty reduction” (Stern, 2007). Indeed,
it is true to say that many low-lying small islands view climate
change as one of the most important challenges to their
achievement of sustainable development. For instance, in the
Maldives, Majeed and Abdulla (2004) argue that sea-level rise
would so seriously damage the fishing and tourism industries
that GDP would be reduced by more than 40%.

In another atoll island setting, Ronneberg (2004) uses the
Marshall Islands as a case study to explain that the linkages
between patterns of consumption and production, and the effects
of global climate change, pose serious future challenges to

improving the life of the populations of small island developing
states. Based on this case study, Ronneberg (2004) proposes a
number of innovative solutions including waste-to-energy and
ocean thermal energy conversion systems, which could promote
the sustainable development of some small islands and at the
same time strengthen their resilience in the face of climate change.

The sustainable development of small islands which are not
low-lying, and there are many of these, is also likely to be
seriously impacted by climate change, although perhaps not to
the same extent as the low islands. For example, Briguglio and
Cordina (2003) have shown that climate change impacts on the
economic development of Malta are likely to be widespread,
affecting all sectors of the economy, but particularly tourism,
fishing and public utilities.

Sperling (2003), in an examination of poverty and climate
change, contends that the negative impacts of climate change
are so serious that they threaten to undo decades of development
efforts. He also argues that the combined experience of many
international organisations suggests that the best way to address
climate change impacts is by integrating adaptation measures
into sustainable development strategies. A similar argument is
advanced by Hay et al. (2003), in the context of the Pacific small
island states, who suggest that the most desirable adaptive
responses are those that augment actions which would be taken
even in the absence of climate change, due to their contributions
to sustainable development. Adaptation measures may be
conducive to sustainable development, even without the
connection with climate change. The link between adaptation to
climate change and sustainable development, which leads to the
lessening of pressure on natural resources, improving
environmental risk management, and increasing the social well-
being of the poor, may not only reduce the vulnerability of small
islands to climate change, but also may put them on the path
towards sustainable development.

Mitigation measures could also be mainstreamed in
sustainable development plans and actions. In this regard,
Munasinghe (2003) argues that, ultimately, climate change
solutions will need to identify and exploit synergies, as well as
seek to balance possible trade-offs, among the multiple
objectives of development, mitigation, and adaptation policies.
Hay et al. (2003) also argue that while climate change mitigation
initiatives undertaken by Pacific island countries will have
insignificant consequences climatologically, they should
nevertheless be pursued because of their valuable contributions
to sustainable development.

But what is small island sustainable development about? Kerr
(2005) prefaces this question by noting that sustainable
development is often stated as an objective of management
strategies for small islands, though relatively little work has
explicitly considered what sustainable development means in
this context. She argues that the problems of small scale and
isolation, of specialised economies, and of the opposing forces
of globalisation and localisation, may mean that current
development in small islands may be unsustainable in terms of
its longevity. On the other hand, models of sustainable
development may have something to offer islands in terms of
internal management of resources, although the islands may
have limited control over exogenous threats or the economic
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drivers of development (Kerr, 2005). In this context, the
development of adaptation measures in response to climate
change may provide an appropriate avenue to integrate both
local and global forces towards island development that is
sustainable, providing that local communities are involved
(Tran, 2006).

Another positive factor is that many small islands have
considerable experience in adapting to climate variability. In the
case of Cyprus, for example, Tsiourtis (2002) explains that the
island has consistently taken steps to alleviate the adverse effects
arising from water scarcity, which is likely to be one of the
important effects of climate change. This experience already
features in development strategies adopted by Cyprus. A similar

argument has also been made by Briguglio (2000) with regard to
the Maltese Islands, referring to the islands’ exposure to climatic
seasonal variability which, historically, has led to individuals
and administrations taking measures associated with retreat,
accommodation and protection strategies. For example,
residential settlements in Malta are generally situated away from
low-lying coastal areas, and primitive settlements on the island
tended to be located in elevated places. Maltese houses are built
of sturdy materials, and are generally able to withstand storms
and heavy rains. Temperatures and precipitation rates in Malta
change drastically between mid-winter and mid-summer, and
this has led to the accumulation of considerable experience in
adaptation to climate variability.

Box 16.7. Capacity building for development of adaptation measures
in small islands: a community approach

Capacity building for development of adaptation measures in Pacific island countries uses a Community Vulnerability and
Adaptation Assessment and Action approach. Such an approach is participatory, aims to better understand the nature of
community vulnerability, and identifies opportunities for strengthening the adaptive capacity of communities. It seeks to
promote a combination of bottom-up and top-down mechanisms for implementation, and supports the engagement of local
stakeholders at each stage of the assessment process. If successful, this should enable integration or ‘mainstreaming’ of
adaptation into national development planning and local decision-making processes. The main steps of this approach are
outlined below (Figure 16.3).

Several pilot communities in the Cook Islands, Fiji, Samoa and Vanuatu are already using this approach to analyse their options
and decide on the best course of action to address their vulnerability and adaptation needs.

Source: Sutherland et al. (2005).

Figure 16.3. The main steps of a community vulnerability and adaptation assessment and action approach.
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However, as mentioned earlier, small islands face many
constraints in trying to mainstream climate change into their
sustainable development strategies. These include their very
limited resources, especially given the indivisibilities of
overhead expenditures and hidden costs involved in adaptation
measures, particularly in infrastructural projects. Another
problem may relate to possible social and/or political conflicts,
particularly to do with land use and resources (Westmacott,
2002), though not exclusively (Lane, 2006). Notwithstanding
this observation, most decisions regarding the critical issues of
land use, energy use and transportation infrastructure in small
islands will not have any meaningful influence on the rate and
magnitude of climate change worldwide. However, they may
have a significant moral and ethical impact in the climate change
arena, as well as contributing to reducing their own greenhouse
gas emissions and to small island sustainable development.

16.7 Key uncertainties and research gaps

Small islands are sensitive to climate change and sea-level
rise, and adverse consequences of climate change and variability
are already a ‘reality’ for many inhabitants of small islands. This
assessment has found that many small islands lack adequate
observational data and, as noted in the TAR, outputs from
AOGCMs are not of sufficiently fine resolution to provide
specific information for islands. These deficiencies need to be
addressed, so that remaining uncertainties can be reduced, and
national and local-scale adaptation strategies for small islands
better defined.

As the impacts of climate change become increasingly
evident, autonomous small islands, like other countries, will
probably be confronted with the need to implement adaptation
strategies with greater urgency. However, for these strategies to
be effective, they should reflect the fact that natural and human
systems in small islands are being simultaneously subjected to
other non-climate stresses including population growth,
competition for limited resources, ecosystem degradation, and
the dynamics of social change and economic transformation.
Therefore, responses to climate change need to be properly
coordinated and integrated with socio-economic development
policies and environmental conservation. The enhancement of
resilience at various levels of society, through capacity building,
efficient resource allocation and the mainstreaming of climate
risk management into development policies at the national and local
scale, could constitute a key element of the adaptation strategy.

16.7.1 Observations and climate change science

• Ongoing observation is required to monitor the rate and
magnitude of changes and impacts, over different spatial and
temporal scales. In situ observations of sea level should be
strengthened to understand the components of relative sea-
level change on regional and local scales. While there has
been considerable progress in regional projections of sea
level since the TAR, such projections have not been fully
utilised in small islands because of the greater uncertainty
attached to them, as opposed to global projections.

• Since the TAR, it has also been recognised that other climate-
change-induced factors will probably have impacts on
coastal systems and marine territories of small islands,
including rises in sea temperature and changes in ocean
chemistry and wave climate. The monitoring of these and
other marine variables in the seas adjacent to small islands
would need to be expanded and projections developed.

• Although future projections of mean air temperature are
rather consistent among climate models, projections for
changes in precipitation, tropical cyclones and wind
direction and strength, which are critical concerns for small
islands, remain uncertain. Projections based on outputs at
finer resolution are needed to inform the development of
reliable climate change scenarios for small islands. Regional
Climate Models (RCMs) and statistical downscaling
techniques may prove to be useful tools in this regard, as the
outputs are more applicable to countries at the scale of small
islands. These approaches could lead to improved
vulnerability assessments and the identification of more
appropriate adaptation options.

• Supporting efforts by small islands and their partners to
arrest the decline of, and expand, observational networks
should be continued. The Pacific Islands Global Climate
Observing System (PI-GCOS) and the Intergovernmental
Oceanographic Commission Sub-Commission for the
Caribbean and Adjacent Regions Global Ocean Observing
System (IOCARIBE-GOOS) are two examples of regional
observing networks whose coverage should be expanded to
cover other island regions.

• Hydrological conditions, water supply and water usage on
small islands pose quite different research problems from
those in continental situations. These need to be investigated
and modelled over the range of island types covering
different geology, topography and land cover, and in light of
the most recent climate change scenarios and projections.

16.7.2 Impacts and adaptation

• A decade ago, many small islands were the subject of
vulnerability assessments to climate change. Such
assessments were based on simplistic scenarios, with an
emphasis on sea-level rise, and the application of a common
methodology that was applied to many small islands
throughout the world. The results were initially summarised
in the IPCC Second Assessment Report (IPCC, 1996), with
later and more comprehensive studies being reported in the
TAR. Since then the momentum for vulnerability and impact
studies appears to have declined, such that in the present
assessment we can cite few robust investigations of climate
change impacts on small islands using more recent scenarios
and more precise projections. Developing a renewed
international agenda to assess the vulnerability of small
islands, based on the most recent projections and newly
available tools, would provide small islands with a firmer
basis for future planning.

• Our assessment has identified several key areas and gaps that
are under-represented in contemporary research on the
impacts of climate change on small islands. These include:-
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- the role of coastal ecosystems such as mangroves, coral
reefs and beaches in providing natural defences against
sea-level rise and storms;

- establishing the response of terrestrial upland and inland
ecosystems, including woodlands, grasslands and
wetlands, to changes in mean temperature and rainfall and
extremes;

- considering how commercial agriculture, forestry and
fisheries, as well as subsistence agriculture, artisanal
fishing and food security, will be impacted by the
combination of climate change and non-climate-related
forces;

- expanding knowledge of climate-sensitive diseases in
small islands through national and regional research, not
only for vector-borne diseases but for skin, respiratory and
water-borne diseases;

- given the diversity of ‘island types’ and locations,
identifying the most vulnerable systems and sectors,
according to island type.

• In contrast to the other regions in this assessment, there is
also an absence of demographic and socio-economic
scenarios and projections for small islands. Nor have future
changes in socio-economic conditions on small islands been
well presented in existing assessments (e.g., IPCC, 2001;
Millennium Ecosystem Assessment, 2003). Developing
more appropriate scenarios for assessing the impacts of
climate change on the human systems of small islands
remains a challenge.

• Methods to project exposures to climate stimuli and non-
climate stresses at finer spatial scales should be developed,
in order to further improve understanding of the potential
consequences of climate variability and change, particularly
extreme weather and climate events. In addition, further
resources need to be applied to the development of
appropriate methods and tools for identifying critical
thresholds for both bio-geophysical and socio-economic
systems on islands.

• Our evaluation of adaptation in small islands suggests that
the understanding of adaptive capacity and adaptation options
is still at an early stage of development. Although several
potential constraints on, as well as opportunities for,
adaptation were identified, two features became apparent.
First, the application of some adaptation measures commonly
used in continental situations poses particular challenges in a
small island setting. Examples include insurance, where there
is a small population pool although the propensity for natural
disasters is high and where local resilience may be
undermined by economic liberalisation. Second, some
adaptation measures appear to be advocated particularly for
small islands and not elsewhere. Examples include
emigration and resettlement, the use of traditional knowledge,
and responses to short-term extreme events as a model for
adaptation to climate change. Results of studies of each of
these issues suggest some ambiguities and the need for further
research, including the assessment of practical outcomes that
enhance adaptive capacity and resilience.

• With respect to technical measures, countries may wish to
pay closer attention to the traditional technologies and skills

that have allowed island communities to cope successfully
with climate variability in the past. However, as it is
uncertain whether the traditional technologies and skills are
sufficient to reduce the adverse consequence of climate
change, these may need to be combined with modern
knowledge and technologies, where appropriate.

• Local capacity should be strengthened in the areas of
environmental assessment and management, modelling,
economic and social development planning related to climate
change, and adaptation and mitigation in small islands. This
objective should be pursued through the application of
participatory approaches to capacity building and
institutional change.

• Access to reliable and affordable energy is a vital element in
most small islands, where the high cost of energy is regarded
as a barrier to the goal of attaining sustainable development.
Research and development into energy options appropriate to
small islands could help in both adaptation and mitigation
strategies whilst also enhancing the prospect of achieving
sustainable growth.
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Executive summary

Adaptation to climate change is already taking place, but on
a limited basis (very high confidence).
Societies have a long record of adapting to the impacts of
weather and climate through a range of practices that include
crop diversification, irrigation, water management, disaster risk
management, and insurance. But climate change poses novel
risks often outside the range of experience, such as impacts
related to drought, heatwaves, accelerated glacier retreat and
hurricane intensity [17.2.1].

Adaptation measures that also consider climate change are being
implemented, on a limited basis, in both developed and developing
countries. These measures are undertaken by a range of public and
private actors through policies, investments in infrastructure and
technologies, and behavioural change. Examples of adaptations to
observed changes in climate include partial drainage of the Tsho
Rolpa glacial lake (Nepal); changes in livelihood strategies in
response to permafrost melt by the Inuit in Nunavut (Canada); and
increased use of artificial snow-making by the Alpine ski industry
(Europe, Australia and North America) [17.2.2]. A limited but
growing set of adaptation measures also explicitly considers
scenarios of future climate change. Examples include consideration
of sea-level rise in design of infrastructure such as the
Confederation Bridge (Canada) and in coastal zone management
(United States and the Netherlands) [17.2.2].

Adaptation measures are seldom undertaken in response to
climate change alone (very high confidence).
Many actions that facilitate adaptation to climate change are
undertaken to deal with current extreme events such as heatwaves
and cyclones. Often, planned adaptation initiatives are also not
undertaken as stand-alone measures, but embedded within
broader sectoral initiatives such as water resource planning,
coastal defence and disaster management planning [17.2.2,
17.3.3]. Examples include consideration of climate change in the
National Water Plan of Bangladesh and the design of flood
protection and cyclone-resistant infrastructure in Tonga [17.2.2].

Many adaptations can be implemented at low cost, but
comprehensive estimates of adaptation costs and benefits
are currently lacking (high confidence).
There is a growing number of adaptation cost and benefit-cost
estimates at regional and project level for sea-level rise,
agriculture, energy demand for heating and cooling, water
resource management, and infrastructure. These studies identify
a number of measures that can be implemented at low cost or
with high benefit-cost ratios. However, some common
adaptations may have social and environmental externalities.
Adaptations to heatwaves, for example, have involved increased
demand for energy-intensive air-conditioning [17.2.3].

Limited estimates are also available for global adaptation costs
related to sea-level rise, and energy expenditures for space
heating and cooling. Estimates of global adaptation benefits for
the agricultural sector are also available, although such literature

does not explicitly consider the costs of adaptation.
Comprehensive multi-sectoral estimates of global costs and
benefits of adaptation are currently lacking [17.2.3].

Adaptive capacity is uneven across and within societies
(very high confidence).
There are individuals and groups within all societies that have
insufficient capacity to adapt to climate change. For example,
women in subsistence farming communities are disprop-
ortionately burdened with the costs of recovery and coping with
drought in southern Africa [17.3.2].

The capacity to adapt is dynamic and influenced by economic and
natural resources, social networks, entitlements, institutions and
governance, human resources, and technology [17.3.3]. Multiple
stresses related to HIV/AIDS, land degradation, trends in economic
globalisation, and violent conflict affect exposure to climate risks
and the capacity to adapt. For example, farming communities in
India are exposed to impacts of import competition and lower
prices in addition to climate risks; marine ecosystems over-
exploited by globalised fisheries have been shown to be less
resilient to climate variability and change [17.3.3].

There are substantial limits and barriers to adaptation (very
high confidence).
High adaptive capacity does not necessarily translate into actions
that reduce vulnerability. For example, despite a high capacity to
adapt to heat stress through relatively inexpensive adaptations,
residents in urban areas in some parts of the world, including in
European cities, continue to experience high levels of mortality
[17.4.2]. There are significant barriers to implementing adaptation.
These include both the inability of natural systems to adapt to the
rate and magnitude of climate change, as well as technological,
financial, cognitive and behavioural, and social and cultural
constraints. There are also significant knowledge gaps for
adaptation as well as impediments to flows of knowledge and
information relevant for adaptation decisions [17.4.1, 17.4.2].

New planning processes are attempting to overcome these
barriers at local, regional and national levels in both developing
and developed countries. For example, least-developed countries
are developing National Adaptation Programmes of Action and
some developed countries have established national adaptation
policy frameworks [17.4.1].

17.1 Concepts and methods

This chapter is an assessment of knowledge and practice on
adaptation since the IPCC Third Assessment Report (TAR). In
the TAR, adaptation and vulnerability were defined, types of
adaptation were identified, and the role of adaptive capacity was
recognised (Smit et al., 2001). Notable developments that
occurred since the TAR include insights on: a) actual adaptations
to observed climate changes and variability; b) planned
adaptations to climate change in infrastructure design, coastal
zone management, and other activities; c) the variable nature of
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vulnerability and adaptive capacity; and d) policy developments,
under the United Nations Framework Convention on Climate
Change (UNFCCC) and other international, national and local
initiatives, that facilitate adaptation processes and action
programmes (Adger et al., 2005; Tompkins et al., 2005; West
and Gawith, 2005).

This chapter assesses the recent literature, focussing on real-
world adaptation practices and processes, determinants and
dynamics of adaptive capacity, and opportunities and constraints
of adaptation. While adaptation is increasingly regarded as an
inevitable part of the response to climate change, the evidence
in this chapter suggests that climate change adaptation processes
and actions face significant limitations, especially in vulnerable
nations and communities. In most of the cases, adaptations are
being implemented to address climate conditions as part of risk
management, resource planning and initiatives linked to
sustainable development.

This chapter retains the definitions and concepts outlined in the
TAR and examines adaptation in the context of vulnerability and
adaptive capacity. Vulnerability to climate change refers to the
propensity of human and ecological systems to suffer harm and
their ability to respond to stresses imposed as a result of climate
change effects. The vulnerability of a society is influenced by its
development path, physical exposures, the distribution of
resources, prior stresses and social and government institutions
(Kelly and Adger, 2000; Jones, 2001; Yohe and Tol, 2002; Turner
et al., 2003; O’Brien et al., 2004; Smit and Wandel, 2006). All
societies have inherent abilities to deal with certain variations in
climate, yet adaptive capacities are unevenly distributed, both
across countries and within societies. The poor and marginalised
have historically been most at risk, and are most vulnerable to the
impacts of climate change. Recent analyses in Africa, Asia and
Latin America, for example, show that marginalised, primary
resource-dependent livelihood groups are particularly vulnerable to
climate change impacts if their natural resource base is severely
stressed and degraded by overuse or if their governance systems are
in or near a state of failure and hence not capable of responding
effectively (Leary et al., 2006).

Adaptation to climate change takes place through adjustments
to reduce vulnerability or enhance resilience in response to
observed or expected changes in climate and associated extreme
weather events. Adaptation occurs in physical, ecological and
human systems. It involves changes in social and environmental
processes, perceptions of climate risk, practices and functions to
reduce potential damages or to realise new opportunities.
Adaptations include anticipatory and reactive actions, private and
public initiatives, and can relate to projected changes in
temperature and current climate variations and extremes that may
be altered with climate change. In practice, adaptations tend to be
on-going processes, reflecting many factors or stresses, rather than
discrete measures to address climate change specifically.

Biological adaptation is reactive (see Chapter 4), whereas
individuals and societies adapt to both observed and expected
climate through anticipatory and reactive actions. There are
well-established observations of human adaptation to climate
change over the course of human history (McIntosh et al., 2000;
Mortimore and Adams, 2001). Despite evidence of success
stories, many individuals and societies still remain vulnerable

to present-day climatic risks, which may be exacerbated by
future climate change. Some adaptation measures are undertaken
by individuals, while other types of adaptation are planned and
implemented by governments on behalf of societies, sometimes
in anticipation of change but mostly in response to experienced
climatic events, especially extremes (Adger, 2003; Kahn, 2003;
Klein and Smith, 2003).

The scientific research on adaptation is synthesised in this
chapter according to: current adaptation practices to climate
variability and change; assessment of adaptation costs and
benefits; adaptive capacity and its determinants, dynamics and
spatial variations; and the opportunities and limits of adaptation
as a response strategy for climate change.

17.2 Assessment of current adaptation
practices

17.2.1 Adaptation practices

In this chapter, adaptation practices refer to actual
adjustments, or changes in decision environments, which might
ultimately enhance resilience or reduce vulnerability to observed
or expected changes in climate. Thus, investment in coastal
protection infrastructure to reduce vulnerability to storm surges
and anticipated sea-level rise is an example of actual
adjustments. Meanwhile, the development of climate risk
screening guidelines, which might make downstream
development projects more resilient to climate risks (Burton and
van Aalst, 2004; ADB, 2005), is an example of changes in the
policy environment.

With an explicit focus on real-world behaviour, assessments of
adaptation practices differ from the more theoretical assessments
of potential responses or how such measures might reduce climate
damages under hypothetical scenarios of climate change.
Adaptation practices can be differentiated along several
dimensions: by spatial scale (local, regional, national); by sector
(water resources, agriculture, tourism, public health, and so on);
by type of action (physical, technological, investment, regulatory,
market); by actor (national or local government, international
donors, private sector, NGOs, local communities and individuals);
by climatic zone (dryland, floodplains, mountains, Arctic, and so
on); by baseline income/development level of the systems in
which they are implemented (least-developed countries, middle-
income countries, and developed countries); or by some
combination of these and other categories.

From a temporal perspective, adaptation to climate risks can
be viewed at three levels, including responses to: current
variability (which also reflect learning from past adaptations to
historical climates); observed medium and long-term trends in
climate; and anticipatory planning in response to model-based
scenarios of long-term climate change. The responses across the
three levels are often intertwined, and indeed might form a
continuum.

Adapting to current climate variability is already sensible in an
economic development context, given the direct and certain
evidence of the adverse impacts of such phenomena (Goklany,
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1995; Smit et al., 2001; Agrawala and Cane, 2002). In addition,
such adaptation measures can be synergistic with development
priorities (Ribot et al., 1996), but there could also be conflicts. For
example, activities such as shrimp farming and conversion of
coastal mangroves, while profitable in an economic sense, can
exacerbate vulnerability to sea-level rise (Agrawala et al., 2005).

Adaptation to current climate variability can also increase
resilience to long-term climate change. In a number of cases,
however, anthropogenic climate change is likely to also require
forward-looking investment and planning responses that go
beyond short-term responses to current climate variability. This
is true, for example, in the case of observed impacts such as
glacier retreat and permafrost melt (Schaedler, 2004; Shrestha and
Shrestha, 2004). Even when impacts of climate change are not yet
discernible, scenarios of future impacts may already be of
sufficient concern to justify building some adaptation responses
into planning. In some cases it could be more cost-effective to
implement adaptation measures early on, particularly for
infrastructure with long economic life (Shukla et al., 2004), or if
current activities may irreversibly constrain future adaptation to
the impacts of climate change (Smith et al., 2005).

17.2.2 Examples of adaptation practices

There is a long record of practices to adapt to the impacts of
weather as well as natural climate variability on seasonal to
interannual time-scales – particularly to the El Niño-Southern
Oscillation (ENSO). These include proactive measures such as
crop and livelihood diversification, seasonal climate forecasting,
community-based disaster risk reduction, famine early warning
systems, insurance, water storage, supplementary irrigation and so
on. They also include reactive or ex-poste adaptations, for example,
emergency response, disaster recovery, and migration (Sperling
and Szekely, 2005). Recent reviews indicate that a ‘wait and see’
or reactive approach is often inefficient and could be particularly
unsuccessful in addressing irreversible damages, such as species
extinction or unrecoverable ecosystem damages, that may result
from climate change (Smith, 1997; Easterling et al., 2004).

Proactive practices to adapt to climate variability have advanced
significantly in recent decades with the development of operational
capability to forecast several months in advance the onset of El
Niño and La Niña events related to ENSO (Cane et al., 1986), as
well as improvements in climate monitoring and remote sensing to
provide better early warnings on complex climate-related hazards
(Dilley, 2000). Since the mid 1990s, a number of mechanisms have
also been established to facilitate proactive adaptation to seasonal
to interannual climate variability. These include institutions that
generate and disseminate regular seasonal climate forecasts
(NOAA, 1999), and the regular regional and national forums and
implementation projects worldwide to engage with local and
national decision makers to design and implement anticipatory
adaptation measures in agriculture, water resource management,
food security, and a number of other sectors (Basher et al., 2000;
Broad and Agrawala, 2000; Meinke et al., 2001; Patt and Gwata,
2002; De Mello Lemos, 2003; O’Brien and Vogel, 2003;
Ziervogel, 2004). An evaluation of the responses to the 1997-98
El Niño across 16 developing countries in Asia, Asia-Pacific,
Africa, and Latin America highlighted a number of barriers to

effective adaptation, including: spatial and temporal uncertainties
associated with forecasts of regional climate, low level of
awareness among decision makers of the local and regional
impacts of El Niño, limited national capacities in climate
monitoring and forecasting, and lack of co-ordination in the
formulation of responses (Glantz, 2001). Recent research also
highlights that technological solutions such as seasonal forecasting
are not sufficient to address the underlying social drivers of
vulnerabilities to climate (Agrawala and Broad, 2002).
Furthermore, social inequities in access to climate information and
the lack of resources to respond can severely constrain anticipatory
adaptation (Pfaff et al., 1999).

Table 17.1 provides an illustrative list of various types of
adaptations that have been implemented by a range of actors
including individuals, communities, governments and the private
sector. Such measures involve a mix of institutional and
behavioural responses, the use of technologies, and the design of
climate resilient infrastructure. They are typically undertaken in
response to multiple risks, and often as part of existing processes
or programmes, such as livelihood enhancement, water resource
management, and drought relief.

A growing number of measures are now also being put in place
to adapt to the impacts of observed medium- to long-term trends in
climate, as well as to scenarios of climate change. In particular,
numerous measures have been put in place in the winter tourism
sector in Alpine regions of many Organisation for Economic Co-
operation and Development (OECD) countries to respond to
observed impacts such as reduced snow cover and glacier retreat.
These measures include technologies such as artificial snow-making
and associated structures such as high altitude water reservoirs,
economic and regional diversification, and the use of market-based
instruments such as weather derivatives and insurance (e.g., Konig,
1999, for Australia; Burki et al., 2005, for Switzerland; Harrison et
al., 2005, for Scotland; Scott et al., 2005, for North America).
Adaptation measures are also being put in place in developing
country contexts to respond to glacier retreat and associated risks,
such as the expansion of glacial lakes, which pose serious risks to
livelihoods and infrastructure. The Tsho Rolpa risk-reduction
project in Nepal is an example of adaptation measures being
implemented to address the creeping threat of glacial lake outburst
flooding as a result of rising temperatures (see Box 17.1).

Recent observed weather extremes, particularly heatwaves
(e.g., 1995 heatwave in Chicago; the 1998 heatwave in Toronto;
and the 2003 heatwave in Europe), have also provided the
trigger for the design of hot-weather alert plans. While such
measures have been initiated primarily in response to current
weather extremes, at times there is implicit or explicit
recognition that hot weather events might become more frequent
or worsen under climate change and that present adaptations
have often been inadequate and created new vulnerabilities
(Poumadère et al., 2005). Public health adaptation measures
have now been put in place that combine weather monitoring,
early warning, and response measures in a number of places
including metropolitan Toronto (Smoyer-Tomic and Rainham,
2001; Ligeti, 2004; Mehdi, 2006), Shanghai (Sheridan and
Kalkstein, 2004) and several cities in Italy and France (ONERC,
2005). Weather and climate extremes have also led to a number
of adaptation responses in the financial sector (see Box 17.2).
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REGION
Country
Reference

Climate-related
stress

Adaptation practices

AFRICA
Egypt
El Raey (2004)

Sea-level rise Adoption of National Climate Change Action Plan integrating climate change concerns into
national policies; adoption of Law 4/94 requiring Environmental Impact Assessment (EIA) for
project approval and regulating setback distances for coastal infrastructure; installation of hard
structures in areas vulnerable to coastal erosion.

Sudan
Osman-Elasha et al.
(2006)

Drought Expanded use of traditional rainwater harvesting and water conserving techniques; building of
shelter-belts and wind-breaks to improve resilience of rangelands; monitoring of the number of
grazing animals and cut trees; set-up of revolving credit funds.

Botswana
FAO (2004)

Drought National government programmes to re-create employment options after drought; capacity building
of local authorities; assistance to small subsistence farmers to increase crop production.

ASIA & OCEANIA
Bangladesh
OECD (2003a); Pouliotte
(2006)

Sea-level rise;
salt-water
intrusion

Consideration of climate change in the National Water Management Plan; building of flow
regulators in coastal embankments; use of alternative crops and low-technology water filters.

Philippines
Lasco et al. (2006)

Drought; floods Adjustment of silvicultural treatment schedules to suit climate variations; shift to drought-
resistant crops; use of shallow tube wells; rotation method of irrigation during water shortage;
construction of water impounding basins; construction of fire lines and controlled burning;
adoption of soil and water conservation measures for upland farming.

Sea-level rise;
storm surges

Capacity building for shoreline defence system design; introduction of participatory risk
assessment; provision of grants to strengthen coastal resilience and rehabilitation of
infrastructures; construction of cyclone-resistant housing units; retrofit of buildings to improved
hazard standards; review of building codes; reforestation of mangroves.

Drought; salt-
water intrusion

Rainwater harvesting; leakage reduction; hydroponic farming; bank loans allowing for purchase
of rainwater storage tanks.

AMERICAS
Canada
(1) Ford and Smit (2004)
(2) Mehdi (2006)

(1) Permafrost
melt; change in
ice cover

Changes in livelihood practices by the Inuit, including: change of hunt locations; diversification of
hunted species; use of Global Positioning Systems (GPS) technology; encouragement of food
sharing.

(2) Extreme
temperatures

Implementation of heat health alert plans in Toronto, which include measures such as: opening of
designated cooling centres at public locations; information to the public through local media;
distribution of bottled water through the Red Cross to vulnerable people; operation of a heat
information line to answer heat-related questions; availability of an emergency medical service
vehicle with specially trained staff and medical equipment.

United States
Easterling et al. (2004)

Sea-level rise Land acquisition programmes taking account of climate change (e.g., New Jersey Coastal Blue
Acres land acquisition programme to acquire coastal lands damaged/prone to damages by
storms or buffering other lands; the acquired lands are being used for recreation and
conservation); establishment of a ‘rolling easement’ in Texas, an entitlement to public ownership
of property that ‘rolls’ inland with the coastline as sea-level rises; other coastal policies that
encourage coastal landowners to act in ways that anticipate sea-level rise.

Mexico and Argentina
Wehbe et al. (2006)

Drought Adjustment of planting dates and crop variety (e.g., inclusion of drought-resistant plants such as
agave and aloe); accumulation of commodity stocks as economic reserve; spatially separated
plots for cropping and grazing to diversify exposures; diversification of income by adding
livestock operations; set-up/provision of crop insurance; creation of local financial pools (as
alternative to commercial crop insurance).

EUROPE
The Netherlands,
Government of the
Netherlands (1997 and
2005)

Sea-level rise Adoption of Flooding Defence Act and Coastal Defence Policy as precautionary approaches
allowing for the incorporation of emerging trends in climate; building of a storm surge barrier
taking a 50 cm sea-level rise into account; use of sand supplements added to coastal areas;
improved management of water levels through dredging, widening of river banks, allowing rivers
to expand into side channels and wetland areas; deployment of water storage and retention
areas; conduct of regular (every 5 years) reviews of safety characteristics of all protecting
infrastructure (dykes, etc.); preparation of risk assessments of flooding and coastal damage
influencing spatial planning and engineering projects in the coastal zone, identifying areas for
potential (land inward) reinforcement of dunes.

Austria, France, Switzerland
Austrian Federal Govt.
(2006); Direction du
Tourisme (2002); Swiss
Confederation (2005)

Upward shift of
natural snow-
reliability line;
glacier melt

Artificial snow-making; grooming of ski slopes; moving ski areas to higher altitudes and glaciers;
use of white plastic sheets as protection against glacier melt; diversification of tourism revenues
(e.g., all-year tourism).

Permafrost melt;
debris flows

Erection of protection dams in Pontresina (Switzerland) against avalanches and increased
magnitude of potential debris flows stemming from permafrost thawing.

United Kingdom
Defra (2006)

Floods; sea-level
rise

Coastal realignment under the Essex Wildlife Trust, converting over 84 ha of arable farmland into salt
marsh and grassland to provide sustainable sea defences; maintenance and operation of the
Thames Barrier through the Thames Estuary 2100 project that addresses flooding linked to the
impacts of climate change; provision of guidance to policy makers, chief executives, and parliament
on climate change and the insurance sector (developed by the Association of British Insurers).

Table 17.1. Examples of adaptation initiatives by region, undertaken relative to present climate risks, including conditions associated with climate change.
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Box 17.1. Tsho Rolpa Risk Reduction Project in Nepal as observed
anticipatory adaptation

The Tsho Rolpa is a glacial lake located at an altitude of about
4,580 m in Nepal. Glacier retreat and ice melt as a result of
warmer temperature increased the size of the Tsho Rolpa from
0.23 km² in 1957/58 to 1.65 km² in 1997 (Figure 17.1). The 90-
100 million m³ of water, which the lake contained by this time,
were only held by a moraine dam – a hazard that called for
urgent action to reduce the risk of a catastrophic glacial lake
outburst flood (GLOF).

If the dam were breached, one third or more of the water could
flood downstream. Among other considerations, this posed a
major risk to the Khimti hydropower plant, which was under
construction downstream. These concerns spurred the
Government of Nepal, with the support of international donors,
to initiate a project in 1998 to lower the level of the lake through
drainage. An expert group recommended that, to reduce the
risk of a GLOF, the lake should be lowered three metres by
cutting a channel in the moraine. A gate was constructed to
allow for controlled release of water. Meanwhile, an early
warning system was established in 19 villages downstream in
case a Tsho Rolpa GLOF should occur despite these efforts.
Local villagers were actively involved in the design of the
system, and drills are carried out periodically. In 2002, the four-
year construction project was completed at a cost of US$3.2
million. Clearly, reducing GLOF risks involves substantial costs
and is time-consuming as complete prevention of a GLOF
would require further drainage to lower the lake level.

Sources: Mool et al. (2001); OECD (2003b); Shrestha and
Shrestha (2004).Figure 17.1. Tsho Rolpa Risk Reduction Project in Nepal as

observed anticipatory adaptation.

Box 17.2. Adaptation practices in the financial sector

Financial mechanisms can contribute to climate change adaptation. The insurance sector – especially property, health and crop
insurance – can efficiently spread risks and reduce the financial hardships linked to extreme events. Financial markets can
internalise information on climate risks and help transfer adaptation and risk-reduction incentives to communities and individuals
(ABI, 2004), while capital markets and transfer mechanisms can alleviate financial constraints to the implementation of adaptation
measures. To date, most adaptation practices have been observed in the insurance sector. As a result of climate change, demand
for insurance products is expected to increase, while climate change impacts could also reduce insurability and threaten
insurance schemes (ABI, 2004; Dlugolecki and Lafeld, 2005; Mills et al., 2005; Valverde and Andrews, 2006). While these market
signals can play a role in transferring adaptation incentives to individuals, reduced insurance coverage can, at the same time,
impose significant economic and social costs. To increase their capacity in facing climate variability and change, insurers have
developed more comprehensive or accessible information tools, e.g., risk assessment tools in the Czech Republic, France,
Germany and the United Kingdom (CEA, 2006). They have also fostered risk prevention through: (i) implementing and
strengthening building standards, (ii) planning risk prevention measures and developing best practices, and (iii) raising awareness
of policyholders and public authorities (ABI, 2004; CEA, 2006; Mills and Lecomte, 2006). In the longer term, climate change may
also induce insurers to adopt forward-looking pricing methods in order to maintain insurability (ABI, 2004; Loster, 2005).



There are now also examples of adaptation measures being
put in place that take into account scenarios of future climate
change and associated impacts. This is particularly the case for
long-lived infrastructure which may be exposed to climate
change impacts over its lifespan or, in cases, where business-as-
usual activities would irreversibly constrain future adaptation to
the impacts of climate change. Early examples where climate
change scenarios have already been incorporated in
infrastructure design include the Confederation Bridge in
Canada and the Deer Island sewage treatment plant in Boston
harbour in the United States. The Confederation Bridge is a 13
km bridge between Prince Edward Island and the mainland. The
bridge provides a navigation channel for ocean-going vessels
with vertical clearance of about 50 m (McKenzie and Parlee,
2003). Sea-level rise was recognised as a principal concern
during the design process and the bridge was built one metre
higher than currently required to accommodate sea-level rise
over its hundred-year lifespan (Lee, 2000). In the case of the
Deer Island sewage facility, the design called for raw sewage
collected from communities onshore to be pumped under Boston
harbour and then up to the treatment plant on Deer Island. After
waste treatment, the effluent would be discharged into the
harbour through a downhill pipe. Design engineers were
concerned that sea-level rise would necessitate the construction
of a protective wall around the plant, which would then require
installation of expensive pumping equipment to transport the
effluent over the wall (Easterling et al., 2004). To avoid such a
future cost the designers decided to keep the treatment plant at
a higher elevation, and the facility was completed in 1998. Other
examples where ongoing planning is considering scenarios of
climate change in project design are the Konkan Railway in
western India (Shukla et al., 2004); a coastal highway in
Micronesia (ADB, 2005); the Copenhagen Metro in Denmark
(Fenger, 2000); and the Thames Barrier in the United Kingdom
(Dawson et al., 2005; Hall et al., 2006).

A majority of examples of infrastructure-related adaptation
measures relate primarily to the implications of sea-level rise.
In this context, the Qinghai-Tibet Railway is an exception. The
railway crosses the Tibetan Plateau with about a thousand
kilometres of the railway at least 13,000 feet (4,000 m) above
sea level. Five hundred kilometres of the railway rests on
permafrost, with roughly half of it ‘high temperature permafrost’
which is only 1 to 2°C below freezing. The railway line would
affect the permafrost layer, which will also be impacted by
thawing as a result of rising temperatures, thus in turn affecting
the stability of the railway line. To reduce these risks, design
engineers have put in place a combination of insulation and
cooling systems to minimise the amount of heat absorbed by the
permafrost (Brown, 2005).

In addition to specific infrastructure projects, there are now
also examples where climate change scenarios are being
considered in more comprehensive risk management policies
and plans. Efforts are underway to integrate adaptation to current
and future climate within the Environmental Impact Assessment
(EIA) procedures of several countries in the Caribbean (Vergara,
2006), as well as Canada (Lee, 2000). A number of other policy
initiatives have also been put in place within OECD countries
that take future climate change (particularly sea-level rise) into

account (Moser, 2005; Gagnon-Lebrun and Agrawala, 2006). In
the Netherlands, for example, the Technical Advisory
Committee on Water Defence recommended the design of new
engineering works with a long lifetime, such as storm surge
barriers and dams, to take a 50 cm sea-level rise into account
(Government of the Netherlands, 1997). Climate change is
explicitly taken into consideration in the National Water
Management Plan (NWMP) of Bangladesh, which was set up
to guide the implementation of the National Water Policy. It
recognises climate change as a determining factor for future
water supply and demand, as well as coastal erosion due to sea-
level rise and increased tidal range (OECD, 2003a).

There are now also examples of consideration of climate
change as part of comprehensive risk management strategies at
the city, regional and national level. France, Finland and the
United Kingdom have developed national strategies and
frameworks to adapt to climate change (MMM, 2005; ONERC,
2005; DEFRA, 2006). At the city level, meanwhile, climate
change scenarios are being considered by New York City as part
of the review of its water supply system. Changes in temperature
and precipitation, sea-level rise, and extreme events have been
identified as important parameters for water supply impacts and
adaptation in the New York region (Rosenzweig and Solecki,
2001). A nine-step adaptation assessment procedure has now
been developed (Rosenzweig et al., 2007). A key feature of these
procedures is explicit consideration of several climate variables,
uncertainties associated with climate change projections, and
time horizons for different adaptation responses. Adaptations
can be divided into managerial, infrastructure, and policy
categories and assessed in terms of time frame (immediate,
interim, long-term) and in terms of the capital cycle for different
types of infrastructure. As an example of adaptation measures
that have been examined, a managerial adaptation that can be
implemented quickly is a tightening of water regulations in the
event of more frequent droughts. Also under examination are
longer-term infrastructure adaptations such as the construction of
flood-walls around low-lying wastewater treatment plants to
protect against sea-level rise and higher storm surges.

17.2.3 Assessment of adaptation costs and benefits

The literature on adaptation costs and benefits remains quite
limited and fragmented in terms of sectoral and regional
coverage. Adaptation costs are usually expressed in monetary
terms, while benefits are typically quantified in terms of avoided
climate impacts, and expressed in monetary as well as non-
monetary terms (e.g., changes in yield, welfare, population
exposed to risk). There is a small methodological literature on
the assessment of costs and benefits in the context of climate
change adaptation (Fankhauser, 1996; Smith, 1997; Fankhauser
et al., 1998; Callaway, 2004; Toman, 2006). In addition there
are a number of case studies that look at adaptation options for
particular sectors (e.g., Shaw et al., 2000, for sea-level rise); or
particular countries (e.g., Smith et al., 1998, for Bangladesh;
World Bank, 2000, for Fiji and Kiribati; Dore and Burton, 2001,
for Canada).

Much of the literature on adaptation costs and benefits is
focused on sea-level rise (e.g., Fankhauser, 1995a; Yohe and
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Schlesinger, 1998; Nicholls and Tol, 2006) and agriculture (e.g.,
Rosenzweig and Parry, 1994; Adams et al., 2003; Reilly et al.,
2003). Adaptation costs and benefits have also been assessed in
a more limited manner for energy demand (e.g., Morrison and
Mendelsohn, 1999; Sailor and Pavlova, 2003; Mansur et al.,
2005), water resource management (e.g., Kirshen et al., 2004),
and transportation infrastructure (e.g., Dore and Burton, 2001).
In terms of regional coverage, there has been a focus on the
United States and other OECD countries (e.g., Fankhauser,
1995a; Yohe et al., 1996; Mansur et al., 2005; Franco and
Sanstad, 2006), although there is now a growing literature for
developing countries also (e.g., Butt et al., 2005; Callaway et
al., 2006; Nicholls and Tol, 2006).

17.2.3.1 Sectoral and regional estimates
The literature on costs and benefits of adaptation to sea-level

rise is relatively extensive. Fankhauser (1995a) used
comparative static optimisation to examine the trade-offs
between investment in coastal protection and the value of land
loss from sea-level rise. The resulting optimal levels of coastal
protection were shown to significantly reduce the total costs of
sea-level rise across OECD countries. The results also
highlighted that the optimal level of coastal protection would
vary considerably both within and across regions, based on the
value of land at risk. Fankhauser (1995a) concluded that almost
100% of coastal cities and harbours in OECD countries should
be protected, while the optimal protection for beaches and open
coasts would vary between 50 and 80%. Results of Yohe and
Schlesinger (1998) show that total (adjustment and residual land
loss) costs of sea-level rise could be reduced by around 20 to
50% for the U.S. coastline if the real estate market prices
adjusted efficiently as land is submerged. Nicholls and Tol
(2006) estimate optimal levels of coastal protection under IPCC
Special Report on Emissions Scenarios (SRES; Nakićenović and
Swart, 2000) A1FI, A2, B1, and B2 scenarios. They conclude
that, with the exception of certain Pacific Small Island States,
coastal protection investments were a very small percentage of
gross domestic product (GDP) for the 15 most-affected countries
by 2080 (Table 17.2).

Ng and Mendelsohn (2005) use a dynamic framework to
optimise for coastal protection, with a decadal reassessment of
the protection required. It was estimated that, over the period
2000 to 2100, the present value of coastal protection costs for
Singapore would be between US$1 and 3.08 million (a very
small share of GDP), for a 0.49 and 0.86 m sea-level rise. A
limitation of these studies is that they only look at gradual sea-
level rise and do not generally consider issues such as the
implications of storm surges on optimal coastal protection. In a
study of the Boston metropolitan area Kirshen et al. (2004)
include the implications of storm surges on sea-level rise
damages and optimal levels of coastal protection under various
development and sea-level rise scenarios. Kirshen et al. (2004)
conclude that under 60 cm sea-level rise ‘floodproofing’
measures (such as elevation of living spaces) were superior to
coastal protection measures (such as seawalls, bulkheads, and
revetments). Meanwhile, coastal protection was found to be
optimal under one-metre sea-level rise. Another limitation of
sea-level rise costing studies is their sensitivity to (land and

structural) endowment values which are highly uncertain at more
aggregate levels. A global assessment by Darwin and Tol (2001)
showed that uncertainties surrounding endowment values could
lead to a 17% difference in coastal protection, a 36% difference
in amount of land protected, and a 36% difference in direct cost
globally. A further factor increasing uncertainty in costs is the
social and political acceptability of adaptation options. Tol et al.
(2003) show that the benefits of adaptation options for
ameliorating increased river flood risk in the Netherlands could
be up to US$20 million /yr in 2050. But they conclude that
implementation of these options requires significant institutional
and political reform, representing a significant barrier to
implanting least-cost solutions.

Adaptation studies looking at the agricultural sector
considered autonomous farm level adaptation and many also
looked at adaptation effects through market and international
trade (Darwin et al., 1995; Winters et al., 1998; Yates and Street,
1998; Adams et al., 2003; Butt et al., 2005). The literature
mainly reports on adaptation benefits, usually expressed in terms
of increases in yield or welfare, or decreases in the number of
people at risk of hunger. Adaptation costs, meanwhile, were
generally not considered in early studies (Rosenzweig and Parry,
1994; Yates and Street, 1998), but are usually included in recent
studies (Mizina et al., 1999; Adams et al., 2003; Reilly et al.,
2003; Njie et al., 2006). Rosenzweig and Parry (1994) and
Darwin et al. (1995) estimated residual climate change impacts
to be minimal at the global level, mainly due to the significant
benefits from adaptation. However, large inter and intra-regional
variations were reported. In particular, for many countries
located in tropical regions, the potential benefits of low-cost
adaptation measures such as changes in planting dates, crop
mixes, and cultivars are not expected to be sufficient to offset the
significant climate change damages (Rosenzweig and Parry,
1994; Butt et al., 2005).
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Protection costs (%GDP) for the 2080s

SRES scenarios A1FI A2 B1 B2

Micronesia 7.4 10.0 5.0 13.5

Palau 6.1 7.0 3.9 9.1

Tuvalu 1.4 1.7 0.9 2.2

Marshall Islands 0.9 1.3 0.6 1.7

Mozambique 0.2 0.5 0.1 0.8

French Polynesia 0.6 0.8 0.4 1.0

Guinea-Bissau 0.1 0.3 0.0 0.6

Nauru 0.3 0.4 0.2 0.6

Guyana 0.1 0.2 0.1 0.4

New Caledonia 0.4 0.3 0.2 0.4

Papua New Guinea 0.3 0.3 0.2 0.4

Kiribati 1.2 0.0 0.3 0.0

Maldives 0.0 0.2 0.0 0.2

Vietnam 0.1 0.1 0.0 0.2

Cambodia 0.0 0.1 0.0 0.1

Table 17.2. Sea-level rise protection costs in 2080 as a percentage of
GDP for most-affected countries under the four SRES world scenarios
(A1FI, A2, B1, B2)

Source: Adapted from Nicholls and Tol (2006).



More extensive adaptation measures have been evaluated in
some developing countries (see, for example, Box 17.3). For
the 2030 horizon in Mali, Butt et al., (2005) estimate that
adaptation through trade, changes in crop mix, and the
development and adoption of heat-resistant cultivars could
offset 90 to 107% of welfare losses induced by climate change
impacts on agriculture.

In addition to their effect on average yield, adaptation
measures can also smooth out fluctuations in yields (and
consequently social welfare) as a result of climate variability.
Adams et al. (2003) found that adaptation welfare benefits for
the American economy increased from US$3.29 billion (2000
values) to US$4.70 billion (2000 values) when their effect on
yield variability is included. In the case of Mali, Butt et al.
(2005) show that adaptation measures could reduce the
variability in welfare by up to 84%.

A particular limitation of adaptation studies in the
agricultural sector stems from the diversity of climate change
impacts and adaptation options but also from the complexity of
the adaptation process. Many studies make the unrealistic
assumption of perfect adaptation by individual farmers. Even if
agricultural regions can adapt fully through technologies and
management practices, there are likely to be costs of adaptation
in the process of adjusting to a new climate regime. Recent
studies for U.S. agriculture found that frictions in the adaptation
process could reduce the adaptation potential (Schneider et al.,
2000a; Easterling et al., 2003; Kelly et al., 2005).

With regard to adaptation costs and benefits in the energy
sector, there is some literature – almost entirely on the United
States – on changes in energy expenditures for cooling and
heating as a result of climate change. Most studies show that
increased energy expenditure on cooling will more than offset
any benefits from reduced heating (e.g., Smith and Tirpak,
1989; Nordhaus, 1991; Cline, 1992; Morrison and Mendelsohn,
1999; Mendelsohn, 2003; Sailor and Pavlova, 2003; Mansur et
al., 2005). Morrison and Mendelsohn (1999), meanwhile,
estimate net adaptation costs (as a result of increased cooling
and reduced heating) for the U.S. economy ranging from
US$1.93 billion to 12.79 billion by 2060. They also estimated

that changes in building stocks (particularly increases in cooling
capacity) contributed to the increase in energy expenditure by
US$2.98 billion to US$11.5 billion. Mansur et al. (2005),
meanwhile, estimate increased energy expenditures for the
United States ranging from US$4 to 9 billion for 2050, and
between US$16 and 39.8 billion for 2100.

Besides sea-level rise, agriculture, and energy demand, there
are a few studies related to adaptation costs and benefits in
water resource management (see Box 17.4) and transportation
infrastructure. Kirshen et al. (2004) assessed the reliability of
water supply in the Boston metropolitan region under climate
change scenarios. Even under a stable climate, the authors
project the reliability of water supply to be 93% by 2100 on
account of the expected growth in water demand. Factoring in
climate change reduces the reliability of water supply to 82%.
Demand side management measures could increase the
reliability slightly (to 83%), while connecting the local systems
to the main state water system would increase reliability to
97%. The study, however, does not assess the costs of such
adaptation measures.

Dore and Burton (2001) estimate the costs of adaptation to
climate change for social infrastructure in Canada, more
precisely for the roads network (roads, bridges and storm water
management systems) as well as for water utilities (drinking
and waste water treatment plants). In this case, the additional
costs for maintaining the integrity of the portfolio of social
assets under climate change are identified as the costs of
adaptation. In the water sector, potential adaptation strategies
such as building new treatment plants, improving efficiency of
actual plants or increasing retention tanks were considered and
results indicated that adaptation costs for Canadian cities could
be as high as Canadian $9,400 million for a city like Toronto if
extreme events are considered. For the transportation sector,
Dore and Burton (2001) also estimate that replacing all ice
roads in Canada would cost around Canadian $908 million.
However, the study also points out that retreat of permafrost
would reduce road building costs. Also, costs of winter control,
such as snow clearance, sanding, and salting, are generally
expected to decrease as temperature rises.
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Box 17.3. Adaptation costs and benefits for agriculture in the Gambia

Njie et al. (2006) investigated climate change impacts and adaptation costs and benefits for cereal production in the Gambia.
Under the SRES A2 scenario the study estimated that for the period 2010 to 2039, millet yield would increase by 2 to 13%. For
the period 2070 to 2099 the outcome is highly dependent on projected changes in precipitation as it could range from a 43%
increase to a 78% decrease in millet yield. Adaptation measures such as the adoption of improved cultivars, irrigation, and
improved crop fertilisation were assessed in a framework accounting for projections of population growth, water demand and
availability. These measures were estimated to increase millet yield by 13 to 43%, while reducing interannual variability by 84 to
200% in the near term (2010 to 2039). However, net adaptation benefits (value of higher production minus cost of implementation)
were not necessarily positive for all adaptation strategies. In the near term, net adaptation benefits were estimated at US$22.3
to 31.5 million for crop fertilisation and US$81.1 to 88.0 million for irrigation. The authors conclude that irrigation is more effective
to improve crop productivity under climate change conditions, but the adoption of improved crop fertilisation is more cost
efficient. Meanwhile, much uncertainty remains regarding the cost of developing improved cultivars. In the distant future, potential
precipitation decrease would make irrigation an imperative measure.



17.2.3.2 Global estimates
Some adaptation costs are implicitly included in estimates

of global impacts of climate change. Tol et al. (1998) estimate
that between 7% and 25% of total climate damage costs
included in earlier studies such as Cline (1992), Fankhauser
(1995b) and Tol (1995) could be classified as adaptation costs.
In addition, recent studies, including Nordhaus and Boyer
(2000), Mendelsohn et al. (2000) and Tol (2002), incorporate
with greater detail the effects of adaptation on the global
estimation of climate change impacts. In these models,
adaptation costs and benefits are usually embedded within
climate damage functions which are often extrapolated from a
limited number of regional studies. Furthermore, the source
studies which form the basis for the climate damage functions
do not always reflect the most recent findings. As a result, these
studies offer a global and integrated perspective but are based
on coarsely defined climate change and adaptation impacts and
only provide speculative estimates of adaptation costs and
benefits.

Mendelsohn et al. (2000) estimate that global energy costs
related to heating and cooling would increase by US$2 billion
to US$10 billion (1990 values) for a 2°C increase in
temperature by 2100 and by US$51 billion to US$89 billion
(1990 values) for a 3.5°C increase. For a 1°C increase, Tol
(2002) estimates global benefits from reduced heating at around
US$120 billion, and global costs resulting from increased
cooling at around US$75 billion. The same study estimates the
global protection costs at US$1,055 billion for a one-metre sea-
level rise. There are preliminary estimates of the global costs of
‘climate proofing’ development (World Bank, 2006), but the
current literature does not provide comprehensive multi-
sectoral estimates of global adaptation costs and benefits. The
broader macroeconomic and economy-wide implications of
adaptations on economic growth and employment remain
largely unknown (Aaheim and Schjolden, 2004).

17.3 Assessment of adaptation capacity,
options and constraints

17.3.1 Elements of adaptive capacity

Adaptive capacity is the ability or potential of a system to
respond successfully to climate variability and change, and
includes adjustments in both behaviour and in resources and
technologies. The presence of adaptive capacity has been shown
to be a necessary condition for the design and implementation of
effective adaptation strategies so as to reduce the likelihood and
the magnitude of harmful outcomes resulting from climate
change (Brooks and Adger, 2005). Adaptive capacity also
enables sectors and institutions to take advantage of
opportunities or benefits from climate change, such as a longer
growing season or increased potential for tourism.

Much of the current understanding of adaptive capacity
comes from vulnerability assessments. Even if vulnerability
indices do not explicitly include determinants of adaptive
capacity, the indicators selected often provide important insights
on the factors, processes and structures that promote or constrain
adaptive capacity (Eriksen and Kelly, 2007). One clear result
from research on vulnerability and adaptive capacity is that some
dimensions of adaptive capacity are generic, while others are
specific to particular climate change impacts. Generic indicators
include factors such as education, income and health. Indicators
specific to a particular impact, such as drought or floods, may
relate to institutions, knowledge and technology (Yohe and Tol,
2002; Downing, 2003; Brooks et al., 2005; Tol and Yohe, 2007).

Technology can potentially play an important role in adapting
to climate change. Efficient cooling systems, improved seeds,
desalination technologies, and other engineering solutions
represent some of the options that can lead to improved
outcomes and increased coping under conditions of climate
change. In public health, for example, there have been successful
applications of seasonal forecasting and other technologies to
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Box 17.4. Adaptation costs and benefits in the water management sector of South Africa

Callaway et al. (2006) provide estimates of water management adaptation costs and benefits in a case study of the Berg River
basin in South Africa. Adaptation measures investigated include the establishment of an efficient water market and an increase
in water storage capacity through the construction of a dam. Using a programming model which linked modules of urban and
farm water demand to a hydrology module, the welfare related to water use (value for urban and farm use minus storage and
transport cost) were estimated for the SRES B2 climate change scenario and the assumption of a 3% increase in urban water
demand. Under these conditions and the current water allocation system, the discounted impact of climate change over the next
30 years was estimated to vary between 13.5 and 27.7 billion Rand. The net welfare benefits of adapting water storage capacity
under current allocation rights were estimated at about 0.2 billion Rand, while adding water storage capacity in the presence of
efficient water markets would yield adaptation benefits between 5.8 and 7 billion Rand. The authors also show that, under
efficient water markets, the costs of not adapting to climate change that does occur outweigh the costs of adapting to climate
change that does not occur.

N.B.: All monetary estimates are expressed in present values for constant Rand for the year 2000, discounting over 30 years at
a real discount rate of 6%.



adapt health provisions to anticipated extreme events (Ebi et al.,
2005). Often, technological adaptations and innovations are
developed through research programmes undertaken by
governments and by the private sector (Smit and Skinner, 2002).
Innovation, which refers to the development of new strategies or
technologies, or the revival of old ones in response to new
conditions (Bass, 2005), is an important aspect of adaptation,
particularly under uncertain future climate conditions. Although
technological capacity can be considered a key aspect of
adaptive capacity, many technological responses to climate
change are closely associated with a specific type of impact,
such as higher temperatures or decreased rainfall.

New studies carried out since the TAR show that adaptive
capacity is influenced not only by economic development and
technology, but also by social factors such as human capital and
governance structures (Klein and Smith, 2003; Brooks and Adger
2005; Næss et al., 2005; Tompkins, 2005; Berkhout et al., 2006;
Eriksen and Kelly, 2007). Furthermore, recent analysis argues
that adaptive capacity is not a concern unique to regions with low
levels of economic activity. Although economic development
may provide greater access to technology and resources to invest
in adaptation, high income per capita is considered neither a
necessary nor a sufficient indicator of the capacity to adapt to
climate change (Moss et al., 2001). Tol and Yohe (2007) show
that some elements of adaptive capacity are not substitutable: an
economy will be as vulnerable as the ‘weakest link’ in its
resources and adaptive capacity (for example with respect to
natural disasters). Within both developed and developing
countries, some regions, localities, or social groups have a lower
adaptive capacity (O’Brien et al., 2006).

There are many examples where social capital, social
networks, values, perceptions, customs, traditions and levels of
cognition affect the capability of communities to adapt to risks
related to climate change. Communities in Samoa in the south
Pacific, for example, rely on informal non-monetary
arrangements and social networks to cope with storm damage,
along with livelihood diversification and financial remittances
through extended family networks (Adger, 2001; Barnett, 2001;
Sutherland et al., 2005). Similarly, strong local and international
support networks enable communities in the Cayman Islands to
recover from and prepare for tropical storms (Tompkins, 2005).
Community organisation is an important factor in adaptive
strategies to build resilience among hillside communities in
Bolivia (Robledo et al., 2004). Recovery from hazards in Cuba
is helped by a sense of communal responsibility (Sygna, 2005).
Food-sharing expectations and networks in Nunavut, Canada,
allow community members access to so-called country food at
times when conditions make it unavailable to some (Ford et al.,
2006). The role of food sharing as a part of a community’s
capacity to adapt to risks in resource provisioning is also evident
among native Alaskans (Magdanz et al., 2002). Adaptive
migration options in the 1930s USA Dust Bowl were greatly
influenced by the access households had to economic, social and
cultural capital (McLeman and Smit, 2006). The cultural change
and increased individualism associated with economic growth
in Small Island Developing States has eroded the sharing of risk
within extended families, thereby reducing the contribution of
this social factor to adaptive capacity (Pelling and Uitto, 2001).

17.3.2 Differential adaptive capacity

The capacity to adapt to climate change is unequal across and
within societies. There are individuals and groups within all
societies that have insufficient capacity to adapt to climate
change. As described above, there has been a convergence of
findings in the literature showing that human and social capital
are key determinants of adaptive capacity at all scales, and that
they are as important as levels of income and technological
capacity. However, most of this literature also argues that there
is limited usefulness in looking at only one level or scale, and
that exploring the regional and local context for adaptive
capacity can provide insights into both constraints and
opportunities.

17.3.2.1 Adaptive capacity is uneven across societies
There is some evidence that national-level indicators of

vulnerability and adaptive capacity are used by climate change
negotiators, practitioners, and decision makers in determining
policies and allocating priorities for funding and interventions
(Eriksen and Kelly, 2007). However, few studies have been
globally comprehensive, and the literature lacks consensus on
the usefulness of indicators of generic adaptive capacity and
the robustness of the results (Downing et al., 2001; Moss et
al., 2001; Yohe and Tol, 2002; Brooks et al., 2005; Haddad,
2005). A comparison of results across five vulnerability
assessments shows that the 20 countries ranked ‘most
vulnerable’ show little consistency across studies (Eriksen and
Kelly, 2007). Haddad (2005) has shown empirically that the
ranking of adaptive capacity of nations is significantly altered
when national aspirations are made explicit. He demonstrates
that different aspirations (e.g., seeking to maximise the welfare
of citizens, to maintain control of citizens, or to reduce the
vulnerability of the most vulnerable groups) lead to different
weightings of the elements of adaptive capacity, and hence to
different rankings of the actual capacity of countries to adapt.
It has been argued that national indicators fail to capture many
of the processes and contextual factors that influence adaptive
capacity, and thus provide little insight on adaptive capacity at
the level where most adaptations will take place (Eriksen and
Kelly, 2007).

The specific determinants of adaptive capacity at the
national level thus represent an area of contested knowledge.
Some studies relate adaptive capacity to levels of national
development, including political stability, economic well-
being, human and social capital and institutions (AfDB et al.,
2003). National-level adaptive capacity has also been
represented by proxy indicators for economic capacity, human
and civic resources and environmental capacity (Moss et al.,
2001). Alberini et al. (2006) use expert judgement based on a
conjoint choice survey of climate and health experts to
examine the most important attributes of adaptive capacity and
find that per capita income, inequality in the distribution of
income, universal health care coverage, and high access to
information are the most important attributes allowing a
country to adapt to health-related risks. Coefficients on these
rankings were used to construct an index of countries with
highest to lowest adaptive capacity.
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17.3.2.2 Adaptive capacity is uneven within nations due to
multiple stresses

The capacity to adapt to climate change is not evenly
distributed within nations. Adaptive capacity is highly
differentiated within countries, because multiple processes of
change interact to influence vulnerability and shape outcomes
from climate change (Leichenko and O’Brien, 2002; Dow et al.,
2006; Smit and Wandel, 2006; Ziervogel et al., 2006). In India,
for example, both climate change and market liberalisation for
agricultural commodities are changing the context for agricultural
production. Some farmers may be able to adapt to these changing
conditions, including discrete events such as drought and rapid
changes in commodity prices, while other farmers may experience
predominately negative outcomes. Mapping vulnerability of the
agricultural sector to both climate change and trade liberalisation
at the district level in India, O’Brien et al. (2004) considered
adaptive capacity as a key factor that influences outcomes. A
combination of biophysical, socio-economic and technological
conditions were considered to influence the capacity to adapt to
changing environmental and economic conditions. The
biophysical factors included soil quality and depth, and
groundwater availability, whereas socio-economic factors
consisted of measures of literacy, gender equity, and the
percentage of farmers and agricultural wage labourers in a district.
Technological factors were captured by the availability of
irrigation and the quality of infrastructure. Together, these factors
provide an indication of which districts are most and least able to
adapt to drier conditions and variability in the Indian monsoons,
as well as to respond to import competition resulting from
liberalised agricultural trade. The results of this vulnerability
mapping show the districts that have ‘double exposure’ to both
processes. It is notable that districts located along the Indo-
Gangetic Plains are less vulnerable to both processes, relative to
the interior parts of the country (see Figure 17.2).

17.3.2.3 Social and economic processes determine the
distribution of adaptive capacity

A significant body of new research focuses on specific
contextual factors that shape vulnerability and adaptive capacity,
influencing how they may evolve over time. These place-based
studies provide insights on the conditions that constrain or
enhance adaptive capacity at the continental, regional or local
scales (Leichenko and O’Brien, 2002; Allison et al., 2005;
Schröter et al., 2005; Belliveau et al., 2006). These studies differ
from the regional and global indicator studies assessed above both
in approach and methods, yet come to complementary conclusions
on the state and distribution of adaptive capacity.

The lessons from studies of local-level adaptive capacity are
context-specific, but the weight of studies establishes broad
lessons on adaptive capacity of individuals and communities. The
nature of the relationships between community members is
critical, as is access to and participation in decision-making
processes. In areas such as coastal zone management, the
expansion of social networks has been noted as an important
element in developing more robust management institutions
(Tompkins et al., 2002). Local groups and individuals often feel
their powerlessness in many ways, although none so much as in
the lack of access to decision makers. A series of studies has

shown that successful community-based resource management,
for example, can potentially enhance the resilience of
communities as well as maintain ecosystem services and
ecosystem resilience (Tompkins and Adger, 2004; Manuta and
Lebel, 2005; Owuor et al., 2005; Ford et al., 2006) and that this
constitutes a major priority for the management of ecosystems
under stress (such as coral reefs) (Hughes et al., 2003, 2005).

Much new research emphasises that adaptive capacity is also
highly heterogeneous within a society or locality, and for human
populations it is differentiated by age, class, gender, health and
social status. Ziervogel et al. (2006) undertook a comparative
study between households and communities in South Africa,
Sudan, Nigeria and Mexico and showed how vulnerability to food
insecurity is common across the world in semi-arid areas where
marginal groups rely on rain-fed agriculture. Across the case
studies food insecurity was not determined solely or primarily by
climate, but rather by a range of social, economic, and political
factors linked to physical risks. Box 17.5 describes how adaptive
capacity and vulnerability to climate change impacts are different
for men and women, with gender-related vulnerability particularly
apparent in resource-dependent societies and in the impacts of
extreme weather-related events (see also Box 8.2).

17.3.3 Changes in adaptive capacity over time

Adaptive capacity at any one scale may be facilitated or
constrained by factors outside the system in question. At the
local scale, such constraints may take the form of regulations or
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Figure 17.2. Districts in India that rank highest in terms of vulnerability
to: (a) climate change and (b) import competition associated with
economic globalisation, are considered to be double exposed
(depicted with hatching). Adapted from O’Brien et al. (2004).



economic policies determined at the regional or national level
that limit the freedom of individuals and communities to act, or
that make certain potential adaptation strategies unviable. There
is a growing recognition that vulnerability and the capacity to
adapt to climate change are influenced by multiple processes of
change (O’Brien and Leichenko, 2000; Turner et al., 2003;
Luers, 2005). Violent conflict and the spread of infectious
diseases, for example, have been shown to erode adaptive
capacity (Woodward, 2002; Barnett, 2006). Social trends such as
urbanisation or economic consequences of trade liberalisation
are likely to have both positive and negative consequences for
the overall adaptive capacity of cities and regions (Pelling,
2003). For example, trade liberalisation policies associated with
globalisation may facilitate climate change adaptation for some,
but constrain it for others. In the case of India, many farmers no
longer plant traditional, drought-tolerant oilseed crops because
there are no markets due to an influx of cheap imports from
abroad (O’Brien et al., 2004). The globalisation of fisheries has
decreased the resilience of marine ecosystems (Berkes et al.,

2006). Exploitation of sea urchins and herbivorous reef fish
species in the past three decades in particular have been shown
to make reefs more vulnerable to recurrent disturbances such as
hurricanes and to coral bleaching and mortality due to increased
sea surface temperatures (Hughes et al., 2003; Berkes et al.,
2006).

In the Canadian Arctic, experienced Inuit hunters, dealing
with changing ice and wildlife conditions, adapt by drawing on
traditional knowledge to alter the timing and location of
harvesting, and ensure personal survival (Berkes and Jolly,
2001). Young Inuit, however, do not have the same adaptive
capacity. Ford et al. (2006) attribute this to the imposition of
western education by the Canadian Federal Government in the
1970s and 1980s which resulted in less participation in hunting
among youth and consequent reduced transmission of traditional
knowledge. This resulted in a perception among elders and
experienced hunters, who act as an institutional memory for the
maintenance and transmittance of traditional knowledge, that
the young are not interested in hunting or traditional Inuit ways
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Box 17.5. Gender aspects of vulnerability and adaptive capacity

Empirical research has shown that entitlements to elements of adaptive capacity are socially differentiated along the lines of age,
ethnicity, class, religion and gender (Cutter, 1995; Denton, 2002; Enarson, 2002). Climate change therefore has gender-specific
implications in terms of both vulnerability and adaptive capacity (Dankelman, 2002). There are structural differences between men
and women through, for example, gender-specific roles in society, work and domestic life. These differences affect the
vulnerability and capacity of women and men to adapt to climate change. In the developing world in particular, women are
disproportionately involved in natural resource-dependent activities, such as agriculture (Davison, 1988), compared to salaried
occupations. As resource-dependent activities are directly dependent on climatic conditions, changes in climate variability
projected for future climates are likely to affect women through a variety of mechanisms: directly through water availability,
vegetation and fuelwood availability and through health issues relating to vulnerable populations (especially dependent children
and elderly). Most fundamentally, the vulnerability of women in agricultural economies is affected by their relative insecurity of
access and rights over resources and sources of wealth such as agricultural land. It is well established that women are
disadvantaged in terms of property rights and security of tenure, though the mechanisms and exact form of the insecurity are
contested (Agarwal, 2003; Jackson, 2003). This insecurity can have implications both for their vulnerability in a changing climate,
and also their capacity to adapt productive livelihoods to a changing climate.

There is a body of research that argues that women are more vulnerable than men to weather-related disasters. The impacts of
past weather-related hazards have been disaggregated to determine the differential effects on women and men. Such studies
have been done, for example, for Hurricane Mitch in 1998 (Bradshaw, 2004) and for natural disasters more generally (Fordham,
2003). These differential impacts include numbers of deaths, and well-being in the post-event recovery period. The
disproportionate amount of the burden endured by women during rehabilitation has been related to their roles in the reproductive
sphere (Nelson et al., 2002). Children and elderly persons tend to be based in and around the home and so are often more likely
to be affected by flooding events with speedy onset. Women are usually responsible for the additional care burden during the
period of rehabilitation, whilst men generally return to their pre-disaster productive roles outside the home. Fordham (2003) has
argued that the key factors that contribute to the differential vulnerability of women in the context of natural hazards in South
Asia include: high levels of illiteracy, minimum mobility and work opportunities outside the home, and issues around ownership
of resources such as land.

The role of gender in influencing adaptive capacity and adaptation is thus an important consideration for the development of
interventions to enhance adaptive capacity and to facilitate adaptation. Gender differences in vulnerability and adaptive capacity
reflect wider patterns of structural gender inequality. One lesson that can be drawn from the gender and development literature
is that climate interventions that ignore gender concerns reinforce the differential gender dimensions of vulnerability (Denton,
2004). It has also become clear that a shift in policy focus away from reactive disaster management to more proactive capacity
building can reduce gender inequality (Mirza, 2003).



of living. This further eroded traditional knowledge by reducing
inter-generational contact, creating a positive feedback in which
youth is locked into a spiral of knowledge erosion. The
incorporation of new technology in harvesting (including GPS,
snowmobiles and radios), representing another type of
adaptation, has reinforced this spiral by creating a situation in
which traditional knowledge is valued less among young Inuit.

Among wine producers in British Columbia, Canada,
Belliveau et al. (2006) demonstrate how adaptations to changing
economic conditions can increase vulnerability to climate-
related risks. Following the North American Free Trade
Agreement, grape producers replaced low quality grape varieties
with tender varieties to compete with higher-quality foreign
imports, many of which have lower costs of production. This
change enhanced the wine industry’s domestic and international
competitiveness, thereby reducing market risks, but
simultaneously increased its susceptibility to winter injury. Thus
the initial adaptation of switching varieties to increase economic
competitiveness changed the nature of the system to make it
more vulnerable to climatic stresses, to which it was previously
less sensitive. To minimise frost risks, producers use overhead
irrigation to wet the berries. The extra water from irrigation,
however, can dilute the flavour in the grapes, reducing quality
and decreasing market competitiveness.

The vulnerability of one region is often ‘tele-connected’ to
other regions. In a study of coffee markets and livelihoods in
Vietnam and Central America, Adger et al. (2007) found that
actions in one region created vulnerability in the other through
direct market interactions (Vietnamese coffee increased global
supply and reduced prices), interactions with weather-related
risks (coffee plant diseases and frosts) and the collapse of the
International Coffee Agreement in 1989. In Mexico, Guatemala
and Honduras, the capacity of smallholder coffee farmers to deal
with severe droughts in 1997 to 1998 and 1999 to 2002 was
complicated by low international coffee prices, reflecting
changes in international institutions and national policies (Eakin
et al., 2005). Concurrently, market liberalisation in Mexico,
Guatemala and Honduras reduced state intervention in
commodity production, markets and prices in the region. There
were also constraints to adaptation related to a contraction of
rural finance, coupled with a strong cultural significance
attached to traditional crops. Since coffee production is already
at the upper limit of the ideal temperature range in this region,
it is likely that climate change will reduce yields, challenging
farmers to switch to alternative crops, which currently have
poorly developed marketing mechanisms.

The capacity of smallholder farmer households in Kenya and
Tanzania to cope with climate stresses is often influenced by the
ability of a household member to specialise in one activity or in
a limited number of intensive cash-yielding activities (Eriksen et
al., 2005). However, many households have limited access to
this favoured coping option due to lack of labour and human and
physical capital. This adaptation option is further constrained by
social relations that lead to the exclusion of certain groups,
especially women, from carrying out favoured activities with
sufficient intensity. At present, relatively few investments go
into improving the viability of these identified coping strategies.
Instead, policies tend to focus on decreasing the sensitivity of

agriculture to climate variability. This might actually reinforce
the exclusion of population groups in dry lands where farmers
are reluctant to adopt certain agricultural technologies because
of their low market and consumption values and associated high
costs (Eriksen et al., 2005). Eriksen et al. (2005) conclude that
the determinants of adaptive capacity of smallholder farmers in
Kenya and Tanzania are multiple and inter-related.

In summary, empirical research carried out since the TAR has
shown that there are rarely simple cause-effect relationships
between climate change risks and the capacity to adapt. Adaptive
capacity can vary over time and is affected by multiple processes
of change. In general, the emerging literature shows that the
distribution of adaptive capacity within and across societies
represents a major challenge for development and a major
constraint to the effectiveness of any adaptation strategy. Some
adaptations that address changing economic and social
conditions may increase vulnerability to climate change, just as
adaptations to climate change may increase vulnerability to other
changes.

17.4 Enhancing adaptation: opportunities
and constraints

17.4.1 International and national actions for
implementing adaptation

An emerging literature on the institutional requirements for
adaptation suggests that there is an important role for public
policy in facilitating adaptation to climate change. This includes
reducing vulnerability of people and infrastructure, providing
information on risks for private and public investments and
decision-making, and protecting public goods such as habitats,
species and culturally important resources (Haddad et al., 2003;
Callaway, 2004; Haddad, 2005; Tompkins and Adger, 2005). In
addition, further literature sets out the case for international
financial and technology transfers from countries with high
greenhouse gas emissions to countries that are most vulnerable
to present and future impacts, for use in adapting to the impacts
of climate change (Burton et al., 2002; Simms et al., 2004; Baer,
2006; Dow et al., 2006; Paavola and Adger, 2006). Baer (2006)
calculates the scale of these transfers from polluting countries,
based on aggregate damage estimates of US$50 billion.

Considerable progress has also been made in terms of funding
adaptation within the UNFCCC. Least-developed countries have
been identified as being particularly vulnerable to climate
change, and planning for their adaptation has been facilitated
through development of National Adaptation Programmes of
Action (NAPAs). In completing a NAPA, a country identifies
priority activities that must be implemented in the immediate
future in order to address urgent national climate change
adaptation needs (Burton et al., 2002; Huq et al., 2003).
Although only 15 countries had completed their national NAPA
reports as of mid-2007, a number of specific projects were
identified in these reports for priority action. Since the
implementation of NAPAs had not commenced at the time of
this assessment, their outcomes in terms of increased adaptive
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capacity or reduced vulnerability to climate change risks could
not be evaluated. The process of developing NAPAs is, however,
being monitored. Box 17.6 discusses some emerging lessons
from Bangladesh. Early evidence suggests that NAPAs face the
same constraints on effectiveness and legitimacy as other
national planning processes (e.g., National Adaptation Plans
under the Convention to Combat Desertification), including
narrow and unrepresentative consultation processes (Thomas
and Twyman, 2005).

In the climate change context, the term ‘mainstreaming’ has
been used to refer to integration of climate change vulnerabilities
or adaptation into some aspect of related government policy such
as water management, disaster preparedness and emergency
planning or land-use planning (Agrawala, 2005). Actions that
promote adaptation include integration of climate information
into environmental data sets, vulnerability or hazard
assessments, broad development strategies, macro policies,
sector policies, institutional or organisational structures, or in
development project design and implementation (Burton and
van Aalst, 1999; Huq et al., 2003). By implementing
mainstreaming initiatives, it is argued that adaptation to climate
change will become part of or will be consistent with other well-
established programmes, particularly sustainable development
planning.

Mainstreaming initiatives have been classified in the
development planning literature at four levels. At the
international level, mainstreaming of climate change can occur
through policy formulation, project approval and country-level
implementation of projects funded by international
organisations. For example, the International Federation of Red
Cross and Red Crescent (IFRC) are working to facilitate a link
between local and global responses through its Climate Change
Centre (Van Aalst and Helmer, 2003). An example of an
initiative at the regional level is the MACC (Mainstreaming
Adaptation to Climate Change) project in the Caribbean. It
assesses the likely impacts of climate change on key economic
sectors (i.e., water, agriculture and human health) while also

defining responses at community, national and regional levels.
Various multi-lateral and bi-lateral development agencies, such
as the Asian Development Bank, are attempting to integrate
climate change adaptation into their grant and loan activities
(ADB, 2005; Perez and Yohe, 2005). Other aid agencies have
sought to screen out those loans and grants which are mal-
adaptations and create new vulnerabilities, to ascertain the extent
to which existing development projects already consider climate
risks or address vulnerability to climate variability and change,
and to identify opportunities for incorporating climate change
explicitly into future projects. Klein et al. (2007) examine the
activities of several major development agencies over the past
five years and find that while most agencies already consider
climate change as a real but uncertain threat to future
development, they have not explicitly examined how their
activities affect vulnerability to climate change. They conclude
that mainstreaming needs to encompass a broader set of
measures to reduce vulnerability than has thus far been the case.

Much of the adaptation planning literature emphasises the
role of governments, but also recognises the constraints that they
face in implementing adaptation actions at other scales (Few et
al., 2007). There are few examples of successful mainstreaming
of climate change risk into development planning. Agrawala and
van Aalst (2005) identified following five major constraints: (a)
relevance of climate information for development-related
decisions; (b) uncertainty of climate information; (c)
compartmentalisation with governments; (d) segmentation and
other barriers within development-cooperation agencies; and (e)
trade-offs between climate and development objectives. The
Adaptation Policy Framework (APF) (Lim et al., 2005)
developed to support national planning for adaptation by the
United Nations Development Programme (UNDP) provides
guidance on how these obstacles and barriers to mainstreaming
can be overcome. Mirza and Burton (2005) found that the
application of APF was feasible when they applied it for urban
flooding in Bangladesh and droughts in India. However, they
concluded that application of the APF could encounter problems
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Box 17.6. Early lessons on effectiveness and legitimacy of National Adaptation
Programmes of Action

At present there is sparse documentary evidence on outcomes of NAPA planning processes or implementation. One case that
has been examined is that of the Bangladesh NAPA (Huq and Khan, 2006). The authors recommend that NAPAs should adopt
(a) a livelihood rather than sectoral approach, (b) focus on near- and medium-term impacts of climate variability as well as long-
term impacts, (c) should ensure integration of indigenous and traditional knowledge, and (d) should ensure procedural fairness
through interactive participation and self-mobilisation (Huq and Khan, 2006). They found that NAPA consultation and planning
processes have the same constraints and exhibit the same problems of exclusion and narrow focus as other national planning
processes (such as those for Poverty Reduction Strategies). They conclude that the fairness and effectiveness of national
adaptation planning depends on how national governments already include or exclude their citizens in decision-making and
that effective participatory planning for climate change requires functioning democratic structures. Where these are absent,
planning for climate change is little more than rhetoric (Huq and Khan, 2006). Similar issues are raised and findings presented
by Huq and Reid (2003), Paavola (2006) and Burton et al. (2002). The key role of non-government and community-based
organisations in ensuring the sustainability and success of adaptation planning is likely to become evident over the incoming
period of NAPA development and implementation.



related to a lack of micro-level socio-economic information, and
gaps in stakeholder participation in the planning, design,
implementation and monitoring of projects.

In summary, the opportunities for implementing adaptation
as part of government planning are dependent on effective,
equitable and legitimate actions to overcome barriers and limits
to adaptation (ADB, 2005; Agrawala and van Aalst, 2005; Lim
et al., 2005). Initial signals of impacts have been hypothesised
to create the demand and political space for implementing
adaptation, the so-called ‘policy windows hypothesis’. Box 17.7,
however, reveals that evidence is contested on whether
individual weather-related catastrophic events can facilitate
adaptation action, or whether they act as a barrier to long-term
adaptation.

17.4.2 Limits and barriers to adaptation

Most studies of specific adaptation plans and actions argue
that there are likely to be both limits and barriers to adaptation
as a response to climate change. The U.S. National Assessment
(2001), for example, maintains that adaptation will not
necessarily make the aggregate impacts of climate change
negligible or beneficial, nor can it be assumed that all available
adaptation measures will actually be taken. Further evidence
from Europe and other parts of the globe suggests that high
adaptive capacity may not automatically translate into successful
adaptations to climate change (O’Brien et al., 2006). Research
on adaptation to changing flood risk in Norway, for example,
has shown that high adaptive capacity is countered by weak
incentives for proactive flood management (Næss et al., 2005).
Despite increased attention to potential adaptation options, there
is less understanding of their feasibility, costs, effectiveness, and
the likely extent of their actual implementation (U.S. National
Assessment, 2001). Despite high adaptive capacity and
significant investment in planning, extreme heatwave events
continue to result in high levels of mortality and disruption to
infrastructure and electricity supplies in European, North

American and east Asian cities (Klinenberg, 2003; Mohanty and
Panda, 2003; Lagadec, 2004; Poumadère et al., 2005).

This section assesses the limits to adaptation that have been
discussed in the climate change and related literatures. Limits
are defined here as the conditions or factors that render
adaptation ineffective as a response to climate change and are
largely insurmountable. These limits are necessarily subjective
and dependent upon the values of diverse groups. These limits
to adaptation are closely linked to the rate and magnitude of
climate change, as well as associated key vulnerabilities
discussed in Chapter 19. The perceived limits to adaptation are
hence likely to vary according to different metrics. For example,
the five numeraires for judging the significance of climate
change impacts described by Schneider et al. (2000b) - monetary
loss, loss of life, biodiversity loss, distribution and equity, and
quality of life (including factors such as coercion to migrate,
conflict over resources, cultural diversity, and loss of cultural
heritage sites) - can lead to very different assessments of the
limits to adaptation. But emerging literature on adaptation
processes also identifies significant barriers to action in
financial, cultural and policy realms that raise questions about
the efficacy and legitimacy of adaptation as a response to climate
change.

17.4.2.1 Physical and ecological limits
There is increasing evidence from ecological studies that the

resilience of coupled socio-ecological systems to climate change
will depend on the rate and magnitude of climate change, and that
there may be critical thresholds beyond which some systems may
not be able to adapt to changing climate conditions without
radically altering their functional state and system integrity (see
examples in Chapter 1). Scheffer et al. (2001) and Steneck et al.
(2002), for instance, find thresholds in the resilience of kelp forest
ecosystems, coral reefs, rangelands and lakes affected both by
climate change and other pollutants. Dramatic climatic changes
may lead to transformations of the physical environment of a
region that limit the possibilities for adaptation (Nicholls and Tol,
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Box 17.7. Is adaptation constrained or facilitated by individual extreme events?

The policy window hypothesis refers to the phenomenon whereby adaptation actions such as policy and regulatory change are
facilitated and occur directly in response to disasters, such as those associated with weather-related extreme events (Kingdon,
1995). According to this hypothesis, immediately following a disaster, the political climate may be conducive to legal, economic
and social change which can begin to reduce structural vulnerabilities, for example, in such areas as mainstreaming gender
issues, land reform, skills development, employment, housing and social solidarity. The assumptions behind the policy windows
hypothesis are that (a) new awareness of risks after a disaster leads to broad consensus, (b) development and humanitarian
agencies are ‘reminded’ of disaster risks, and (c) enhanced political will and resources become available. However, contrary
evidence on policy windows suggests that, during the post-recovery phase, reconstruction requires weighing, prioritising and
sequencing of policy programming, and there is the pressure to quickly return to conditions prior to the event rather than
incorporate longer-term development policies (Christoplos, 2006). In addition, while institutions clearly matter, they are often
rendered ineffective in the aftermath of a disaster. As shown in diverse contexts, such as ENSO-related impacts in Latin America,
induced development below dams or levees in the U.S. and flooding in the United Kingdom, the end result is that short-term
risk reduction can actually produce greater vulnerability to future events (Pulwarty et al., 2003; Berube and Katz, 2005; Penning-
Rowsell et al., 2006).



2006; Tol et al., 2006). For example, rapid sea-level rise that
inundates islands and coastal settlements is likely to limit
adaptation possibilities, with potential options being limited to
migration (see Chapter 15, Barnett and Adger, 2003; Barnett,
2005). Tol et al. (2006) argue that it is technically possible to adapt
to five metres of sea-level rise but that the resources required are
so unevenly distributed that in reality this risk is outside the scope
of adaptation. In the Sudano-Sahel region of Africa, persistent
below-average rainfall and recurrent droughts in the late 20th
century have constricted physical and ecological limits by
contributing to land degradation, diminished livelihood
opportunities, food insecurity, internal displacement of people,
cross-border migrations and civil strife (Mortimore and Adams,
2001; Leary et al., 2006; Osman-Elasha et al., 2006). The loss of
Arctic sea ice threatens the survival of polar bears, even if hunting
of bears were to be reduced (Derocher et al., 2004). The loss of
keystone species may cascade through the socio-ecological
system, eventually influencing ecosystems services that humans
rely on, including provisioning, regulating, cultural, and
supporting services (Millennium Ecosystem Assessment, 2006).

The ecological literature has documented regime shifts in
ecosystems associated with climatic changes and other drivers
(Noss, 2001; Scheffer et al., 2001). These regime shifts are
argued to impose limits on economic and social adaptation (van
Vliet and Leemans, 2006). Economies and communities that are
directly dependent on ecosystems such as fisheries and
agricultural systems are likely to be more affected by sudden
and dramatic switches and flips in ecosystems. In a review of
social change and ecosystem shifts, Folke et al. (2005) show that
there are significant challenges to resource management from
ecosystem shifts and that these are often outside the experience
of institutions. The loss of local knowledge associated with
thresholds in ecological systems is a limit to the effectiveness
of adaptation (Folke et al., 2005).

17.4.2.2 Technological limits
Technological adaptations can serve as a potent means of

adapting to climate variability and change. New technologies
can be developed to adapt to climate change, and the transfer of
appropriate technologies to developing countries forms an
important component of the UNFCCC (Mace, 2006). However,
there are also potential limits to technology as an adaptation
response to climate change.

First, technology is developed and applied in a social context,
and decision-making under uncertainty may inhibit the adoption
or development of technological solutions to climate change
adaptation (Tol et al., 2006). For example, case studies from the
Rhine delta, the Thames estuary and the Rhone delta in Europe
suggest that although protection from five-metre sea-level rise is
technically possible, a combination of accommodation and
retreat is more likely as an adaptation strategy (Tol et al., 2006).

Second, although some adaptations may be technologically
possible, they may not be economically feasible or culturally
desirable. For example, within the context of Africa, large-scale
engineering measures for coastal protection are beyond the reach
of many governments due to high costs (Ikeme, 2003). In colder
climates that support ski tourism, the extra costs of making snow
at warmer average temperatures may surpass a threshold where

it becomes economically unfeasible (Scott et al., 2003; Scott et
al., 2007). Although the construction of snow domes and indoor
arenas for alpine skiing has increased in recent years, this
technology may not be an affordable, acceptable or appropriate
adaptation to decreasing snow cover for many communities
dependent on ski tourism. Finally, existing or new technology
is unlikely to be equally transferable to all contexts and to all
groups or individuals, regardless of the extent of country-to-
country technology transfers (Baer, 2006). Adaptations that are
effective in one location may be ineffective in other places, or
create new vulnerabilities for other places or groups, particularly
through negative side effects. For example, although
technologies such as snowmobiles and GPS have facilitated
adaptation to climate change among some Inuit hunters, these
are not equally accessible to all, and they have potentially
contributed to inequalities within the community through
differential access to resources (Ford et al., 2006).

17.4.2.3 Financial barriers
The implementation of adaptation measures faces a number of

financial barriers. At the international level, preliminary estimates
from the World Bank indicate that the total costs of ‘climate
proofing’ development could be as high as US$10 billion to
US$40 billion /yr (World Bank, 2006). While the analysis notes
that such numbers are only rough estimates, the scale of
investment implied constitutes a significant financial barrier. At a
more local level, individuals and communities can be similarly
constrained by the lack of adequate financial resources. Deep
financial poverty is a factor that constrains the use of seemingly
inexpensive health measures, such as insecticide-treated bed nets,
while limited public finances contribute to choices by public
health agencies to give low priority to measures that would reduce
vulnerability to climate-related health risks (Taylor et al., 2006;
Yanda et al., 2006). In field surveys and focus groups, farmers
often cite the lack of adequate financial resources as an important
factor that constrains their use of adaptation measures which entail
significant investment, such as irrigation systems, improved or
new crop varieties, and diversification of farm operations (Smit
and Skinner, 2002).

Lack of resources may also limit the ability of low-income
groups to afford proposed adaptation mechanisms such as
climate-risk insurance. In the case of Mexico, a restructuring of
public agricultural institutions paralleled market liberalisation,
reducing the availability of publicly subsidised credit, insurance
and technical assistance for smallholders (Appendini, 2001).
Even where both crop insurance and contract farming were
being actively promoted by the state and federal government to
help farmers address climatic contingencies and price volatility,
very few of the surveyed farmers had crop insurance (Wehbe et
al., 2006). In addition, individuals often fail to purchase
insurance against low-probability high-loss events even when it
is offered at favourable premiums. While this may occur because
of the relative benefits and costs of alternatives, the trade-offs
may not be explicit. Kunreuther et al. (2001) show that the
search costs involved in collecting and analysing relevant
information to clarify trade-offs can be enough to discourage
individuals from undertaking such assessments, and thus from
purchasing coverage even when the premium is affordable.
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Climate change is also likely to raise the actuarial uncertainty
in catastrophe risk assessment, placing upward pressure on
insurance premiums and possibly leading to reductions in risk
coverage (Mills, 2005).

17.4.2.4 Informational and cognitive barriers
Extensive evidence from psychological research indicates

that uncertainty about future climate change combines with
individual and social perceptions of risk, opinions and values to
influence judgment and decision-making concerning climate
change (Oppenheimer and Todorov, 2006). It is increasingly
clear that interpretations of danger and risk associated with
climate change are context specific (Lorenzoni et al., 2005) and
that adaptation responses to climate change can be limited by
human cognition (Grothmann and Patt, 2005; Moser, 2005).
Four main perspectives on informational and cognitive
constraints on individual responses (including adaptation) to
climate change emerge from the literature.

1. Knowledge of climate change causes, impacts and possible
solutions does not necessarily lead to adaptation. Well-
established evidence from the risk, cognitive and behavioural
psychology literatures points to the inadequacy of the ‘deficit
model’ of public understanding of science, which assumes
that providing individuals with scientifically sound
information will result in information assimilation, increased
knowledge, action and support for policies based on this
information (Eden, 1998; Sturgis and Allum, 2004;
Lorenzoni et al., 2005). Individuals’ interpretation of
information is mediated by personal and societal values and
priorities, personal experience and other contextual factors
(Irwin and Wynne, 1996). As a consequence, an individual’s
awareness and concern either do not necessarily translate
into action, or translate into limited action (Baron, 2006;
Weber, 2006). This is also known as the ‘value-action’ or
‘attitude-behaviour’ gap (Blake, 1999) and has been shown
in a small number of studies to be a significant barrier to
adaptation action (e.g., Patt and Gwata, 2002).

2. Perceptions of climate change risks are differing. A small
but growing literature addresses the psychological
dimensions of evaluating long-term risk; most focuses on
behaviour changes in relation to climate change mitigation
policies. However, some studies have explored the
behavioural foundations of adaptive responses, including the
identification of thresholds, or points at which adaptive
behaviour begins (e.g., Grothmann and Patt, 2005). Key
findings from these studies point to different types of
cognitive limits to adaptive responses to climate change. For
example, Niemeyer et al. (2005) found that thresholds of
rapid climate change may induce different individual
responses influenced by trust in others (e.g., institutions,
collective action, etc.), resulting in adaptive, non-adaptive,
and maladaptive behaviours. Hansen et al. (2004) found
evidence for a finite pool of worry among farmers in the
Argentine Pampas. As concern about one type of risk
increases, worry about other risks decreases. Consequently,
concerns about violent conflict, disease and hunger,
terrorism, and other risks may overshadow considerations
about the impacts of climate change and adaptation. This

work also indicates, consistently with findings in the wider
climate change risk literature (e.g., Moser and Dilling, 2004),
that individuals tend to prioritise the risks they face, focusing
on those they consider – rightly or wrongly – to be the most
significant to them at that particular point in time.
Furthermore, a lack of experience of climate-related events
may inhibit adequate responses. It has been shown, for
instance, that the capacity to adapt among resource-
dependent societies in southern Africa is high if based on
adaptations to previous changes (Thomas et al., 2005).
Although concern about climate change is widespread and
high amongst publics in western societies, it is not ‘here and
now’ or a pressing personal priority for most people
(Lorenzoni and Pidgeon, 2006). Weber (2006) found that
strong visceral reactions towards the risk of climate change
are needed to provoke adaptive behavioural changes.

3. Perceptions of vulnerability and adaptive capacity are
important. Psychological research, for example, has provided
empirical evidence that those who perceive themselves to be
vulnerable to environmental risks, or who perceive
themselves to be victims of injustice, also perceive
themselves to be more at risk from environmental hazards
of all types (Satterfield et al., 2004). Furthermore,
perceptions by the vulnerable of barriers to actually adapting
do, in fact, limit adaptive actions, even when there are
capacities and resources to adapt. Grothman and Patt (2005)
examined populations living with flood risk in Germany and
farmers dealing with drought risk in Zimbabwe in order to
better understand cognitive constraints. They found that
action was determined by both perceived abilities to adapt
and observable capacities to adapt. They conclude that a
divergence between perceived and actual adaptive capacity
is a real barrier to adaptive action. Moser (2005) similarly
finds that perceived barriers to action are a major constraint
in coastal planning for sea-level rise in the United States.

4. Appealing to fear and guilt does not motivate appropriate
adaptive behaviour. In fact, communications research has
shown that appealing to fear and guilt does not succeed in
fostering sustained engagement with the issue of climate
change (Moser and Dilling, 2004). Analysis of print media
portrayal of climate change demonstrates public confusion
when scientific arguments are contrasted in a black-and-
white, for-and-against manner (Boykoff and Boykoff, 2004;
Carvalho and Burgess, 2005; Ereaut and Segnit, 2006). Calls
for effective climate-change communication have focused
on conveying a consistent, sound message, with the reality of
anthropogenic climate change at its core. This, coupled with
making climate change personally relevant through
messages of practical advice on individual actions, helps to
embed responses in people’s locality. Visualisation imagery
is being increasingly explored as a useful contribution to
increasing the effectiveness of communication about climate
change risks (e.g., Nicholson-Cole, 2005; Sheppard, 2005).

Overall, the psychological research reviewed here indicates that
an individual’s awareness of an issue, knowledge, personal
experience, and a sense of urgency of being personally affected,
constitute necessary but insufficient conditions for behaviour or
policy change. Perceptions of risk, of vulnerability, motivation
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and capacity to adapt will also affect behavioural change. These
perceptions vary among individuals and groups within
populations. Some can act as barriers to adapting to climate
change. Policymakers need to be aware of these barriers, provide
structural support to overcome them, and concurrently work
towards fostering individual empowerment and action.

17.4.2.5 Social and cultural barriers
Social and cultural limits to adaptation can be related to the

different ways in which people and groups experience, interpret
and respond to climate change. Individuals and groups may have
different risk tolerances as well as different preferences about
adaptation measures, depending on their worldviews, values and
beliefs. Conflicting understandings can impede adaptive actions.
Differential power and access to decision makers may promote
adaptive responses by some, while constraining them for others.
Thomas and Twyman (2005) analysed natural-resource policies
in southern Africa and showed that even so-called community-
based interventions to reduce vulnerability create excluded groups
without access to decision-making. In addition, diverse

understandings and prioritisations of climate change issues across
different social and cultural groups can limit adaptive responses
(Ford and Smit, 2004).

Most analyses of adaptation propose that successful
adaptations involve marginal changes to material circumstances
rather than wholesale changes in location and development paths.
A few studies have examined the need for and potential for
migration, resettlement and relocation as an adaptive strategy, for
example, but the cultural implications of large-scale migration are
not well understood and could represent significant limits to
adaptation. Box 17.8 presents evidence that demonstrates that,
while relocation and migration have been used as adaptation
strategies in the past, there are often large social costs associated
with these and unacceptable impacts in terms of human rights and
sustainability. The possibility of migration as a response to climate
change is still rarely broached in the literature on adaptation to
climate change, perhaps because it is entirely outside the
acceptable range of proposals (Orlove, 2005).

Although scientific research indicates that forest ecosystems
in northern Canada are among those regions at greatest risk from
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Box 17.8. Do voluntary or displacement migrations represent failures to adapt?

Migration by individuals or relocation of settlements have been discussed in various studies as a potential adaptive response
option to climate change impacts when local environments surpass a threshold beyond which the system is no longer able to
support most or all of the population. There has been, for example, discussion of the possibility that sea-level rise will make it
impossible for human populations to remain on specific islands. For instance, New Zealand has been discussed as a possible
site of relocation for the people of Tuvalu, a nation consisting of low-lying atolls in the western Pacific. Patel (2006) and Barnett
(2005) argue that there would be enormous economic, cultural and human costs if large populations were to abandon their long-
established home territories and move to new places. Sea-level rise impacts on the low-lying Pacific Island atoll states of Kiribati,
Tuvalu, Tokelau and the Marshall Islands may, at some threshold, pose risks to their sovereignty or existence (Barnett, 2001).
Barnett and Adger (2003) argue that this loss of sovereignty itself represents a dangerous climate change and that the possibility
of relocation represents a limit of adaptation.

The ability to migrate as an adaptive strategy is not equally accessible to all, and decisions to migrate are not controlled
exclusively by individuals, households, or local and state governments (McLeman, 2006). Studies in Asia and North America
(Adger et al., 2002; Winkels, 2004; McLeman and Smit, 2006) show that strong social capital can obviate the need for relocation
in the face of risk, and is also important in determining the success and patterns of migration as an adaptive strategy: the spatial
patterns of existing social networks in a community influence their adaptation to climate change. Where household social
networks are strong at the local scale, adaptations that do not lead to migration, or that lead to local-scale relocations, are more
likely responses than long-distance migration away from areas under risk. Conversely, if the community has widespread social
networks, or is part of a transnational community, then far-reaching migration is possible. McLeman and Smit (2006) show that
a range of economic, social and cultural processes played roles in shaping migration behaviour and migration patterns in
response to climate conditions and resulting long-term drought in rural eastern Oklahoma in the 1930s. While temporary migration
has often been used as a risk management response to climate variability, permanent migration may be required when physical
or ecological limits to adaptation have been surpassed.

Mendelsohn et al. (2007) examined correlations between incomes in rural districts in the United States and in Brazil, with
parameters of present climate and physical parameters of agricultural productivity. They argued that climate affects agricultural
productivity which, in turn, affects per capita income (even when this is defined as both farm and non-farm incomes for a district)
and that climatic changes that reduce productivity may have direct consequences in rural poverty. Mendelsohn et al. (2007)
therefore argue that climate change impacts in rural economies may make migration and relocation a necessary but undesirable
adaptation. Finan and Nelson (2001), however, suggest that government policies in Brazil, such as rural retirement policies, have
actually augmented household adaptive capacity and attracted young migrants back from cities. Thus migration can be
influenced by government intervention. In the case of island states, Barnett (2005) argues that adaptation should already be
deemed as unsuccessful if it has limited development opportunities.



the impacts of climate change, the social dimensions of forest-
dependent communities indicate both a limited community
capacity and a limited potential to perceive climate change as a
salient risk issue that warrants action. Climate change messages
are often associated with environmentalism and
environmentalists, who have been perceived by many residents
of resource-dependent communities as an oppositional political
force. Risk perceptions tend to be higher for women than for men,
the higher concern levels of women may either be stifled or simply
be unexpressed in a highly male-dominated environment
(Davidson et al., 2003).

Anthropological research suggests that the scale and novelty
of climate changes are not the sole determinants of degree of
impact (Orlove, 2005). Societies change their environments, and
thus alter their own vulnerability to climate fluctuations. The
experience of development of the Colorado River Basin in the
face of environmental uncertainty clearly illustrates that impacts
and interventions can reverberate through the systems in ways that
can only be partially traced and predicted (Pulwarty et al., 2005).

Accounting for future economic and social trends involves
problems of indeterminacy (imperfectly understood structures and
processes), discontinuity (novelty and surprise in social systems),
reflexivity (the ability of people and organisations to reflect on
and adapt their behaviour), and framing (legitimately-diverse
views about the state of the world) (Berkhout et al., 2002;
Pulwarty et al., 2003). Case studies reveal that there exists a
diversity of local or traditional practices for ecosystem
management under environmental uncertainty. These include rules
for social regulation, mechanisms for cultural internalisation of
traditional practices and the development of appropriate world
views and cultural values (Pretty, 2003).

Social and cultural limits to adaptation are not well researched:
Jamieson (2006) notes that a large segment of the U.S. population
think of themselves as environmentalists but often vote for
environmentally negative candidates. Although many societies are
highly adaptive to climate variability and change, vulnerability is
dynamic and likely to change in response to multiple processes,
including economic globalisation (Leichenko and O’Brien, 2002).
The Inuit, for example, have a long history of adaptation to
changing environmental conditions. However, flexibility in group
size and group structure to cope with climate variability and
unpredictability is no longer a viable strategy, due to settlement in
permanent communities. Also, memories and hunting narratives
are appearing unreliable because of rapid change. Furthermore,
there are emerging vulnerabilities, particularly among the younger
generation through lack of knowledge transfer, and among those
who do not have access to monetary resources to purchase
equipment necessary to hunt in the context of changing conditions
(Ford et al., 2006).

17.5 Conclusions

Adaptation has the potential to alleviate adverse impacts, as
well as to capitalise on new opportunities posed by climate
change. Since the TAR, there has been significant
documentation and analysis of emerging adaptation practices.

Adaptation is occurring in both the developed and developing
worlds, both to climate variability and, in a limited number of
cases, to observed or anticipated climate change. Adaptation to
climate change is seldom undertaken in a stand-alone fashion,
but as part of broader social and development initiatives.
Adaptation also has limits, some posed by the magnitude and
rate of climate change, and others that relate to financial,
institutional, technological, cultural and cognitive barriers. The
capacities for adaptation, and the processes by which it occurs,
vary greatly within and across regions, countries, sectors and
communities. Policy and planning processes need to take these
aspects into account in the design and implementation of
adaptation. The review in this chapter suggests that a high
priority should be given to increasing the capacity of countries,
regions, communities and social groups to adapt to climate
change in ways that are synergistic with wider societal goals of
sustainable development.

There are significant outstanding research challenges in
understanding the processes by which adaptation is occurring
and will occur in the future, and in identifying areas for
leverage and action by government. Many initiatives on
adaptation to climate change are too recent at the time of this
assessment to evaluate their impact on reducing societal
vulnerability. Further research is therefore needed to monitor
progress on adaptation, and to assess the direct as well as
ancillary effects of such measures. In this context there is also
a need for research on the synergies and trade-offs between
various adaptation measures, and between adaptation and other
development priorities. Human intervention to manage the
process of adaptation in biological systems is also not well
understood, and the goals of conservation are contested.
Hence, research is also required on the resilience of socio-
ecological systems to climate change. Another key area where
information is currently very limited is on the economic and
social costs and benefits of adaptation measures. In particular,
the non-market costs and benefits of adaptation measures
involving ecosystem protection, health interventions, and
alterations to land use are under-researched. Information is also
lacking on the economy-wide implications of particular
adaptations on economic growth and employment.
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Executive summary

This chapter identifies four types of inter-relationships between
adaptation and mitigation:

• Adaptation actions that have consequences for mitigation,
• Mitigation actions that have consequences for adaptation,
• Decisions that include trade-offs or synergies between

adaptation and mitigation,
• Processes that have consequences for both adaptation and

mitigation.
The chapter explores these inter-relationships and assesses their
policy relevance. It is a new chapter compared to the IPCC Third
Assessment Report and is based on a relatively small, albeit
growing, literature. Its key findings are as follows.

Effective climate policy aimed at reducing the risks of
climate change to natural and human systems involves a
portfolio of diverse adaptation and mitigation actions (very
high confidence).
Even the most stringent mitigation efforts cannot avoid further
impacts of climate change in the next few decades (Working
Group I Fourth Assessment Report, Working Group III Fourth
Assessment Report), which makes adaptation unavoidable.
However, without mitigation, a magnitude of climate change is
likely to be reached that makes adaptation impossible for some
natural systems, while for most human systems it would involve
very high social and economic costs (see Chapter 4, Section
4.6.1 and Chapter 17, Section 17.4.2). Adaptation and mitigation
actions include technological, institutional and behavioural
options, the introduction of economic and policy instruments to
encourage the use of these options, and research and
development to reduce uncertainty and to enhance the options’
effectiveness and efficiency [18.3, 18.5]. Opportunities exist to
integrate adaptation and mitigation into broader development
strategies and policies [18.6].

Decisions on adaptation and mitigation are taken at different
governance levels and inter-relationships exist within and
across each of these levels (high confidence).
The levels range from individual households, farmers and
private firms, to national planning agencies and international
agreements. Effective mitigation requires the participation of
major greenhouse-gas emitters globally, whereas most
adaptation takes place from local to national levels. The climate
benefits of mitigation are global, while its costs and ancillary
benefits arise locally. In most cases, both the costs and benefits
of adaptation accrue locally and nationally [18.1, 18.4, 18.5].
Consequently, mitigation is primarily driven by international
agreements and ensuing national public policies, possibly
complemented by unilateral and voluntary actions, whereas most
adaptation involves private actions of affected entities, public
arrangements of impacted communities, and national policies
[18.1, 18.7].

Creating synergies between adaptation and mitigation can
increase the cost-effectiveness of actions and make them

more attractive to stakeholders, including potential funding
agencies (medium confidence).
Analysis of the inter-relationships between adaptation and
mitigation may reveal ways to promote the effective
implementation of adaptation and mitigation actions together
[18.5]. However, such synergies provide no guarantee that
resources are used in the most efficient manner when seeking to
reduce the risks to climate change [18.7]. In addition, the
absence of a relevant knowledge base and of human,
institutional and organisational capacity can limit the ability to
create synergies. Opportunities for synergies are greater in some
sectors (e.g., agriculture and forestry, buildings and urban
infrastructure) but are limited in others (e.g., coastal systems,
energy, health). A lack of both conceptual and empirical
information that explicitly considers both adaptation and
mitigation makes it difficult to assess the need for and potential
of synergies in climate policy [18.3, 18.4, 18.8].

It is not yet possible to answer the question as to whether or
not investment in adaptation would buy time for mitigation
(high confidence).
Understanding the specific economic trade-offs between the
immediate localised benefits of adaptation and the longer-term
global benefits of mitigation requires information on the actions’
costs and benefits over time. Integrated assessment models
provide approximate estimates of relative costs and benefits at
highly aggregated levels, but only a few models include
feedbacks from impacts. Intricacies of the inter-relationships
between adaptation and mitigation become apparent at the more
detailed analytical and implementation levels [18.4, 18.5, 18.6].
These intricacies, including the fact that specific adaptation and
mitigation options operate on different spatial, temporal and
institutional scales and involve different actors with different
interests, beliefs, value systems and property rights, present a
challenge to designing and implementing decisions based on
economic trade-offs beyond the local scale. In particular the
notion of an ‘optimal mix’ of adaptation and mitigation is
difficult to make operational, because it requires the
reconciliation of welfare impacts on people living in different
places and at different points in time into a global aggregate
measure of well-being. [18.4, 18.7]

People’s capacities to adapt and mitigate are driven by
similar sets of factors (high confidence).
These factors represent a generalised response capacity that can
be mobilised for both adaptation and mitigation. Response
capacity, in turn, is dependent on the societal development path
chosen. Enhancing society’s response capacity through the
pursuit of sustainable development is therefore one way of
promoting both adaptation and mitigation [18.6]. This would
facilitate the effective implementation of both options, as well as
their mainstreaming into sectoral planning and development. If
climate policy and sustainable development are to be pursued in
an integrated way, then it will be important not simply to
evaluate specific policy options that might accomplish both
goals but also to explore the determinants of response capacity
that underlie those options as they relate to underlying socio-
economic and technological development paths [18.6, 18.7].
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18.1 Introduction

The United Nations Framework Convention on Climate
Change (UNFCCC) identifies two responses to climate change:
mitigation of climate change by reducing greenhouse-gas
emissions and enhancing sinks, and adaptation to the impacts of
climate change. Most industrialised countries have committed
themselves, as signatories to the UNFCCC and the Kyoto
Protocol, to adopting national policies and taking corresponding
measures on the mitigation of climate change and to reducing
their overall greenhouse-gas emissions (United Nations, 1997).
An assessment of current efforts aimed at mitigating climate
change, as presented by the Working Group III Fourth
Assessment Report (WGIII AR4), Chapter 11 (Barker et al.,
2007), shows that current commitments would not lead to a
stabilisation of atmospheric greenhouse-gas concentrations. In
fact, according to the Working Group I Fourth Assessment Report
(WGI AR4), owing to the lag times in the global climate system,
no mitigation effort, no matter how rigorous and relentless, will
prevent climate change from happening in the next few decades
(Christensen et al., 2007; Meehl et al., 2007). Chapter 1 in this
volume shows that the first impacts of climate change are already
being observed.

Adaptation is therefore unavoidable (Parry et al., 1998).
Chapter 17 (see Section 17.2 and Section 17.4) presents examples
of adaptations to climate change that are currently being observed,
but concludes that there are limits and barriers to effective
adaptation. Even if these limits and barriers were to be removed,
however, reliance on adaptation alone is likely to lead to a
magnitude of climate change in the long run to which effective
adaptation is no longer possible or only at very high social,
economic and environmental costs. For example, Tol et al. (2006)
show what would be the difficulties in adapting to a five-metre
rise in sea level in Europe. It is therefore no longer a question of
whether to mitigate climate change or to adapt to it. Both
adaptation and mitigation are now essential in reducing the
expected impacts of climate change on humans and their
environment.

18.1.1 Background and rationale

Traditionally the primary focus of international climate policy
has been on the use and production of energy. This policy focus
was reflected in the Second Assessment Report (SAR), which, in
discussing mitigation, paid relatively little attention to greenhouse
gases other than CO2 and to the potential for enhancing carbon
sinks. Likewise, it paid little heed to adaptation. Since the
publication of the SAR, the international climate policy
community has become aware that energy policy alone will not
suffice in the quest to control climate change and limit its impacts.
Climate policy is being expanded to consider a wide range of
options aimed at sequestering carbon in vegetation, oceans and
geological formations, at reducing the emissions of non-CO2
greenhouse gases, and at reducing the vulnerability of sectors and
communities to the impacts of climate change by means of
adaptation. Consequently, the Third Assessment Report (TAR)
provided a more balanced treatment of adaptation and mitigation.

The TAR demonstrated that the level of climate-change
impacts, and whether or not this level is dangerous (see Article
2 of the UNFCCC), is determined by both adaptation and
mitigation efforts (Smith et al., 2001). Adaptation can be seen as
direct damage prevention, while mitigation would be indirect
damage prevention (Verheyen, 2005). However, only recently
have policy-makers expressed an interest in exploring inter-
relationships between adaptation and mitigation. Recognising
the dual need for adaptation and mitigation, as well as the need
to explore trade-offs and synergies between the two responses,
they are faced with an array of questions (GAIM Task Force,
2002; Clark et al., 2004; see also Figure 18.1). How much
adaptation and mitigation would be optimal, when, and in which
combination? Who would decide, and based on what criteria?
Are adaptation and mitigation substitutes or are they
complementary to one another? When and where is it best to
invest in adaptation, and when and where in mitigation? What is
the potential for creating synergies between the two responses?
How do their costs and effectiveness vary over time? How do the
two responses affect, and how are they affected by, development
pathways? These are some of the questions that have led the
IPCC to include this chapter on inter-relationships between
adaptation and mitigation in its Fourth Assessment Report
(AR4).

The relevant literature to date does not provide clear answers
to the above questions. Research on adaptation and mitigation
has been rather unconnected to date, involving largely different
communities of scholars who take different approaches to
analyse the two responses. The mitigation research community
has focused strongly, though not exclusively, on technological
and economic issues, and has traditionally relied on ‘top-down’
aggregate modelling for studying trade-offs inherent in
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Figure 18.1. A schematic overview of inter-relationships between
adaptation, mitigation and impacts, based on Holdridge’s life-zone
classification scheme (Holdridge, 1947, 1967; M.L. Parry,
personal communication).



mitigation (see the WGIII AR4 (IPCC, 2007)). After a period
of conceptual introspection, the adaptation research
community has put its emphasis on local and place-based
analysis: a research approach it shares with scholars in
development studies and disaster risk reduction (Adger et al.,
2003; Pelling, 2003; Smith et al., 2003; see also Chapter 17).
In addition, adaptation is studied at the sectoral level (see
Chapters 3 to 8).

One important research effort that does consider both
adaptation and mitigation is integrated assessment modelling.
Integrated assessment models (IAMs) typically combine
energy models and sectoral impact models with climate, land-
use and socio-economic scenarios to analyse and compare the
costs and benefits of climate change and climate policy to
society (see also Chapter 2). However, climate policy in IAMs
to date is dominated by mitigation; adaptation, when
considered, is either represented as a choice between a number
of technological options or else it follows from assumptions in
the model about social and economic development (Schneider,
1997; Corfee-Morlot and Agrawala, 2004; Fisher et al., 2007).

New research on inter-relationships between adaptation and
mitigation includes conceptual and policy analysis, as well as
‘bottom-up’ studies that analyse specific inter-relationships and
their implications for sectors and communities. The latter
studies often place the implementation of adaptation and
mitigation within the context of broader development
objectives (e.g., Tompkins and Adger, 2005; Robinson et al.,

2006; Chapters 17 and 20). They complement integrated
assessment modelling by studying the factors and processes
that determine if and when adaptation and mitigation can be
synergistic in climate policy. Owing to it being a new research
field, the amount of literature is still small, although it is
growing fast. At the same time, the literature is very diverse:
there is no consensus as to whether or not exploiting inter-
relationships between adaptation and mitigation is possible,
much less desirable. Some analysts (e.g., Venema and Cisse,
2004; Goklany, 2007) see potential for creating synergies
between adaptation and mitigation, while others (e.g., Klein et
al., 2005) are more sceptical about the benefits of considering
adaptation and mitigation in tandem.

The differences in approaches between adaptation and
mitigation research, and between integrated assessment
modelling and ‘bottom-up’ studies, can create confusion when
findings published in the literature appear to be inconsistent with
one another. In assessing the literature on inter-relationships
between adaptation and mitigation, this chapter does not hide
any differences and inconsistencies that may exist between
relevant publications. As artefacts of the research approaches
that have emerged as described above, these differences and
inconsistencies reflect the current state of knowledge. To provide
as much clarity as possible from the outset definitions of
important concepts are provided in Box 18.1. Next, Section
18.1.2 summarises important differences, similarities and
complementarities between adaptation and mitigation.
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Box 18.1. Definitions of terms

This box presents chapter-specific definitions of a number of (often related) terms relevant to the assessment of inter-relationships
between adaptation and mitigation. Unless indicated otherwise, the definitions are specialisations of standard definitions found
in reputable online dictionaries (e.g., http://www.m-w.com/, http://www.thefreedictionary.com/).

Trade-off: A balancing of adaptation and mitigation when it is not possible to carry out both activities fully at the same time (e.g.,
due to financial or other constraints).

Synergy: The interaction of adaptation and mitigation so that their combined effect is greater than the sum of their effects if
implemented separately.

Substitutability: The extent to which an agent can replace adaptation by mitigation or vice versa to produce an outcome of
equal value.

Complementarity: The inter-relationship of adaptation and mitigation whereby the outcome of one supplements or depends on
the outcome of the other.

Optimality: The condition of being the most desirable that is possible under an expressed or implied restriction.

Portfolio: A set of actions to achieve a particular goal. A climate policy portfolio may include adaptation, mitigation, research and
technology development, as well as other actions aimed at reducing vulnerability to climate change.

Mainstreaming: The integration of policies and measures to address climate change in ongoing sectoral and development
planning and decision-making, aimed at ensuring the sustainability of investments and at reducing the sensitivity of development
activities to current and future climatic conditions (Klein et al., 2005).
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18.1.2 Differences, similarities and
complementarities between
adaptation and mitigation

The TAR used the following definitions of climate change
mitigation and adaptation.

• Mitigation: An anthropogenic intervention to reduce the
sources or enhance the sinks of greenhouse gases (IPCC,
2001a).

• Adaptation: Adjustment in natural or human systems in
response to actual or expected climatic stimuli or their
effects, which moderates harm or exploits beneficial
opportunities (IPCC, 2001a).

It follows from these definitions that mitigation reduces all
impacts (positive and negative) of climate change and thus
reduces the adaptation challenge, whereas adaptation is
selective; it can take advantage of positive impacts and reduce
negative ones (Goklany, 2005).

The two options are implemented on the same local or
regional scale, and may be motivated by local and regional
priorities and interests, as well as global concerns. Mitigation
has global benefits (ancillary benefits might be realised at the
local/regional level), although effective mitigation needs to
involve a sufficient number of major greenhouse-gas emitters to
foreclose leakage. Adaptation typically works on the scale of an
impacted system, which is regional at best, but mostly local
(although some adaptation might result in spill-overs across
national boundaries, for example by changing international
commodity prices in agricultural or forest-product markets).
Expressed as CO2-equivalents, emissions reductions achieved
by different mitigation actions can be compared and if the costs
of implementing the actions are known, their cost-effectiveness
can be determined and compared (Moomaw et al., 2001). The
benefits of adaptation are more difficult to express in a single
metric, impeding comparisons between adaptation efforts.
Moreover, as a result of the predominantly local or regional
effect of adaptation, benefits of adaptation will be valued
differently depending on the social, economic and political
contexts within which they occur (see Chapter 17).

The benefits of mitigation carried out today will be evidenced
in several decades because of the long residence time of
greenhouse gases in the atmosphere (ancillary benefits such as
reduced air pollution are possible in the near term), whereas
many adaptation measures would be effective immediately and
yield benefits by reducing vulnerability to climate variability.
As climate change continues, the benefits of adaptation (i.e.,
avoided damage) will increase over time. Thus there is a delay
between incurring the costs of mitigation and realising its
benefits from smaller climate change, while the time span
between expenditures and returns of adaptation is usually much
shorter. This difference is augmented in analyses adopting
positive discount rates. These asymmetries have led to a
situation whereby the initiative for mitigation has tended to stem
from international agreements and ensuing national public
policies (sometimes supplemented by community-based or
private-sector initiatives), whereas the bulk of adaptation actions
have historically been motivated by the self-interest of affected

private actors and communities, possibly facilitated by public
policies.

There are a number of ways in which adaptation and
mitigation are related at different levels of decision-making.
Mitigation efforts can foster adaptive capacity if they eliminate
market failures and distortions, as well as perverse subsidies that
prevent actors from making decisions on the basis of the true
social costs of the available options. At a highly aggregated
scale, mitigation expenditures appear to divert social or private
resources and reduce the funds available for adaptation, but in
reality the actors and budgets involved are different. Both
options change relative prices, which can lead to slight
adjustments in consumption and investment patterns and thus to
changes in the affected economy’s development pathway, but
direct trade-offs are rare. The implications of adaptation can be
both positive and negative for mitigation. For example,
afforestation that is part of a regional adaptation strategy also
makes a positive contribution to mitigation. In contrast,
adaptation actions that require increased energy use from
carbon-emitting sources (e.g., indoor cooling) would affect
mitigation efforts negatively.

18.1.3 Structure of the chapter

Based on the available literature and our current understanding
of differences, similarities and complementarities between
adaptation and mitigation (see Section 18.1.2), this chapter
distinguishes between four types of inter-relationships between
adaptation and mitigation:

• Adaptation actions that have consequences for mitigation,
• Mitigation actions that have consequences for adaptation,
• Decisions that include trade-offs or synergies between

adaptation and mitigation,
• Processes that have consequences for both adaptation and

mitigation.
The chapter is structured as follows. Section 18.2 summarises
the knowledge relevant to this chapter that was presented in the
TAR. Section 18.3 frames the challenge of deciding when, how
much, and how to adapt and mitigate as a decision-theoretical
problem, and introduces the differing roles and responsibilities
of stakeholders and the scales on which they operate. Section
18.4 then assesses the existing literature on trade-offs and
synergies between adaptation and mitigation, including the
potential costs of and damage avoided by adaptation and
mitigation, as well as regional and sectoral aspects. Following
the above typology of inter-relationships, Section 18.5 provides
examples of complementarities and differences as they appear
from the literature, thus providing an assessment of possible
elements of a climate policy portfolio. Section 18.6 presents
adaptation and mitigation within the context of development
pathways, thus providing the background against which policy-
makers and practitioners operate when acting on climate change.
Section 18.7 assesses the literature on elements for effective
implementation of climate policy that relies on inter-
relationships between adaptation and mitigation. Finally, Section
18.8 outlines information needs of climate policy and priorities
for research.



18.2 Summary of relevant knowledge in
the IPCC Third Assessment Report

Compared to the SAR, two of the Working Groups preparing
the TAR were restructured. The scope assigned to Working
Group II (WGII) was limited to impacts of climate change on
sectors and regions and to issues of vulnerability and adaptation,
while Working Group III (WGIII) was commissioned to assess
the technological, economic, social and political aspects of
mitigation. Whereas there were concerted efforts to assess links
of both adaptation and mitigation to sustainable development
(see Chapter 20, Section 20.7.3), there was little room to
consider the direct relationships between these two domains.
The integration of results and the development of policy-
oriented synthesis were therefore difficult (Toth, 2003).

The attempt to establish the foundations of the TAR Synthesis
Report (IPCC, 2001a) in the final chapters of WGII and WGIII
did not shed light on inter-relationships between adaptation and
mitigation. The WGII TAR in Chapter 19 presented “reasons for
concern about projected climate change impacts” in a summary
figure that outlines the risks associated with different magnitudes
of warming, expressed in terms of the increase in global mean
temperature. Largely based on IAMs, the WGIII TAR in Chapter
10 summarised the costs of stabilising CO2 concentrations at
different levels. These two summaries are difficult to compare
because questions as to what radiative-forcing and climate-
sensitivity parameters should be used to bridge the
concentration-temperature gap remain unanswered. Moreover,
many statements in the two Working Group Reports were
themselves distilled from a large number of reviewed studies.
Yet the generic assumptions underlying the methods, the specific
assumptions of the applications, the selected baseline values for
the scenarios, incompatible discount rates, economic growth
assumptions and many other postulations implicit in the
parameterisation of adaptation and mitigation assessments were
largely ignored or remained hidden in the Synthesis Report.

Nonetheless, the TAR presented new concepts for addressing
inter-relationships between adaptation and mitigation. Local
adaptive and mitigative capacities vary significantly across
regions and over time. Superficially they appear to be strongly
correlated because they share the same list of determinants.
However, aggregate representation across nations or social
groups of both adaptation and mitigation is misleading because
the capacity to reduce emissions of greenhouse gases and the
ability to adapt to it can deviate significantly. As the TAR
pointed out: “one country can easily display high adaptive
capacity and low mitigative capacity simultaneously (or vice
versa)” (IPCC, 2001b; see also Yohe, 2001). In a wealthy nation,
damages of climate change may fall on a small but influential
social group and the costs of adaptation can be distributed across
the entire population through the tax system. Yet, in the same
country, another small group might be hurt by mitigation policies
without the possibility to spread this burden. In addition to the
conceptual deliberations, the TAR discussed inter-relationships
between adaptation and mitigation at two levels: at the
aggregated, global and national levels, and in the context of
economic sectors and specific projects.

The WGII report pointed out that “adaptation is a necessary
strategy at all scales to complement climate change mitigation
efforts” (IPCC, 2001c), but also elaborates the complex
relationships between the two domains at various levels. Some
relationships are synergistic, while others are characterised by
trade-offs. The report noted the arguments in the literature about
the trade-off between adaptation and mitigation because
resources committed to one are not available for the other, and
also noted that this is “debatable in practice because the people
who bear emissions reduction costs or benefits often are
different from those who pay for and benefit from adaptation
measures” (IPCC, 2001c). From the dynamic perspective,
“climatic changes today still are relatively small, thus there is
little need for adaptation, although there is considerable need for
mitigation to avoid more severe future damages. By this logic,
it is more prudent to invest the bulk of the resources for climate
policy in mitigation, rather than adaptation” (IPCC, 2001c). Yet,
as the WGIII TAR noted, one has to bear in mind the
intergenerational trade-offs. The impacts of today’s climate
change investments on future generations’ opportunities should
also be considered. Investments might enhance the capacity of
future generations to adapt to climate change, but at the same
time may displace investments that could create other
opportunities for future generations (IPCC, 2001b).

Chapter 10 of the WGIII TAR outlined the iterative process
in which nations balance their own mitigation burden against
their own adaptation and damage costs. “The need for, extent
and costs of adaptation measures in any region will be
determined by the magnitude and nature of the regional climate
change driven by shifts in global climate. How global climate
change unfolds will be determined by the total amount of
greenhouse-gas emissions that, in turn, reflects nations’
willingness to undertake mitigation measures. Balancing
mitigation and adaptation efforts largely depends on how
mitigation costs are related to net damages (primary or gross
damage minus damage averted through adaptation plus costs of
adaptation). Both mitigation costs and net damages, in turn,
depend on some crucial baseline assumptions: economic
development and baseline emissions largely determine
emissions reduction costs, while development and institutions
influence vulnerability and adaptive capacity” (IPCC, 2001b).

Discussions of inter-relationships between adaptation and
mitigation are sparser at the sector/project level. Some chapters
in the WGII TAR noted the link to mitigation when discussing
climate-change impacts and adaptation in selected sectors,
primarily those related to land use, agriculture and forestry.
Chapter 5 noted that “afforestation in agroforestry projects
designed to mitigate climate change may provide important
initial steps towards adaptation” (Gitay et al., 2001). Chapter 8
emphasised sustainable forestry, agriculture and wetlands
practices that yield benefits in watershed management and
flood/mudflow control but involve trade-offs such as wetlands
restoration helping to protect against flooding and coastal
erosion, but in some cases increasing methane release (Vellinga
et al., 2001).

The WGII TAR in Chapter 12 observed the complexities in
land management in Australia and New Zealand “where control
of land degradation through farm and plantation forestry is being
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considered as a major option, partly for its benefits in controlling
salinisation and waterlogging, and possibly as a new economic
option with the advent of incentives for carbon storage as a
greenhouse mitigation measure” (IPCC, 2001c). Chapter 15
mentioned soil conservation practices (e.g., no tillage, increased
forage production, higher cropping frequency) implemented as
mitigation strategies in North America (Cohen et al., 2001). It
observed that the Kyoto Protocol mentions human-induced land-
use changes and forestry activities (afforestation, reforestation,
deforestation) as sinks of greenhouse gases for which
sequestration credits can be claimed, and that agricultural sinks
may be considered in the future. The market emerging in North
America to enhance carbon sequestration leads to land-
management decisions with diverse effects. The negative
consequences of reduced tillage implemented to enhance soil
carbon sequestration include the increased use of pesticides for
disease, insect and weed management; capturing carbon in labile
forms that are vulnerable to rapid oxidation if the system is
changed; and reduced yields and cropping management options
and increased risk for farmers. The beneficial consequences of
reduced tillage (especially no-till) are reduced input costs (e.g.,
fuel) for farmers, increased soil moisture and hence reductions
in crop-water stress in dry areas, reduction in soil erosion and
improved soil quality (IPCC, 2001c).

In chapters dealing with other sectors affected by climate-
change impacts and mitigation, less attention was paid to their
inter-relationships. The WGII TAR in Chapter 8 mentioned
energy end-use efficiency in buildings having both adaptation
and mitigation benefits, as improved insulation and equipment
efficiency can reduce the vulnerability of structures to extreme
temperature episodes and emissions. An example of the more
remote inter-relationships between adaptation and mitigation
across space and time was provided by Chapter 17. Small island
states are recognised to be vulnerable to climate change and
tourism is a major source of income for many of them. While,
over the long term, milder winters in their current markets could
reduce the appeal of these islands as tourist destinations, they
could be even more severely harmed by increased airline fares
“if greenhouse gas mitigation measures (e.g., levies and
emissions charges) were to result in higher costs to airlines
servicing routes between the main markets and small island
states” (IPCC, 2001c).

Finally, the WGII TAR in Chapter 8 drew attention to a link
between adaptation and mitigation in the Kyoto Protocol that
establishes a surcharge (‘set-aside’) on mitigation activities
implemented as Clean Development Mechanism (CDM)
projects. “One key issue is the size of the ‘set-aside’ from CDM
projects that is dedicated to funding adaptation. If this set-aside
is too large, it will make otherwise viable mitigation projects
uneconomic and serve as a disincentive to undertake projects.
This would be counterproductive to the creation of a viable
source of funding for adaptation” (IPCC, 2001c).

18.3 Decision processes, stakeholder
objectives and scale

A portfolio of actions is available for reducing the risks of
climate change, within which each option requires evaluation of
its individual and collective merits. Decision-makers at all levels
need to decide on appropriate near-term actions in the face of
the many long-term uncertainties and competing pressures, goals
and market signals. Section 18.1 identified four types of inter-
relationships between adaptation and mitigation. Investments in
mitigation may have consequences for adaptation; and
investments in adaptation may have consequences for the
emission of greenhouse gases. At the highest level of aggregation,
adaptation and mitigation are both policy substitutes and policy
complements, and may compete for finite resources. However,
this need not be the case: both adaptation and mitigation may be
considered in a policy process without invoking trade-offs, often
in the context of broader considerations of sustainable development.
This section introduces the nature of the decision problem
followed by a review of stakeholder objectives, risk and scales.

18.3.1 The nature of the decision problem

It is difficult, and perhaps counterproductive, to explore the
pay-offs from various types of investments without a conceptual
framework for thinking about their interactions. Decision
analysis provides one such framework (Raiffa, 1968; Keeney
and Raiffa, 1976) that allows for the systematic evaluation of
near-term options in light of the careful consideration of the
potential consequences (see Lempert et al., 2004; IPCC, 2007;
Keller et al., 2007; Nicholls et al., 2007; Chapter 20). The next
several decades will require a series of decisions on how best to
reduce the risks from climate change. There will be, no doubt,
opportunities for learning and mid-course corrections. The
immediate challenge facing policy-makers is to find out which
actions are currently appropriate and likely to be robust in the
face of the many long-term uncertainties.

The climate-policy decision tree can be represented as points
at which decisions are made, and the reduction of uncertainty in
the outcomes (if any) in a wide range of possible decisions and
outcomes. The first decision node represents some of today’s
investment options. How much should we invest in mitigation,
how much in adaptation? How much should be invested in
research? Once we act, we have an opportunity to learn and
make mid-course corrections. The outcomes include types of
learning that will occur between now and the next set of
decisions. The outcomes are uncertain; the uncertainty may not
be resolved but there will be new information which may
influence future actions. Hence the expression: “act, then learn,
and then act again” (Manne and Richels, 1992).

The ‘act, then learn, then act again’ framework is used here
solely to lay out the elements of the decision problem and not as
an alternative to the many analytical approaches discussed in
this Report. Indeed, it can be used to parse various approaches
for descriptive purposes, such as deterministic versus
probabilistic approaches and cost-effectiveness analysis versus
cost-benefit analysis. Decision analysis has been more widely
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applied to mitigation than to adaptation, although a robust
decision framework is suitable for analysing the array of future
vulnerabilities to climate change (Lempert and Schlesinger,
2000; Lempert et al., 2004).

18.3.2 Stakeholder roles and spatial and temporal
scales

Climate change engages a multitude of decision-makers, both
spatially and temporally. The UNFCCC, its subsidiary bodies
and Member Parties have largely focused on mitigation. More
recently, an increasing interest at the grassroots level has yielded
additional local mitigation activities. Adaptation decisions
embrace both the public and private sector, as some decisions
involve large construction projects in the hands of public-sector
decision-makers while other decisions are localised, involving
many private-sector agents.

The roles of various stakeholders cover different aspects of
inter-relationships between adaptation and mitigation.
Stakeholders may be characterised according to their
organisational structure (e.g., public or private), level of
decision-making (e.g., policy, strategic planning, or operational
implementation), spatial scale (e.g., local, national or
international), time-frame of concern (e.g., near term to long term),
and function within a network (e.g., single actor, stakeholder
regime or multi-level institution). Decisions might cover adaptation
only, mitigation only, or link adaptation and mitigation. Relatively
few public or corporate decision-makers have direct responsibility
for both adaptation and mitigation (e.g., Michaelowa, 2001). For
example, adaptation might reside in a Ministry of Environment
while mitigation policy is led by a Trade, Energy or Economic
Ministry. Local authorities and land-use planners often cover
both adaptation and mitigation (ODPM, 2004).

Stakeholders are exposed to a variety of risks, including
financial, regulatory, strategic, operational, or to their
reputations, physical assets, life and livelihoods (e.g., IRM et
al., 2002). Decision-making may be motivated by climatic risks
or climate change (e.g., climate-driven, climate-sensitive,
climate-related) although many decisions related to adaptation
and mitigation are not driven by climate change (Watkiss et al.,
2005). Risk is commonly defined as the probability times the
consequence, while uncertainty is often taken to represent
structural and behavioural factors that are not readily captured in
probability distributions (e.g., Tol, 2003; Stainforth et al., 2005).
Although this distinction between risk and uncertainty is
simplistic (see Dowie, 1999), stakeholder decision-making takes
account of many factors (Newell and Pizer, 2000; Bulkeley,
2001; Clark et al., 2001; Gough and Shackley, 2001; Rayner and
Malone, 2001; Pidgeon et al., 2003; Kasperson and Kasperson,
2005; Moser, 2005): values, preferences and motivations;
awareness and perception of climate change issues; negotiation,
bargaining and social norms; analytical frameworks, information
and monitoring systems; and relationships of power and politics.

Faced with the deep uncertainty of climate change (Manne
and Richels, 1992), stakeholders may adopt a precautionary
approach with the intention of stimulating technological (if not
social) change, rather than seeking to explicitly balance costs
and benefits (Harvey, 2006). For instance, estimates of the social

cost of carbon, one measure of the benefits of mitigation, are
sensitive to the choice of decision framework (including equity
weighting, risk aversion, sustainability considerations and
discount rates for future damages) (Downing et al., 2005; Tol,
2005b; Watkiss et al., 2005; Guo et al., 2006; Fisher et al., 2007;
see also Section 18.4.2; Chapter 20).

Criteria relating to either mitigation or adaptation, or both,
are increasingly common in decision-making. For example,
local development plans might screen housing developments
according to energy use, water requirements and preservation of
green belt (e.g., CAG Consultants and Oxford Brookes
University, 2004). Development agencies have begun to screen
their projects for relevance to adaptation and mitigation (e.g.,
Burton and vanAalst, 1999; Klein, 2001; Eriksen and Næss, 2003).

Many stakeholders link climate, development and
environmental policies by, for example, linking energy
efficiency (related to mitigation) to sustainable communities or
poverty reduction (related to adaptation). For example, the
World Bank’s BioCarbon Fund and Community Development
Carbon Fund include provision for buyers to ensure that carbon
offsets also achieve development objectives (World Bank,
undated). The Gold Standard for CDM projects also ensures that
projects support sustainable development (Carbon International,
undated). Preliminary work suggests that there may be a modest
trade-off between cost-effective emissions reductions and the
achievement of other sustainable development objectives; that
is, more expensive projects per emissions reduction unit tend to
contribute more to sustainable development than cheaper
projects (Nagai and Hepburn, 2005).

The nature of adaptation and mitigation decisions changes over
time. For example, mitigation choices have begun with relatively
easy measures such as adoption of low-cost supply and demand-
side options in the energy sector (such as passive solar) (see
Levine et al., 2007). Through successful investment in research
and development, low-cost alternatives should become available
in the energy sector, allowing for a transition to low-carbon-
venting pathways. Given the current composition of the energy
sector, this is unlikely to happen overnight but rather through a
series of decisions over time. Adaptation decisions have begun to
address current climatic risks (e.g., drought early-warning
systems) and to be anticipatory or proactive (e.g., land-use
management). With increasing climate change, autonomous or
reactive actions (e.g., purchasing air-conditioning during or after
a heatwave) are likely to increase. Decisions might also break
trends, accelerate transitions and mark substantive jumps from
one development or technological pathway to another (e.g.,
Martens and Rotmans 2002; Raskin et al., 2002a, b).

Inter-relationships between adaptation and mitigation also
vary according to spatial and social scales of decision-making.
Adaptation and mitigation may be seen as substitutes in a policy
framework at a highly aggregated, international scale: the more
mitigation is undertaken, the less adaptation is necessary and
vice versa. Resources devoted to mitigation might impede socio-
economic development and reduce investments in adaptive
capacity and adaptation projects (e.g., Kane and Shogren, 2000).
This scale is inherent in the analysis of global targets (see
Section 18.4).
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National and sub-national decision-making is often a mixture
of policy and strategic planning. The adaptation-mitigation trade-
off is problematic at this scale because the effectiveness of
mitigation outlays in terms of averted climate change depends on
the mitigation efforts of other major greenhouse-gas emitters.
However, adaptation criteria can be applied to mitigation projects
or vice versa (Dang et al., 2003). A national policy example of
synergies might be a new water law that requires metered use,
enabling water companies to adjust their charges in anticipation of
scarcity and conserve energy through demand-side measures. This
policy would then be implemented in strategic plans by water
companies and environment agencies at a sub-national level.

On the operational scale of specific projects, there may be
trade-offs or synergies between adaptation and mitigation.
However, the majority of projects are unlikely to have strong
links, although this remains as a key uncertainty. Certainly there
are many adaptive actions that have consequences for mitigation,
and mitigation actions with consequences for adaptation.

The inter-relationships between adaptation and mitigation
also cross scales (Rosenberg and Scott, 1995; Cash and Moser,
2000; Young, 2002). A policy framework is often seen as
essential in driving strategic investment and operational projects
(e.g., Grubb et al., 2002; Grubb, 2003) for technological
innovation. Operational experience can be a precursor to
developing sound strategies and policies (one of the motivations
for early corporate experiments in carbon trading). In many
cases the results of action at one scale have implications at
another scale (e.g., local adaptation decisions that increase
greenhouse-gas emissions, or national carbon taxes that change
local resource use).

18.4 Inter-relationships between adaptation
and mitigation and damages avoided

This section presents the main insights emerging from global
integrated assessments implemented in different decision-
analytical frameworks on trade-offs and synergies between
adaptation and mitigation and on avoided damages. This is
complemented by lessons from regional and sectoral studies.
Principles and technical details of the methods used by the
studies reported here are presented in Chapter 2.

18.4.1 Trade-offs and synergies in
global-scale analysis

Analysts working on global-scale climate analyses remain
apart in their formulation of the inter-relationships between
adaptation and mitigation. Some consider them as substitutes and
seek the optimal policy mix, while others emphasise the diversity
of impacts (with little scope for adaptation in some sectors) and
the asymmetry of social actors who need to mitigate versus those
who need to adapt (Tol, 2005a). Yet others maintain that
adaptation is the only available option for reducing climate-
change impacts in the short to medium term, while the long term
has a mix of adaptation and mitigation (Goklany, 2007). Note that
these positions are not contradictory; they just emphasise different
aspects of the same problem.

Cost-benefit analyses (CBAs) are phrased as the trade-off
between mitigation costs, on the one hand, and adaptation costs
and residual damages on the other. As a recent example, Nordhaus
(2001) estimates the economic impact of the Kyoto-Bonn Accord
with the RICE-2001 model. Without the participation of the USA,
the resulting emissions path remains below the efficient reduction
policy (which equates estimated marginal costs and benefits of
emissions reductions) whereas the original Kyoto Protocol
implied abatement that is more stringent than would be suggested
by this CBA. Note that RICE-2001, like all models, has
assumptions, simplifications and abstractions that affect the
results. Nonetheless, this is a common finding in the cost-benefit
literature, driven primarily by relatively low estimates of the
marginal damage costs (Tol, 2005b). Cost-benefit models are
recognised by many as sources of guidance on the magnitude and
rate of optimal climate policy (for a wide range of definitions of
what is ‘optimal’ see Azar, 1998; Brown, 1998; Tol, 2001, 2002;
Chapter 2), while others criticise them for ignoring the sectoral
(economic and social), spatial and temporal distances between
those who need to mitigate versus those who need to adapt to
climate change. CBA requires conversion of many different
damages to a common metric through monetisation, for example,
by polling people’s values of different benefits, and the use of
discount rates, which is controversial over long time-scales like
those of climate change but common practice for other issues.
Discounting implies that long-time-scale Earth-system transitions,
such as melting of ice sheets, slowdown of the thermohaline
circulation or the release of methane, have small weight in a CBA
and therefore tend to attach little weight to adaptation costs (see
also Chapter 17).

CBA is a special form of multi-criteria analysis. In both cases,
policies are judged on multiple criteria, but in CBA all are
monetised, while multi-criteria analyses use a range of
mathematical methods to make trade-offs explicit and resolve
them. Multi-criteria analysis has relatively few applications to
climate policy (e.g., Bell et al., 2003; Borges and Villavicencio,
2004), although it is more common for adaptation (e.g., the
National Adaptation Programmes of Action).

The Tolerable Windows Approach (TWA) adopts a different
approach to integrating mitigation and impact/adaptation concerns
and deals with adaptation indirectly in the applications. The
ICLIPS (Integrated assessment of CLImate Protection Strategies)
model identifies fields of long-term greenhouse-gas emissions
paths that prevent rates and magnitudes of climate change leading
to regional or sectoral impacts without imposing excessive
mitigation costs on societies, either of which stakeholders might
consider unacceptable or intolerable. This ‘relaxed’ cost-benefit
framework can be used to explore trade-offs between climate
change or impact constraints, on the one hand, and mitigation cost
limits in terms of the existence and size of long-term emissions
fields, on the other hand. For any given impact constraint,
increasing the acceptable consumption loss due to emissions-
abatement expenditures increases the emissions field and allows
higher near-term emissions but involves higher mitigation rates
and costs in later decades. Conversely, for any given mitigation
cost limit, increasing the tolerated level of climate impact also
enlarges the emissions field and allows higher near-term emissions
(Toth et al., 2002, 2003a, b). This formulation allows the
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exploration of side-payments for enhancing adaptation in order to
tolerate impacts from larger climate change. The TWA is helpful
in exploring the feasibility and implications of crucial social
decisions (acceptable impacts and mitigation costs) but, unlike
CBA, it does not propose an optimal policy.

Cost-effectiveness analyses (CEAs) depict a rather remote
relationship between adaptation and mitigation. They implicitly
assume that some sort of a global climate change target can be
agreed upon that would keep all climate-change impacts at the
level that can be managed via adaptation or taken as ‘acceptable
losses’. Or, cost-effectiveness analyses consider a range of
hypothetical targets, but remain silent on the appropriateness of
these targets. Global CEAs have proliferated since the publication
of the TAR (e.g., Edmonds et al., 2004). In addition to exploring
least-cost strategies to stabilise CO2 concentrations, CEAs are
applied to analysing the stabilisation of radiative forcing (e.g., Van
Vuuren et al., 2006) and global mean temperature (Richels et al.,
2004). While most analyses are deterministic in the sense that they
implicitly assume that we know the true state of the world, there
is also a body of literature that models the ‘act, then learn, then act
again’nature of the decision problem, but primarily for mitigation
decisions. See the WGIII AR4 Chapter 3 for details (Fisher et al.,
2007).

The competition of adaptation measures, mitigation measures
and non-climate policies for a finite budget has not been studied
in much detail. Schelling (1995) questions whether the money that
developed countries’ governments plan to spend on greenhouse-
gas emissions reduction, ostensibly to the benefit of the children
and grandchildren of the people in developing countries, cannot be
spent to greater benefit. As a partial answer to that question, Tol
(2005c) concluded that development aid is a better mechanism to
reduce climate-change impacts on infectious disease (e.g.,
malaria, the best-studied health impact) than is emissions
abatement. This analysis implies that the concern about increases
in these infectious diseases is not a valid argument for greenhouse-
gas emissions reduction (there are of course other arguments for
abatement). The same study also shows that this result does not
carry over to other impacts. More broadly, Goklany (2003, 2005)
shows that the contribution of climate change to hunger, malaria,
coastal flooding and water stress (as measured by the population
at risk for these hazards) is usually small compared with the
contribution of non-climate-change-related factors. He argues that,
through the 2080s at least, efforts to reduce vulnerability would be
far more cost-effective in reducing these problems than would any
mitigation scheme. Other studies estimate the change in
vulnerability to climate change due to emissions abatement; for
instance, a shift to wind and water power or biofuels would reduce
carbon dioxide emissions, but increase exposure to the weather
and climate (e.g., Dang et al., 2003).

Some studies estimate the change in greenhouse-gas emissions
due to adaptation to the impacts of climate change (Berrittella et
al., 2006, for tourism; Bosello et al., 2006, for health). They find
that emissions increase in some places and some sectors (making
mitigation harder), and decrease elsewhere (making mitigation
easier). The disaggregated effects are small compared with the
projected growth in emissions, while the net effect is negligible.
Similarly, Fankhauser and Tol (2005) show that the impact of
climate change on the growth of the economy and greenhouse-

gas emissions is small compared with the economy as a whole
and because economic adjustment processes would dampen the
impact. Note that they only include those climate-change impacts
that affect economic performance; they do not use monetisation
techniques. Fisher et al. (2006) reach a similar conclusion for
population projections, because the net increase in mortality is
small. As there are so few studies, focusing on a few sectors only,
these conclusions are preliminary.

Although some industries (e.g., wind farm and solar panel
manufacturing) may benefit, emissions reduction is likely to slow
economic growth, but this effect is probably small if smart
abatement policies are used (Weyant, 2004; Barker et al., 2007;
Fisher et al., 2007). However, small economic losses in the
member states of the Organisation for Economic Co-operation
and Development (OECD) may be amplified in poor exporters of
primary products (i.e., many African countries). Tol and
Dowlatabadi (2001) use this mechanism to demonstrate an
interesting trade-off between adaptation and mitigation. Taking
malaria as a climate-related disease, they observe that countries
with an average annual income per capita of US$3,000 or more do
not report significant deaths from malaria and that all world
regions surpass this threshold by 2085 in most IPCC IS92
scenarios (IPCC, 1992). Progressively more ambitious emissions
reductions in OECD countries gradually decrease the cumulative
malaria mortality if one considers only the impact side; that is, the
biophysical effects of climate-change mitigation on malaria
prevalence. However, if the economic effects of mitigation efforts
(i.e., the slower rate of economic growth) are also taken into
account, then, according to the FUND model, the malaria-
mortality improvements due to slower global warming will be
gradually eliminated and eventually surpassed by the losses due
to the reduced rate of income growth, unless health care
expenditures are decoupled from economic growth. Note that
FUND has somewhat high costs of emissions reduction (see the
SAR), and also assumes a large impact of slowed growth in the
OECD on the rest of the world. Barker et al. (2002), Weyant
(2004), Edenhofer et al. (2006), Köhler et al. (2006) and Van
Vuuren et al. (2006) show that there is a wide range of estimates
of mitigation impacts on economic growth, but these studies did
not explore the link between mitigation and vulnerability. In fact,
the impact of mitigation on adaptive capacity has not been studied
with any other model. More generally, the capacity to adapt to
climate change is related to development status, although the two
are not the same (Yohe and Tol, 2002; Tompkins and Adger,
2005). The earlier studies used ‘adaptive capacity’ and
‘development’ in a generic and broad sense. Tol and Yohe (2006)
use more specific indicators of adaptive capacity and development
without changing the general conclusion. Emissions reduction
policies that hamper development would increase vulnerability
and could increase impacts (Tol and Yohe, 2006). Based on this
contingency, Goklany (2000b) argues that aggressive mitigation
would fall foul of the precautionary principle.

The literature assessed in this sub-section indicates that initial
studies tended to focus on the relationship between mitigation and
damages avoided, but our knowledge of this subject is still limited
and more research needs to be undertaken. More recently, the
literature has begun to focus on the relationship between
adaptation and damages avoided. Ultimately, better knowledge
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about the interaction between adaptation and mitigation actions
in terms of damages avoided would be useful. However, such
research is at a very rudimentary stage. Moreover, large-scale
modelling of adaptation-mitigation feedbacks is needed but still
lacking. A necessary first step will be improved modelling of
feedbacks from impacts, which is currently immature in most
long-term global integrated assessment modelling. Adaptation
modelling can follow with modelling structures that permit the
reallocation of production factors and budgets in response to the
changing climate. The adaptation responses therefore redefine the
circumstances for mitigation. However, current impact modelling
capability is undeveloped and modelling of adaptation responses
to climate-change impacts has only just begun. In the above
assessment we do not distinguish adaptation by actors (e.g.,
individuals, government departments) as the conclusions
generally hold for all types of adaptation.

18.4.2 Consideration of costs and damages avoided
and/or benefits gained

Various approaches have been taken since the TAR to
estimate the size of climate change damages that can be avoided
by emissions reduction. Among the global integrated
assessments reviewed in the previous sub-section, cost-
effectiveness models (by far the most widely used decision
analysis framework) do not include impacts, hence they cannot
measure avoided damages either. In contrast, CBAs of
greenhouse-gas emissions reduction (e.g., Nordhaus, 2001)
necessarily estimate the avoided damages of climate change but
rarely report them. Economic assessments of marginal damage
costs (e.g., the incremental impact of an additional tonne of
carbon emissions) provide a means of comparing damages
avoided with marginal abatement costs. Such studies typically
cover a range of sectors and report damage functions and
estimates for scenarios of climate change, and increasingly
reference scenarios of socio-economic vulnerability.

Tol (2005b) reviewed the avoided-damage literature,
including 103 estimates from 28 papers published from 1991 to
2003. Some of the reviewed estimates include only a few
impacts; other estimates include a wide range of impacts,
including low-probability/high-impact scenarios (see Chapter
20 for further discussion). Tol (2005b) finds that most studies
(72% when quality-weighted) point to a marginal damage cost
of less than US$50 per tonne carbon (/tC). He also finds a
systematic, upward bias in the grey literature. For instance, the
95th percentile falls from US$350/tC to US$245/tC if estimates
that were not peer-reviewed are excluded. For a 5% discount
rate, a value used by many governments (Evans and Sezer,
2004), the median estimate is only US$7/tC; for a 3% discount
rate, it is US$33/tC.

Downing et al. (2005) updated the Tol (2005b) analysis to a
2005 base year: the very likely range of estimates runs from
−US$10 to +US$350/tC; peer-reviewed estimates have a mean
value of US$43/tC with a standard deviation of US$83/tC.
Incorporating results from FUND (2005 version) and
PAGE2002, Downing et al. (2005) find that £35/tC (at year 2000
values, or US$56/tC) is a credible lower benchmark for the
social cost of carbon (as identified by the UK Government in

Clarkson and Deyes, 2002). In FUND, with the Green Book
discounting scheme and equity weighting, there is about a 40%
chance that the social cost of carbon exceeds £35/tC. Estimates
of the central tendency (whether the average or median) or upper
benchmark were not agreed in that assessment, due to the
limitations in our knowledge of climate impacts and the critical
role of the decision perspective (see Section 18.5).

Stern (2007), including a higher level of risk of adverse
impacts that are poorly represented in existing models and
accepting a public policy framework that includes low
discounting of the future, reports a social cost of carbon of
US$304/tC (US$85/tCO2, at pounds sterling 2005 values) from
the PAGE2002 model. The range of estimates is quite large and
Stern (2007) acknowledges that his central estimate is higher
than most studies and is “keenly aware of the sensitivity of
estimates to the assumptions that are made”.

Note that the estimates of avoided damages are highly
uncertain. A survey of fourteen experts in estimating the social
cost of carbon rated their estimates as low confidence, due to
the many gaps in the coverage of impacts and valuation studies,
uncertainties in projected climate change, choices in the decision
framework and the applied discount rate (Downing et al., 2005).

The marginal damage cost only gives the value of the last unit
of the damage avoided, not the total avoided damage, which is
seldom estimated (see the literature review and papers in Corfee-
Morlot and Agrawala, 2004). Nonetheless, as a first
approximation of the avoided damages, one should multiply the
tonnes of carbon emissions reduced by the marginal damage cost.

Several studies have attempted to calculate total economic
damages from disparate impact studies. Warren (2006) reports a
long list of ecosystem impacts at 2°C warming and below,
billions of people at risk from water stress (without adaptation)
and political tension in Russia. As the impact estimates are taken
from different studies, with different models and different
scenarios, this method introduces additional uncertainties: the
difference in impact may be due to different warming scenarios,
but also due to differences in models, data, economic scenarios
and even subject and area of study. Furthermore, it is difficult to
compare how impacts change with additional degrees of climate
change, although the work does suggest that there are an
increasing number of negative impacts at higher temperatures.
Warren’s (2006) study is often qualitative and it is unclear
whether the studies are representative of the literature (or the
population of affected sectors), or whether adaptation is included.
On avoidable damage, this study paints a bleak picture. At 2°C
warming, which may be difficult to avoid, 97% of coral reefs and
100% of Arctic sea ice would be lost. Avoided damage is
therefore less than 3% of coral reefs, and no Arctic sea ice. Hare
(2006) also offers impact estimates for various warming
scenarios, with the same limitations as for Warren (2006). Hitz
and Smith (2004) review damage functions related to global
mean temperature but do not aggregate to overall damages.
Arnell et al. (2002) and Parry et al. (2004) use internally
consistent models and scenarios, and report numbers for avoided
damages, measured in millions of people at risk. Water resources
and malaria dominate their results, but the underlying models do
not account for adaptation and keep socio-economic development
at 1990 levels, although populations grow.
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Relatively few studies have documented damages avoided in
terms of specific mitigation scenarios. Bakkenes et al. (2006)
study the implications of different stabilisation scenarios on
European plant diversity. Mitigation is not considered, even
though biofuels and carbon plantations would substantially
affect vegetation. Under the A1B scenario, plants would lose on
average 29% of their current habitat by 2100, with a range
between species from 10% to 53%. Stabilisation at 650 ppm
would limit this to 22% (6-42%), and at 550 ppm to 18% (5-
37%). With unmitigated climate change, nine plant species
would disappear from Europe, but eight new ones would appear.
Stabilisation would limit the number of plant disappearances
from nine to eight species. In all five studies, adaptation (except
in some parts of the Parry study) and the effects of mitigation on
impacts are not included (see Section 18.4.1). Nicholls and
Lowe (2004) estimate the avoided impact of sea-level rise due
to mitigation. Because sea level responds so slowly to global
warming, avoided impacts are small, at least over the 21st
century. Nicholls and Lowe (2004) ignore the costs of emissions
reduction; Tol (2007) shows that the bias is negligible for
coastal-zone impacts. Nicholls and Lowe (2004, 2006) argue
that adaptation and mitigation should be applied together for
coastal zones, with mitigation to minimise the future
commitment to sea-level rise and adaptation to adapt to the
inevitable changes. Nicholls and Tol (2006) and Nicholls et al.
(2007) also explore the economic impacts of sea-level rise.

Tol and Yohe (2006), using the integrated assessment model,
Climate Framework for Uncertainty, Negotiation and
Distribution (FUND), conclude that the most serious impacts of
climate change can be avoided at an 850 ppm CO2-equivalent
stabilisation target for greenhouse-gas concentrations, and that
incrementally avoided damages get smaller and smaller as one
moves to more stringent stabilisation targets. For a 450 ppm
CO2-equivalent stabilisation target, climate-change impacts may
actually increase as the reduction of sulphur emissions may lead
to warming and as abatement costs slow growth and increase
vulnerability. However, FUND includes a wide range but not all
impacts, represents impacts in a reduced form, does not capture
discontinuities or interactions between impacts, models climate
change as being smooth, and does not include the ancillary
benefits of reductions in sulphur. Other models also find that
climate policy would reduce sulphur emissions to levels below
what is required for acidification policy (e.g., Van Vuuren et al.,
2006). Other integrated assessment models have yet to produce
comparable analyses.

Abatement may, but need not, reduce the probability of
extreme climate scenarios, such as a shut-down of the
thermohaline circulation (Gregory et al., 2005) and a collapse
of the West Antarctic ice sheet (Vaughan and Spouge, 2002).
The few studies on the effects of drastic sea-level rise show large
impacts (Schneider and Chen, 1980; Nicholls et al., 2005; Tol et
al., 2006) but opinions on the impacts of a thermohaline
circulation shut-down are divided (Rahmstorf, 2000; Link and
Tol, 2004).

Additional assessments of damages avoided by mitigation are
also provided in other chapters of this report. Chapter 20 finds
that estimates of the social cost of carbon expand over at least
three orders of magnitude and notes that globally aggregated

figures are likely to underestimate the full costs, masking
differences in impacts across sectors and regions/countries. It
concludes that “it is very likely that climate change will result in
net costs into the future, aggregated across the globe and
discounted to today; it is very likely that these costs will grow
over time”. The WGIII AR4 in Chapter 3 (Fisher et al., 2007)
observes that most (but not all) analyses which use monetisation
suggest that social costs of carbon are positive, but the range of
values is wide and is strongly dependent on modelling
methodology, value judgements and assumptions. It concludes
that large uncertainties persist, related to the cost of mitigation,
the efficacy of adaptation, and the extent to which the negative
impacts of climate change, including those related to rate of
change, can be avoided. See Box 18.2 for a summary of the
WGIII AR4 conclusions on damages avoided with different
stabilisation scenarios.

Overall, there are only a few studies that estimate the avoided
impacts of climate change by emissions reduction. Some of these
studies ignore adaptation and mitigation costs. Many published
studies of damages in sectors that are quantified in economic
models (but mostly market-based costs and related to incremental
projections of temperature) and with discount rates commonly used
in economic decision-making (e.g., 3% or higher) lead to low
estimates of the social cost of carbon. In general, confidence in
these estimates is low. The paucity of evidence is disappointing,
as avoiding impacts is presumably a major aim of climate policy.
CBAs of climate change implicitly estimate avoided damages and
suggest that these do not warrant very stringent emissions reduction
(see Section 18.4.1). Similarly, although ecosystem impacts may be
large, avoidable impacts may be much smaller. With few high-
quality studies, confidence in these findings is low. This is a clear
research priority. The use of the social cost of carbon in decision-
making on mitigation also warrants further exploration.

18.4.3 Inter-relationships within regions and sectors

Considering the details of specific adaptation and mitigation
activities at the level of regions and sectors shows that adaptation
and mitigation can have a positive and negative influence on
each other’s effectiveness. The nature of these inter-relationships
(positive or negative) often depends on local conditions.
Moreover, some inter-relationships are direct, involving the
same resource base (e.g., land) or stakeholders, while others are
indirect (e.g., effects through public budget allocations) or
remote (e.g., shifts in global trade flows and currency exchange
rates). This section focuses on direct inter-relationships. Broader
inter-relationships between adaptation and mitigation are
discussed in other parts of this chapter and in Chapter 20 related
to sustainable development.

Mitigation affecting adaptation
Land-use and land-cover changes involve diverse and

complex inter-relationships between adaptation and mitigation.
Deforestation and land conversion have been significant sources
of greenhouse-gas emissions for decades while often resulting in
unsustainable agricultural production patterns. Abating and
halting this process by incentives for forest conservation and
increasing forest cover would not only avoid greenhouse-gas
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emissions, but would also result in benefits for local climate,
water resources and biodiversity.

Carbon sequestration in agricultural soils offers another
positive link from mitigation to adaptation. It creates an
economic commodity for farmers (sequestered carbon) and
makes the land more valuable by improving soil and water
conservation, thus enhancing both the economic and
environmental components of adaptive capacity (Boehm et al.,
2004; Butt and McCarl, 2004; Dumanski, 2004). The stability of
these sinks requires further research, and effective monitoring
is also a challenge.

Afforestation and reforestation have been advocated for
decades as important mitigation options. Recent studies reveal a
more differentiated picture. Competition for land by mitigation
projects would increase land rents, and thus commodity prices,
thereby improving the economic position of landowners and
enhancing their adaptive capacity (Lal, 2004). However, the
implications of reforestation projects for water resources depend
heavily on the species composition and the geographical and
climatic characteristics of the region where they are
implemented. In regions with ample water resources even under
a changing climate, afforestation can have many positive effects,
such as soil conservation and flood control. In regions with few
water resources, intense rainfalls and long spells of dry weather,

forests increase average water availability. However, in arid and
semi-arid regions, afforestation strongly reduces water yields
(UK FRP, 2005). This has direct and wide-ranging negative
implications for adaptation options in several sectors such as
agriculture (irrigation), power generation (cooling towers) and
ecosystem protection (minimum flow to sustain ecosystems in
rivers, wetlands and on river banks).

Bioenergy crops are receiving increasing attention as a
mitigation option. Most studies, however, focus on technology
options, costs and competitiveness in energy markets and do not
consider the implications for adaptation. For example,
McDonald et al. (2006) use a global computed general
equilibrium model and find that substituting switchgrass for
crude oil in the USA would reduce the gross domestic product
(GDP) and increase the world price of cereals, but they do not
investigate how this might affect the prospects for adaptation in
the USA and for world agriculture. This limitation in scope
characterises virtually all bioenergy studies at the regional and
sectoral scales, but substantial literature on adaptation-relevant
impacts exists at the project level (e.g., Pal and Sharma, 2001;
see Section 18.5 and Chapter 17).

Another possible conflict between adaptation and mitigation
might arise over water resources. One obvious mitigation option
is to shift to energy sources with low greenhouse-gas emissions
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Box 18.2. Analysis of stabilisation scenarios

The WGIII AR4, in Chapter 3 (Section 3.5.2), looks across findings of the WGI and WGII AR4 to relate the long-term emissions
scenarios literature to climate-change impact risks at different levels of global mean temperature change based on key
vulnerabilities (as defined in Chapter 19). It builds on the WGI AR4 findings, which outline the probabilities of exceeding various
global mean temperatures at different concentration levels (Tables 3.9 and 3.10 in Fisher et al., 2007). The relationships are based
on a key finding of the WGI AR4 that there is at least an 83% probability for climate sensitivity to be at or below 4.5°C, while the
best estimate is for climate sensitivity to be 3°C. The WGIII AR4 organises the stabilisation scenarios literature by the level of
stringency of the scenario, setting out six groups (I-VI) that cover the full range of more to less stringent global warming objectives,
in the form of concentrations (ppm) or radiative forcing (W/m2). Table 3.9 uses the WGI AR4 findings to relate increases in global
mean temperature to concentration targets, while Table 3.10 relates these outcomes to the emissions pathways associated with
alternative stabilisation scenarios. (An important caveat is that these relationships do not consider possible additional CO2 and
CH4 releases from Earth-system feedbacks and thus may underestimate required emissions reductions.)

Regarding climate-change impact risks and key vulnerabilities, this literature is organised around increase in global mean
temperature. Chapter 19 shows that the following benefits would accrue from constraining temperature rise to 2°C above 1990:
• lowering the risk of widespread deglaciation of the Greenland ice sheet**;
• avoiding large-scale transformation of ecosystems and degradation of coral reefs***;
• preventing terrestrial vegetation becoming a carbon source*/**, constraining species extinction to between 10% and 40%*,
and preserving many unique habitats (see Chapter 4, Table 4.1 and Figure 4.5);

• preventing flooding, drought and water-quality declines***, global net declines in food production*/•, and more intense fires**.

Other benefits of this constraint include reducing the risks of extreme weather events**, and of at least partial deglaciation of the
West Antarctic ice sheet (WAIS)* (see Chapter 19, Section 19.3.7). By comparison, constraining temperature change to not more
than 3°C above 1990 levels will still avoid commitment to widespread deglaciation of theWAIS* and commitment to possible shut-
down of the Meridional Overturning Circulation/• but results in significantly lower avoided risks and impacts in most other areas
(Chapter 19, Section 19.3.7).

(Confidence ratings are as provided by WGII Chapter 19 authors: /• = low confidence, * = medium, ** = high,
and *** = very high confidence.)



such as small hydropower. In regions where hydropower
potentials are still available, and also depending on the current
and future water balance, this would increase the competition
for water, especially if irrigation might be a feasible strategy to
cope with climate-change impacts in agriculture and the demand
for cooling water by the power sector is also significant. This
reconfirms the importance of integrated land and water-
management strategies to ensure the optimal allocation of scarce
natural resources (land, water) and economic investments in
climate-change adaptation and mitigation and in fostering
sustainable development.

Hydropower leads to the key area of mitigation: energy
sources and supply, and energy use in various economic sectors
beyond land use, agriculture and forestry. Direct implications of
mitigation efforts on adaptation in the energy, transport,
residential/commercial and industrial sectors have been largely
ignored so far. Yet, to varying degrees, energy is an important
factor in producing goods and providing services in many
sectors of the economy, as outlined in the discussion about the
importance of energy to achieve the Millennium Development
Goals in the WGIII AR4, Chapter 2 (Halsnaes et al., 2007).
Reducing the availability or increasing the price of energy
therefore has inevitable negative effects on economic
development and thus on the economic components of adaptive
capacity. The magnitude of this effect is uncertain. Peters et al.
(2001) find that high-level carbon charges (US$200/tC in 2010)
affect U.S. agriculture modestly if they are measured in terms
of consumer and producer surpluses (reductions by less than
half a percent relative to baseline values). However, the decline
of net cash returns is more significant (4.1%) and the effects
are rather uneven across field crops and regions. Recent studies
on the implications for adaptation (capacity and options)
indicate that such changes may imply larger policy shifts; for
example, towards protection of the most vulnerable (Adger et
al., 2006).

The most important indirect link from mitigation to adaptation
is through biodiversity, an important factor influencing human
well-being in general and the coping options in particular (see
MEA, 2005). After assessing a large number of studies, IPCC
(2002) concluded that the implications for biodiversity of
mitigation activities depend on their context, design and
implementation, especially site selection and management
practices. Avoiding forest degradation implies in most cases both
biodiversity (preservation) and climate (non-emissions) benefits.
However, afforestation and reforestation may have positive,
neutral or negative impacts, depending on the level of
biodiversity of the ecosystems that will be replaced. By using an
optimal-control model, Caparros and Jacquemont (2003) find that
putting an economic value on carbon sequestered by forest
management does not induce much negative influence on
biodiversity, but incentives to sequester carbon by afforestation
and reforestation might harm biodiversity due to the over-
plantation of fast-growing alien species.

These studies demonstrate the intricate inter-relationships
between adaptation and mitigation, and also the links with other
environmental concerns, such as water resources and
biodiversity, with profound policy implications. The land-use
and forestry mitigation options in the Marrakesh Accords may

provide new markets for countries with abundant land areas but
may alter land allocation to the detriment of the landless poor in
regions where land is scarce. They present an opportunity for
soil and biodiversity protection in regions with ample water
resources but may reduce water yields and distort water
allocation in water-stressed regions. Accordingly, depending on
the regional conditions and the ways of implementation, these
implications can increase or reduce the scope for adaptation to
climate change by promoting or excluding effective, but more
expensive, options due to increased land rents, by supporting or
precluding forms and magnitudes of irrigation due to, for
example, higher water prices.

Adaptation affecting mitigation
Many adaptation options in different impact sectors are

known to involve increased energy use and hence interfere with
mitigation efforts if the energy is supplied from carbon-emitting
sources. Two main types of adaptation-related energy use can
be distinguished: one-time energy input for building large
infrastructure (materials and construction), and incremental
energy input needed continuously to counterbalance climate
impacts in providing goods and services. Furthermore, rural
renewable electrification can have both huge emissions
implications (WEA, 2000) and adaptation implications (Venema
and Cisse, 2004).

The largest amount of construction work to counterbalance
climate-change impacts will be in water management and in
coastal zones. The former involves hard measures in flood
protection (dykes, dams, flood control reservoirs) and in coping
with seasonal variations (storage reservoirs and inter-basin
diversions), while the latter comprises coastal defence systems
(embankment, dams, storm surge barriers). Even if these
construction projects reach massive scales, the embodied energy,
and thus the associated greenhouse-gas emissions, is likely to
be merely a small proportion of the total energy use and energy-
related emissions in most countries (adaptation-related
construction comprises only a small part of total annual
construction, and the construction industry itself represents a
small part in the annual energy balances of most countries).

The magnitude and relative share of sustained adaptation-
related energy input in the total energy balance depends on the
impact sector. In agriculture, the input-related (CO2 in
manufacturing) and the application-related (N2O from fields)
greenhouse-gas emissions might be significant if the increased
application of nitrogen fertilisers offers a convenient and
profitable solution to avoid yield losses (McCarl and Schneider,
2000). Operating irrigation works and pumping irrigation water
could considerably increase the direct energy input, although,
where available, the utilisation of renewable energy sources on-
site (wind, solar) can help avoid increasing greenhouse-gas
emissions.

Adaptation to changing hydrological regimes and water
availability will also require continuous additional energy input.
In water-scarce regions, the increasing reuse of wastewater and
the associated treatment, deep-well pumping, and especially
large-scale desalination, would increase energy use in the water
sector (Boutkan and Stikker, 2004). Yet again, if provided from
carbon-free sources such as nuclear desalination (Misra, 2003;
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Ayub and Butt, 2005), even energy-intensive adaptation
measures need not run counter to mitigation efforts.

Ever since the early climate impact studies, shifts in space
heating and cooling in a warming world have been prominent
items on the list of adaptation options (see Smith and Tirpak,
1989). The associated energy requirements could be significant
but the actual implications for greenhouse-gas emissions depend
on the carbon content of the energy sources used to provide the
heating and cooling services. In most cases, it is not
straightforward to separate the adaptation effects from those of
other drivers in regional or national energy-demand projections.
For example, for the U.S. state of Maryland, Ruth and Lin
(2006) find that, at least in the medium term up to 2025, climate
change contributes relatively little to changes in the energy
demand. Nonetheless, the climate share varies with geographical
conditions (changes in heating and cooling degree days),
economic (income) and resource endowments (relative costs of
fossil and other energy sources), technologies, institutions and
other factors. Such emissions from adaptation activities are
likely to be small relative to baseline emissions in most countries
and regions, but more in-depth studies are needed to estimate
their magnitude over the long term.

Adaptation affects not only energy use but energy supply as
well. Hydropower contributed 16.3% of the global electricity
balance in 2003 (IEA, 2005) with virtually zero greenhouse-gas
emissions. Climate-change impacts and adaptation efforts in
various sectors might reduce the contribution of this carbon-free
energy source in many regions as conflicts among different uses
of water emerge. Hayhoe et al. (2004) show that emissions even
in the lowest SRES (IPCC Special Report on Emissions
Scenarios; Nakićenović and Swart, 2000) scenario (B1) will
trigger significant shifts in the hydrological regime in the
Sacramento River system (California) by the second half of this
century and will create critical choices between flood protection
in the high-water period and water storage for the low-flow
season. Hydropower is not explicitly addressed but will probably
be affected as well. Payne et al. (2004) project conflicts between
hydropower and streamflow targets for the Columbia River.
Several studies confirm the unavoidable clashes between water
supply, flood control, hydropower and minimum streamflow
(required for ecological and water quality purposes) under
changing climatic and hydrological conditions (Christensen et
al., 2004; VanRheenen et al., 2004).

Possibly the largest factor affecting water resources in
adaptation is irrigation in agriculture. Yet studies in this domain
tend to ignore the repercussions for mitigation as well. For example,
Döll (2002) estimates significant increases in irrigation needs in
two-thirds of the agricultural land that was equipped for irrigation
in 1995, but she does not assess the implications for other water
uses such as hydropower and thus for climate-change mitigation.

In general, adaptation implies that people do something in
addition to or something different from what they would be
doing in the absence of emerging or expected climate-change
impacts. In most cases, additional activities involve additional
inputs: investments (protective and other infrastructure),
material (fertilisers, pesticides) or energy (irrigation pumps, air-
conditioning), and thus may run counter to mitigation if the
energy originates from greenhouse-gas-emitting sources.

Changing practices in response to climate change offer more
opportunities to account for both adaptation and mitigation
needs. Besides the opportunities in land-related sectors discussed
above, new design principles for commercial and residential
buildings could simultaneously reduce vulnerability to extreme
weather events and energy needs for heating and/or cooling.
Nonetheless, there are path dependencies from past technology
choices and infrastructure investments.

In summary, many effects of adaptation on greenhouse-gas
emissions and their mitigation (energy use, land conversion,
agronomic techniques such as an increased use of fertilisers and
pesticides, water storage and diversion, coastal protection) have
been known for a long time. The implications of some mitigation
strategies for adaptation and other development and environment
concerns have been recognised recently. As yet, however, both
effects remain largely unexplored. Information on inter-
relationships between adaptation and mitigation at regional and
sectoral levels is rather scarce. Almost all mitigation studies stop
at identifying the options and costs of direct emissions
reductions. Some of them consider indirect effects of
implementation and costs on other sectors or the economy at
large but do not deal with the implications for adaptation options
of sectors affected by climate change. Similarly, in most cases,
climate impact and adaptation assessments do not go beyond
taking stock of the adaptation options and estimating their costs,
and thus ignore possible repercussions for emissions. One
understandable reason is that adaptation and mitigation studies
are already complex enough and expanding their scope would
increase their complexity even further. Another reason may well
be that, as indicated by the few available studies that looked at
these inter-relationships, the repercussions from mitigation for
adaptation and vice versa are between adaptation and mitigation
might be significant but, in most other sectors, the adaptation
implications of any mitigation project are small and, conversely,
the emissions generated by most adaptation activities are only
small fractions of total emissions, even if emissions will decline
in the future as a result of climate-protection policies.

18.5 Inter-relationships in a climate
policy portfolio

A wide range of inter-relationships between adaptation and
mitigation have been identified through examples in the
published literature. Taylor et al. (2006) present an inventory of
published examples including full citations (available in an
abbreviated form on the CD-ROM accompanying this volume as
supplementary material to support the review of this chapter).
The many examples have been clustered according to the type of
linkage and ordered according to the entry point and scale of
decision-making (Figure 18.2). Table 18.1 lists all of the types
of linkages documented. The categories are illustrative; some
cases occur in more than one category, or could shift over time
or in different situations. For example, watershed planning is
often related to managing climatic risks in using water. But if
hydroelectricity is an option, then the entry point may be
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mitigation, and both adaptation and mitigation might be
evaluated at the same time or even with explicit trade-offs.

In Figure 18.2 and Table 18.1, many of the examples are
motivated by either mitigation or adaptation, with largely
unintended consequences for the other (e.g., Tol and
Dowlatabadi, 2001). Where adaptation leads to effects on
mitigation, the linkage is labelled A→M. The categories of
linkages include:

• individual responses to climatic hazard that increase or
decrease greenhouse-gas emissions. For example, a common
adaptation to heatwaves is to install air-conditioning, which
increases electricity demand with consequences for
mitigation when the electricity is produced from fossil fuels;

• more efficient community use of water, land, forests and
other natural resources, improving access and reducing
emissions (e.g., conservation of water in urban areas reduces
energy used in moving and heating water);

• natural resources managed to sustain livelihoods;
• tourism use of energy and water, with outcomes for incomes

and emissions (generally to increase both welfare and
emissions);

• resources used in adaptation, such as in large-scale
infrastructure, increases emissions.

Similarly, mitigation actions might affect the capacity to adapt
or actual adaptation actions (M→A). These categories include:

• more efficient energy use and renewable sources that
promote local development;

• CDM projects on land use or energy use that support local
economies and livelihoods, perhaps by placing a value on
their management of natural resources;

• urban planning, building design and recycling with benefits
for both adaptation and mitigation;

• health benefits of mitigation through reduced environmental
stresses;

• afforestation, leading to depleted water resources and other
ecosystem effects, with consequences for livelihoods;

• mitigation actions that transfer finance to developing
countries (such as per capita allocations) that stimulate
investment with benefits for adaptation;

• effects of mitigation, e.g., through carbon taxes and energy
prices, on resource use (generally to reduce use) that affect
adaptation, for example by reducing the use of tractors in
semi-subsistence farming due to higher costs of fuels.

As noted in Section 18.4.3, the effect of increased emissions due
to adaptation is likely to be small in most sectors in relation to
the baseline projections of energy use and greenhouse-gas
emissions. Land and water management may be affected by
mitigation actions, but in most sectors the effects of mitigation
on adaptation are likely to be small. At least some analysts are
concerned with the explicit trade-offs between adaptation and
mitigation (labelled adaptation or mitigation, ∫(A,M)).
Categories include:

• public-sector funding and budgetary processes that allocate
funding to both adaptation and mitigation;
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Figure 18.2. Typology of inter-relationships between climate change adaptation and mitigation. MEA = Multilateral Environmental Agreements.



• strategic planning related to development pathways, for
example scenario and visioning exercises with urban
governments that include climate responses (mainstreaming
responses in sectoral and regional planning);

• allocation of funding and setting the agenda for UNFCCC
negotiations and funds (e.g., the Special Climate Change
Fund);

• stabilisation targets that include limits to adaptation (e.g.,
tolerable windows);

• analysis of global costs and benefits of mitigation to inform
targets for greenhouse-gas concentrations (see Section
18.4.2);

• large-scale mitigation (e.g., geo-engineering) with effects on
impacts and adaptation.

Some actions result from the simultaneous consideration of
adaptation and mitigation. These concerns may be raised within
the same decision framework or sequential process but without
explicitly considering their trade-offs or synergies (labelled
adaptation and mitigation, A M). Examples include:

• perception of impacts and the limits to adaptation (see
Chapter 17) motivates action on mitigation, conversely the
perception of limits to mitigation reinforces urgent action on
adaptation;

• watershed planning where water is allocated between
hydroelectricity and consumption without explicitly
addressing mitigation and adaptation;

• cultural values that promote both adaptation and mitigation,
such as sacred forests (e.g., Satoyama in Japan);

• management of socio-ecological systems to promote
resilience;

• ecological impacts, with some human element, drive further
releases of greenhouse gases,

• legal implications of liability for climate impacts motivates
mitigation;

• national capacity-building increases the ability to respond to
both adaptation and mitigation (such as through the National
Capacity-Building Self Assessment);

• insurance spreads risk and assists with adaptation, while
managing insurance funds has implications for mitigation;

• trade liberalisation may have economic benefits (increasing
adaptive capacity) but also increases emissions from
transport;

• monitoring systems and reporting requirements may cover
indicators of both adaptation and mitigation;

• management of multilateral environmental agreements may
benefit both adaptation and mitigation.
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A→M M→A ∫(A,M) A M
Individual responses to climatic
hazards that increase or decrease
greenhouse-gas emissions

More efficient energy use and
renewable sources that promote
local development

Public-sector funding and
budgetary processes that allocate
funding to both A and M

Perception of impacts (and limits to
A) motivates M; perception of limits
to M motivates A

More efficient community use of
water, land, forests

CDM projects on land use or
energy use that support local
economies and livelihoods

Strategic planning related to
development pathways (scenarios)
to mainstream climate responses

Watershed planning: allocation of
water between hydroelectricity
and consumption

Natural resources managed to
sustain livelihoods

Urban planning, building design
and recycling with benefits for
both A and M

Allocation of funding and setting
the agenda for UNFCCC
negotiations and funds

Cultural values that promote both
A and M, such as sacred forests
(e.g., Satoyama in Japan)

Tourism use of energy and
water, with outcomes for
incomes and emissions

Health benefits of mitigation
through reduced environmental
stresses

Stabilisation targets that
include limits to adaptation
(e.g., tolerable windows)

Management of socio-ecological
systems to promote resilience

Resources used in adaptation,
such as large-scale infrastructure,
increase emissions

Afforestation, leading to depleted
water resources and other
ecosystem effects, with
consequences for livelihoods

Analysis of global costs and
benefits of M to inform targets

Ecological impacts, with some
human element, drive further
releases of greenhouse gases

M schemes that transfer finance
to developing countries (such as
a per capita allocation) stimulate
investment that may benefit A

Large scale M (e.g., geo-
engineering) with effects on
impacts and A

Legal implications of liability for
climate impacts motivates M

Effect of mitigation, e.g., through
carbon taxes and energy prices,
on resource use

National capacity-building
increases ability to respond
to both A and M

Insurance spreads risk and assists
with A; managing insurance funds
has implications for M

Trade liberalisation with economic
benefits (A) increases transport
costs (M)

Monitoring systems and reporting
requirements that cover indicators
of both A and M

Management of multilateral
environmental agreements
benefits both A and M

Table 18.1. Types of inter-relationships between climate change adaptation and mitigation.



Inter-relationships between adaptation and mitigation will vary
with the type of policy decisions being made, for example on
different scales from local project analysis to global analysis. As
discussed in Section 18.4.3, there will be clearM→A linkages in
many mitigation projects, for example ensuring that adaptation
is built into the project design (e.g., considering and adjusting for
water availability for longer-term hydroelectric renewable or
bioenergy/biofuels projects). Similarly, in the design or appraisal
of adaptation projects, A→M, the consideration of mitigation
options can be brought in, for example in considering reduced
energy use in project design. These linkages might be considered
through an extension of project risk analysis as part of the
appraisal process, but can also be included in cost-benefit
analysis explicitly in an economic appraisal framework.

At the policy level (e.g., portfolios, funding, strategies), the
same M→A and A→M issues apply, but the wider potential for
cross-sectoral linkages makes simultaneous consideration of
adaptation and mitigation, A M, more important. For example,
the shift up to a major (country level) energy policy towards
mitigation might need to assess demand changes from
adaptation across a wide range of sectors. There may be a need
to consider some explicit trade-offs between adaptation and
mitigation, ∫(A,M).

At the global level, the potential for ∫(A,M) becomes possible
within a theoretical framework (see Section 18.4). There has been
discussion of the potential for adaptation and mitigation as
substitutes within narrow economic analysis (cost-benefit
frameworks), and some studies have tried to assess the optimal
policy balance of mitigation and adaptation using CBA based on
IAMs. However, recent reviews (e.g., Watkiss et al., 2005) have
shown that policy-makers are uncomfortable with the use of CBA
in longer-term climate policy, because of the range of uncertainty
over the relevant economic parameters of marginal mitigation
costs and marginal social costs and damages avoided, but also
because of the significant lack of data on the costs of adaptation.
Instead, wider frameworks are considered to be more informative,
using multiple aspects and risk-based approaches, for example
iterative decision-making and tolerable windows (see also the risk
matrix in Chapter 20). Stern (2007) explicitly adopted a risk-based
framework appropriate for guiding policy from analysing the
marginal costs and benefits at the project level to determination of
public policy that affects future economic paths. He recognised
that adaptation plays an important role, but not in an explicit trade-
off against mitigation, in long-term policy.

18.6 Response capacity and development
pathways

As outlined in the TAR (IPCC, 2001c, Chapter 18 and IPCC,
2001b, Chapter 1) and discussed at more length in Chapter 17 of
this volume and in the WGIII AR4, Chapter 12 (Sathaye et al.,
2007), the ability to implement specific adaptation and
mitigation measures is dependent upon the existence and nature
of adaptive and mitigative capacity, which makes such measures
possible and affects their extent and effectiveness. In that sense,
specific adaptation and mitigation measures are rooted in their

respective capacities (Yohe, 2001; Adger et al., 2003; Adger and
Vincent, 2005; Brooks et al., 2005).

Adaptive capacity has been defined in this volume (see Chapter
17) as “the ability or potential of a system to respond successfully
to climate variability and change.” In a parallel way, mitigative
capacity has been defined as the “ability to diminish the intensity
of the natural (and other) stresses to which it might be exposed”
(see Rogner et al., 2007). Since this definition suggests that a
group’s capacity to mitigate hinges on the severity of impacts to
which it is exposed, Winkler et al. (2007) have suggested that
capacity be defined instead as “a country’s ability to reduce
anthropogenic greenhouse gases or enhance natural sinks”.
Clearly these two categories are closely related although, in
accordance with the differences between adaptation and
mitigation measures discussed in Section 18.1, capacities also
differ somewhat. In particular, since adaptation measures tend to
be both more geographically dispersed and smaller in scale than
mitigation measures (Dang et al., 2003; Ruth, 2005), adaptive
capacities refer to a slightly broader and more general set of
capabilities than mitigative capacities. Despite these minor
differences, however, adaptive and mitigative capacities are driven
by similar sets of factors.

The term response capacity may be used to describe the
ability of humans to manage both the generation of greenhouse
gases and the associated consequences (Tompkins and Adger,
2005). As such, response capacity represents a broad pool of
resources, many of which are related to a group or nation’s level
of socio-technical and economic development, which may be
translated into either adaptive or mitigative capacity. Socio-
cultural dimensions such as belief systems and cultural values,
which are often not addressed to the same extent as economic
elements (Handmer et al., 1999), can also affect response
capacity (see IPCC, 2001b; Sathaye et al., 2007).

Although the concept of response capacity is new to the IPCC
and has yet to be sufficiently investigated in the literature, efforts
have been made to define the nature and determinants of its
conceptual components: adaptive and mitigative capacity. With
regard to mitigative capacity, Yohe (2001) has suggested the
following list of determinants, which play out at the national level:

• range of viable technological options for reducing emissions;
• range of viable policy instruments with which the country

might affect the adoption of these options;
• structure of critical institutions and the derivative allocation

of decision-making authority;
• availability and distribution of resources required to

underwrite the adoption of mitigation policies and the
associated broadly-defined opportunity cost of devoting
those resources to mitigation;

• stock of human capital, including education and personal
security;

• stock of social capital, including the definition of property
rights;

• a country’s access to risk-spreading processes (e.g.,
insurance, options and futures markets);

• the ability of decision-makers to manage information, the
processes by which these decision-makers determine which
information is credible, and the credibility of decision-
makers themselves.
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In the context of developing countries, many of which possess
limited institutional capacity and access to resources, mitigative
and adaptive capacity could be fashioned by additional
determinants. For instance, political will and the intent of
decision-makers, and the ability of societies to form networks
through collective action that insulates them against the impacts
of climate change (Woolcock and Narayan, 2000), may be
especially important in developing countries, especially in
societies where policy instruments are not fully developed and
where institutional capacity and access to resources are limited.

Yohe suggests a similar set of determinants for adaptive
capacity, but adds the availability of resources and their
distribution across the population. Recent research has sought
to offer empirical evidence that demonstrates the relative
influence of each of these determinants on actual adaptation
(Yohe and Tol, 2002). In particular, this research indicates that
the influence of each determinant of capacity is highly location-
specific and path-dependent, thus revealing the importance of
investigations into micro- and macro-scale determinants that
influence capacity across multiple stressors (Yohe and Tol,
2002). These determinants of both adaptive and mitigative
capacity expand on those identified in the TAR and agree closely
with those offered by Moss et al. (2001) and Adger et al. (2004).
The linkages between adaptive and mitigative capacity are
demonstrated by the striking similarities between these sets of
determinants, which show that both the ability to adapt and the
ability to mitigate depend on a mix of social, biophysical and
technological constraints (Tompkins and Adger, 2005). Recent
research has pointed to the necessity of broadening these lists of
determinants to include other important factors such as socio-
political aspirations (Haddad, 2005), risk perception, perceived
adaptive capacity (Grothmann and Patt, 2005) and political will
(Winkler et al., 2007).

These discussions of determinants indicate the close
connection that exists between response capacities and the
underlying socio-economic and technological development
paths that give rise to those capacities. In several important
respects, the determinants listed above are important
characteristics of such development paths. Those development
paths, in turn, underpin the baseline and stabilisation emissions
scenarios discussed in the WGIII AR4, Chapter 3 (Fisher et al.,
2007) and used to estimate emissions, climate change and
associated climate-change impacts. As a result, the determinants
of response capacity can be expected to vary across the
underlying emissions scenarios reviewed in this report. The
climate change and climate-change impact scenarios assessed
in this report will be primarily based on the SRES storylines,
which define a spectrum of different development paths, each
with associated socio-economic and technological conditions
and driving forces (for an extended discussion of emissions
pathways and climate policies, see Fisher et al., 2007). Each
storyline will therefore give rise to a different set of response
capacities, and thus to different likely, or even possible, levels of
adaptation and mitigation.

Adaptation and mitigation measures, furthermore, are rooted
in adaptive and mitigative capacities, which are in turn contained
within, and strongly affected by, the nature of the development
path in which they exist. The concept of development paths is

discussed at more length in the WGIII AR4 in Chapters 2
(Halsnaes et al., 2007), 3 (Fisher et al., 2007) and 12 (Sathaye et
al., 2007). Here, it is sufficient to think of a development path as
a complex array of technological, economic, social, institutional
and cultural characteristics that define an integrated trajectory of
the interaction between human and natural systems over time at a
particular scale. Such technological and socio-economic
development pathways find their most common expression in the
form of integrated scenarios (Geels and Smit, 2000; Grubb et al.,
2002; Swart et al., 2003; see also WGIII AR4, Chapter 3), but are
also incorporated into studies of technological diffusion (Foray
and Grubler, 1996; Dupuy, 1997; Andersen, 1998; Grubler, 2000;
Berkhout, 2002; Rogers, 2003), socio-technical systems (Geels,
2004) and situations in which large physical infrastructures and
the requisite supportive organisational, cultural and institutional
systems create conditions of quasi-irreversibility (Arthur, 1989;
Sarkar, 1998; Geels, 2005; Unruh and Carrillo-Hermosilla, 2006).
Technological and social pathways co-evolve through a process of
learning, coercion and negotiation (Rip and Kemp, 1998), creating
integrated socio-technical systems that strongly condition
responses to risks such as climate change.

In the climate-change context, the TAR noted that “climate
change is thus a potentially critical factor in the larger process of
society’s adaptive response to changing historical conditions
through its choice of developmental paths” (Banuri et al., 2001).
Later in the same volume, the following typology of critical
components of development paths is presented (Toth et al., 2001):

• technological patterns of natural resource use, production of
goods and services and final consumption,

• structural changes in the production system,
• spatial distribution patterns of population and economic

activities,
• behavioural patterns that determine the evolution of

lifestyles.
The influence of economic trajectories and structures on the
adaptability of a nation’s development path is important in terms
of the patterns of carbon-intensive production and consumption
that generate greenhouse gases (Smil, 2000; Ansuategi and
Escapa, 2002), the costs of policies that drive efficiency gains
through technological change (Azar and Dowlatabadi, 1999),
and the occurrence of market failures which lead to
unsustainable patterns of energy use and technology adoption
(Jaffe and Stavins, 1994; Jaffe et al., 2005).

In addition to these components, scholars from widely
varying disciplines and backgrounds have noted the importance
of institutional structures and trajectories (Olsen and March,
1989; Agrawal, 2001; Pierson, 2004; Adger et al., 2005; Ruth,
2005) and cultural factors such as values (Stern and Dietz, 1994;
Baron and Spranca, 1997), discourses (Adger et al., 2001) and
social rules (Geels, 2004), as elements of development paths that
help determine the ability of a system to respond to change.

The importance of the connection between measures,
capacities and development paths is threefold. First, as pointed
out in the TAR, a full analysis of the potential for adaptation or
mitigation policies must also include some consideration of the
capacities in which these policies are rooted. This is increasingly
being reflected in the literature being assessed in both
regional/sectoral and conceptual chapters of this assessment.
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Second, such an analysis of response capacities should, in turn,
encompass the nature and potential variability of underlying
development paths that strongly affect the nature and extent of
those capacities. This suggests the desirability of an integrated
analysis of climate policy options that assesses the linkages
between policy options, response capacities and their
determinants, and underlying development pathways. Although
such an integrated assessment was proposed in the Synthesis
Report of the TAR (IPCC, 2001a), this type of assessment is still
in its infancy.

Third, the linkages between climate policy measures and
development paths described here suggest a potential
disconnection between the degree of adaptation and/or
mitigation that is possible and that which may be desired in a
given situation. On the one hand, the development path will
determine the response capacity of the scenario. On the other,
the development path will strongly influence levels of
greenhouse-gas emissions, associated climate change, the likely
degree of climate-change impacts and thus the desired mitigation
and/or adaptation in that scenario (Nakićenović and Swart, 2000;
Metz et al., 2002; Swart et al., 2003).

However, there is no particular reason that the response
capacity and desired levels of mitigation and/or adaptation will
change in compatible ways. As a result, particular development
paths might give rise to levels of desired adaptation and
mitigation that are at odds with the degree of adaptive and
mitigative capacity available. For example, particular
development path scenarios that give rise to very high emissions
might also be associated with a slower growth, or even a decline,
in the determinants of response capacity. Such might be the case
in scenarios with high degrees of military activity or a collapse
of international co-operation. In such cases, climate-change
impacts could increase, even as response capacity declines.

The linkages between climate policy, response capacities and
development paths suggested above help us to understand the
nature of the relationship between climate policy and sustainable
development. There is a small but growing literature on the nature
of this relationship (Cohen et al., 1998; Markandya and Halsnaes,
2000; Munasinghe and Swart, 2000; Schneider et al., 2000;
Banuri et al., 2001; Robinson and Herbert, 2001; Smit et al.,
2001; Beg et al., 2002; Metz et al., 2002; Najam et al., 2003;
Swart et al., 2003; Wilbanks, 2003). Much of this literature
emphasises the degree to which climate-change policies can have
effects, sometimes called ancillary benefits or co-benefits, that
will contribute to the sustainable development goals of the
jurisdiction in question (Van Asselt et al., 2005). This amounts to
viewing sustainable development through a climate-change lens.
It leads to a strong focus on integrating sustainable development
goals and consequences into the climate policy framework, and
on assessing the scope for such ancillary benefits. For instance,
reductions in greenhouse-gas emissions can reduce the incidence
of death and illness due to air pollution and benefit ecosystem
integrity – both of which are elements of sustainable development
(Cifuentes et al., 2001). These co-benefits, furthermore, are often
more immediate rather than long term in nature and can be
significant. Van Harmelen et al. (2002) find that to comply with
agreed upon or future policies to reduce regional air pollution in
Europe, mitigation costs are significant, but these are reduced by

50-70% for SO2 and around 50% for NOx when combined with
greenhouse-gas policies.

The challenge then becomes one of ensuring that actions
taken to address environmental problems do not obstruct
regional and local development (Beg et al., 2002). A variety of
case studies demonstrates that regional and local development
can in fact be enhanced by projects that contribute to adaptation
and mitigation. Urban food-growing in two UK cities, for
example, has resulted in reduced crime rates, improved
biodiversity and reduced transport-based emissions (Howe and
Wheeler, 1999). As such, these cities have both enhanced
resilience to future climate fluctuations and have made strides
towards the mitigation of climate change. Similarly, agro-
ecological initiatives in Latin America have helped to preserve
the natural resource base while empowering rural communities
(Altieri, 1999). The concept of networking and clustering used
mainly in entrepreneurial development and increasingly seen as
a tool for the transfer of skills, knowledge and technology
represents an interesting concept for countries that lack the
necessary adaptive and mitigative capacities to combat the
negative impacts of climate change.

An alternative approach is based on the findings in the TAR
that it will be extremely difficult and expensive to achieve
stabilisation targets below 650 ppm from baseline scenarios that
embody high-emissions development paths. Low-emissions
baseline scenarios, however, may go a long way towards
achieving low stabilisation levels even before climate policy is
included in the scenario (Morita et al., 2001). This recognition
leads to an approach to the links between climate policy and
sustainable development – equivalent to viewing climate change
through a sustainable development lens – that emphasises the
need to study how best to achieve low-emissions development
paths (Metz et al., 2002; Robinson et al., 2003; Swart et al., 2003).

It has further been argued that sustainable development might
decrease the vulnerability of developing countries to climate-
change impacts (IPCC, 2001c), thereby having implications for
the necessary amount of both adaptation and mitigation efforts.
For instance, economic development and institution building in
low-lying, highly-populated coastal regions may help to increase
preparedness to sea-level rise and decrease vulnerability to
weather variability (McLean et al., 2001). Similarly, investments
in public health training programmes, sanitation systems and
disease vector control would both enhance general health and
decrease vulnerability to the future effects of climate change
(McMichael et al., 2001). Framing the debate as a development
problem rather than an environmental one helps to address the
special vulnerability of developing nations to climate change
while acknowledging that the driving forces for emissions are
linked to the underlying development path (Metz et al., 2002).
Of course it is important also to acknowledge that climate
change policy cannot be considered a substitute for sustainable
development policy even though it is determined by similar
underlying socio-economic choices (Najam et al., 2003).

Both approaches to linking climate change to sustainable
development suggest the desirability of integrating climate-
policy measures with the goals and attributes of sustainable
development (Robinson and Herbert, 2001; Beg et al., 2002;
Adger et al., 2003; Van Asselt et al., 2005; Robinson et al.,
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2006). This suggests an additional reason to focus on the inter-
relationships between adaptation, mitigation, response capacity
and development paths. If climate policy and sustainable
development are to be pursued in an integrated way, then it will
become important not simply to evaluate specific policy options
that might accomplish both goals, but also to explore the
determinants of response capacity that underlie those options
and their connections to underlying socio-economic and
technological development paths (Swart et al., 2003). Such an
integrated approach might be the basis for productive
partnerships with the private, public, non-governmental and
research sectors (Robinson et al., 2006).

There is general agreement that sustainable development
involves a comprehensive and integrated approach to economic,
social and environmental processes (Munasinghe, 1992; Banuri
et al., 1994; Najam et al., 2003; see also Sathaye et al., 2007).
However, early work tended to emphasise the environmental and
economic aspects of sustainable development, overlooking the
need for analysis of social, political or cultural dimensions
(Barnett, 2001; Lehtonen, 2004; Robinson, 2004). More
recently, the importance of social, political and cultural factors
(e.g., poverty, social equity and governance) has increasingly
been recognised (Lehtonen, 2004), especially by the global
environmental change policy and climate change communities
(Redclift and Benton, 1994; Banuri et al., 1996; Brown, 2003;
Tonn, 2003; Ott et al., 2004; Oppenheimer and Petonsk, 2005)
to the point that social development, which also includes both
political and cultural concerns, is now given equal status as one
of the ‘three pillars’ of sustainable development. This is
evidenced by the convening of the World Summit on Social
Development in 1995 and by the fact that the Millennium
Summit in 2000 highlighted poverty as fundamental in bringing
balance to the overemphasis on the environmental aspects of
sustainability. The environment-poverty nexus is now well
recognised, and the link between sustainable development and
achievement of the Millennium Development Goals (MDGs)
(United Nations, 2000) has been clearly articulated (Jahan and
Umana, 2003). In order to achieve real progress in relation to
the MDGs, different countries will settle for different solutions
(Dalal-Clayton, 2003), and these development trajectories will
have important implications for the mitigation of climate
change.

In attempting to follow more sustainable development paths,
many developing nations experience unique challenges, such as
famine, war, social, health and governance issues (Koonjul,
2004). As a result, past economic gains in some regions have
come at the expense of environmental stability (Kulindwa,
2002), highlighting the lack of exploitation of potential synergies
between sustainable development and environmental policies.
In the water sector, for instance, response capacity can be
improved through co-ordinated management of scarce water
resources, especially since reduction in water supply in most of
the large rivers of the Sahel can affect vital sectors such as
energy and agriculture, which are dependent on water
availability for hydroelectric power generation and agricultural
production, respectively (Ikeme, 2003). Technology, institutions,
economics and socio-psychological factors, which are all
elements of both response capacity and development paths,

affect the ability of nations to build capacity and implement
sustainable development, adaptation and mitigation measures
(Nederveen et al., 2003).

18.7 Elements for effective implementation

This section considers the literature assessment of the
previous sections with respect to its implications for policy and
decision-making. It reviews the policy and institutional contexts
within which adaptation and mitigation can be implemented and
discusses inter-relationships in practice.

18.7.1 Climate policy and institutions

As explained and illustrated in the previous sections of this
chapter, effective climate policy would involve a portfolio of
adaptation and mitigation actions. These actions include
technological, institutional and behavioural options, the
introduction of economic and policy instruments to encourage
the use of these options, and research and development to reduce
uncertainty and to enhance the options’ effectiveness and
efficiency. However, the actors involved in the implementation
of these actions operate on a range of different spatial and
institutional scales, representing different sectoral interests.
Policies and measures to promote the implementation of
adaptation and mitigation actions have therefore been targeted
primarily on either adaptation or mitigation; rarely have they
been given similar priority and considered in conjunction (see
Section 18.5 for more detail).

On the global scale, the UNFCCC and its Kyoto Protocol are
at present the principal institutional frameworks by which
climate policy is developed. The ultimate objective of the
UNFCCC, as stated in Article 2, is:

“to achieve... stabilisation of greenhouse-gas concentrations
in the atmosphere at a level that would prevent dangerous
anthropogenic interference with the climate system … within
a time-frame sufficient to allow ecosystems to adapt naturally
to climate change, to ensure that food production is not
threatened and to enable economic development to proceed in
a sustainable manner.”

Initially, this objective was often interpreted as having relevance
only or primarily to mitigation: reducing greenhouse-gas
emissions and enhancing sinks such that atmospheric
concentrations are stabilised at a non-dangerous level. However,
whether or not anthropogenic interference with the climate
system will be dangerous does not depend only on the
stabilisation level; it depends also on the degree to which
adaptation can be expected to be effective in addressing the
consequences of this interference. In other words, the greater the
capacity of ecosystems and society to adapt to the impacts of
climate change, the higher the level at which atmospheric
greenhouse-gas concentrations may be stabilised before climate
change becomes dangerous (see also Chapter 19). Adaptation
thus complements and can, in theory and until the limits of
adaptation are reached, substitute for mitigation in meeting the
ultimate objective of the UNFCCC (Goklany, 2000a, 2003).
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The possibility of considering adaptation and mitigation as
substitutes on a global scale does not feature explicitly in the
UNFCCC, the Kyoto Protocol or any decisions made by the
Conference of the Parties to the UNFCCC. This is so because
any global agreement on substitution would, in practice, be
unable to account for the diverse, and at times conflicting,
interests of all actors involved in adaptation and mitigation and
for the differences in temporal and spatial scales between the
two alternatives (see Section 18.3). Mitigation is primarily
justified by international agreements and the ensuing national
public policies, but most adaptation is motivated by private
interests of affected individuals, households and firms, and by
public arrangements of impacted communities and sectors. The
fact that decisions on adaptation are often made at sub-national
and local levels also presents a challenge to the organisation of
funding for adaptation in developing countries under the
UNFCCC, the Kyoto Protocol and any future international
climate policy regimes (Schipper, 2006).

Yet there is one way in which adaptation and mitigation are
connected at the global policy level, namely in their reliance on
social and economic development to provide the capacity to
adapt and mitigate. Section 18.6 introduced the concept of
response capacity, which can be represented as adaptive capacity
and mitigative capacity. Response capacity is often limited by a
lack of resources, poor institutions and inadequate infrastructure,
among other factors that are typically the focus of development
assistance. People’s vulnerability to climate change can therefore
be reduced not only by mitigating greenhouse-gas emissions or
by adapting to the impacts of climate change, but also by
development aimed at improving the living conditions and
access to resources of those experiencing the impacts, as this
will enhance their response capacity.

The incorporation of development concerns into climate
policy demonstrates that climate policy involves more than
decision-making on adaptation and mitigation in isolation.
Accordingly, Klein et al. (2005) identified three roles of climate
policy under the UNFCCC: (i) to control the atmospheric
concentrations of greenhouse gases; (ii) to prepare for and
reduce the adverse impacts of climate change and take advantage
of opportunities; and (iii) to address development and equity
issues. Although climate change is not the primary reason for
poverty and inequality in the world, addressing these issues is
seen as a prerequisite for successful adaptation and mitigation in
many developing countries. In a paper produced by a number of
development agencies and international organisations, Sperling
(2003) made the case for linking climate policy and development
assistance, which would promote opportunities for
mainstreaming considerations of climate change into
development on the national, sub-national and local scales (Box
18.3).

With the first commitment period of the Kyoto Protocol
ending in 2012, a range of proposals have been prepared that lay
out a post-2012 international climate policy regime (e.g., Den
Elzen et al., 2005; Michaelowa et al., 2005). The majority of
current proposals focus only or predominantly on mitigation;
some proposals consider adaptation and mitigation in concert.
However, few proposals have been appraised in terms of, for
example, their effectiveness, efficiency and equity.

On the regional scale, climate policies and institutions do not
tend to consider inter-relationships between adaptation and
mitigation. In the European Union, for example, mitigation
policy is conducted separately from adaptation strategies that
are being developed or studied for water management, coastal
management, agriculture and public health. Most Least-
Developed Countries are concerned primarily with adaptation
and its links with development. The Asia-Pacific Partnership on
Clean Development and Climate only refers to mitigation.

Organisations such as the World Trade Organization (WTO)
and the European Union can, through specific mechanisms,
integrate environmental policy into their economic rationales.
In addition, there is a need to address contradictions between
existing policies (e.g., policies relevant to the reduction of
greenhouse-gas emissions and agricultural trade policies).
Energy remains a crucial input in agro-processing, transportation
and packaging, and the combined effects of increases in energy
consumption in the agricultural sector and impacts of
agricultural trade policies are typically not considered within the
context of climate change.

Regional co-operation could create ‘win-win’ opportunities
in both economic integration and in addressing the adverse
effects of climate change (Denton et al., 2002). Initiatives such
as the New Partnership for Africa’s Development (NEPAD) and
the African Ministerial Conference on the Environment
conducted a number of consultative processes in order to prepare
an Environmental Action Plan for the Implementation of the
Environment Initiative of NEPAD. One of the proposed projects
is to evaluate synergistic effects of adaptation and mitigation
activities, including on-farm and catchment management of
carbon with sustainable livelihood benefits. Organisations such
as the West African Monetary Union (WAMU) are actively
engaged in energy development to address the perennial problem
of energy poverty in the continent. They focus on how to exploit
the CDM and other mechanisms to mitigate present and future
emissions, especially with the use of renewable energy. WAMU
countries are vulnerable to drought and desertification and, while
mitigation may not be their main concern, it does offer
opportunities also to reduce the negative impacts of
deforestation and land-use change. Equally, links between the
UNFCCC and the UN Convention to Combat Desertification
offer opportunities to exploit both adaptation and mitigation
within the context of promoting sustainable livelihoods and
environmental management. A number of sub-regional
institutions have action plans to address desertification, such as
the Arab Maghreb Union in northern Africa, the
Intergovernmental Authority on Development in eastern Africa,
the Southern African Development Community in the south, the
Economic Community of Western African States and the
Permanent Interstate Committee for Drought Control in the
Sahel for the west, and the Economic Community of Central
African Countries in central Africa.

Countries belonging to these and other regional groupings
can identify projects that have net adaptation and mitigative
benefits. Studies (e.g., Greco et al., 1994) have predicted a
reduction in water supply in most of the large rivers of the Sahel,
thus affecting vital sectors such as energy and agriculture, both
of which are dependent on water availability for hydroelectric
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power generation and agricultural production. Seventeen
countries in West Africa share 25 trans-boundary rivers and
many countries within the region have a water-dependency ratio
of around 90% (Denton et al., 2002). Water resources and
watershed management in trans-boundary river basins are
possible ways in which countries in West Africa can co-operate

on a regional basis to build institutional capacity, strengthen
regional networks and institutions to encourage co-operation,
flow of information and transfer of technology. The construction
of the Manantali Dam in Mali as part of the Senegal River Basin
Initiative is to a large extent able to produce hydropower
electricity and enable riparian communities to practice irrigation
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Box 18.3. Mainstreaming

The links between greenhouse-gas emissions, mitigation of climate change and development have been the subject of intense
study (for an overview see Markandya and Halsnæs, 2002). More recently the links between climate-change adaptation and
development have been brought to light (Section 18.6). As these links have become apparent, the term ‘mainstreaming’ has
emerged to describe the integration of policies andmeasures that address climate change into development planning and ongoing
sectoral decision-making. The benefit of mainstreaming would be to ensure the long-term sustainability of investments as well
as to reduce the sensitivity of development activities to both today’s and tomorrow’s climate (Beg et al., 2002; Klein, 2002; Huq
et al., 2003; OECD, 2005).

Mainstreaming is proposed as a way of making more efficient and effective use of financial and human resources than designing,
implementing and managing climate policy separately from ongoing activities. By its very nature, energy-based mitigation (e.g.,
fuel switching and energy conservation) can be effective only when mainstreamed into energy policy. For adaptation, however,
this link has not appeared as self-evident until recently (see Chapter 17). Mainstreaming is based on the premise that human
vulnerability to climate change is reduced not only when climate change is mitigated or when successful adaptation to the impacts
takes place, but also when the living conditions for those experiencing the impacts are improved (Huq and Reid, 2004).

Although mainstreaming is most often discussed with reference to developing countries, it is just as relevant to industrialised
countries. In both cases it requires the integration of climate policy and sectoral and development policies. The institutional
means by which such linking and integration is attempted or achieved vary from location to location, from sector to sector, as
well as across spatial scales. For developing countries, the UNFCCC and other international organisations could play a part in
facilitating the successful integration and implementation of adaptation and mitigation in sectoral and development policies.
Klein et al. (2005) see this as a possible fourth role of climate policy, in addition to the three presented earlier in this section.

In April 2006 the OECD organised a ministerial-level meeting of the OECD Development Assistance Committee (DAC) and the
Environment Policy Committee (EPOC). The meeting served to launch a process to work in partnership with developing countries
to integrate environmental factors efficiently into national development policies and poverty reduction strategies. The outcomes
of the meeting were an agreed Framework for Common Action Around Shared Goals, as well as a Declaration on Integrating
Climate Change Adaptation into Development Co-operation (OECD, 2006). These outcomes are evidence of the importance that
is now being attached to mainstreaming adaptation into Official Development Assistance (ODA) activities. The OECD framework
and declaration are expected to provide an impetus to all development agencies to consider climate change in their operations
and thus facilitate mainstreaming.

To facilitate mainstreaming would require increasing awareness and understanding among decision-makers and managers, and
creating mechanisms and incentives for mainstreaming. It would not require developing synergies between adaptation and
mitigation per se, but rather between building adaptive and mitigative capacity, and thus with development (see Section 18.6).
This fourth role of climate policy highlights the importance of involving a greater range of actors in the planning and implementation
of adaptation and mitigation, including sectoral, sub-national and local actors, and the private sector (Robinson et al., 2006, see
also Section 18.3).

The above may give the impression that a broad consensus has emerged that mainstreaming adaptation into ODA is the most
desirable way of reducing the vulnerability of people in developing countries to climate change. There is indeed an emerging
consensus among development agencies, as reflected in the OECD declaration. However, concerns about mainstreaming have
been voiced within developing countries and among academics. On the one hand, there is concern that scarce funds for
adaptation in developing countries could be diverted into more general development activities, which offer little opportunity to
evaluate, at least quantitatively, their benefits with respect to climate change (Yamin, 2005). On the other hand, there is concern
that funding for climate policy would divert money fromODA that is meant to address challenges seen as being more urgent than
climate change, including water and food supply, sanitation, education and health care (Michaelowa and Michaelowa, 2005).



agriculture, especially since Senegal and Mauritania remain
highly dependent on agriculture and suffer deficits in staple
cereal crops. These initiatives have global sustainable
development benefits since they are able to offer both adaptation
and mitigative benefits as well as accelerate the economic
development of countries sharing the river (namely Senegal,
Mali and Mauritania) (Venema et al., 1997).

The Convention on Biological Diversity has acknowledged
the potential win-win opportunities between biodiversity
management, on the one hand, and adaptation and mitigation to
climate change, on the other. There is particular scope for this in
large-scale regional biodiversity programmes such as the
Mesoamerican Biological Corridor Project, in which
reforestation and avoided deforestation can help to mitigate
climate change through the creation of carbon sinks, while
creating livelihood benefits for local communities, thus
increasing their capacity to adapt to climate change. In addition,
the creation of large biological corridors will help ecological
communities to migrate and adapt to changing environmental
conditions (CBD, 2003).

The national, sub-national and local scales are where most
adaptation and mitigation actions are implemented and where
most inter-relationships may be expected. However, there is little
academic literature that describes or analyses policy and
institutions at these levels with respect to inter-relationships of
adaptation and mitigation. The literature does provide a growing
number of examples and case studies (see Section 18.5) but,
unlike the emerging literature on global policy and institutions,
it does not yet discuss the role of policies and institutions vis-à-
vis inter-relationships between adaptation and mitigation, nor
does it discuss the implications of potential inter-relationships on
policy and institutions. A research field is emerging that builds
on studies carried out for adaptation or for mitigation. For
example, the AMICA project (Adaptation and Mitigation: an
Integrated Climate Policy Approach) aims to identify synergies
between adaptation and mitigation for selected cities in Europe
(http://www.amica-climate.net/).

In the Niayes region of central Senegal, the government has
sought to promote irrigation practices and reduce dependence
on rain-fed agriculture with the planting of dense hedges to act
as windbreaks. These have enhanced agricultural productivity.
Windbreaks have been effective in combating soil erosion and
desiccation and have also provided fuelwood for cooking, thus
reducing the need for women and girls to travel long distances
in a rapidly urbanising area in search of wood. The windbreaks
have carbon sequestration benefits but, most of all, they have
helped to intensify agricultural production, especially with
commercial products, thus boosting the economic livelihoods of
poor communities. Thus, what started off as an adaptation
strategy has had substantial integrated development benefits by
easing deforestation and reducing carbon emissions, as well as
addressing gender and livelihood issues (Seck et al., 2005).

Effective implementation of climate change adaptation and
mitigation is often dependent on the support from local non-
governmental organisations, private sector and public
government authorities. Market-based policy instruments (e.g.,
pollution taxes and different types of tradable permits) have been
successfully implemented to provide incentives in both

industrialised and developing countries. The use of tax credits
and financial assistance in India has opened up the electricity
market to the private sector, which has resulted in a ‘wind energy
boom’ (Sawin and Flavin, 2004). Similarly, incentives for the
uptake of biofuels and energy-efficiency programmes in Brazil
have considerably reduced carbon emissions (Pew Center,
2002). Although these programmes have typically not been
designed with the purpose of creating synergies between
adaptation and mitigation, they do provide net adaptation and
mitigation benefits, as well as addressing sustainable
development priorities of communities. In addition, the private
sector is increasingly becoming involved in environmental
governance. For example, transnational corporations are being
drawn into partnerships and networks to help managing the
global environment.

A special role can be played by international funding agencies
and climate change funds. For example, the World Bank
BioCarbon Fund and Community Development Carbon Fund
provide financing for reforestation projects to conserve and
protect forest ecosystems, community afforestation activities,
mini- and micro-hydro and biomass fuel projects. These projects
are focused specifically on extending carbon finance to poorer
countries and contribute not only to the mitigation of climate
change but also to reducing rural poverty and improving
sustainable management of local ecosystems, thereby enhancing
adaptive capacity.

18.7.2 Inter-relationships in practice

In practice, adaptation and mitigation can be included in
climate-change strategies, policies and measures at different
levels, involving different stakeholders (see Section 18.3). For
example, the European Union previously emphasised policies
to focus on reducing greenhouse-gas emissions in line with
Kyoto targets. However, it is increasingly acknowledging the
parallel need to deal with the consequences of climate change.
In 2005 the European Commission launched the second phase of
the European Climate Change Programme (ECCP), which now
also includes impacts and adaptation as one of its working
groups. They recognise the value of win-win strategies that
address climate-change impacts but also contribute to mitigation
objectives (EEA, 2005).

Examples at the national level include the UK Climate
Change Programme, which includes adaptation and mitigation
(DETR, 2000). The UK also addresses adaptation through its
Adaptation Policy Framework, the UK Climate Impacts
Programme (UKCIP) and a Cross-Regional Research
Programme led by the Department for Environment, Food and
Rural Affairs (Defra). Malta identified in its first National
Communication to the UNFCCC a range of win-win adaptation
options, including efficiency in energy production, improving
farming and afforestation (Ministry for Rural Affairs and the
Environment Malta, 2004). The Czech Republic has agreed to
give priority to win-win measures, due to financial constraints
(EEA, 2005).

Relevant to the sub-national and local level in the UK is the
planning policy and advice released by the Office of the Deputy
Prime Minister for the benefit of regional planning bodies
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(ODPM, 2005). It includes advice to planners on how to integrate
climate change adaptation and mitigation into their policy
planning decisions. ODPM (2004) encourages an integrated
approach to ensure that adaptation initiatives do not increase
energy demands and therefore conflict with greenhouse-gas
mitigation measures. Adaptation measures would include
decisions about the location of new settlements and not creating
an unsustainable demand for water resources, by taking into
account possible changes in seasonal precipitation.

Other examples of projects which incorporate ‘climate
proofing’ include the Cities for Climate Protection Campaign, a
worldwide movement of local governments working together
under the umbrella of the International Council for Local
Environmental Initiatives to reduce greenhouse-gas emissions,
improve air quality and enhance urban sustainability. Local
governments following this programme develop a baseline of
their emissions, set targets and agree on an action plan to reach
the targets through a sustainable development approach focusing
on local quality of life, energy use and air quality (ICLEI, 2006).
For example, Southampton City Council has developed a
climate change strategy in conjunction with its air quality
strategy and action plan, seeing close links between the two. The
strategy includes measures for the council and partners to reduce
net emissions of greenhouse gases and other pollutants through
integrated energy systems and continued air quality monitoring.
The mitigating measures are supported by improved
management of the likely impacts of future climate change and
the impacts on air quality through better planning and
adaptation, such as coastal defence, transport infrastructure,
planning and design, and flood risk mapping (Southampton City
Council, 2004).

18.8 Uncertainties, unknowns and
priorities for research

Many of the inter-relationships between adaptation and
mitigation have been described in previous assessments of
climate policy, and the literature is rapidly expanding.
Nevertheless, well-documented studies at the regional and
sectoral level are lacking. Adaptation and mitigation studies tend
to focus only on their primary domains, and few studies analyse
the secondary consequences (e.g., of mitigation on impacts and
adaptation options or of adaptation actions on greenhouse-gas
emissions and mitigation options). Experiences with climate
change adaptation are relatively recent and large-scale, and
global actions, such as insurance, adaptation protocols or issues
of liability and compensation, have not been tested.

Learning from the expanding case experience of inter-
relationships is a priority. Reviews, syntheses and meta-analyses
should become more common in the next few years. An analytical
and institutional framework for monitoring the inter-relationships
and organising periodic assessments needs to be developed. At
present, no organisation appears to have a leading role in this area.
The experiences of stakeholders in making decisions concerning
both adaptation and mitigation should be compared. The
experience of the research on land-use and land-cover change

would be insightful (e.g., Geist and Lambin, 2002). Effective
institutional development, use of financial instruments,
participatory planning and risk-management strategies are areas
for learning from the emerging experience (Klein et al., 2005).

A key research need is to document which stakeholders link
adaptation and mitigation. Decisions oriented towards either
adaptation or mitigation might be extended to evaluate
unintended consequences, to take advantage of synergies or
explicitly evaluate trade-offs. Yet, the constraints of
organisational mandates and administrative capacity, finance and
linking across scales and sectors (e.g., Cash and Moser, 2000)
may outweigh the benefits of integrated decision-making.
Formulation of policies that support renewable energy in
developing countries is likely to meet fiscal, market, legal,
knowledge and infrastructural barriers that may limit uptake.

The effects on specific social and economic groups need to be
further documented. For example, development of
hydroelectricity may reduce water availability for fish farming
and irrigation of home gardens, potentially adversely affecting
the food security of women and children (Andah et al., 2004;
Hirsch and Wyatt, 2004). Linking carbon sequestration and
community development could generate new opportunities for
women and marginal socio-economic groups, but this will
depend on many local factors and needs to be evaluated with
empirical research.

The links between a broad climate-change response capacity,
specific capacities to link adaptation and mitigation, and actual
actions are poorly documented. Testing and quantification of the
relationship between capacities to act and actual action is
needed, taking into account sectoral planning and
implementation, the degree of vulnerability, the range of
technological options, policy instruments and information
including experience of climate change.

Analytical frameworks for evaluating the links between
adaptation and mitigation are inadequate, or in some cases
competing. A suite of frameworks may be necessary for particular
stakeholders and levels of decision-making. Decision frameworks
relating adaptation and mitigation (separately or conjointly) need
to be tested against the roles and responsibilities of stakeholders
at all levels of action. Global optimising models may influence
some decisions, while experience at the project level is important
to others. The suitability of IAMs needs to be evaluated for
exploring multiple metrics, discontinuities and probabilistic
forecasts (Mastrandrea and Schneider, 2001, 2004; Schneider,
2003). Global cost-benefit models should include clear analyses
of uncertainty in the use of valuation schemes and discounting as
well as the assumptions inherent in climate impacts models
(including the role of adaptation in reducing impacts). Hybrid
approaches to integrated assessments across scales (top-down and
bottom-up) should be further developed (Wilbanks and Kates,
2003). Representations of risks and uncertainties need to be
related to decision frameworks and processes (Dessai et al., 2004;
Kasperson and Kasperson, 2005; Lorenzoni et al., 2005). Climate
risk, current and future, is only one aspect of adaptation-mitigation
decision-making; the relative importance and effect of other
drivers needs to be understood.

The magnitude of unintended consequences is uncertain. The
few existing studies (e.g., Dang et al., 2003) indicate that the
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repercussions from mitigation for adaptation and vice versa are
mostly marginal at the global level, although they may be
significant at the regional scale. The effects on demand or total
emissions are likely to be a small fraction of the global baseline.
However, in some domains, such as water and land markets, and
in some locales, the inter-relationships might affect local
economies. Quantitative evaluation of direct trade-offs is missing:
the metrics and methods for valuation, existence of thresholds in
local feedbacks, behavioural responses to opportunities, risks and
adverse impacts, documentation of the baseline and project
scenarios, and scaling up from isolated, local examples to
systemic changes are part of the required knowledge base.

At a global or international level, defining a socially,
economically and environmentally justifiable mix of mitigation,
adaptation and development remains difficult and a research
need. While IAMs are relatively well developed, they can only
provide approximate estimates of quantitative inter-relationships
at a highly aggregated scale. Fourteen experts in estimating the
social cost of carbon rated their estimates as low confidence, due
to the many gaps in the coverage of impacts and valuation
studies, uncertainties in projected climate change, choices in the
decision framework and the applied discount rate (Downing et
al., 2005). Estimates of the marginal abatement cost range from
−2% to +8% of GDP, while estimates of the marginal damages
avoided span three orders of magnitude (see Chapter 20). The
marginal cost of adaptation has not been calculated, although
some estimates assume a reduction in impacts due to adaptation
(see Chapter 17). Combining the marginal abatement cost,
marginal damages avoided and the marginal cost of adaptation
into an optimal strategy for climate response is subject to
considerable uncertainty that is unlikely to be effectively
reduced in the near term (see Harvey, 2006).

A systematic assessment with a formal risk framework that
guides expert judgement and grounded case studies, and
interprets the sample of published estimates, is required if
policy-makers wish to identify the benefits of climate policy
(e.g., Downing et al., 2005). Existing estimates of damages
avoided are based on a sample of sectors exposed to climate
change and a small range of climate stresses. Better
understanding across a matrix of climate change and exposure is
required (Chapter 20; Fisher et al., 2007). Socio-economic
conditions and locales that are likely to experience early and
significant impacts (often called ‘hotspots’) should be a high
priority for additional studies. The extent to which targets that
are set globally are consistent with national or local mixes of
strategies requires a concerted effort. The distributional effects
would be an important factor in evaluating tolerable windows
and trade-offs between adaptation and mitigation. The lack of
high-quality studies of the benefits of mitigation, and the social
cost of carbon, limits confidence in setting targets for stabilisation.

The relationship between development paths and adaptation-
mitigation inter-relationships requires further research.
Unintended consequences, synergies and trade-offs might be
unique to some development paths; equally, they might be
possible in many different paths. Existing scenarios of
development paths are particularly inadequate in framing some
of the major determinants of vulnerability and adaptation
(Downing et al., 2003). Exogenous projections of GDP are a

particular obstacle for modelling the inter-relationships between
adaptation and mitigation. Few global scenarios address local
food security in realistic ways (Downing and Ziervogel, 2005,
but see related discussion of Millennium Development Goals in
Chapters 9 and 20). Scenarios of abrupt climate change, streams
of extreme events, and realistic social, economic and political
responses would add insight into adaptive management (the ‘act,
then learn, then act again’ approach). Few reference scenarios
explicitly frame issues related to inter-relationships between
adaptation and mitigation (e.g., from the extent to which a global
decision-maker makes optimising judgements to the institutional
setting for local projects to exploit synergies). While the direct
energy input in large infrastructure projects may be small,
including a shadow price for climate change externalities may
shift adaptation portfolios. An assessment of actual shifts in
energy demand and ways to reduce emissions is desirable. Most
integrated assessments are at the large scale of regions to world
views, although local dialogues are beginning to explore
synergies (Munasinghe and Swart, 2005).

The feasibility and outcome of many of the inter-relationships
depend on local conditions and management options. A systematic
assessment and guidance for mitigating potentially adverse
effects would be helpful. The nature of links between public
policy and private action at different scales, and prospects for
mainstreaming integrated policy, are worth evaluating. Many of
the consequences depend on environmental processes that may
not be well understood; for example, the resilience of systems to
increased interannual climate variability and long-term carbon
sequestration in agro-forestry systems.
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Executive summary

Climate change will lead to changes in geophysical, biological and
socio-economic systems. An impact describes a specific change in
a system caused by its exposure to climate change. Impacts may be
judged to be harmful or beneficial. Vulnerability to climate change
is the degree to which these systems are susceptible to, and unable
to cope with, adverse impacts. The concept of risk, which combines
the magnitude of the impact with the probability of its occurrence,
captures uncertainty in the underlying processes of climate change,
exposure, impacts and adaptation. [19.1.1]

Many of these impacts, vulnerabilities and risks merit particular
attention by policy-makers due to characteristics that might
make them ‘key’. The identification of potential key vulner-
abilities is intended to provide guidance to decision-makers for
identifying levels and rates of climate change that may be
associated with ‘dangerous anthropogenic interference’ (DAI)
with the climate system, in the terminology of United Nations
Framework Convention on Climate Change (UNFCCC) Article
2 (see Box 19.1). Ultimately, the definition of DAI cannot be
based on scientific arguments alone, but involves other
judgements informed by the state of scientific knowledge. No
single metric can adequately describe the diversity of key
vulnerabilities, nor determine their ranking. [19.1.1]

This chapter identifies seven criteria from the literature that may
be used to identify key vulnerabilities, and then describes some
potential key vulnerabilities identified using these criteria. The
criteria are [19.2]:

• magnitude of impacts,
• timing of impacts,
• persistence and reversibility of impacts,
• likelihood (estimates of uncertainty) of impacts and

vulnerabilities and confidence in those estimates
• potential for adaptation
• distributional aspects of impacts and vulnerabilities
• importance of the system(s) at risk.

Key vulnerabilities are associated with many climate-sensitive
systems, including food supply, infrastructure, health, water
resources, coastal systems, ecosystems, global biogeochemical
cycles, ice sheets and modes of oceanic and atmospheric
circulation. [19.3]

General conclusions include the following [19.3].
• Some observed key impacts have been at least partly

attributed to anthropogenic climate change. Among these are
increases in human mortality, loss of glaciers, and increases
in the frequency and/or intensity of extreme events.

• Global mean temperature changes of up to 2°C above 1990-
2000 levels (see Box 19.2) would exacerbate current key
impacts, such as those listed above (high confidence), and
trigger others, such as reduced food security in many low-
latitude nations (medium confidence). At the same time,
some systems, such as global agricultural productivity, could
benefit (low/medium confidence).

• Global mean temperature changes of 2 to 4°C above 1990-
2000 levels would result in an increasing number of key
impacts at all scales (high confidence), such as widespread
loss of biodiversity, decreasing global agricultural
productivity and commitment to widespread deglaciation
of Greenland (high confidence) and West Antarctic
(medium confidence) ice sheets.

• Global mean temperature changes greater than 4°C above
1990-2000 levels would lead to major increases in
vulnerability (very high confidence), exceeding the
adaptive capacity of many systems (very high confidence).

• Regions that are already at high risk from observed climate
variability and climate change are more likely to be
adversely affected in the near future by projected changes
in climate and increases in the magnitude and/or frequency
of already damaging extreme events.

The ‘reasons for concern’ identified in the Third Assessment
Report (TAR) remain a viable framework in which to consider
key vulnerabilities. Recent research has updated some of the
findings from the TAR [19.3.7].

• There is new and stronger evidence of observed impacts of
climate change on unique and vulnerable systems (such as
polar and high-mountain communities and ecosystems),
with increasing levels of adverse impacts as temperatures
increase (very high confidence).

• There is new evidence that observed climate change is
likely to have already increased the risk of certain extreme
events such as heatwaves, and it is more likely than not that
warming has contributed to the intensification of some
tropical cyclones, with increasing levels of adverse impacts
as temperatures increase (very high confidence).

• The distribution of impacts and vulnerabilities is still
considered to be uneven, and low-latitude, less-developed
areas are generally at greatest risk due to both higher
sensitivity and lower adaptive capacity; but there is new
evidence that vulnerability to climate change is also highly
variable within countries, including developed countries.

• There is some evidence that initial net market benefits from
climate change will peak at a lower magnitude and sooner
than was assumed for the TAR, and it is likely that there
will be higher damages for larger magnitudes of global
mean temperature increases than was estimated in the TAR.

• The literature offers more specific guidance on possible
thresholds for initiating partial or near-complete
deglaciation of the Greenland and West Antarctic ice
sheets.

Adaptation can significantly reduce many potentially
dangerous impacts of climate change and reduce the risk of
many key vulnerabilities. However, the technical, financial and
institutional capacity, and the actual planning and
implementation of effective adaptation, is currently quite
limited in many regions. In addition, the risk-reducing
potential of planned adaptation is either very limited or very
costly for some key vulnerabilities, such as loss of biodiversity,
melting of mountain glaciers and disintegration of major ice
sheets. [19.4.1]
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A general conclusion on the basis of present understanding is
that for market and social systems there is considerable
adaptation potential, but the economic costs are potentially large,
largely unknown and unequally distributed, as is the adaptation
potential itself. For biological and geophysical systems, the
adaptation potential is much less than in social and market
systems. There is wide agreement that it will be much more
difficult for both human and natural systems to adapt to larger
magnitudes of global mean temperature change than to smaller
ones, and that adaptation will be more difficult and/or costly for
faster warming rates than for slower rates. [19.4.1]

Several conclusions appear robust across a diverse set of studies
in the integrated assessment and mitigation literature [19.4.2,
19.4.3].

• Given the uncertainties in factors such as climate sensitivity,
regional climate change, vulnerability to climate change,
adaptive capacity and the likelihood of bringing such
capacity to bear, a risk-management framework emerges as
a useful framework to address key vulnerabilities. However,
the assignment of probabilities to specific key impacts is
often very difficult, due to the large uncertainties involved.

• Actions to mitigate climate change and reduce greenhouse
gas emissions will reduce the risk associated with most key
vulnerabilities. Postponement of such actions, in contrast,
generally increases risks.

• Given current atmospheric greenhouse gas concentrations
(IPCC, 2007a) and the range of projections for future climate
change, some key impacts (e.g., loss of species, partial
deglaciation of major ice sheets) cannot be avoided with high
confidence. The probability of initiating some large-scale
events is very likely to continue to increase as long as
greenhouse gas concentrations and temperature continue
to increase.

19.1 Introduction

19.1.1 Purpose, scope and structure of
the chapter

Many social, biological and geophysical systems are at risk
from climate change. Since the Third Assessment Report (TAR;
IPCC, 2001a), policy-makers and the scientific community have
increasingly turned their attention to climate change impacts,
vulnerabilities and associated risks that may be considered ‘key’
because of their magnitude, persistence and other characteristics.
An impact describes a specific change in a system caused by its
exposure to climate change. Impacts may be judged to be either
harmful or beneficial. Vulnerability to climate change is the degree
to which these systems are susceptible to, and unable to cope with,
the adverse impacts. The concept of risk, which combines the
magnitude of the impact with the probability of its occurrence,
captures uncertainty in the underlying processes of climate
change, exposure, sensitivity and adaptation.

The identification of potential key vulnerabilities is intended
to provide guidance to decision-makers for identifying levels and

rates of climate change that may be associated with ‘dangerous
anthropogenic interference’ (DAI) with the climate system, in the
terminology of the United Nations Framework Convention on
Climate Change (UNFCCC) Article 2 (see Box 19.1). Ultimately,
the determination of DAI cannot be based on scientific arguments
alone, but involves other judgements informed by the state of
scientific knowledge.

The purpose of this chapter is two-fold. First, it synthesises
information from Working Group I (WGI) and Chapters 3-16 of
Working Group II (WGII) of the IPCC Fourth Assessment Report
(AR4) within the uncertainty framework established by IPCC
(Moss and Schneider, 2000; IPCC, 2007b) and the risk
management approach discussed in Chapter 2, and identifies key
vulnerabilities based on seven criteria (see Section 19.2). A focus
on key vulnerabilities is meant to help policy-makers and
stakeholders assess the level of risk and design pertinent response
strategies. Given this focus, the analytic emphasis of this chapter
is on people and systems that may be adversely affected by
climate change, particularly where impacts could have serious
and/or irreversible consequences. Positive impacts on a system
are addressed when reported in the literature and where relevant
to the assessment of key vulnerabilities. A comprehensive
assessment of positive and negative climate impacts in all sectors
and regions is beyond the scope of this chapter, and readers are
encouraged to turn to the sectoral and regional chapters of this
volume (Chapters 3-16) for this information.

Furthermore, it is acknowledged that the impacts of future
climate change will occur in the context of an evolving socio-
economic baseline. This chapter attempts to reflect the limited
literature examining the possible positive and negative
relationships between baseline scenarios and future impacts.
However, the purpose of this chapter is not to compare the effects
of climate change with the effects of socio-economic
development, but rather to assess the additional effects of climate
change on top of whatever baseline development scenario is
assumed. Whether a climate change impact would be greater or
smaller than welfare gains or losses associated with particular
development scenarios is beyond the scope of this chapter but is
dealt with in Chapter 20 and by Working Group III (WGIII).

Second, this chapter provides an assessment of literature
focusing on the contributions that various mitigation and
adaptation response strategies, such as stabilisation of greenhouse
gas concentrations in the atmosphere, could make in avoiding or
reducing the probability of occurrence of key impacts. Weighing
the benefits of avoiding such climate-induced risks versus the
costs of mitigation or adaptation, as well as the distribution of such
costs and benefits (i.e., equity implications of such trade-offs) is
also beyond the scope of this chapter, as is attempting a normative
trade-off analysis among and between various groups and between
human and natural systems. (The term ‘normative’ is used in this
chapter to refer to a process or statement that inherently involves
value judgements or beliefs.) Many more examples of such
literature can be obtained in Chapters 18 and 20 of this volume and
in the Working Group III (WGIII) AR4.

The remainder of Section 19.1 presents the conceptual
framework, and Section 19.2 presents the specific criteria used in
this chapter for the assessment of key vulnerabilities. Section 19.3
presents selected key vulnerabilities based on these criteria. Key
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vulnerabilities are linked to specific levels of global mean
temperature increase (above 1990-2000 levels; see Box 19.2)
using available estimates from the literature wherever possible.
Section 19.3 provides an indicative, rather than an exhaustive, list
of key vulnerabilities, representing the authors’ collective
judgements based on the criteria presented in Section 19.2,
selected from a vast array of possible candidates suggested in the
literature. Section 19.4 draws on the literature addressing the
linkages between key vulnerabilities and strategies to avoid them
by adaptation (Section 19.4.1) and mitigation (Section 19.4.2).
Section 19.4.4 concludes this chapter by suggesting research
priorities for the natural and social sciences that may provide
relevant knowledge for assessing key vulnerabilities of climate
change. The assessment of key vulnerabilities and review of the
particular assemblage of literature needed to do so is unique to
the mission of Chapter 19. Accordingly, in Sections 19.3 and 19.4,
we have made judgments with regard to likelihood and confidence
whereas, in some cases, other chapters in this volume and in the
WGI AR4 have not.

Another important area of concern, also marked by large
uncertainties, is the assessment of impacts resulting from multiple
factors. In some cases, key vulnerabilities emerging from such
interactions are assessed, such as the fragmentation of habitats
that constrains some species, which – when combined with
climate change – forces species movements across disturbed
habitats. This is a multi-stressor example that is likely to multiply
the impacts relative to either stressor acting alone. Other examples
from the literature are also given in the text; though any attempt

to be comprehensive or quantitative in such multi-stress situations
is beyond the scope of the chapter.

19.1.2 Conceptual framework for the identification
and assessment of key vulnerabilities

19.1.2.1 Meaning of ‘key vulnerability’
Vulnerability to climate change is the degree to which

geophysical, biological and socio-economic systems are
susceptible to, and unable to cope with, adverse impacts of
climate change (see Chapter 17; Füssel and Klein, 2006). The
term ‘vulnerability’ may therefore refer to the vulnerable system
itself, e.g., low-lying islands or coastal cities; the impact to this
system, e.g., flooding of coastal cities and agricultural lands or
forced migration; or the mechanism causing these impacts, e.g.,
disintegration of the West Antarctic ice sheet.

Many impacts, vulnerabilities and risks merit particular
attention by policy-makers due to characteristics that might
make them key. Key impacts that may be associated with key
vulnerabilities are found in many social, economic, biological
and geophysical systems, and various tabulations of risks,
impacts and vulnerabilities have been provided in the literature
(e.g., Smith et al., 2001; Corfee-Morlot and Höhne, 2003; Hare,
2003; Oppenheimer and Petsonk, 2003, 2005; ECF, 2004; Hitz
and Smith, 2004; Leemans and Eickhout, 2004; Schellnhuber et
al., 2006). Key vulnerabilities are associated with many climate-
sensitive systems, including, for example, food supply,
infrastructure, health, water resources, coastal systems,
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Box 19.1. UNFCCC Article 2
The text of the UNFCCC Article 2 reads:

“The ultimate objective of this Convention and any related legal instruments that the Conference of the Parties may adopt is to
achieve, in accordance with the relevant provisions of the Convention, stabilization of greenhouse gas concentrations in the
atmosphere at a level that would prevent dangerous anthropogenic interference with the climate system. Such a level should be
achieved within a time-frame sufficient to allow ecosystems to adapt naturally to climate change, to ensure that food production
is not threatened and to enable economic development to proceed in a sustainable manner.”

Box 19.2. Reference for temperature levels

Levels of global mean temperature change are variously presented in the literature with respect to: pre-industrial temperatures
in a specified year e.g., 1750 or 1850; the average temperature of the 1961-1990 period; or the average temperature within the
1990-2000 period. The best estimate for the increase above pre-industrial levels in the 1990-2000 period is 0.6°C, reflecting the
best estimate for warming over the 20th century (Folland et al., 2001; Trenberth et al., 2007). Therefore, to illustrate this by way
of a specific example, a 2°C increase above pre-industrial levels corresponds to a 1.4°C increase above 1990-2000 levels. Climate
impact studies often assess changes in response to regional temperature change, which can differ significantly from changes in
global mean temperature. In most land areas, regional warming is larger than global warming (see Christensen et al., 2007).
Unless otherwise specified, this chapter refers to global mean temperature change above 1990-2000 levels, which reflects the
most commonmetric used in the literature on key vulnerabilities. However, given the many conventions in the literature for baseline
periods, the reader is advised to check carefully and to adjust baseline levels for consistency every time a number is given for
impacts at some specified level of global mean temperature change.



ecosystems, global biogeochemical cycles, ice sheets, and
modes of oceanic and atmospheric circulation (see Section 19.3).

19.1.2.2 Scientific assessment and value judgements
The assessment of key vulnerabilities involves substantial

scientific uncertainties as well as value judgements. It requires
consideration of the response of biophysical and socio-economic
systems to changes in climatic and non-climatic conditions over
time (e.g., changes in population, economy or technology),
important non-climatic developments that affect adaptive
capacity, the potential for effective adaptation across regions,
sectors and social groupings, value judgements about the
acceptability of potential risks, and potential adaptation and
mitigation measures. To achieve transparency in such complex
assessments, scientists and analysts need to provide a ‘traceable
account’of all relevant assumptions (Moss and Schneider, 2000).

Scientific analysis can inform policy processes but choices
about which vulnerabilities are ‘key’, and preferences for
policies appropriate for addressing them, necessarily involve
value judgements. “Natural, technical and social sciences can
provide essential information and evidence needed for decision-
making on what constitutes ‘dangerous anthropogenic
interference with the climate system’. At the same time, such
decisions are value judgments determined through socio-
political processes, taking into account considerations such as
development, equity and sustainability, as well as uncertainties
and risk” (IPCC, 2001b).

19.1.2.3 UNFCCC Article 2
The question of which impacts might constitute DAI in terms

of Article 2 has only recently attracted a high level of attention,
and the literature still remains relatively sparse (see
Oppenheimer and Petsonk 2005; Schellnhuber et al., 2006 for
reviews). Interpreting Article 2 (ultimately the obligation of the
Conference of the Parties to the UNFCCC) involves a scientific
assessment of what impacts might be associated with different
levels of greenhouse gas concentrations or climate change; and
a normative evaluation by policy-makers of which potential
impacts and associated likelihoods are significant enough to
constitute, individually or in combination, DAI. This assessment
is informed by the magnitude and timing of climate impacts as
well as by their distribution across regions, sectors and
population groups (e.g., Corfee-Morlot and Agrawala, 2004;
Schneider and Mastrandrea, 2005; Yamin et al., 2005). The
social, cultural and ethical dimensions of DAI have drawn
increasing attention recently (Jamieson 1992, 1996; Rayner and
Malone, 1998; Adger, 2001; Gupta et al., 2003; Gardiner, 2006).
The references to adverse effects as significant deleterious
effects in Article 1 of the UNFCCC1 and to natural ecosystems,
food production, and sustainable development in Article 2
provide guidance as to which impacts may be considered
relevant to the definition of DAI (Schneider et al., 2001).

Interpreting Article 2 is necessarily a dynamic process
because the assessment of what levels of greenhouse gas

concentrations may be considered ‘dangerous’ would be
modified based on changes in scientific knowledge, social
values and political priorities.

19.1.2.4 Distribution and aggregation of impacts
Vulnerability to climate change differs considerably across

socio-economic groups, thus raising important questions about
equity. Most studies of impacts in the context of key
vulnerabilities and Article 2 have focused on aggregate impacts,
grouping developing countries or populations with special needs
or situations. Examples include island nations faced with sea-
level rise (Barnett and Adger, 2003), countries in semi-arid
regions with a marginal agricultural base, indigenous
populations facing regionalised threats, or least-developed
countries (LDCs; Huq et al., 2003). Within developed countries,
research on vulnerability has often focused on groups of people,
for example those living in coastal or flood-prone regions, or
socially vulnerable groups such as the elderly.

No single metric for climate impacts can provide a commonly
accepted basis for climate policy decision-making (Jacoby,
2004; Schneider, 2004). Aggregation, whether by region, sector,
or population group, implies value judgements about the
selection, comparability and significance of vulnerabilities and
cohorts (e.g., Azar and Sterner, 1996; Fankhauser et al., 1997;
Azar, 1998, on regional aggregation). The choice of scale at
which impacts are examined is also crucial, as considerations of
fairness, justice or equity require examination of the distribution
of impacts, vulnerability and adaptation potential, not only
between, but also within, groupings (Jamieson, 1992; Gardiner,
2004; Yamin et al., 2005).

19.1.2.5 Critical levels and thresholds
Article 2 of the UNFCCC defines international policy efforts

in terms of avoidance of a level of greenhouse gas
concentrations beyond which the effects of climate change
would be considered to be ‘dangerous’. Discussions about
‘dangerous interference with the climate system‘ and ‘key
vulnerabilities‘ are also often framed around thresholds or
critical limits (Patwardhan et al., 2003; Izrael, 2004). Key
vulnerabilities may be linked to systemic thresholds where non-
linear processes cause a system to shift from one major state to
another (such as a hypothetical sudden change in the Asian
monsoon or disintegration of the West Antarctic ice sheet).
Systemic thresholds may lead to large and widespread
consequences that may be considered as ‘dangerous’. Examples
include climate impacts such as those arising from ice sheet
disintegration leading to large sea-level rises or changes to the
carbon cycle, or those affecting natural and managed ecosystems,
infrastructure and tourism in the Arctic.

Smooth and gradual climate change may also lead to damages
that are considered unacceptable beyond a certain point. For
instance, even a gradual and smooth increase of sea-level rise
would eventually reach a level that certain stakeholders would
consider unacceptable. Such normative impact thresholds could
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managed ecosystems or on the operation of socio-economic systems or on human health and welfare.”



be defined at the global level (e.g., Toth et al., 2002, for natural
ecosystems) and some have already been identified at the
regional level (e.g., Jones, 2001, for irrigation in Australia).

19.2 Criteria for selecting ‘key’
vulnerabilities

As previously discussed, determining which impacts of
climate change are potentially ‘key’ and what is ‘dangerous’ is
a dynamic process involving, inter alia, combining scientific
knowledge with factual and normative elements (Patwardhan et
al., 2003; Dessai et al., 2004; Pittini and Rahman, 2004). Largely
factual or objective criteria include the scale, magnitude, timing
and persistence of the harmful impact (Parry et al., 1996; Kenny
et al., 2000; Moss and Schneider, 2000; Goklany, 2002; Corfee-
Morlot and Höhne, 2003; Schneider, 2004; Oppenheimer, 2005).
Normative and subjective elements are embedded in assessing
the uniqueness and importance of the threatened system, equity
considerations regarding the distribution of impacts, the degree
of risk aversion, and assumptions regarding the feasibility and
effectiveness of potential adaptations (IPCC, 2001a; OECD,
2003; Pearce, 2003; Tol et al., 2004). Normative criteria are
influenced by the perception of risk, which depends on the
cultural and social context (e.g., Slovic, 2000; Oppenheimer and
Todorov, 2006). Some aspects of confidence in the climate
change–impact relationship are factual, while others are
subjective (Berger and Berry, 1988). In addition, the choice of
which factual criteria to employ in assessing impacts has a
normative component.

This chapter identifies seven criteria from the literature that
may be used to identify key vulnerabilities, and then describes
some potential key vulnerabilities identified using these criteria.
The criteria are listed and explained in detail below:

• magnitude of impacts,
• timing of impacts,
• persistence and reversibility of impacts,
• likelihood (estimates of uncertainty) of impacts and

vulnerabilities, and confidence in those estimates,
• potential for adaptation,
• distributional aspects of impacts and vulnerabilities,
• importance of the system(s) at risk.

Magnitude
Impacts of large magnitude are more likely to be evaluated as

‘key’ than impacts with more limited effects. The magnitude of
an impact is determined by its scale (e.g., the area or number of
people affected) and its intensity (e.g., the degree of damage
caused). Therefore, many studies have associated key
vulnerabilities or dangerous anthropogenic interference primarily
with large-scale geophysical changes in the climate system.

Various aggregate metrics are used to describe the magnitude
of climate impacts. The most widely used quantitative measures
for climate impacts (see Chapter 20 and WGIII AR4 Chapter 3
(Fisher et al., 2007)) are monetary units such as welfare, income
or revenue losses (e.g., Nordhaus and Boyer, 2000), costs of

anticipating and adapting to certain biophysical impacts such as
a large sea-level rise (e.g., Nicholls et al., 2005), and estimates
of people’s willingness to pay to avoid (or accept as
compensation for) certain climate impacts (see, e.g., Li et al.,
2004). Another aggregate, non-monetary indicator is the number
of people affected by certain impacts such as food and water
shortages, morbidity and mortality from diseases, and forced
migration (Barnett, 2003; Arnell, 2004; Parry et al., 2004; van
Lieshout et al., 2004; Schär and Jendritzky, 2004; Stott et al.,
2004). Climate impacts are also quantified in terms of the
biophysical end-points, such as agricultural yield changes (see
Chapter 5; Füssel et al., 2003; Parry et al., 2004) and species
extinction numbers or rates (see Chapter 4; Thomas et al., 2004).
For some impacts, qualitative rankings of magnitude are more
appropriate than quantitative ones. Qualitative methods have
been applied to reflect social preferences related to the potential
loss of cultural or national identity, loss of cultural heritage sites,
and loss of biodiversity (Schneider et al., 2000).

Timing
A harmful impact is more likely to be considered ‘key’ if it is

expected to happen soon rather than in the distant future
(Bazermann, 2005; Weber, 2005). Climate change in the 20th
century has already led to numerous impacts on natural and
social systems (see Chapter 1), some of which may be
considered ‘key’. Impacts occurring in the distant future which
are caused by nearer-term events or forcings (i.e.,
‘commitment’), may also be considered ‘key’. An often-cited
example of such ‘delayed irreversibility’ is the disintegration of
the West Antarctic ice sheet: it has been proposed that melting
of ice shelves in the next 100 to 200 years may lead to gradual
but irreversible deglaciation and a large sea-level rise over a
much longer time-scale (see Section 19.3.5.2; Meehl et al.,
2007). Debates over an ‘appropriate’ rate of time preference for
such events (i.e., discounting) are widespread in the integrated
assessment literature (WGIII AR4 Chapter 2: Halsnaes et al.,
2007), and can influence the extent to which a decision-maker
might label such possibilities as ‘key’.

Another important aspect of timing is the rate at which
impacts occur. In general, adverse impacts occurring suddenly
(and surprisingly) would be perceived as more significant than
the same impacts occurring gradually, as the potential for
adaptation for both human and natural systems would be much
more limited in the former case. Finally, very rapid change in a
non-linear system can exacerbate other vulnerabilities (e.g.,
impacts on agriculture and nutrition can aggravate human
vulnerability to disease), particularly where such rapid change
curtails the ability of systems to prevent and prepare for
particular kinds of impacts (Niemeyer et al., 2005).

Persistence and reversibility
A harmful impact is more likely to be considered ‘key’ if it is

persistent or irreversible. Examples of impacts that could
become key due to persistence include the emergence of near-
permanent drought conditions (e.g., in semi-arid and arid regions
in Africa – Nyong, 2005; see Chapter 9) and intensified cycles
of extreme flooding that were previously regarded as ‘one-off’
events (e.g., in parts of the Indian subcontinent; see Chapter 10).
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Examples of climate impacts that are irreversible, at least on
time-scales of many generations, include changes in regional or
global biogeochemical cycles and land cover (Denman et al.,
2007; see Section 19.3.5.1), the loss of major ice sheets (Meehl
et al., 2007; see Section 19.3.5.2); the shutdown of the
meridional overturning circulation (Randall et al., 2007; Meehl
et al., 2007; see Section 19.3.5.3), the extinction of species
(Thomas et al., 2004; Lovejoy and Hannah, 2005), and the loss
of unique cultures (Barnett and Adger, 2003). The latter is
illustrated by Small Island Nations at risk of submergence
through sea-level rise (see Chapter 16) and the necessity for the
Inuit of the North American Arctic (see Chapter 15) to cope with
recession of the sea ice that is central to their socio-cultural
environment.

Likelihood and confidence
Likelihood of impacts and our confidence in their assessment

are two properties often used to characterise uncertainty of
climate change and its impacts (Moss and Schneider, 2000;
IPCC, 2007b). Likelihood is the probability of an outcome
having occurred or occurring in the future; confidence is the
subjective assessment that any statement about an outcome will
prove correct. Uncertainty may be characterised by these
properties individually or in combination. For example, in expert
elicitations of subjective probabilities (Nordhaus, 1994; Morgan
and Keith, 1995; Arnell et al., 2005; Morgan et al., 2006),
likelihood of an outcome has been framed as the central value of
a probability distribution, whereas confidence is reflected
primarily by its spread (the lesser the spread, the higher the
confidence). An impact characterised by high likelihood is more
apt to be seen as ‘key’ than the same impact with a lower
likelihood of occurrence. Since risk is defined as consequence
(impact) multiplied by its likelihood (probability), the higher the
probability of occurrence of an impact the higher its risk, and
the more likely it would be considered ‘key’.

Potential for adaptation
To assess the potential harm caused by climate change, the

ability of individuals, groups, societies and nature to adapt to or
ameliorate adverse impacts must be considered (see Section
19.3.1; Chapter 17). The lower the availability and feasibility of
effective adaptations, the more likely such impacts would be
characterised as ‘key vulnerabilities’. The potential for
adaptation to ameliorate the impacts of climate change differs
between and within regions and sectors (e.g., O’Brien et al.,
2004). There is often considerable scope for adaptation in
agriculture and in some other highly managed sectors. There is
much less scope for adaptation to some impacts of sea-level rise
such as land loss in low-lying river deltas, and there are no
realistic options for preserving many endemic species in areas
that become climatically unsuitable (see Chapter 17). Adaptation
assessments need to consider not only the technical feasibility of
certain adaptations but also the availability of required resources
(which is often reduced in circumstances of poverty), the costs
and side-effects of adaptation, the knowledge about those
adaptations, their timeliness, the (dis-)incentives for adaptation
actors to actually implement them, and their compatibility with
individual or cultural preferences.

The adaptation literature (see Chapter 17) can be largely
separated into two groups: one with a more favourable view of
the potential for adaptation of social systems to climate change,
and an opposite group that expresses less favourable views,
stressing the limits to adaptation in dealing with large climate
changes and the social, financial and technical obstacles that
might inhibit the actual implementation of many adaptation
options (see, e.g., the debate about the Ricardian climate change
impacts methods – Mendelsohn et al., 1994; Cline, 1996;
Mendelsohn and Nordhaus, 1996; Kaufmann, 1998; Hanemann,
2000; Polsky and Easterling, 2001; Polsky, 2004; Schlenker et
al., 2005). This chapter reports the range of views in the
literature on adaptive capacity relevant for the assessment of key
vulnerabilities, and notes that these very different views
contribute to the large uncertainty that accompanies assessments
of many key vulnerabilities.

Distribution
The distribution of climate impacts across regions and

population groups raises important equity issues (see Section
19.1.2.4 for a detailed discussion). The literature concerning
distributional impacts of climate change covers an increasingly
broad range of categories, and includes, among others, income
(Tol et al., 2004), gender (Denton, 2002; Lambrou and Laub,
2004) and age (Bunyavanich et al., 2003), in addition to
regional, national and sectoral groupings. Impacts and
vulnerabilities that are highly heterogeneous or which have
significant distributional consequences are likely to have higher
salience, and therefore a greater chance of being considered as
‘key’.

Importance of the vulnerable system
A salient, though subjective, criterion for the identification of

‘key vulnerabilities’ is the importance of the vulnerable system
or system property. Various societies and peoples may value the
significance of impacts and vulnerabilities on human and natural
systems differently. For example, the transformation of an
existing natural ecosystem may be regarded as important if that
ecosystem is the unique habitat of many endemic species or
contains endangered charismatic species. On the other hand, if
the livelihoods of many people depend crucially on the
functioning of a system, this system may be regarded as more
important than a similar system in an isolated area (e.g., a
mountain snowpack system with large downstream use of the
melt water versus an equally large snowpack system with only
a small population downstream using the melt water).

19.3 Identification and assessment of
key vulnerabilities

This section discusses what the authors have identified as
possible key vulnerabilities based on the criteria specified in the
Introduction and Section 19.2, and on the literature on impacts
that may be considered potentially ‘dangerous’ in the sense of
Article 2. The key vulnerabilities identified in this section are, as
noted earlier, not a comprehensive list but illustrate a range of
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impacts relevant for policy-makers. Section 19.3.1 introduces, in
condensed tabular form, key vulnerabilities, organising them by
type of system, i.e., market, social, ecological or geophysical.
The following sections discuss some of the key vulnerabilities
by type of system, and add discussions of extreme events and
an update on the ‘reasons for concern’ framework from the TAR.
Each sub-section is cross-referenced to the relevant sections of
the Fourth Assessment Report as well as primary publications
from which more detail can be obtained. As noted in Section
19.1.1, the likelihood and confidence judgements in this section
reflect the assessments of the authors of this chapter.

19.3.1 Introduction to Table 19.1

Table 19.1 provides short summaries of some vulnerabilities
which, in the judgment of the authors of this chapter and in the

light of the WGI AR4 and chapters of the WGII AR4, may be
considered ‘key’ according to the criteria set out above in
Section 19.2. The table presents vulnerabilities grouped by the
following categories, described in the following text:

• Global social systems
• Regional systems
• Global biological systems
• Geophysical systems
• Extreme events

The table attempts to describe, as quantitatively as the literature
allows, how impacts vary with global mean temperature increase
above 1990-2000 levels. In addition, the authors of this chapter
have assigned confidence estimates to this information. Where
known, the table presents information regarding the dependence
of effects on rates of warming, duration of the changes, exposure
to the stresses, and adaptation taking into account uncertainties
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Table 19.1. Examples of potential key vulnerabilities. This list is not ordered by priority or severity but by category of system, process or group,
which is either affected by or which causes vulnerability. Information is presented where available on how impacts may change at larger increases
in global mean temperature (GMT). All increases in GMT are relative to circa 1990. Entries are necessarily brief to limit the size of the table, so
further details, caveats and supporting evidence should be sought in the accompanying text, cross-references, and in the primary scientific
studies referenced in this and other chapters of the AR4. In many cases, climate change impacts are marginal or synergistic on top of other
existing and changing stresses. Confidence symbol legend: *** very high confidence, ** high confidence, * medium confidence, • low confidence.
Sources in [square brackets] are from chapters in the WGII AR4 unless otherwise indicated. Where no source is given, the entries are based on the
conclusions of the Chapter 19 authors.

Systems, processes
or groups at risk
[cross-references]

Prime criteria for ‘key
vulnerability’ (based on the seven
criteria listed in Section 19.2)

Relationship between temperature and risk.
Temperature change by 2100 (relative to 1990-2000)
0°C 1°C 2°C 3°C 4°C 5°C

Global social systems

Food supply [19.3.2.2] Distribution, Magnitude Productivity decreases for
some cereals in low
latitudes */• [5.4]
Productivity increases for Cereal productivity decreases in
some cereals in mid/high some mid/high-latitude regions */•
latitudes */• [5.4] [5.4]

Global production Global production potential
potential increases to very likely to decrease
around 3°C * [5.4, 5.6] above about 3°C * [5.4, 5.6]

Infrastructure [19.3.2] Distribution, Magnitude, Timing Damages likely to increase exponentially, sensitive to rate of climate change, change in
extreme events and adaptive capacity ** [3.5, 6.5.3, 7.5].

Health [19.3.2] Distribution, Magnitude, Timing,
Irreversibility

Current effects are Although some risks would be reduced, aggregate health
small but discernible impacts would increase, particularly from malnutrition,
* [1.3.7, 8.2]. diarrhoeal diseases, infectious diseases, floods and droughts,

extreme heat, and other sources of risk */**. Sensitive to status
of public health system *** [8.ES, 8.3, 8.4, 8.6].

Water resources
[19.3.2]

Distribution, Magnitude, Timing Decreased water Severity of floods, droughts, erosion, water-quality deterioration
availability and will increase with increasing climate change ***. Sea-level rise
increased drought in will extend areas of salinisation of groundwater, decreasing
some mid latitudes freshwater availability in coastal areas *** [3.ES]. Hundreds of
and semi-arid low millions people would face reduced water supplies ** [3.5].
latitudes ** [3.2, 3.4,
3.7].

Migration and conflict Distribution, Magnitude Stresses such as increased drought, water shortages, and riverine and coastal
flooding will affect many local and regional populations **. This will lead in some
cases to relocation within or between countries, exacerbating conflicts and imposing
migration pressures * [19.2].

Aggregate market
impacts and
distribution

Magnitude, Distribution Uncertain net benefits and greater Net global negative market impacts
likelihood of lower benefits or higher increasing with higher temperatures *
damages than in TAR •. Net market [20.6]. Most people negatively affected *.
benefits in many high-latitude areas;
net market losses in many low-latitude
areas. * [20.6, 20.7]. Most people
negatively affected •/*.
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Systems, processes
or groups at risk
[cross-references]

Prime criteria for ‘key
vulnerability’ (based on the seven
criteria listed in Section 19.2)

Relationship between temperature and risk.
Temperature change by 2100 (relative to 1990-2000)
0°C 1°C 2°C 3°C 4°C 5°C

Regional systems

Africa [19.3.3] Distribution, Magnitude, Timing,
Low Adaptive Capacity

Tens of millions of Hundreds of millions of additional people at risk of increased
people at risk of water stress; increased risk of malaria in highlands; reductions
increased water stress; in crop yields in many countries, harm to many ecosystems
increased spread of such as Succulent Karoo • [9.4.1, 9.4.3, 9.4.4, 9.4.5].
malaria • [9.2, 9.4.1,
9.4.3].

Asia [19.3.3] Distribution, Magnitude, Timing,
Low Adaptive Capacity

About 1 billion people would face risks from reduced agricultural production potential,
reduced water supplies or increases in extremes events • [10.4].

Latin America [19.3.3] Magnitude, Irreversibility,
Distribution, and Timing, Low
Adaptive Capacity

Tens of millions of More than a hundred million people at risk of water shortages •
people at risk of [13.ES, 13.4.3]; low-lying coastal areas, many of which are
water shortages • heavily populated, at risk from sea-level rise and more intense
[13.ES, 13.4.3]; coastal storms • (about 2-3ºC) [13.4.4]. Widespread loss of
many endemic biodiversity, particularly in the Amazon • [13.4.1, 13.4.2].
species at risk from
land-use and climate
change • (~1ºC)
[13.4.1, 13.4.2].

Polar regions [19.3.3] Timing, Magnitude, Irreversibility,
Distribution, Low Adaptive Capacity

Climate change is Continued warming likely to lead to further loss of ice cover and
already having permafrost ** [15.3]. Arctic ecosystems further threatened **,
substantial impacts although net ecosystem productivity estimated to increase **
on societal and [15.2.2, 15.4.2]. While some economic opportunities will open
ecological systems ** up (e.g., shipping), traditional ways of life will be disrupted **
[15.ES]. [15.4, 15.7].

Small islands [19.3.3] Irreversibility, Magnitude,
Distribution, Low Adaptive Capacity

Many islands already
experiencing some
negative effects **
[16.2].

Increasing coastal inundation and damage to infrastructure due to sea-level rise **
[16.4].

Indigenous, poor or
isolated communities
[19.3.3]

Irreversibility, Distribution, Timing,
Low Adaptive Capacity

Some communities Climate change and sea-level rise add to other stresses **.
already affected ** Communities in low-lying coastal and arid areas are especially
[11.4, 14.2.3, threatened ** [3.4, 6.4].
15.4.5].

Drying in
Mediterranean,
western North
America, southern
Africa, southern
Australia, and north-
eastern Brazil [19.3.3]

Distribution, Magnitude, Timing Climate models generally project decreased precipitation in these regions [3.4.1,
3.5.1, 11.3.1]. Reduced runoff will exacerbate limited water supplies, decrease
water quality, harm ecosystems and result in decreased crop yields ** [3.4.1, 11.4].

Inter-tropical mountain
glaciers and impacts
on high-mountain
communities [19.3.3]

Magnitude, Timing, Persistence,
Low Adaptive Capacity, Distribution

Inter-tropical glaciers Accelerated reduction of inter-tropical mountain glaciers.
are melting and Some of these systems will disappear in the next few
causing flooding in decades * [Box 1.1, 9.2.1, Box 9.1, 10.ES, 10.2.4, 10.4.2,
some areas; shifts in 13.ES, 13.2.4.1].
ecosystems are likely
to cause water security
problems due to
decreased storage */**
[Box 1.1, 10.ES, 10.2,
10.4.4, 13.ES, 13.2.4,
19.3].

Global biological systems

Terrestrial ecosystems
and biodiversity
[19.3.4]

Irreversibility, Magnitude, Low
Adaptive Capacity, Persistence,
Rate of Change, Confidence

Many circa 20-30% species Major extinctions around the
ecosystems at increasingly high globe ** [4.4]
already affected risk of extinction *
*** [1.3]. [4.4].

Terrestrial biosphere tends toward a net carbon source
** [4.4]

Marine ecosystems
and biodiversity
[19.3.4]

Irreversibility, Magnitude, Low
Adaptive Capacity, Persistence,
Rate of Change, Confidence

Increased coral Most corals Widespread coral mortality *** [4.4]
bleaching ** bleached **
[4.4] [4.4]
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2 SRES: Special Report on Emissions Scenarios, see Nakićenović et al., 2000.
3 Range is based on a variety of methods including models and analysis of palaeo data [19.3.5.2]

Systems, processes
or groups at risk
[cross-references]

Prime criteria for ‘key
vulnerability’ (based on the seven
criteria listed in Section 19.2)

Relationship between temperature and risk.
Temperature change by 2100 (relative to 1990-2000)
0°C 1°C 2°C 3°C 4°C 5°C

Global biological systems

Freshwater
ecosystems [19.3.4]

Irreversibility, Magnitude,
Persistence Low Adaptive Capacity

Some lakes already Intensified hydrological Extinction of many
showing decreased cycles, more severe droughts freshwater species **, major
fisheries output; pole- and floods *** [3.4.3]. changes in limnology of
ward migration of lakes **, increased salinity
aquatic species ** of inland lakes **.
[1.3.4, 4.4.9].

Geophysical systems

Biogeochemical
cycles
[WGII 4.4.9, 19.3.5.1;
WGI 7.3.3, 7.3.4,
7.3.5, 7.4.1.2, 10.4.1,
10.4.2]

Magnitude, Persistence,
Confidence, Low Adaptive Capacity,
Rate of Change

Ocean acidification already occurring, increasing further as atmospheric CO2
concentration increases ***; ecological changes are potentially severe * [1.3.4, 4.4.9].
Carbon cycle feedback increases projected CO2 concentrations by 2100 by 20-220 ppm
for SRES2 A2, with associated additional warming of 0.1 to 1.5°C **. AR4 temperature
range (1.1-6.4°C) accounts for this feedback from all scenarios and models but
additional CO2 and CH4 releases are possible from permafrost, peat lands, wetlands,
and large stores of marine hydrates at high latitudes * [4.4.6, 15.4.2].
Permafrost already melting, and above feedbacks generally increase with climate
change, but eustatic sea-level rise likely to increase stability of hydrates *** [1.3.1].

Greenland ice sheet
[WGII 6.3, 19.3.5.2;
WGI 6.4.3.3, 10.7.4.3]

Magnitude, Irreversibility, Low
Adaptive Capacity, Confidence

Localised Commitment to widespread ** Near-total
deglaciation to near-total * deglaciation, deglaciation **[19.3.5]
(already observed, 2-7 m sea-level rise3 over
due to local warming); centuries to millennia * [19.3.5].
extent would increase
with temperature increase
*** [19.3.5].

West Antarctic ice
sheet [WGII 6.3,
19.3.5.2; WGI 6.4.3.3,
10.7.4.4]

Magnitude, Irreversibility, Low
Adaptive Capacity

Localised ice shelf Commitment to partial deglaciation,
loss and grounding 1.5-5 m sea-level rise over centuries
line retreat * to millennia •/* [19.3.5]
(already observed, Likelihood of near-total deglaciation increases with
due to local warming) increases in temperature ** [19.3.5]
[1.3.1, 19.3.5]

Meridional overturning
circulation
[WGII 19.3.5.3; WGI
8.7.2.1, 10.3.4]

Magnitude, Persistence,
Distribution, Timing, Low Adaptive
Capacity, Confidence

Variations including Considerable weakening **. Commitment to large-
regional weakening scale and persistent change including possible
(already observed cooling in northern high-latitude areas near
but no trend Greenland and north-west Europe • highly
identified) dependent on rate of climate change [12.6, 19.3.5].

Extreme events

Tropical cyclone
intensity
[WGII 7.5, 8.2, 11.4.5,
16.2.2, 16.4, 19.3.6;
WGI Table TS-4, 3.8.3,
Q3.3, 9.5.3.6, Q10.1]

Magnitude, Timing, Distribution Increase in Category 4-5 Further increase in tropical cyclone intensity */**
storms*/**, with impacts exceeding infrastructure design criteria with large
exacerbated by sea-level rise economic costs ** and many lives threatened **.

Flooding, both large-
scale and flash floods
[WGII 14.4.1; WGI
Table TS-4, 10.3.6.1,
Q10.1]

Timing, Magnitude Increases in flash flooding in Increased flooding in many regions (e.g., North
many regions due to increased America and Europe) due to greater increase in winter
rainfall intensity** and in rainfall exacerbated by loss of winter snow storage **.
floods in large basins in mid Greater risk of dam burst in glacial mountain lakes **
and high latitudes **. [10.2.4.2].

Extreme heat
[WGII 14.4.5; WGI
Table TS-4, 10.3.6.2,
Q10.1]

Timing, Magnitude Increased heat stress and Frequency of heatwaves (according to current
heat-waves, especially in classification) will increase rapidly, causing increased
continental areas ***. mortality, crop failure, forest die-back and fire, and

damage to ecosystems ***.

Drought
[WGI Table TS-4,
10.3.6.1]

Magnitude, Timing Drought already increasing * Extreme drought increasing from 1% land area to 30%
[1.3.2.1]. Increasing (SRES A2 scenario) [WGI 10.3.6.1]. Mid-latitude
frequency and intensity of regions seriously affected by poleward migration of
drought in mid-latitude Annular Modes ** [WGI 10.3.5.5].
continental areas projected **
[WGI 10.3.6.1].

Fire
[WGII 1.3.6; WGI 7.3]

Timing, Magnitude Increased fire frequency and Frequency and intensity likely to be greater, especially
intensity in many areas, in boreal forests and dry peat lands after melting of
particularly where drought permafrost ** [4.4.5, 11.3, 13.4.1, 14.4.2, 14.4.4].
increases ** [4.4, 14.2.2].



regarding socio-economic development. However, only in a few
cases does the literature address rate or duration of warming and
its consequences. As entries in the table are necessarily short,
reference should be made to the relevant chapters and to the
accompanying text in this chapter for more detailed information
and cross-referencing, including additional caveats where applicable.

19.3.2 Global social systems

The term ‘social systems’ is used here in a broad sense to
describe human systems, and includes both market systems and
social systems. Market systems typically involve the provision
and sale of goods and services in formal or informal markets.
Valuation of non-market impacts (e.g., losses of human life,
species lost, distributional inequity, etc.) involves a series of
normative judgements that limit the degree of consensus and
confidence commanded by different studies (see Section 19.1.2).
The importance of non-market impacts and equity weighting is
suggested by Stern (2007) but, in the absence of likelihood and
confidence assessments, it is difficult to apply to any risk-
management framework calculations.

We first discuss impacts on major market systems, followed
by a discussion of impacts on major aspects of social systems.
Such impacts are often considered to be important in the context
of sustainable development.

19.3.2.1 Agriculture
Ensuring that food production is not threatened is an explicit

criterion of UNFCCC Article 2. In general, low-latitude areas
are most at risk of having decreased crop yields. In contrast,
mid- and high-latitude areas could generally, although not in all
locations, see increases in crop yields for temperature increases
of up to 1-3°C (see Chapter 5 Section 5.4.2). Taken together,
there is low to medium confidence that global agricultural
production could increase up to approximately 3°C of warming.
For temperature increases beyond 1-3°C, yields of many crops
in temperate regions are projected to decline (•/*4). As a result,
beyond 3°C warming, global production would decline because
of climate change (•/*) and the decline would continue as GMT
increases (•/*). Most studies on global agriculture have not yet
incorporated a number of critical factors, including changes in
extreme events or the spread of pests and diseases. In addition,
they have not considered the development of specific practices
or technologies to aid adaptation.

19.3.2.2 Other market sectors
Other market systems will also be affected by climate change.

These include the livestock, forestry and fisheries industries,
which are very likely to be directly affected as climate affects the
quality and extent of rangeland for animals, soils and other
growing conditions for trees, and freshwater and marine
ecosystems for fish. Other sectors are also sensitive to climate
change. These include energy, construction, insurance, tourism
and recreation. The aggregate effects of climate change on many
of these sectors has received little attention in the literature and
remains highly uncertain. Some sectors are likely to see shifts in

expenditure; with some contracting and some expanding. Yet,
for some sectors, such as insurance, the impacts of climate
change are likely to result in increased damage payments and
premiums (see Chapter 7).

Other sectors, such as tourism and recreation, are likely to
see some substantial shifts (e.g., reduction in ski season, loss of
some ski areas, shifts in location of tourist destinations because
of changes in climate and extreme events; e.g., Hamilton et al.,
2005; see also Chapter 7 Section 7.4.2 and Chapter 14 Section
14.4.7). Global net energy demand is very likely to change (Tol,
2002b). Demand for air-conditioning is highly likely to increase,
whereas demand for heating is highly likely to decrease. The
literature is not clear on what temperature is associated with
minimum global energy demand, so it is uncertain whether
warming will initially increase or decrease net global demand
for energy relative to some projected baseline. However, as
temperatures rise, net global demand for energy will eventually
rise as well (Hitz and Smith, 2004).

19.3.2.3 Aggregate market impacts
The total economic impacts from climate change are highly

uncertain. Depending upon the assumptions used (e.g., climate
sensitivity, discount rate and regional aggregation) total
economic impacts are typically estimated to be in the range of a
few percent of gross world product for a few degrees of warming
(see Chapter 20). Some estimates suggest that gross world
product could increase up to about 1-3°C warming, largely
because of estimated direct CO2 effects on agriculture, but such
estimates carry only low confidence. Even the direction of gross
world product change with this level of warming is highly
uncertain. Above the 1-3°C level of warming, available studies
indicate that gross world product could decrease (•). For
example, Tol (2002a) estimates net positive global market
impacts at 1°C when weighting by economic output, but finds
much smaller positive impacts when equity-weighted. Nordhaus
(2006) uses a geographically based method and finds more
negative economic impacts than previous studies, although still
in the range of a few percent of gross world product.

Studies of aggregate market impacts tend to rely on scenarios
of average changes in climate and focus on direct economic
effects alone. Potential damages from increased severity of
extreme climate events are often not included. The damages from
an increase in extreme events could substantially increase market
damages, especially at larger magnitudes of climate change (*).
Also, recent studies draw attention to indirect effects of climate
change on the economy (e.g., on capital accumulation and
investment, on savings rate); although there is debate about
methods, the studies agree that such effects could be significant
and warrant further attention (see Section 19.3.7; Fankhauser and
Tol, 2005; Kemfert, 2006; Roson and Tol, 2006; Fisher et al., 2007).

19.3.2.4 Distribution of market impacts
Global market impacts mask substantial variation in market

impacts at the continental, regional, national and local scales.
Even if gross world product were to change just a few percent,
national economies could be altered by relatively large amounts.
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For example, Maddison (2003) reports increases in cost of living
in low-latitude areas and decreases in high-latitude areas from a
2.5°C warming. All studies with regional detail show Africa, for
example, with climate damages of the order of several percent
of gross domestic product (GDP) at 2°C increase in GMT or
even lower levels of warming (*). As noted below, very small
economies such as Kiribati face damages from climate change
in the range of 20% of their GDP (•) (see Chapter 16 Section
16.4.3). The distributional heterogeneity in market system
impacts reflects the equity criterion described in Section 19.2
when considering which impacts may be considered ‘key’.

19.3.2.5 Societal systems
With regard to vulnerability of societal systems, there are

myriad thresholds specific to particular groups and systems at
specific time-frames beyond which they can be vulnerable to
variability and to climate change (Yamin et al., 2005). These
differences in vulnerability are a function of a number of factors.
Exposure is one key factor. For example, crops at low latitudes
will have greater exposure to higher temperatures than crops at
mid- and high latitudes. Thus, yields for grain crops, which are
sensitive to heat, are more likely to decline at lower latitudes
than at higher latitudes. Social systems in low-lying coastal areas
will vary in their exposure and adaptive capacities, yet most will
have increased vulnerability with greater warming and
associated sea-level rises or storm surges.

A second key factor affecting vulnerability is the capacity of
social systems to adapt to their environment, including coping
with the threats it may pose, and taking advantage of beneficial
changes. Smit et al. (2001) identified a number of determinants
of adaptive capacity, including such factors as wealth, societal
organisation and access to technology (see also Yohe and Tol,
2002). These attributes differentiate vulnerability to climate
change across societies facing similar exposure. For example,
Nicholls (2004) and Nicholls and Tol (2006) found that level of
development and population growth are very important factors
affecting vulnerability to sea-level rise. The specific vulnerabilities
of communities with climate-related risks, such as the elderly
and the poor or indigenous communities, are typically much
higher than for the population as a whole (see Section 14.2.6)

Even though some cold-related deaths and infectious disease
exposure are likely to be reduced, on balance there is medium
confidence that global mortality will increase as a result of
climate change. It is estimated that an additional 5-170 million
people will be at risk of hunger by the 2080s as a consequence
of climate change (Chapter 5 Section 5.6.5). There is medium to
high confidence that some other climate-sensitive health
outcomes, including heatwave impacts, diarrhoeal diseases,
flood-related risks, and diseases associated with exposure to
elevated concentrations of ozone and aeroallergens, will increase
with GMT (Chapter 8 Section 8.4.1). Development and
adaptation are key factors influencing human health risk
(Chapter 8 Section 8.6).

Vulnerability associated with water resources is complex
because vulnerability is quite region-specific. In addition, the
level of development and adaptation and social factors
determining access to water are very important in determining
vulnerability in the water sector. Studies differ as to whether

climate change will increase or decrease the number of people
living in water-stressed areas (e.g., Parry et al., 1999; Arnell,
2004; Hitz and Smith, 2004; Alcamo et al., 2007). Hundreds of
millions of people are estimated to be affected by changes in
water quantity and quality (Chapter 3 Section 3.4.3; Arnell,
2004) but uncertainties limit confidence and thus the degree to
which these risks might be labelled as ‘key’. Floods and
droughts appear to have increased in some regions and are likely
to become more severe in the future (Chapter 3 Section 3.4.3).

19.3.3 Regional vulnerabilities

Many of the societal impacts discussed above will be felt
within the regions assessed as part of the AR4. At a regional and
sub-regional scale, vulnerabilities can vary quite considerably.
For example, while mid- and high-latitude areas would have
increased crop yields up to about 3°C of warming, low-latitude
areas would face decreased yields and increased risks of
malnutrition at lower levels of warming (•/*) (Chapter 5 Section
5.4.2; Parry et al., 2004).

Africa is likely to be the continent most vulnerable to climate
change. Among the risks the continent faces are reductions in
food security and agricultural productivity, particularly
regarding subsistence agriculture (Chapter 9 Sections 9.4.4 and
9.6.1; Parry et al., 2004; Elasha et al., 2006), increased water
stress (Chapter 9 Section 9.4.1) and, as a result of these and the
potential for increased exposure to disease and other health risks,
increased risks to human health (Chapter 9 Section 9.4.3). Other
regions also face substantial risks from climate change.
Approximately 1 billion people in South, South-East, and East
Asia would face increased risks from reduced water supplies (•)
(Chapter 10 Section 10.4.2), decreased agricultural productivity
(•) (Chapter 10 Section 10.4.1.1), and increased risks of floods,
droughts and cholera (*) (Chapter 10 Section 10.4.5). Tens of
millions to over a hundred million people in Latin America
would face increased risk of water stress (•) (Chapter 13 Section
13.4.3). Low-lying, densely populated coastal areas are very
likely to face risks from sea-level rise and more intense extreme
events (Chapter 13 Section 13.4.4). The combination of land-use
changes and climate change is very likely to reduce biodiversity
substantially (Chapter 13 Section 13.2.5.1).

There is very high confidence that human settlements in polar
regions are already being adversely affected by reduction in ice
cover and coastal erosion (Chapter 15 Section 15.2.2). Future
climate change is very likely to result in additional disruption of
traditional cultures and loss of communities. For example,
warming of freshwater sources poses risks to human health
because of transmission of disease (*) (Martin et al., 2005).
Shifts in ecosystems are very likely to alter traditional use of
natural resources, and hence lifestyles.

Small islands, particularly several small island states, are
likely to experience large impacts due to the combination of
higher exposure, for example to sea-level rise and storm surge,
and limited ability to adapt (Chapter 16 Sections 16.ES, 16.2.1
and 16.4). There is very high confidence that many islands are
already experiencing some negative effects of climate change
(Chapter 1 Section 1.3.3; Chapter 16 Section 16.4). The long-
term sustainability of small-island societies is at great risk from
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climate change, with sea-level rise and extreme events posing
particular challenges on account of their limited size, proneness
to natural hazards and external shocks combined with limited
adaptive capacity and high costs relative to GDP. Subsistence
and commercial agriculture on small islands is likely to be
adversely affected by climate change and sea-level rise, as a
result of inundation, seawater intrusion into freshwater lenses,
soil salinisation, decline in water supply and deterioration of
water quality (Chapter 16 Executive Summary and Section
16.4). A group of low-lying islands, such as Tarawa and Kiribati,
would face average annual damages of 17 to 18% of its economy
by 2050 under the SRES A2 and B2 scenarios (•) (Chapter 16
Section 16.4.3).

Even in developed countries, there are many vulnerabilities.
Arnell (2004) estimated a 40 to 50% reduction in runoff in
southern Europe by the 2080s (associated with a 2 to 3°C
increase in global mean temperature). Fires will very likely
continue to increase in arid and semi-arid areas such as Australia
and the western USA, threatening development in wildland areas
(Chapter 4 Section 4.4.4; Chapter 11 Section 11.3.1; Chapter 14
Box 14.1 and Section 14.4.4; Westerling et al., 2006). Climate
change is likely to increase the frequency and intensity of
extreme heat events, as well as concentrations of air pollutants,
such as ozone, which increase mortality and morbidity in urban
areas (see Chapters 8, 11, 12 and 14).

19.3.4 Ecosystems and biodiversity

There is high confidence that climate change will result in
extinction of many species and reduction in the diversity of
ecosystems (see Section 4.4) Vulnerability of ecosystems and
species is partly a function of the expected rapid rate of climate
change relative to the resilience of many such systems. However,
multiple stressors are significant in this system, as vulnerability
is also a function of human development, which has already
substantially reduced the resilience of ecosystems and makes
many ecosystems and species more vulnerable to climate change
through blocked migration routes, fragmented habitats, reduced
populations, introduction of alien species and stresses related
to pollution.

There is very high confidence that regional temperature
trends are already affecting species and ecosystems around the
world (Chapter 1 Sections 1.3.4 and 1.3.5; Parmesan and Yohe,
2003; Root et al., 2003; Menzel et al., 2006) and it is likely that
at least part of the shifts in species observed to be exhibiting
changes in the past several decades can be attributed to human-
induced warming (see Chapter 1; Root et al., 2005). Thus,
additional climate changes are likely to adversely affect many
more species and ecosystems as global mean temperatures
continue to increase (see Section 4.4). For example, there is high
confidence that the extent and diversity of polar and tundra
ecosystems is in decline and that pests and diseases have spread
to higher latitudes and altitudes (Chapter 1 Sections 1.3.5 and
1.5).

Each additional degree of warming increases disruption of
ecosystems and loss of species. Individual ecosystems and
species often have different specific thresholds of change in
temperature, precipitation or other variables, beyond which they

are at risk of disruption or extinction. Looking across the many
ecosystems and thousands of species at risk of climate change,
a continuum of increasing risk of loss of ecosystems and species
emerges in the literature as the magnitude of climate change
increases, although individual confidence levels will vary and
are difficult to assess. Nevertheless, further warming is likely to
cause additional adverse impacts to many ecosystems and
contribute to biodiversity losses. Some examples follow.

• About half a degree of additional warming can cause harm
to vulnerable ecosystems such as coral reefs and Arctic
ecosystems * (Table 4.1).

• A warming of 1°C above 1990 levels would result in all coral
reefs being bleached and 10% of global ecosystems being
transformed (Chapter 4 Section 4.4.11).

• A warming of 2°C above 1990 levels will result in mass
mortality of coral reefs globally *** (Chapter 4 Section 4.4;
Chapter 6 Box 6.1), with one-sixth of the Earth’s ecosystems
being transformed (Leemans and Eickhout, 2004) **, and
about one-quarter of known species being committed to
extinction *. For example, if Arctic sea-ice cover recedes
markedly, many ice-dependent Arctic species, such as polar
bears and walrus, will be increasingly likely to be at risk of
extinction; other estimates suggest that the African Succulent
Karoo is likely to lose four-fifths of its area (Chapter 4
Section 4.4.11 and Table 4.1). There is low confidence that
the terrestrial biosphere will become a net source of carbon
(Chapter 4 Section 4.4.1).

• An additional degree of warming, to 3°C, is likely to result
in global terrestrial vegetation becoming a net source of
carbon (Chapter 4 Section 4.4.1), over one-fifth of
ecosystems being transformed * (Chapter 4 Section 4.4.11;
Leemans and Eickhout, 2003), up to 30% of known species
being committed to extinction * (Chapter 4 Section 4.4.11
and Table 4.1; Thomas et al., 2004; Malcolm et al., 2006,
estimate that 1 to 43% of species in 25 biodiversity hotspots
are at risk from an approximate 3 to 4°C warming) and half
of all nature reserves being unable to meet conservation
objectives * (Chapter 4 Table 4.1). Disturbances such as fire
and pests are very likely to increase substantially (Chapter 4
Section 4.4).

• There is very high confidence that warming above 3°C will cause
further disruption of ecosystems and extinction of species.

19.3.5 Geophysical systems

A number of Earth-system changes may be classified as key
impacts resulting in key vulnerabilities.

19.3.5.1. Global biogeochemical cycles
The sensitivity of the carbon cycle to increased CO2

concentrations and climate change is a key vulnerability due to
its magnitude, persistence, rate of change, low adaptive capacity
and the level of confidence in resulting impacts. Models suggest
that the overall effect of carbon–climate interactions is a positive
feedback (Denman et al., 2007 Section 7.1.5). As CO2
concentrations increase and climate changes, feedbacks from
terrestrial stores of carbon in forests and grasslands, soils,
wetlands, peatlands and permafrost, as well as from the ocean,
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would reduce net uptake of CO2 (Denman et al., 2007 Sections
7.3.3 and 7.3.4). Hence the predicted atmospheric CO2
concentration in 2100 is higher (and consequently the climate is
warmer) than in models that do not include these couplings
(Denman et al., 2007 Section 7.1.5). An intercomparison of ten
climate models with a representation of the land and ocean
carbon cycle forced by the SRES A2 emissions scenario
(Denman et al., 2007 Section 7.3.5; Meehl et al., 2007 Section
10.4.1) shows that, by the end of the 21st century, additional
CO2 varies between 20 and 200 ppm for the two extreme
models, with most of the models projecting additional CO2
between 50 and 100 ppm (Friedlingstein et al., 2003), leading to
an additional warming ranging between 0.1 and 1.5°C. A similar
range results from estimating the effect including forcing from
aerosols and non-CO2 greenhouse gases (GHGs). Such
additional warming would increase the number and severity of
impacts associated with many key vulnerabilities identified in
this chapter. In addition, these feedbacks reduce the emissions
(Meehl et al., 2007 Section 10.4.1) compatible with a given
atmospheric CO2 stabilisation pathway (**)

At the regional level (see Chapters 4, 10, 11, 12 and 14),
important aspects of the carbon–climate interaction include the
role of fire (Denman et al., 2007 Section 7.3.3.1.4) in transient
response and possible abrupt land-cover transitions from forest
to grassland or grassland to semi-arid conditions (Claussen et
al., 1999; Eastman et al., 2001; Cowling et al., 2004; Rial et al.,
2004).

Warming destabilises permafrost and marine sediments of
methane gas hydrates in some regions according to some model
simulations (Denman et al., 2007 Section 7.4.1.2), as has been
proposed as an explanation for the rapid warming that occurred
during the Palaeocene/Eocene thermal maximum (Dickens,
2001; Archer and Buffett, 2005). A rising eustatic (global)
contribution to sea level is estimated to stabilise hydrates to
some degree. One study (Harvey and Huang, 1995) reports that
methane releases may increase very long-term future
temperature by 10-25% over a range of scenarios. Most studies
also point to increased methane emissions from wetlands in a
warmer, wetter climate (Denman et al., 2007 Section 7.4.1.2).

Increasing ocean acidity due to increasing atmospheric
concentrations of CO2 (Denman et al., 2007 Section 7.3.4.1;
Sabine et al., 2004; Royal Society, 2005) is very likely to reduce
biocalcification of marine organisms such as corals (Hughes et
al., 2003; Feely et al., 2004). Though the limited number of
studies available makes it difficult to assess confidence levels,
potentially severe ecological changes would result from ocean
acidification, especially for corals in tropical stably stratified
waters, but also for cold water corals, and may influence the
marine food chain from carbonate-based phytoplankton up to
higher trophic levels (Denman et al., 2007 Section 7.3.4.1;
Turley et al., 2006).

19.3.5.2 Deglaciation of West Antarctic and
Greenland ice sheets

The potential for partial or near-total deglaciation of the
Greenland and the West Antarctic ice sheets (WAIS) and
associated sea-level rise (Jansen et al., 2007 Sections 6.4.3.2 and
6.4.3.3; Meehl et al., 2007 Sections 10.6.4, 10.7.4.3 and

10.7.4.4; Alley et al., 2005; Vaughan, 2007), is a key impact that
creates a key vulnerability due to its magnitude and
irreversibility, in combination with limited adaptive capacity
and, if substantial deglaciation occurred, high levels of
confidence in associated impacts. Ice sheets have been discussed
specifically in the context of Article 2 (O’Neill and
Oppenheimer 2002; Hansen, 2005; Keller et al., 2005;
Oppenheimer and Alley, 2005). Near-total deglaciation would
eventually lead to a sea-level rise of around 7 m and 5 m (***)
from Greenland and the WAIS, respectively, with wide-ranging
consequences including a reconfiguration of coastlines
worldwide and inundation of low-lying areas, particularly river
deltas (Schneider and Chen, 1980; Revelle, 1983; Tol et al.,
2006; Vaughan, 2007). Widespread deglaciation would not be
reversible except on very long time-scales, if at all (Meehl et al.,
2007 Sections 10.7.4.3 and 10.7.4.4). The Amundsen Sea sector
of the WAIS, already experiencing ice acceleration and rapid
ground-line retreat (Lemke et al., 2007 Section 4.6.2.2), on its
own includes ice equivalent to about 1.5 m sea-level rise (Meehl
et al., 2007 Section 10.7.4.4; Vaughan, 2007). The ability to
adapt would depend crucially on the rate of deglaciation (**).
Estimates of this rate and the corresponding time-scale for either
ice sheet range from more rapid (several centuries for several
metres of sea-level rise, up to 1 m/century) to slower (i.e., a few
millennia; Meehl et al., 2007 Section 10.7.4.4; Vaughan and
Spouge, 2002), so that deglaciation is very likely to be
completed long after it is first triggered.

For Greenland, the threshold for near-total deglaciation is
estimated at 3.2-6.2°C local warming (1.9-4.6°C global
warming) relative to pre-industrial temperatures using current
models (Meehl et al., 2007 Section 10.7.4.3). Such models also
indicate that warming would initially cause the Antarctic ice
sheet as a whole to gain mass owing to an increased
accumulation of snowfall (*; some recent studies find no
significant continent-wide trends in accumulation over the past
several decades; Lemke et al., 2007 Section 4.6.3.1). Scenarios
of deglaciation (Meehl et al., 2007 Section 10.7.4.4) assume that
any such increase would be outweighed by accelerated discharge
of ice following weakening or collapse of an ice shelf due to
melting at its surface or its base (*). Mean summer temperatures
over the major West Antarctic ice shelves are about as likely as
not to pass the melting point if global warming exceeds 5°C
(Meehl et al., 2007 Section 10.7.4.4). Some studies suggest that
disintegration of ice shelves would occur at lower temperatures
due to basal or episodic surface melting (Meehl et al., 2007
Sections 10.6.4.2 and 10.7.4.4; Wild et al., 2003). Recent
observations of unpredicted, local acceleration and consequent
loss of mass from both ice sheets (Alley et al., 2005) underscores
the inadequacy of existing ice-sheet models, leaving no
generally agreed basis for projection, particularly for WAIS
(Lemke et al., 2007 Section 4.6.3.3; Meehl et al., 2007 Sections
10.6.4.2 and 10.7.4.4; Vieli and Payne, 2005). However,
palaeoclimatic evidence (Denman et al., 2007 Sections 6.4.3.2
and 6.4.3.3; Overpeck et al., 2006; Otto-Bliesner et al., 2006)
suggests that Greenland and possibly the WAIS contributed to a
sea-level rise of 4-6 m during the last interglacial, when polar
temperatures were 3-5°C warmer, and the global mean was not
notably warmer, than at present (Meehl et al., 2007 Sections
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10.7.4.3 and 10.7.4.4). Accordingly, there is medium confidence
that at least partial deglaciation of the Greenland ice sheet, and
possibly the WAIS, would occur over a period of time ranging
from centuries to millennia for a global average temperature
increase of 1-4°C (relative to 1990-2000), causing a contribution
to sea-level rise of 4-6 m or more (Meehl et al., 2007 Sections
10.7.4.3 and 10.7.4.4; Oppenheimer and Alley, 2004, 2005;
Hansen, 2005).

Current limitations of ice-sheet modelling also increase
uncertainty in the projections of 21st-century sea-level rise
(Meehl et al., 2007 Section 10.6.4.2) used to assess coastal
impacts in this report. An illustrative estimate by WGI of the
contribution of processes not represented by models yielded an
increase of 0.1-0.2 m in the upper ranges of projected sea-level
rise for 2100 (Meehl et al., 2007 Section 10.6.4.2). Other
approximation methods would yield larger or smaller
adjustments, including zero.

19.3.5.3 Possible changes in the North Atlantic meridional
overturning circulation (MOC)

The sensitivity of the North Atlantic meridional overturning
circulation (MOC) (cf., WGI AR4 Glossary; Bindoff et al., 2007
Box 5.1) to anthropogenic forcing is regarded as a key
vulnerability due to the potential for sizeable and abrupt
impacts (Tol, 1998; Keller et al., 2000; Mastrandrea and
Schneider, 2001; Alley et al., 2003; Rahmstorf et al., 2003; Link
and Tol, 2004, 2006; Higgins and Schneider, 2005; Sathaye et
al., 2007).

Palaeo-analogues and model simulations show that the MOC
can react abruptly and with a hysteresis response, once a certain
forcing threshold is crossed (Randall et al., 2007; Meehl et al.,
2007). Estimates of the forcing threshold that would trigger
large-scale and persistent MOC changes rely on three main
lines of evidence. The first, based on the analysis of coupled
Atmosphere-Ocean General Circulation Models (AOGCMs),
do not show MOC collapse in the 21st century (Meehl et al.,
2007 Box 10.1). Assessing the confidence in this is, however,
difficult, as these model runs sample only a subset of potentially
relevant uncertainties (e.g., Challenor et al., 2006) and do not
cross the forcing thresholds suggested by the second line of
evidence: simulations using Earth system models of
intermediate complexity (EMICs) (Randall et al., 2007 Section
8.8.3; Meehl et al., 2007 10.3.4). EMIC simulations, which use
simplified representations of processes to explore a wider range
of uncertainties, suggest that the probability that forcing would
trigger an MOC threshold response during the 21st century
could exceed estimates derived from AOGCM runs alone (e.g.,
Challenor et al., 2006). The third line of evidence, not assessed
by Working Group I, relies on expert elicitations (sometimes
combined with the analysis of simple climate models). These
MOC projections show a large spread, with some suggesting a
substantial likelihood of triggering a MOC threshold response
within this century (Arnell et al., 2005; Rahmstorf and Zickfeld,
2005; McInerney and Keller, 2006; Schlesinger et al., 2006;
Yohe et al., 2006).

Potential impacts associated with MOC changes include
reduced warming or (in the case of abrupt change) absolute
cooling of northern high-latitude areas near Greenland and

north-western Europe, an increased warming of Southern
Hemisphere high latitudes, tropical drying (Vellinga and Wood,
2002, 2006; Wood et al., 2003, 2006), as well as changes in
marine ecosystem productivity (Schmittner, 2005), terrestrial
vegetation (Higgins and Vellinga, 2004), oceanic CO2 uptake
(Sarmiento and Le Quéré, 1996), oceanic oxygen concentrations
(Matear and Hirst, 2003) and shifts in fisheries (Keller et al.,
2000; Link and Tol, 2004). Adaptation to MOC-related impacts
is very likely to be difficult if the impacts occur abruptly (e.g.,
on a decadal time-scale). Overall, there is high confidence in
predictions of a MOC slowdown during the 21st century, but
low confidence in the scale of climate change that would cause
an abrupt transition or the associated impacts (Meehl et al., 2007
Section 10.3.4). However, there is high confidence that the
likelihood of large-scale and persistent MOC responses
increases with the extent and rate of anthropogenic forcing (e.g.,
Stocker and Schmittner, 1997; Stouffer and Manabe, 2003).

19.3.5.4 Changes in the modes of climate variability
Change in the modes of climate variability in response to

anthropogenic forcing can lead to key impacts because these
modes dominate annual-to-decadal variability, and adaptation to
variability remains challenging in many regions. For example,
some studies suggest that anthropogenic forcings would affect El
Niño-Southern Oscillation (ENSO) variability (Timmermann et
al., 1999; Fedorov and Philander, 2000; Fedorov et al., 2006;
Hegerl et al., 2007 Section 9.5.3.1; Meehl et al., 2007 Section
10.3.5.3-5). Current ENSO projections are marked by many
uncertainties, including

• the potential for an abrupt and/or hysteresis response,
• the direction of the shift,
• the level of warming when triggered.

ENSO shifts would affect agriculture (Cane et al., 1994; Legler
et al., 1999), infectious diseases (Rodo et al., 2002), water
supply, flooding, droughts (Kuhnel and Coates, 2000; Cole et
al., 2002), wildfires (Swetnam and Betancourt, 1990), tropical
cyclones (Pielke and Landsea, 1999; Emanuel, 2005), fisheries
(Lehodey et al., 1997), carbon sinks (Bacastow et al., 1980) and
the North Atlantic MOC (Latif et al., 2000).

The North Atlantic Oscillation (NAO) and the Annular Mode
in both the Northern and Southern Hemispheres (also known as
the Arctic Oscillation, AO, and the Antarctic Oscillation, AAO;
Meehl et al., 2007 Section 10.3.5.6; Hartmann et al., 2000;
Thompson and Wallace, 2000; Fyfe et al., 1999; Kushner et al.,
2001; Cai et al., 2003; Gillett et al., 2003; Kuzmina et al., 2005)
are likely to be affected by greenhouse forcing and ozone
depletion. For example, the average of the IPCC WGI AR4
simulations from thirteen models shows a positive trend for the
Northern Annular Mode that becomes statistically significant
early in the 21st century (Meehl et al., 2007 Section 10.3.5.6).
Such changes would affect surface pressure patterns, storm
tracks and rainfall distributions in the mid and high latitudes of
both hemispheres, with potentially serious impacts on regional
water supplies, agriculture, wind speeds and extreme events.
Implications are potentially severe for water resources and
storminess in Australia, New Zealand, southern Africa,
Argentina and Chile, southern Europe, and possibly parts of the
USA where Mediterranean-type climates prevail.
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Current forcing may have caused changes in these modes but
observed changes are also similar to those simulated in
AOGCMs in the absence of forcing (Cai et al., 2003). There is
some evidence for a weakening of major tropical monsoon
circulations (AR4 WGI 3.7.1, 9.5.3.5). Projections of monsoon
precipitation show a complex pattern of increases (e.g., Australia
in the southern summer and Asia), and decreases (e.g., the Sahel
in the northern summer) (Meehl et al., 2007 Section 10.3.5.2).
Confidence in projections of specific monsoonal changes is low
to medium.

19.3.6 Extreme events

As discussed in WGI AR4 Technical Summary (Solomon et
al., 2007) Box TS.5 and Table TS.4, various extreme events are
very likely to change in magnitude and/or frequency and
location with global warming. In some cases, significant trends
have been observed in recent decades (Trenberth et al., 2007
Table 3.8).

The most likely changes are an increase in the number of hot
days and nights (with some minor regional exceptions), or in
days exceeding various threshold temperatures, and decreases
in the number of cold days, particularly including frosts. These
are virtually certain to affect human comfort and health, natural
ecosystems and crops. Extended warmer periods are also very
likely to increase water demand and evaporative losses,
increasing the intensity and duration of droughts, assuming no
increases in precipitation.

Precipitation is generally predicted in climate models to
increase in high latitudes and to decrease in some mid-latitude
regions, especially in regions where the mid-latitude westerlies
migrate polewards in the summer season, thus steering fewer
storms into such ‘Mediterranean climates’ (Meehl et al., 2007
Section 10.3.2.3). These changes, together with a general
intensification of rainfall events (Meehl et al., 2007 Section
10.3.6.1), are very likely to increase the frequency of flash floods
and large-area floods in many regions, especially at high
latitudes. This will be exacerbated, or at least seasonally
modified in some locations, by earlier melting of snowpacks and
melting of glaciers. Regions of constant or reduced precipitation
are very likely to experience more frequent and intense droughts,
notably in Mediterranean-type climates and in mid-latitude
continental interiors.

Extended warm periods and increased drought will increase
water stress in forests and grasslands and increase the frequency
and intensity of wildfires (Cary, 2002; Westerling et al., 2006),
especially in forests and peatland, including thawed permafrost.
These effects may lead to large losses of accumulated carbon
from the soil and biosphere to the atmosphere, thereby
amplifying global warming (**) (see Sections 4.4.1, 19.3.5.1;
Langmann and Heil, 2004; Angert et al., 2005; Bellamy et
al., 2005).

Tropical cyclones (including hurricanes and typhoons), are
likely to become more intense with sea surface temperature
increases, with model simulations projecting increases by mid-
century (Meehl et al., 2007 Section 10.3.6.3). However, despite
an ongoing debate, some data reanalyses suggest that, since the
1970s, tropical cyclone intensities have increased far more

rapidly in all major ocean basins where tropical cyclones occur
(Trenberth et al., 2007 Section 3.8.3), and that this is consistently
related to increasing sea surface temperatures. Some authors
have questioned the reliability of these data, in part because
climate models do not predict such large increases; however, the
climate models could be underestimating the changes due to
inadequate spatial resolution. This issue currently remains
unresolved. Some modelling experiments suggest that the total
number of tropical cyclones is expected to decrease slightly
(Meehl et al., 2007 Section 10.3.6.3), but it is the more intense
storms that have by far the greatest impacts and constitute a key
vulnerability.

The combination of rising sea level and more intense coastal
storms, especially tropical cyclones, would cause more frequent
and intense storm surges, with damages exacerbated by more
intense inland rainfall and stronger winds (see Section 6.3.2).
Increasing exposure occurs as coastal populations increase (see
Section 6.3.1).

Many adaptation measures exist that could reduce
vulnerability to extreme events. Among them are dams to
provide flood protection and water supply, dykes and coastal
restoration for protection against coastal surges, improved
construction standards, land-use planning to reduce exposure,
disaster preparedness, improved warning systems and
evacuation procedures, and broader availability of insurance and
emergency relief (see Chapter 18). However, despite
considerable advances in knowledge regarding weather
extremes, the relevant adaptation measures are underused, partly
for reasons of cost, especially in developing countries (White et
al., 2001; Sections 7.4.3, 7.5 and 7.6). Despite progress in
reducing the mortality associated with many classes of extremes,
human societies, particularly in the developing world, are not
well adapted to the current baseline of climate variability and
extreme events, such as tropical cyclones, floods and droughts,
and thus these impacts are often assessed as key vulnerabilities.

19.3.7 Update on ‘Reasons for Concern’

The TAR (Smith et al., 2001; IPCC, 2001b) identified five
‘reasons for concern’ about climate change and showed
schematically how their seriousness would increase with global
mean temperature change. In this section, the ‘reasons for
concern’ are updated.

Unique and threatened systems
The TAR concluded that there is medium confidence that an

increase in global mean temperature of 2°C above 1990 levels or
less would harm several such systems, in particular coral reefs
and coastal regions.

Since the TAR, there is new and much stronger evidence of
observed impacts of climate change on unique and vulnerable
systems (see Sections 1.3.4 and 1.3.5; Parmesan and Yohe, 2003;
Root et al., 2003, 2005; Menzel et al., 2006), many of which are
described as already being adversely affected by climate change.
This is particularly evident in polar ecosystems (e.g., ACIA,
2005). Furthermore, confidence has increased that an increase in
global mean temperature of up to 2°C relative to 1990
temperatures will pose significant risks to many unique and
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vulnerable systems, including many biodiversity hotspots (e.g.,
Hare, 2003; Leemans and Eickhout, 2004; Malcolm et al., 2006).
In summary, there is now high confidence that a warming of up
to 2°C above 1990-2000 levels would have significant impacts
on many unique and vulnerable systems, and is likely to increase
the endangered status of many threatened species, with
increasing adverse impacts and confidence in this conclusion at
higher levels of temperature increase.

Extreme events
The TAR concluded that there is high confidence that the

frequency and magnitude of many extreme climate-related
events (e.g., heatwaves, tropical cyclone intensities) will
increase with a temperature increase of less than 2°C above 1990
levels; and that this increase and consequent damages will
become greater at higher temperatures.

Recent extreme climate events have demonstrated that such
events can cause significant loss of life and property damage in
both developing and developed countries (e.g., Schär et al.,
2004). While individual events cannot be attributed solely to
anthropogenic climate change, recent research indicates that
human influence has already increased the risk of certain
extreme events such as heatwaves (**) and intense tropical
cyclones (*) (Stott et al., 2004; Emanuel, 2005; Webster et al.,
2005; Trenberth et al., 2007; Bindoff et al., 2007). There is high
confidence that a warming of up to 2°C above 1990-2000 levels
would increase the risk of many extreme events, including
floods, droughts, heatwaves and fires, with increasing levels of
adverse impacts and confidence in this conclusion at higher
levels of temperature increase.

Distribution of impacts
Chapter 19 of the WGII TAR (Smith et al., 2001) concluded

that there is high confidence that developing countries will be
more vulnerable to climate change than developed countries;
medium confidence that a warming of less than 2°C above 1990
levels would have net negative impacts on market sectors in
many developing countries and net positive impacts on market
sectors in many developed countries; and high confidence that
above 2 to 3°C, there would be net negative impacts in many
developed countries and additional negative impacts in many
developing countries.

There is still high confidence that the distribution of impacts
will be uneven and that low-latitude, less-developed areas are
generally at greatest risk due to both higher sensitivity and lower
adaptive capacity. However, recent work has shown that
vulnerability to climate change is also highly variable within
individual countries. As a consequence, some population groups
in developed countries are also highly vulnerable even to a
warming of less than 2°C (see, e.g., Section 12.4.). For instance,
indigenous populations in high-latitude areas are already faced
with significant adverse impacts from climate change to date (see
Section 14.4; ACIA, 2005), and the increasing number of coastal
dwellers, particularly in areas subject to tropical cyclones, are
facing increasing risks (Christensen et al., 2007 Box 11.5; Section
11.9.5). There is high confidence that warming of 1 to 2°C above
1990-2000 levels would include key negative impacts in some
regions of the world (e.g., Arctic nations, small islands), and pose

new and significant threats to certain highly vulnerable population
groups in other regions (e.g., high-altitude communities, coastal-
zone communities with significant poverty levels), with increasing
levels of adverse impacts and confidence in this conclusion at
higher levels of temperature increase.

Aggregate impacts
Chapter 19 of the WGII TAR (Smith et al., 2001) concluded

that there is medium confidence that with an increase in global
mean temperature of up to 2°C above 1990 levels, aggregate
market sector impacts would be plus or minus a few percent of
gross world product, but most people in the world would be
negatively affected. Studies of aggregate economic impacts
found net damages beyond temperature increases of 2 to 3°C
above 1990 levels, with increasing damages at higher
magnitudes of climate change.

The findings of the TAR are consistent with more recent
studies, as reviewed in Hitz and Smith (2004). Many limitations
of aggregated climate impact estimates have already been noted
in the TAR, such as difficulties in the valuation of non-market
impacts, the scarcity of studies outside a few developed
countries, the focus of most studies on selected effects of a
smooth mean temperature increase, and a preliminary
representation of adaptation and development. Recent studies
have included some of these previously unaccounted for aspects,
such as flood damage to agriculture (Rosenzweig et al., 2002)
and damages from increased cyclone intensity (Climate Risk
Management Limited, 2005). These studies imply that the
physical impacts and costs associated with these neglected
aspects of climate change may be very significant. Different
analytic techniques (e.g., Nordhaus, 2006) can result in estimates
of higher net damages; inclusion of indirect effects can increase
the magnitude of impacts (e.g., Fankhauser and Tol, 2005; Stern,
2007). Other studies reinforce the finding of potential benefits at
a few degrees of warming, followed by damages with more
warming (Maddison, 2003; Tol, 2005). However, long-term
costs from even a few degrees of warming, such as eventual rise
in sea level (e.g., Overpeck et al., 2006), are not included in
aggregate damage estimates. In addition, the current literature
is limited in accounting for the economic opportunities that can
be created by climate change.

On balance, the current generation of aggregate estimates in
the literature is more likely than not to understate the actual costs
of climate change. Consequently, it is possible that initial net
market benefits from climate change will peak at a lower
magnitude and sooner than was assumed for the TAR, and it is
likely that there will be higher damages for larger magnitudes of
global mean temperature increases than estimated in the TAR.

The literature also includes analysis of aggregate impacts of
climate change other than monetary effects. Parry et al. (1999)
found that climate change could adversely affect hundreds of
millions of people through increased risk of coastal flooding,
reduction in water supplies, increased risk of malnutrition and
increased risk of exposure to disease. All of these impacts would
directly affect human health. The ‘Global Burden of Disease’
study estimated that the climate change that has occurred since
1990 has increased mortality, and that projected climate change
will increase future disease burdens even with adaptation
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(McMichael et al., 2004). There is low to medium confidence
that most people in the world will be negatively affected at
global mean temperature increases of 1-2°C above 1990-2000
levels, with increasing levels of adverse impacts and confidence
in this conclusion at higher levels of temperature increase.

Large-scale singularities
The TAR concluded that there is low to medium confidence

that a rapid warming of over 3°C would trigger large-scale
singularities in the climate system, such as changes in climate
variability (e.g., ENSO changes), breakdown of the
thermohaline circulation (THC – or equivalently, meridional
overturning circulation, MOC), deglaciation of the WAIS, and
climate–biosphere–carbon cycle feedbacks. However,
determining the trigger points and timing of large-scale
singularities was seen as difficult because of the many complex
interactions of the climate system.

Since the TAR, the literature offers more specific guidance
on possible thresholds for partial or near-complete deglaciation
of the Greenland and West Antarctic ice sheets. There is medium
confidence that at least partial deglaciation of the Greenland ice
sheet, and possibly the WAIS, would occur over a period of time
ranging from centuries to millennia for a global average
temperature increase of 1-4°C (relative to 1990-2000), causing
a contribution to sea-level rise of 4-6 m or more (Section
19.3.5.2; Jansen et al., 2007 Section 6.4; Meehl et al., 2007
Sections 10.7.4.3 and 10.7.4.4; Oppenheimer and Alley, 2004,
2005; Hansen, 2005; Otto-Bliesner et al., 2006; Overpeck et al.,
2006). Since the TAR, there is more confidence in projections of
the climate consequences of feedbacks in the carbon cycle (see
Section 19.3.5.1).

19.4 Assessment of response strategies
to avoid key vulnerabilities

This section reviews the literature addressing the linkages
between key vulnerabilities and response strategies in order to
avoid or reduce them. This section is structured as follows. Section
19.4.1 reviews the literature on the role of adaptation to avoid key
vulnerabilities. As discussed in Section 19.2, the lack of adaptive
capacity, or the inability to adapt, is one of the criteria relevant for
the selection of key vulnerabilities. Section 19.4.2 reviews the
literature that specifically addresses the avoidance of key
vulnerabilities through mitigation of climate change. Section
19.4.3 synthesises the knowledge about avoiding key
vulnerabilities of climate change.

The principal response strategies – mitigation of climate
change and adaptation – are often portrayed as having largely
different foci in terms of their characteristic spatial and temporal
scales. Other important strategies include investing in gaining
knowledge (e.g., improving predictions and the understanding of
options) and investing in capacity-building (improving ability and
tools to make good decisions under uncertainty). Finally, some
have suggested geo-engineering as a backstop policy option (see,
e.g., Izrael, 2005; Cicerone, 2006; Crutzen, 2006; Kiehl, 2006;
Wigley, 2006, for an update on this debate).

Given the integrating nature of this section at the interface
between climate change impacts and vulnerabilities, mitigation,
and adaptation, there are important links with other chapters of
the IPCC AR4. Most importantly, WGII Chapter 17 discusses the
role of adaptation to climate change; WGII Chapter 18, WGIII
Chapter 2 Section 2.5 and Chapter 3 Section 3.5 discuss the links
between mitigation and adaptation; WGIII Chapter 1 Section 1.2
and Chapter 2 Section 2.2 discuss the characteristics of the
challenge and some decision-making problems in responding to
global climate change, respectively; WGII Chapter 2 Section 2.2.7
and WGIII Chapter 2 Section 2.3 discuss methods to address
uncertainties in this context; WGIII Chapter 3 Section 3.3 and
Chapter 3 Section 3.6 discuss climate change mitigation from a
long-term and a short-term perspective, respectively; and WGII
Chapter 2 Section 2.4.6 discusses methods of evaluating impacts
associated with mitigation scenarios.

19.4.1 Adaptation as a response strategy

How much can anticipatory and autonomous adaptation
achieve? What is the potential for, and limitations of, adaptation
to reduce impacts and to reduce or avoid key vulnerabilities?

The scientific literature on these questions is less well
developed than for mitigation, and the conclusions are more
speculative in many cases. It is clear, however, that there is no
simple comprehensive response to the adaptation question, and
that the answers are often place-specific and very nuanced, and
are likely to become more so as research advances.

In agriculture, for example, previous IPCC assessments have
generally concluded that, in the near to medium term, aggregate
world food production is not threatened (IPCC, 1996, 2001a).
However, considerable regional variation in impacts and
adaptive capacity suggests that severe impacts and food scarcity
could occur in some regions, especially at low latitudes, where
large numbers of poorer people are already engaged in
agriculture that is not currently viable (see Section 5.4.2). In
global terms, agriculture has been extremely resilient and world
food production has expanded rapidly to keep pace with world
population growth. Of course, there is debate on the
sustainability of these trends, as they depend in part on the
growing demand for meat and meat products as well as potential
competition between agricultural resources for producing food
versus those used for producing energy. Nevertheless, even
where shortages have occurred, the reasons are rarely to be
found in an absolute lack of food but are more due to lack of
purchasing power and failures of the distribution system.

Attention to adaptation in agriculture has tended to focus on
specific measures at the farm level, and some progress is being
made in the incorporation of climate risks into agricultural
practices. On the other hand, the processes of globalisation and
technological change are placing adaptation more in the hands
of agri-business, national policy-makers, and the international
political economy, including such factors as prices, tariffs and
subsidies, and the terms of international trade (Apuuli et al.,
2000; Burton and Lim, 2005).

The record of past success in agriculture is often seen in other
sectors, particularly in developed countries and, in many regions
it is evident that current climate variability falls largely within
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the coping range (Burton and Lim, 2005). One possible
exception is in the case of extreme events where monetary losses
(both insured and uninsured – Munich Re, 2005) have been
rising sharply, although mortality has been falling. In such cases,
adaptation has not been so successful, despite major
improvements in understanding the risks and in forecasts and
warnings (White et al., 2001). One reason is the decline in local
concern and thus a reduced propensity to adopt proactive
adaptation measures, as the memory of specific disaster events
fades. Related to this lack of appreciation of possible risks is that
governments and communities can still be taken by surprise
when extreme events occur, even though scientific evidence of
their potential occurrence is widely available (Bazermann,
2005). Economic damage and loss of life from Hurricane
Katrina in 2005, the European heatwave of 2003, and many
other similar events are due in large measure to a lack of
sufficient anticipatory adaptation, or even maladaptation in some
cases. So while the overall record of adaptation to climate
change and variability in the past 200 or so years has been
successful overall, there is evidence of insufficient investments
in adaptation opportunities, especially in relation to extreme
events (Burton, 2004, Burton and May, 2004; Hallegatte et al.,
2007). While economic losses have increased, there has been
considerable success in reducing loss of life; and despite the
recent spate of deadly extreme weather events, the general trend
in mortality and morbidity remains downwards.

It is clear that in the future there is considerable scope for
adaptation, provided that existing and developing scientific
understanding, technology and know-how can be effectively
applied. It might be expected that the slower the rate of climate
change, the more likely it is that adaptation will be successful.
For example, even a major rise in sea level might be
accommodated and adjusted to by human societies if it happens
very slowly over many centuries (Nicholls and Tol, 2006). On
the other hand, slow incremental change can still involve
considerable costs and people might not be sufficiently motivated
to take precautionary action and bear the associated costs without
some more dramatic stimulus. Paradoxically, therefore, the full
array of human adaptation potential is not likely to be brought to
bear when all the market, social, psychological and institutional
barriers to adaptation are taken into account.

In terms of the key vulnerabilities identified in Table 19.1, it
is clear that adaptation potential is greater the more the system is
under human management and control. Major geophysical
changes leave little room for human-managed adaptation.
Fortunately these changes are likely to unfold relatively slowly,
thus allowing more time for adaptation to their eventual impacts.
There is somewhat greater adaptive capacity in biological
systems, but it is still very limited. Biodiversity and ecosystems
are likely to be impacted at a much faster rate than geophysical
systems without a commensurately larger adaptive capacity for
such impacts. It seems likely, therefore, that the greatest impacts
in the near to medium term, where adaptation capacity is very
limited, will occur in biological systems (Leemans and Eickhout,
2004; Smith, 2004; see Chapter 4). As we move into human
social systems and market systems, adaptive capacity at the
technical level increases dramatically. However, the
understanding of impacts, adaptive capacity, and the costs of

adaptation is weaker in social systems than in biological systems,
and the uncertainties are high. This is especially the case for
synergistic or cross-cutting impacts. Considered in isolation, the
potential for agricultural adaptation may appear to be good. When
related impacts in water regimes, droughts and floods, pest
infestations and plant diseases, human health, the reliability of
infrastructure, poor governance, as well as other non-climate-
related stresses are taken into account, the picture is less clear.

A general conclusion on the basis of the present
understanding is that for market and social systems there is
considerable adaptation potential, but the economic costs are
potentially large, largely unknown and unequally distributed, as
is the adaptation potential itself. For biological and geophysical
systems, the adaptation potential is much less than in social and
market systems, because impacts are more direct and therefore
appear more rapidly. A large proportion of the future increase in
key vulnerabilities is likely to be recorded first in biological
systems (see Chapter 1). This does not mean that key
vulnerabilities will not occur in social and market systems. They
depend on biological systems, and as ecosystems are affected
by mounting stresses from climate change and concomitant
factors such as habitat fractionation, and the spread of plant
diseases and pest infestations, then the follow-on, second-order
effects on human health and safety, livelihoods and prosperity,
will be considerable (*/**).

19.4.2 Mitigation

This subsection reviews the growing literature (see, e.g.,
Schellnhuber et al., 2006) on mitigation of climate change as a
means to avoid key vulnerabilities or dangerous anthropogenic
interference (DAI) with the climate system. A more general
review of the literature on climate change mitigation is found in
the WGIII AR4 Chapter 3 (Fisher et al., 2007) Sections 3.3.5
(on long-term stabilisation scenarios), 3.5.2 and 3.5.3 (on
integrated assessment and risk management) and 3.6 (on
linkages between short-term and long-term targets).

19.4.2.1 Methodological approaches to the assessment
of mitigation strategies

A variety of methods is used in the literature to identify
response strategies that may avoid potential key vulnerabilities
or DAI (see also Fisher et al., 2007, Section 3.5.2). These methods
can be characterised according to the following dimensions.

• Targeted versus non-targeted
In this section, targeted approaches refer to the determination
of policy strategies that attempt to avoid exceeding pre-
defined targets for key vulnerabilities or DAI thresholds,
whereas non-targeted approaches determine the implications
for key vulnerabilities or DAI of emissions or concentration
pathways selected without initial consideration of such
targets or thresholds. Targeted approaches are sometimes
referred to as ‘inverse’ approaches, as they are working
backwards from a specified outcome (e.g., an impact
threshold not to be exceeded) towards the origin of the
cause–effect chain that links GHG emissions with climate
impacts.
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• Deterministic versus set-based versus probabilistic
Deterministic analyses are based on best-guess estimates for
uncertain parameters, whereas probabilistic analyses
explicitly consider key uncertainties of the coupled socio-
natural system by describing one or more parameters in
terms of probability distributions. Uncertainty can also be
treated discretely by set-based methods that select different
possible values without specifying any probability
distribution across the members of that set. For a more
detailed discussion of the role of uncertainty in the
assessment of response strategies, see Box 19.3.

• Optimising versus adaptive versus non-optimising
Optimising analyses determine recommended policy
strategies based on a pre-defined objective, such as cost
minimisation; whereas non-optimising analyses do not
require the specification of such an objective function.

Adaptive analyses optimise near-term decisions under the
assumption that future decisions will consider new
information as and when it materialises.

Table 19.2 characterises the main methods applied in the
relevant literature based on two of the three dimensions defined
above, because deterministic, set-based and probabilistic
approaches can be applied to each of these methods. The
remainder of Section 19.4 reviews literature pertaining to these
methods that examines mitigation strategies to avoid key
vulnerabilities or DAI.

19.4.2.2 Scenario analysis and analysis of stabilisation targets
Scenario analysis examines the implications of specified

emissions pathways or concentration profiles for future climate
change, e.g., magnitude and rate of temperature increase. Some
studies focus on the key radiative forcing agent CO2, while
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Box 19.3. Uncertainties in the assessment of response strategies

Climate change assessments and the development of response strategies face multiple uncertainties and unknowns (see Fourth
Assessment Working Group II Chapter 2 and Working Group III Chapter 2). The most relevant sources of uncertainty in this
context are:

(i) Natural randomness,
(ii) Lack of scientific knowledge,
(iii) Social choice (reflexive uncertainty),
(iv) Value diversity.

Some sources of uncertainty can be reasonably represented by probabilities, whereas others are more difficult to characterise
probabilistically. The natural randomness in the climate system can be characterised by frequentist (or objective) probabilities,
which describe the relative frequency (sometimes referred to as ‘likelihood’) of a repeatable event under known circumstances.
There are, however, limitations to the frequentist description, given that the climate system is non-stationary at a range of scales
and that past forcing factors cannot be perfectly known. The reliability of knowledge about uncertain aspects of the world (such
as the ‘true’ value of climate sensitivity) cannot be empirically represented by frequentist probabilities alone. It is possible to
construct probability distributions of climate sensitivity that look like frequency representations, but they will always have
substantial elements of subjectivity embedded (Morgan and Keith, 1995; Allen et al., 2001). The inherent need for probabilistic
analyses in a risk-management framework becomes problematic when some analysts object in principle to even assessing
probabilities in situations of considerable lack of data or other key ingredients for probabilistic assessment. To help bridge this
philosophical conflict, it has been suggested that making subjective elements transparent is an essential obligation of
assessments using such an approach (e.g., Moss and Schneider, 2000). One method of characterising uncertainty due to a lack
of scientific knowledge is by Bayesian (or subjective) probabilities, which refer to the degree of belief of experts in a particular
statement, considering the available data. Another approach involves non-probabilistic representations such as imprecise
probabilities (e.g., Hall et al., 2006). Whether probabilities can be applied to describe future social choice, in particular uncertainties
in future greenhouse gas emissions, has also been the subject of considerable scientific debate (e.g., Allen et al., 2001; Grubler
and Nakićenović, 2001; Lempert and Schlesinger, 2001; Pittock et al., 2001; Reilly et al., 2001; Schneider, 2001, 2002). Value
diversity (such as different attitudes towards risk or equity) cannot be meaningfully addressed through an objective probabilistic
description. It is often assessed through sensitivity analysis or scenario analysis, in which different value systems are explicitly
represented and their associated impacts contrasted.

The probabilistic analyses of DAI reported in this section draw substantially on (subjective) Bayesian probabilities to describe key
uncertainties in the climate system, such as climate sensitivity, the rate of oceanic heat uptake, current radiative forcing, and
indirect aerosol forcing. SeeWGI Chapter 9 (Hegerl et al., 2007) and Chapter 10 (Meehl et al., 2007) for a more detailed discussion.
While these uncertainties prevent the establishment of a high-confidence, one-to-one linkage between atmospheric greenhouse
gas concentrations and global mean temperature increase, probabilistic analyses can assign a subjective probability of exceeding
certain temperature thresholds for given emissions scenarios or concentration targets (e.g., Meinshausen, 2005; Harvey, 2007).



others include additional gases and aerosols in their analysis,
often representing concentrations in terms of CO2-equivalent
ppm or radiative forcing in W/m2 (see Forster et al., 2007
Section 2.3). Dynamic analyses include information about the
trajectories of GHG emissions and development pathways, GHG
concentrations, climate change and associated impacts. Related
static analyses examine the relationship between stabilisation
targets for GHG concentrations and equilibrium values for
climate parameters (typically the increase in global mean
temperature). Note that the term ‘GHG stabilisation’ is used here
with a time horizon of up to several centuries. Over a longer
time period without anthropogenic GHG emissions, CO2
concentrations may return to values close to pre-industrial levels
through natural processes (Brovkin et al., 2002; Putilov, 2003;
Semenov, 2004a,b; Izrael and Semenov, 2005, 2006).

The shape over time of the specified emissions pathway or
concentration profile is of particular relevance when considering
key vulnerabilities, as it influences transient climate change and
associated climate impacts (see, e.g., O’Neill and Oppenheimer,
2004; Meinshausen, 2005; Schneider and Mastrandrea, 2005;
Mastrandrea and Schneider, 2006). Two general categories can
be distinguished in studies that specifically consider CO2
concentrations or temperature thresholds associated with key
vulnerabilities or DAI: stabilisation scenarios, which imply
concentrations increasing smoothly from current levels to a final
stabilisation concentration (e.g., Enting et al., 1994; Schimel et
al., 1996; Wigley et al., 1996; Morita et al., 2000; Swart et al.,
2002; O’Neill and Oppenheimer, 2004) and peaking or
overshoot scenarios, where a final concentration stabilisation
level is temporarily exceeded (Harvey, 2004; Kheshgi, 2004;

O’Neill and Oppenheimer, 2004; Wigley, 2004; Izrael and
Semenov, 2005; Kheshgi et al., 2005; Meinshausen et al., 2005;
Frame et al., 2006). Overshoot scenarios are necessary for the
exploration of stabilisation levels close to or below current
concentration levels.

Some studies treat the uncertainty in future GHG emissions
and climate change by analysing a discrete range of scenarios.
O’Neill and Oppenheimer (2002) examined ranges of global
mean temperature increase in 2100 associated with 450, 550 and
650 ppm CO2 concentration stabilisation profiles, as reported in
the TAR (Cubasch et al., 2001). They concluded that none of
these scenarios would prevent widespread coral-reef bleaching
in 2100 (assumed to have a threshold 1°C increase above current
levels), and that only the 450 ppm CO2 stabilisation profile is
likely to be associated with avoiding both deglaciation of West
Antarctica (assumed to have a threshold of 2°C above current
levels) and collapse of the MOC (assumed to have a threshold of
3°C increase within 100 years). Lowe et al. (2006) consider a
suite of climate scenarios based on a ‘perturbed parameter
ensemble’ of Hadley Centre climate models, finding that, for
stabilisation close to 450 ppm, 5% of their scenarios exceed a
threshold for deglaciation of West Antarctica (assumed to be
2.1°C local warming above 1990-2000 levels). Corfee-Morlot
and Höhne (2003) review the current knowledge about climate
impacts for each ‘reason for concern’ at different levels of global
mean temperature change and CO2 stabilisation, based on
published probability density functions (PDFs) of climate
sensitivity, finding that any CO2 stabilisation target above 450
ppm is associated with a significant probability of triggering a
large-scale climatic event. An inverse analysis of the
implications of reaching CO2 stabilisation at 450 ppm concludes
that more than half of the SRES emissions scenarios leave this
stabilisation target virtually out of reach as of 2020. A robust
finding across such studies is that the probability of exceeding
thresholds for specific key vulnerabilities or DAI increases with
higher stabilisation levels for GHG concentrations.

Other studies quantify uncertainty using probability
distributions for one or more parameters of the coupled social-
natural system. Figure 19.1, for instance, depicts the likelihood
of exceeding an equilibrium temperature threshold of 2°C above
pre-industrial levels based on a range of published probability
distributions for climate sensitivity. To render eventual
exceedence of this exemplary threshold ‘unlikely’ (<33%
chance), the CO2-equivalent stabilisation level must be below
410 ppm for the majority of considered climate sensitivity
uncertainty distributions (range between 350 and 470 ppm).

Key caveat: The analysis in Figure 19.1 employs a number of
probability distributions taken from the literature. The WGI AR4
has assessed the body of literature pertaining to climate
sensitivity, and concludes that the climate sensitivity is ‘likely’
to lie in the range 2-4.5°C, and is ‘very likely’ to be above 1.5°C
(Meehl et al., 2007 Executive Summary). For fundamental
physical reasons, as well as data limitations, values substantially
higher than 4.5°C still cannot be excluded, although agreement
with observations and proxy data is generally worse for those
high values than for values in the 2-4.5°C range (Meehl et al.,
2007 Executive Summary). ‘Likely’ in IPCC usage has been
defined as a 66 to 90% chance, and ‘very likely’ has been
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Table 19.2.Methods to identify climate policies to avoid key
vulnerabilities or DAI.

Method Description Optimising
approach?

Targeted
approach?

Scenario
analysis,
analysis of
stabilisation
targets

Analyse the implications for
temperature increase of
specific concentration
stabilisation levels,
concentration pathways,
emissions scenarios, or
other policy scenarios.

No No

Guardrail
analysis

Derive ranges of emissions
that are compatible with
predefined constraints on
temperature increase,
intolerable climate impacts,
and/or unacceptable
mitigation costs.

No Yes

Cost–benefit
analysis
including key
vulnerabilities
and DAI

Include representations of
key vulnerabilities or DAI
in a cost-optimising
integrated assessment
framework.

Yes No

Cost-
effectiveness
analysis

Identify cost-minimising
emissions pathways that
are consistent with pre-
defined constraints for
GHG concentrations,
climate change or
climate impacts.

Yes Yes



defined as a 90 to 99% chance. Therefore, implicit in the
information given by WGI is a 10 to 34% chance that climate
sensitivity is outside the ‘likely’ range, with equal probability (5
to 17%) that it is below 2°C or above 4.5°C. Furthermore, the
WGI assessment assigns a 90 to 99% chance that the climate
sensitivity is above 1.5°C. However, the shape of the distribution
to the right of 4.5°C – crucial for risk-management analyses – is,
as noted by WGI, so uncertain given the lack of scientific
knowledge, that any quantitative conclusion reached based on
probability functions beyond 4.5°C climate sensitivity would be
very low confidence. For these reasons, we assign no more than
low confidence to any of the distributions or results presented in
this section, particularly if the result depends on the tails of the
probabilty distribution for climate sensitivity. Nevertheless, as
noted here, a risk-management framework requires input of
(even if low-probability, low-confidence) outlier information.
Therefore, we present the literature based on probabilistic
analyses to demonstrate the framework inherent in the risk
management approach to assessing key vulnerabilities.

The temperature threshold for DAI can itself be represented
by a subjective probability distribution. Wigley (2004) combined
probability distributions for climate sensitivity and the
temperature threshold for DAI in order to construct a distribution
for the CO2 stabilisation level required to avoid DAI. Under this
assumption set, the median stabilisation level for atmospheric

CO2 concentrations is 536 ppm, and there is a 17% chance that
the stabilisation level necessary to avoid DAI is below current
atmospheric CO2 levels. A similar analysis by Harvey (2006,
2007) added the explicit normative choice of an ‘acceptable’
probability (10%) for exceeding the probabilistic temperature
threshold for DAI. With similar assumptions about the
probability distributions for climate sensitivity and the DAI
temperature threshold, he finds that the allowable CO2
stabilisation concentration is between 390 and 435 ppm,
depending on assumptions about aerosol forcing. Of course,
these results are quite sensitive to all the assumptions made, as
both authors explicitly acknowledge.

Finally, significant differences in environmental impacts are
anticipated between GHG concentration stabilisation trajectories
that allow overshoot of the stabilisation concentration versus
those that do not, even when they lead to the same final
concentration. For example, Schneider and Mastrandrea (2005)
calculate the probability of at least temporarily exceeding a
target of 2°C above pre-industrial (1.4°C above ‘current’) by
2200 to be 70% higher (77% instead of 45%) for an overshoot
scenario rising to 600 ppm CO2-equivalent and then stabilising
in several centuries at 500 ppm CO2-equivalent, compared with
a non-overshoot scenario stabilising at the same level (Figure
19.2, top panel). Overshoot scenarios induce higher transient
temperature increases, increasing the probability of temporary or
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Figure 19.1. Probability (see ‘Key caveat’ above on low confidence for specific quantitatitive results) of exceeding an equilibrium global warming of
2°C above pre-industrial (1.4°C above 1990 levels), for a range of CO2-equivalent stabilisation levels. Source: Hare and Meinshausen (2005).



permanent exceedence of thresholds for key vulnerabilities or
DAI (e.g, Hammitt and Shlyakhter, 1999; Harvey, 2004; O’Neill
and Oppenheimer, 2004; Hare and Meinshausen, 2005; Knutti et
al., 2005). With this in mind, Schneider and Mastrandrea (2005)
suggested two metrics – maximum exceedence amplitude and
degree years – for characterising the maximum and cumulative
magnitude of overshoot of a temperature threshold for DAI, as
shown for an illustrative scenario in Figure 19.2 (bottom panel).
Since the rate of temperature rise is important to adaptive
capacity (see Section 19.4.1) and thus impacts, the time delay
between now and the date of occurrence of the maximum
temperature (year of MEA on Figure 19.2b) is also relevant to
the likelihood of creating key vulnerabilities or exceeding
specified DAI thresholds.

19.4.2.3 Guardrail analysis
Guardrail analysis comprises two types of inverse analysis

that first define targets for climate change or climate impacts to

be avoided and then determine the range of emissions that are
compatible with these targets: tolerable windows analysis (Toth,
2003) and safe landing analysis (Swart et al., 1998). The
tolerable windows approach allows the assessment of the
implications of multiple competing climate policy goals on the
mid-term and long-term ranges of permissible greenhouse gas
emissions. It has initially been applied to several normative
thresholds for climate impacts, which are analysed together with
socio-economic constraints that aim at excluding unacceptable
mitigation policies. Toth et al. (2003) analyse the interplay
between thresholds for the global transformation of ecosystems,
regional mitigation costs and the timing of mitigation. They
show that following a business-as-usual scenario of GHG
emissions (which resembles the SRES A2 scenario) until 2040
precludes the possibility of limiting the worldwide
transformation of ecosystems to 30%, even under optimistic
assumptions regarding willingness to pay for the mitigation of
GHG emissions afterwards. Toth et al. (2003) show that
mitigation of GHG emissions has to start no later than 2015 if a
reduction in agricultural yield potential in South Asia of more
than 10% is to be avoided. This result, however, is contingent on
the regional climate change projection of the specific GCM
applied in this analysis (HadCM2) and the accuracy of the
impact models. The consideration of regional and local climate
impacts in inverse analyses raises challenges as to the treatment
of the significant uncertainties associated with them.

The tolerable windows approach has also been applied in
connection with systematic climate thresholds, predominantly
for probabilistic analyses of the stability of the thermohaline
ocean circulation (Zickfeld and Bruckner, 2003; Bruckner and
Zickfeld, 2004; Rahmstorf and Zickfeld, 2005). Rahmstorf and
Zickfeld (2005) conclude that the SRES A2 emissions scenario
exceeds the range of emissions corresponding to a 5% and 10%
likelihood of inducing a commitment to a circulation shutdown
around 2035 and 2065, respectively. A 2% risk of shutdown can
no longer be avoided, even with very stringent emission
reductions, given the assumptions in their models.

19.4.2.4 Cost–benefit analysis
Cost–benefit analyses (CBAs) of climate change in general

are reviewed in Fisher et al., 2007 Section 3.5.3.3. The
discussion here focuses on the suitability of CBA for avoiding
key vulnerabilities and DAI. Most early cost–benefit analyses
of climate change have assumed that climate change will be a
gradual and smooth process. This assumption has prevented
these analyses from determining a robust optimal policy solution
(Hall and Behl, 2006), as it neglects important key
vulnerabilities. Recognising the restrictions of this assumption,
an extensive literature has developed extending cost–benefit
analyses and related decision-making (e.g., Jones, 2003) in the
context of Article 2, with a particular emphasis on abrupt change
at global and regional scales (Schneider and Azar, 2001; Higgins
et al., 2002; Azar and Lindgren, 2003; Baranzini et al., 2003;
Wright and Erickson, 2003).

Several papers have focused on incorporating damages from
large-scale climate instabilities identified as key vulnerabilities,
such as climate-change-induced slowing or shutdown of the
MOC (Keller et al., 2000, 2004; Mastrandrea and Schneider,
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Figure 19.2. Top panel: Probability of exceedence of a range of
temperature thresholds for overshoot (OS500) and non-overshoot
(SC500) scenarios, derived from probability distributions for climate
sensitivity (see ‘Key caveat’ above on low confidence for specific
quantitatitive results). OS500 Max is derived from the maximum
overshoot temperature that occurs during the transient response before
2200, whereas OS500 in 2200 and SC500 in 2200 are derived from
temperatures in 2200. While model-dependent, these results
demonstrate the importance of considering transient temperature
change when evaluating mitigation strategies to avoid key vulnerabilities.
Bottom panel: Visualisation of maximum exceedence amplitude (MEA)
and degree years (DY) for an illustrative overshoot temperature profile.
Source: Schneider and Mastrandrea (2005).
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2001; Link and Tol, 2004). For example, quantifying market-
based damages associated with MOC changes is a difficult task,
and current analyses should be interpreted as order-of-magnitude
estimates, with none carrying high confidence. These
preliminary analyses suggest that significant reductions in
anthropogenic greenhouse gas emissions are economically
efficient even if the damages associated with a MOC slowing or
collapse are less than 1% of gross world product. However,
model results are very dependent on assumptions about climate
sensitivity, the damage functions for smooth and abrupt climate
change and time discounting, and are thus designed primarily to
demonstrate frameworks for analysis and order-of-magnitude
outcomes rather than high-confidence quantitative projections.

Several researchers have implemented probabilistic
treatments of uncertainty in cost–benefit analyses; recent
examples include Mastrandrea and Schneider (2004) and Hope
(2006). These probabilistic analyses consistently suggest more
aggressive mitigation policies compared with deterministic
analyses, since probabilistic analyses allow the co-occurrence
of high climate sensitivities (see Key caveat in Section 19.4.2.2
on low confidence for specific quantitatitive results) with high
climate-damage functions.

19.4.2.5 Cost-effectiveness analysis
Cost-effectiveness analysis involves determining cost-

minimising policy strategies that are compatible with
pre-defined probabilistic or deterministic constraints on future
climate change or its impacts. Comparison of cost-minimal
strategies for alternative climate constraints has been applied
to explore the trade-offs between climate change impacts and
the associated cost of emissions mitigation (e.g., Keller et al.,
2004; McInerney and Keller, 2006). The reductions in
greenhouse-gas emissions determined by cost-effectiveness
analyses incorporating such constraints are typically much
larger than those suggested by most earlier cost–benefit
analyses, which often do not consider the key vulnerabilities
underlying such constraints in their damage functions. In
addition, cost–benefit analysis assumes perfect substitutability
between all costs and benefits of a policy strategy, whereas the
hard constraints in a cost-effectiveness analysis do not allow
for such substitution.

Some cost-effectiveness (as well as cost–benefit) analyses
have explored sequential decision strategies in combination with
the avoidance of key vulnerabilities or thresholds for global
temperature change. These strategies allow for the resolution of
key uncertainties in the future through additional observations
and/or improved modelling. The quantitative results of these
analyses cannot carry high confidence, as most studies represent
uncertain parameters by two to three discrete values only and/or
employ rather arbitrary assumptions about learning (e.g.,
Hammitt et al., 1992; Keller et al., 2004; Yohe et al., 2004). In
a systematic analysis, Webster et al. (2003) finds that the ability
to learn about damages from climate change and costs of
reducing greenhouse gas emissions in the future can lead to
either less restrictive or more restrictive policies today. All
studies report the opinions of their authors to be that the
scientific uncertainty by itself does not provide justification for
doing nothing today to mitigate potential climate damages.

19.4.3 Synthesis

The studies reviewed in this section diverge widely in their
methodological approach, in the sophistication with which
uncertainties are considered in geophysical, biological and
social systems, and in how closely they approach an explicit
examination of key vulnerabilities or DAI. The models
involved range from stand-alone carbon cycle and climate
models to comprehensive integrated assessment frameworks
describing emissions, technologies, mitigation, climate
change and impacts. Some frameworks incorporate
approximations of vulnerability but none contains a well-
established representation of adaptation processes in the
global context.

It is not possible to draw a simple summary from the
diverse set of studies reviewed in this section. The following
conclusions from literature since the TAR, however, are more
robust.

• A growing literature considers response strategies that aim
at preventing damage to particular key elements and
processes in geophysical, biological and socio-economic
systems that are sensitive to climate change and have
limited adaptation potential; policy-makers may want to
consider insights from the literature reviewed here in
helping them to design policies to prevent DAI.

• In a majority of the literature, key impacts are associated
with long-term increases in equilibrium global mean
surface temperature above the pre-industrial equilibrium
or an increase above 1990-2000 levels. Transient
temperature changes are more instructive for the analyses
of key vulnerabilities, but the literature is sparse on
transient assessments relative to equilibrium analyses.
Many studies provide global mean temperature thresholds
that would lead sooner or later to a specific key impact,
i.e., to disruption/shutdown of a vulnerable process. Such
thresholds are not known precisely, and are characterised
in the literature by a range of values (or occasionally by
probability functions). Assessments of whether emissions
pathways/GHG concentration profiles exceed given
temperature thresholds are characterised by significant
uncertainty. Therefore, deterministic studies alone cannot
provide sufficient information for a full analysis of
response strategies, and probabilistic approaches should
be considered. Risk analyses given in some recent studies
suggest that there is no longer high confidence that certain
large-scale events (e.g., deglaciation of major ice sheets)
can be avoided, given historical climate change and the
inertia of the climate system (Wigley, 2004, 2006;
Rahmstorf and Zickfeld, 2005). Similar conclusions could
also be applied to risks for social systems, though the
literature often suggests that any thresholds for these are at
least as uncertain.

• Meehl et al., 2007 Table 10.8 provide likely ranges of
equilibrium global mean surface temperature increase for
different CO2-equivalent stabilisation levels, based on
their expert assessment that equilibrium climate sensitivity
is likely to lie in the range 2-4.5°C (Meehl et al., 2007
Executive Summary). They present the following likely
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ranges (which have been converted from temperature
increase above pre-industrial to equilibrium temperature
increase above 1990-2000 levels – see Box 19.2); 350 ppm
CO2-equivalent: 0-0.8°C above 1990-2000 levels; 450
ppm CO2-equivalent: 0.8-2.5°C above 1990-2000 levels;
550 ppm CO2-equivalent: 1.3-3.8°C above 1990-2000
levels; 650 ppm CO2-equivalent: 1.8-4.9°C above 1990-
2000 levels; 750 ppm CO2-equivalent: 2.2-5.8°C above
1990-2000 levels. Some studies suggest that climate
sensitivities larger than this likely range (which would
suggest greater warming) cannot be ruled out (Meehl et
al., 2007 Section 10.7.2), and the WGI range implies a 5-
17% chance that climate sensitivity falls above 4.5°C (see
Key caveat in Section 19.4.2.2 for further information).

• While future global mean temperature trajectories
associated with different emissions pathways are not
projected to diverge considerably in the next two to four
decades, the literature shows that mitigation activities
involving near-term emissions reductions will have a
significant effect on concentration and temperature
profiles over the next century. Later initiation of
stabilisation efforts has been shown to require higher rates
of reduction if they are to reduce the likelihood of
crossings levels of DAI (Semenov, 2004a,b; Izrael and
Semenov, 2005, 2006). Substantial delay (several decades
or more) in mitigation activities makes achievement of the
lower range of stabilisation targets (e.g., 500 ppm CO2-
equivalent and lower) infeasible, except via overshoot
scenarios (see Figure 19.2, bottom panel). Overshoot
scenarios induce higher transient temperature increases,
increasing the probability of temporary or permanent
exceedence of thresholds for key vulnerabilities (Hammitt,
1999; Harvey, 2004; O’Neill and Oppenheimer, 2004;
Hare and Meinshausen, 2005; Knutti et al., 2005;
Schneider and Mastrandrea, 2005).

• There is considerable potential for adaptation to climate
change for market and social systems, but the costs and
institutional capacities to adapt are insufficiently known
and appear to be unequally distributed across world
regions. For biological and geophysical systems, the
adaptation potential is much lower. Therefore, some key
impacts will be unavoidable without mitigation.

19.4.4 Research needs

The knowledge-base for the assessment of key
vulnerabilities and risks from climate change is evolving
rapidly. At the same time, there are significant gaps in our
knowledge with regard to impacts, the potential and nature of
adaptation, and vulnerabilities of human and natural systems.
However, as this chapter has tried to bring out, a growing base
of information that is likely to be of significance and value to
the ongoing policy dialogue does exist.

In this concluding section of the chapter, some of the
research priorities from the different domains are highlighted.
Clearly, this can only be an indicative list, suggesting areas
where new knowledge may have immediate utility and
relevance as far as the objective of this chapter is concerned.

This chapter has suggested that key vulnerabilities may be a
useful concept for informing the dialogue on dangerous
anthropogenic interference. Further elucidation of this concept
requires highly interdisciplinary, integrative approaches that are
able to capture bio-geophysical and socio-economic processes.
In particular, it is worth noting that the socio-economic conditions
which determine vulnerability (e.g., number of people at risk,
wealth, technology, institutions) change rapidly. Better
understanding of the underlying dynamics of these changes at
varying scales is essential to improve understanding of key
vulnerabilities to climate change. The relevant research questions
in this context are not so much how welfare is affected by
changing socio-economic conditions, but rather how much
change in socio-economic conditions affects vulnerability to
climate change. In other words, a key question is how future
development paths could increase or decrease vulnerability to
climate change.

As this chapter has brought out through the criteria for
identifying key vulnerabilities, the responses of human and
natural systems, both autonomous and anticipatory, are quite
important. Consequently, it is important that the extant literature
on this issue is enriched with contributions from disciplines as
diverse as political economy and decision theory. In particular,
one of the central problems is a better understanding of adaptation
and adaptive capacity, and of the practical, institutional, and
technical obstacles to the implementation of adaptation strategies.
This improvement in understanding will require a richer
characterisation of the perception–evaluation–response process
at various levels and scales of decision-making, from individuals
to households, communities and nations. In this context, it is
worth noting that new research approaches may be required. For
example, with regard to adaptation, a learning-by-doing approach
may be required so that the development of theory occurs in
parallel with, and supported by, experience from practice.

A significant category of key vulnerabilities is associated with
large-scale, irreversible and systemic changes in geophysical
systems. Large-scale changes such as changes in the West
Antarctic and Greenland ice sheets, could lead to significant
impacts, particularly due to long-term large sea-level rise.
Therefore, to obtain improved estimates of impacts from both
21st-century and long-term sea-level rise, new modelling
approaches incorporating a better understanding of dynamic
processes in ice sheets are urgently needed, as already noted by
WGI. Furthermore, central to nearly all the assessments of key
vulnerabilities is the need to improve knowledge of climate
sensitivity – particularly in the context of risk management – the
right-hand tail of the climate sensitivity probability distribution,
where the greatest potential for key impacts lies.

Finally, the elucidation and determination of dangerous
anthropogenic interference is a complex socio-political process,
involving normative judgments. While information on key
vulnerabilities will inform and enrich this process, there may be
useful insights from the social sciences that might support this
process, such as better knowledge of institutional and
organisational dynamics, and diverse stakeholder inputs. Also
needed are assessments of vulnerability and adaptation that
combine top-down climate models with bottom-up social
vulnerability assessments.
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Executive summary

Vulnerability to specific impacts of climate change will be
most severe when and where they are felt together with
stresses from other sources [20.3, 20.4, 20.7, Chapter 17
Section 17.3.3] (very high confidence).
Non-climatic stresses can include poverty, unequal access to
resources, food security, environmental degradation and risks
from natural hazards [20.3, 20.4, 20.7, Chapter 17 Section
17.3.3]. Climate change itself can, in some places, produce its
own set of multiple stresses; total vulnerability to climate
change, per se, is greater than the sum of vulnerabilities to
specific impacts in these cases [20.7.2].

Efforts to cope with the impacts of climate change and
attempts to promote sustainable development share
common goals and determinants including access to
resources (including information and technology), equity in
the distribution of resources, stocks of human and social
capital, access to risk-sharing mechanisms and abilities of
decision-support mechanisms to cope with uncertainty
[20.3.2, Chapter 17 Section 17.3.3, Chapter 18 Sections 18.6
and 18.7] (very high confidence). Nonetheless, some
development activities exacerbate climate-related
vulnerabilities [20.8.2, 20.8.3] (very high confidence).
It is very likely that significant synergies can be exploited in
bringing climate change to the development community and
critical development issues to the climate-change community
[20.3.3, 20.8.2, 20.8.3]. Effective communication in assessment,
appraisal and action are likely to be important tools, both in
participatory assessment and governance as well as in
identifying productive areas for shared learning initiatives.
Despite these synergies, few discussions about promoting
sustainability have thus far explicitly included adapting to
climate impacts, reducing hazard risks and/or promoting
adaptive capacity [20.4, 20.5, 20.8.3].

Climate change will result in net costs into the future,
aggregated across the globe and discounted to today; these
costs will grow over time [20.6.1, 20.6.2] (very high
confidence).
More than 100 estimates of the social cost of carbon are
available. They run from US$-10 to US$+350 per tonne of
carbon. Peer-reviewed estimates have a mean value of US$43
per tonne of carbon with a standard deviation of US$83 per
tonne. Uncertainties in climate sensitivity, response lags, discount
rates, the treatment of equity, the valuation of economic and non-
economic impacts and the treatment of possible catastrophic
losses explain much of this variation including, for example, the
US$310 per tonne of carbon estimate published by Stern (2007).
Other estimates of the social cost of carbon span at least three
orders of magnitude, from less than US$1 per tonne of carbon to
over US$1,500 per tonne [20.6.1]. It is likely that the globally-
aggregated figures from integrated assessment models

underestimate climate costs because they do not include
significant impacts that have not yet been monetised [20.6.1,
20.6.2, 20.7.2, 20.8, Chapter 17 Section 17.2.3, Chapter 19]. It is
virtually certain that aggregate estimates mask significant
differences in impacts across sectors and across regions, countries
and locally [20.6, 20.7, 20.8, Chapter 17 Section 17.3.3]. It is
virtually certain that the real social cost of carbon and other
greenhouse gases will rise over time; it is very likely that the rate
of increase will be 2% to 4% per year [20.6, 20.7]. By 2080, it is
likely that 1.1 to 3.2 billion people will be experiencing water
scarcity (depending on scenario); 200 to 600 million, hunger; 2
to 7 million more per year, coastal flooding [20.6.2].

Reducing vulnerability to the hazards associated with
current and future climate variability and extremes through
specific policies and programmes, individual initiatives,
participatory planning processes and other community
approaches can reduce vulnerability to climate change
[20.8.1, 20.8.2, Chapter 17 Sections 17.2.1, 17.2.2 and 17.2.3]
(high confidence). Efforts to reduce vulnerability will be not
be sufficient to eliminate all damages associated with
climate change [20.5, 20.7.2, 20.7.3] (very high confidence).

Climate change will impede nations’ abilities to achieve
sustainable development pathways as measured, for
example, by long-term progress towards the Millennium
Development Goals [20.7.1] (very high confidence).
Over the next half-century, it is very likely that climate change
will make it more difficult for nations to achieve the Millennium
Development Goals for the middle of the century. It is very
likely that climate change attributed with high confidence to
anthropogenic sources, per se, will not be a significant extra
impediment to nations reaching their 2015 Millennium
Development Targets since many other obstacles with more
immediate impacts stand in the way [20.7.1].

Synergies between adaptation and mitigation measures will
be effective until the middle of this century (high
confidence), but even a combination of aggressive
mitigation and significant investment in adaptive capacity
could be overwhelmed by the end of the century along a
likely development scenario [20.7.3, Chapter 18 Sections
18.4, 18.7, Chapter 19] (high confidence).
Until around 2050, it is likely that global mitigation efforts
designed to cap effective greenhouse gas concentrations at 550
ppm would benefit developing countries significantly, regardless
of whether climate sensitivity turns out to be high or low and
especially when combined with enhanced adaptation. Developed
countries would also likely see significant benefits from an
adaptation-mitigation intervention portfolio, especially for high
climate sensitivities and in sectors and regions that are already
showing signs of being vulnerable. However, by 2100, climate
change will likely produce significant impacts across the globe,
even if aggressive mitigation were implemented in combination
with significantly enhanced adaptive capacity [20.7.3].
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20.1 Introduction – setting the context

Consistent with the Bruntland Commission (WCED, 1987),
the Third Assessment Report (TAR) (IPCC, 2001b) defined
sustainable development as “development that meets the needs
of the present without compromising the ability of future
generations to meet their own needs”. There are many alternative
definitions, of course, and none is universally accepted.
Nonetheless, they all emphasise one or more of the following
critical elements: identifying what to develop, identifying what
to sustain, characterising links between entities to be sustained
and entities to be developed and envisioning future contexts for
these links (NRC, 1999). Goals, indicators, values and practices
can also frame examinations of sustainable development (Kates
et al., 2005). The essence of sustainable development throughout
is meeting fundamental human needs in ways that preserve the
life support systems of the planet (Kates et al., 2000). Its strength
lies in reconciling real and perceived conflicts between the
economy and the environment and between the present and the
future (NRC, 1999). Authors have emphasised the economic,
ecological and human/social dimensions that are the pillars of
sustainable development (Robinson and Herbert, 2001;
Munasinghe et al., 2003; Kates et al., 2005). The economic
dimension aims at improving human welfare (such as real
income). The ecological dimension seeks to protect the integrity
and resilience of ecological systems, and the social dimension
focuses on enriching human relationships and attaining
individual and group aspirations (Munasinghe and Swart, 2000),
as well as addressing concerns related to social justice and
promotion of greater societal awareness of environmental issues
(O’Riordan, 2004).

The concept of sustainable development has permeated
mainstream thinking over the past two decades, especially after
the 1992 Earth Summit where 178 governments adopted Agenda
21 (UNDSD, 2006). Ten years later, the 2002 World Summit on
Sustainable Development (WSSD, 2002) made it clear that
sustainable development had become a widely-held social and
political goal. Even though, as illustrated in Asia by the Institute
for Global Environmental Strategies (IGES, 2005),
implementation remains problematic, there is broad international
agreement that development programmes should foster
transitions to paths that meet human needs while preserving the
Earth’s life-support systems and alleviating hunger and poverty
(ICSU, 2002) by integrating these three dimensions (economic,
ecological and human/social) of sustainable development.
Researchers and practitioners in merging fields, such as
‘sustainability science’ (Kates et al., 2000), multi-scale decision
analysis (Adger et al., 2003) and ‘sustainomics’ (Munasinghe et
al., 2003), seek to increase our understanding of how societies
can do just that.

Climate change adds to the list of stressors that challenge our
ability to achieve the ecologic, economic and social objectives
that define sustainable development. Chapter 20 builds on the
assessments in earlier chapters to note the potential for climate
change to affect development paths themselves. Figure 20.1
locates its key topics schematically in the context of the three
pillars of sustainable development. Topics shown in the centre of

the triangle (the ‘three-legged stool’ of sustainable development)
are linked with all three pillars. Other topics, placed outside the
triangle, are located closer to one leg or another. The arrows
leading from the centre indicate that adaptation to climate
change can influence the processes that join the pillars rather
than the individual pillars themselves. For example, the technical
and economic aspects of renewable resource management could
illustrate efforts to support sustainable development by working
with the economy-ecology connection – all nested within a
decision space of other global development pressures, including
poverty.

Section 20.2 begins with a brief review of the current
understanding of impacts and adaptive capacity as described
earlier (see Chapter 17). Section 20.3 assesses impacts and
adaptation in the context of multiple stresses. Section 20.4
focuses on links to environmental quality and explores the
notion of adding climate-change impacts and adaptation to the
list of components of environmental impact assessments.
Section 20.5 addresses implications for risk, hazards and disaster
management, including the challenge of reducing vulnerability
to current climate variability and adapting to long-term climate
change. Section 20.6 reviews global and regionally-aggregated
estimates of economic impacts. Section 20.7 assesses the
implications for achieving sustainable development across
various time-scales. Section 20.8 considers opportunities, co-
benefits and challenges for climate-change adaptation, and for
linking (or mainstreaming) adaptation into national and regional
development planning processes. Section 20.9 finally identifies
research priorities.

This entire chapter should be read with the recognition that
the first 19 chapters of this volume assess the regional and global
impacts of climate change and the opportunities and challenges
for adaptation. Chapters 17 and 19 in this volume offer synthetic
overviews of this work that focus specifically on adaptation and
key vulnerabilities. Chapter 20 in this volume expands the
discussion to explore linkages with sustainable development, as
do Chapters 2 and 12 in IPCC (2007a). Sustainable development
was addressed in IPCC (2001b), but not in IPCC (2001a).

20.2 A synthesis of new knowledge
relating to impacts and adaptation

Recent work at the intersection of impacts and adaptation has
confirmed that adaptation to climate change is, to a limited
extent, already happening (Chapter 17, Section 17.2). Perhaps
more importantly for this chapter, recent work has also
reconfirmed the utility of the prescription initially presented in
Smit et al. (2001) that (1) any system’s vulnerability to climate
change and climate variability could be described productively
in terms of its exposure to the impacts of climate and its baseline
sensitivity to those impacts and that (2) both exposure and
sensitivity can be influenced by that system’s adaptive capacity
(Chapter 17, Section 17.3.3). The list of critical determinants of
adaptive capacity was described in Smit et al. (2001) and has
been explored subsequently by, for example, Yohe and Tol
(2002), Adger and Vincent (2004), Brenkert and Malone (2005)
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and Brooks and Adger (2005) – a list that includes access to
economic and natural resources, entitlements (property rights),
social networks, institutions and governance, human resources
and technology (Chapter 17, Section 17.3.3).

It is, however, important to note that recent work has also
emphasised the fundamental distinction between adaptive
capacity and adaptation implementation. There are significant
barriers to implementing adaptation (Chapter 17, Section 17.3.3)
and they can arise almost anywhere. The description offered by
Kates et al. (2006) of the damages and costs caused by Hurricane
Katrina in New Orleans, denominated in economic and human
terms, provides a seminal example of this point.
Notwithstanding the widely accepted assertion that the United
States has high adaptive capacity, the impacts of Hurricane
Katrina were fundamentally the result of a failure of adaptive
infrastructure (improperly constructed levées that led to a false
sense of security) and planning (deficiencies in evacuation plans,
particularly in many of the poorer sections of the cities). The
capacity provided by public and private investment over the past

few decades was designed to handle a hurricane like Katrina; it
was the anticipatory efforts to provide protection prior to landfall
and response efforts after landfall that failed.

Nothing in the recent literature has undermined a fundamental
conclusion in Smit et al. (2001) that “current knowledge of
adaptation and adaptive capacity is insufficient for reliable
prediction of adaptations; it is also insufficient for rigorous
evaluation of planned adaptation options, measures and policies of
governments.” (page 880). This conclusion is often supported by
noting the uneven distribution of adaptive capacity across and
within societies (Chapter 17, Section 17.3.2), but strong support
can also be derived from the paucity of estimates of the costs of
adaptation (Chapter 17, Section 17.2.3). While many adaptations
can be implemented at low costs, comprehensive estimates of
costs and benefits of adaptation currently do not exist except,
perhaps, for costs related to adapting to sea-level rise and changes
in the temporal and spatial demand for energy (heating versus
cooling). Global diversity is one problem in this regard, but there
are others. Anticipating the discussion of multiple stresses that
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appears in the next section of this chapter, it is now understood that
climate change poses novel risks that often lie outside the range
of past experience (Chapter 17, Section 17.2.1) and that adaptation
measures are seldom undertaken in response to climate change
alone (Chapter 17, Sections 17.2.2 and 17.3.3).

20.3 Impacts and adaptation in the
context of multiple stresses

20.3.1 A catalogue of multiple stresses

The current literature shows a growing appreciation of the
multiple stresses that ecological and socio-economic systems face,
how those stresses are likely to change over the next several
decades, and what some of the net environmental consequences
are likely to be. The Pilot Analysis of Global Ecosystems prepared
by the World Resources Institute (WRI, 2000) conducted literature
reviews to document the state and condition of forests, agro-
ecosystems, freshwater ecosystems and marine systems. The
Millennium Ecosystem Assessment (MA) comprehensively
documented the condition and recent trends of ecosystems, the
services they provide and the socio-economic context within
which they occur. It also provided several scenarios of possible
future conditions (MA, 2005). For reference, the MA offered some
startling statistics. Cultivated systems covered 25% of Earth’s
terrestrial surface in 2000. On the way to achieving this coverage,
global agricultural enterprises converted more area to cropland
between 1950 and 1980 than in the 150 years between 1700 and
1850. As of the year 2000, 35% of the world’s mangrove areas
and 20% of the world’s coral reefs had been lost (with another
20% having been degraded significantly). Since 1960,
withdrawals from rivers and lakes have doubled, flows of
biologically available nitrogen in terrestrial ecosystems have
doubled, and flows of phosphorus have tripled. At least 25% of
major marine fish stocks have been overfished and global fish
yields have actually begun to decline. MA (2005) identified major
changes in land cover, the consequences of which were explored
by Foley et al. (2005).

The MA (2005) recognised two different categories of drivers
of change. Direct drivers of ecosystem change affect ecosystem
characteristics in specific, quantifiable ways; examples include
land-cover and land-use change, climate change and species
introductions. Indirect drivers affect ecosystems in a more diffuse
way, generally by affecting one or more direct drivers; here
examples are demographic changes, socio-political changes and
economic changes. Both types of drivers have changed
substantially in the past few decades and will continue to do so.
Among direct drivers, for example, over the past four decades,
food production has increased by 150%, water use has doubled,
wood harvests for pulp and paper have tripled, timber production
has doubled and installed hydropower capacity has doubled. On
the indirect side, global population has doubled since the 1960s to
reach 6 billion people while the global economy has increased
more than six fold.

Table 20.1 documents expectations for how several of the
direct drivers of ecosystem change are likely to change in

magnitude and importance over time. With the exception of
polar regions, coastal ecosystems, some dryland systems and
montane regions, climate change is not, today, a major source
of stress; but climate change is the only direct driver whose
magnitude and importance to a series of regions, ecosystems and
resources is likely to continue to grow over the next several
decades. Table 20.1 illustrates the degree to which these
ecosystems are currently experiencing stresses from several
direct drivers of change simultaneously. It shows that potential
interactions with climate change are likely to grow over the next
few decades with the magnitude of climate change itself.

20.3.2 Factors that support sustainable development

A brief excursion into some of the recent literature on
economic development is sufficient to support the fundamental
observation that the factors that determine a country’s ability to
promote (sustainable) development coincide with the factors that
influence adaptive capacity relative to climate change, climate
variability and climatic extremes. The underlying prerequisites
for sustainability in specific contexts are highlighted in italics
in the discussion which follows. The point about coincidence in
underlying factors is made by matching the terms in italics with
the list of determinants of adaptive capacity identified above
(Chapter 17, Section 17.3.3): access to resources, entitlements
(property rights), institutions and governance, human resources
(human capital in the economics literature) and technology. They
are all reflected in one or more citations from the development
literature cited here, and they conform well to the “5 capital”
model articulated by Porritt (2005) in terms of human,
manufactured, social, natural and financial capital.

Lucas (1988) concluded early on that differences in human
capital are large enough to explain differences between the long-
run growth rates of poor and rich countries. Moretti (2004), for
example, showed that businesses located in cities where the
fraction of college graduates (highly educated work force) grew
faster and experienced larger increases in productivity. Guiso et
al. (2004) explored the role of social capital in peoples’ abilities
to successfully take advantage of financial structures; they found
that social capital matters most when education levels are low
and law enforcement is weak. Rozelle and Swinnen (2004)
looked at transition countries in central Europe and the former
Soviet Union; they observed that countries growing steadily a
decade or more after economic reform had accomplished a
common set of intermediate goals: achieving macroeconomic
stability, reforming property rights, and creating institutions to
facilitate exchange. Order and timing did not matter, but meeting
all of these underlying objectives was critical. Winters et al.
(2004) reviewed a wide literature on the links between trade
liberalisation and poverty reduction. They concluded that a
favourable relationship depends on the existence and stability of
markets, the ability of economic actors to handle changes in risk,
access to technology, resources, competent and honest
government, policies that promote conflict resolution and human
capital accumulation. Shortfalls in any of these underpinnings
make it extremely difficult for the most disadvantaged citizens
to see any advantage from trade. Finally, Sala-i-Martin et al.
(2004) explained economic growth by variation in national
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participation in primary school education (human capital), other
measures of human capital (e.g., health measures), access to
affordable investment goods and the initial level of per capita
income (access to resources).

20.3.3 Two-way causality between sustainable
development and adaptive capacity

It has become increasingly evident, especially since the TAR
(IPCC, 2001b), that the pace and character of development
influences adaptive capacity and that adaptive capacity
influences the pace and character of development. It follows that
development paths, and the choices that define them, will affect
the severity of climate impacts, not only through changes in

exposure and sensitivity, but also through changes in the
capacities of systems to adapt. This includes local-scale disaster
risk reduction and resource management (e.g., Shaw, 2006; Jung
et al., 2005), and broader social dimensions including
governance, societal engagement and rights, and levels of
education (Haddad, 2005; Tompkins and Adger, 2005; Brooks et
al., 2005; Chapter 17, Section 17.3).

Munasinghe and Swart (2005) and Swart et al. (2003) argued
that sustainable development measures and climate-change
policies, including adaptation, can reinforce each other; Figure
20.2 portrays some of the texture of the interaction that they
envisioned. Although scholarly papers on adaptation began to
appear in the 1980s, it was not until the 2001 Marrakech Accords
that a policy focus on adaptation within the United Nations

Chapter 20 Perspectives on climate change and sustainable development

817

Table 20.1. Drivers of change in ecosystem services. Source: Millennium Ecosystem Assessment (MA, 2005).



Framework Convention on Climate Change (UNFCCC)
developed (Schipper, 2006). Klein et al. (2005) suggest that
adaptation has not been seen as a viable option, in part because
many observers see market forces creating the necessary
conditions for adaptation even in the absence of explicit policies
and, in part, because understanding of how future adaptation
could differ from historical experience is limited.

Efforts to promote alternative development pathways that are
more sustainable could include measures to reduce non-
renewable energy consumption, for example, or shifting
construction of residential or industrial infrastructure to avoid
high-risk areas (AfDB et al., 2004). The MA (2005) attempted
to describe a global portrait of such a pathway in its “Techno
Garden” scenario. In this future, an inter-connected world
promotes expanded use of innovative technology, but its authors
warned that technology may not solve all problems and could
lead to the loss of indigenous cultures. Climate-change measures
could also encounter such limitations. Gupta and Tol (2003)
describe various climate-policy dilemmas including competition
between human rights and property rights.

Adaptation measures embedded within climate-change
policies could, by design, try to reduce vulnerabilities and risks
by enhancing the adaptive capacity of communities and
economies. This would be consistent with sustainability goals.
Researchers and practitioners should not equate vulnerability to
poverty, though, and they should not consider adaptation and
adaptive capacity in isolation. Brooks et al. (2005) conclude that
efforts to promote adaptive capacity should incorporate aspects
of education, health and governance and thereby extend the
context beyond a particular stress (such as climate change) to
include factors that are critical in a broader development context.
Haddad (2005) noted the critical role played here by general
rankings of economic development performance and general
reflections of national and local goals and aspirations, and

explained how different people might choose different
development from the same set of alternatives even if they had
the same information.

Past adaptation and development experience displays mixed
results. Kates (2000) described several historic climate
adaptations (e.g., drought in the Sahel) and development
measures (e.g., the Green Revolution) and argued that
development measures that were generally consistent with
climate adaptation often benefited some groups (e.g., people
with access to resources) while harming others (e.g., poor
populations, indigenous peoples). Ford et al. (2006) showed that
unequal acquisition of new technologies can, under some
circumstances, increase vulnerability to external stresses by
weakening social networks and thereby altering adaptive
capacity within communities and between generations.
Belliveau et al. (2006) makes the link to climate explicit by
observing that adaptation to non-climatic forces, without
explicitly considering climate, can lead to increased
vulnerability to climate because adapting previous adaptations
can be expensive.

Future links between sustainable development and climate
change will evolve from current development frameworks; but
recognising the exposure of places and peoples to multiple
stresses (Chapter 17; Chapter 19; Section 20.3.1) and accepting
the challenge of mainstreaming adaptation into development
planning will be critical in understanding what policies will
work where and when. For example, in the Sudan, there is a risk
that development efforts focusing on short-term relief can
undermine community coping capacity (Elasha, 2005). In the
mitigation realm, incentives for carbon sequestration could
promote hybrid forest plantations and therefore pose a threat to
biodiversity and ecosystem adaptability (Caparrós and
Jacquemont, 2003; Chapter 18). Development decisions can also
produce cumulative threats. In the Columbia River Basin, for
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Figure 20.2. Two-way linkages between climate and sustainable development. Source: Swart et al. (2003).



instance, extensive water resource development can influence
basin management with multiple objectives within scenarios of
climate change because climate impacts on stream-flow cause
policy dilemmas when decision-makers must balance
hydroelectricity production and fisheries protection (Hamlet,
2003; Payne et al., 2004). Restoring in-stream flow to present-
day acceptable (but sub-optimum) levels could, in particular,
cause hydroelectricity production to decline and production from
fossil fuel sources to rise. Interactions of this sort raise important
questions on the analysis of the causes of recent climate-related
disasters. For example, are observed trends in injuries/fatalities
and property losses (Mileti, 1999; Mirza, 2003; MA, 2005;
Munich Re, 2005) due to unsustainable development policies,
climate change or a mixture of different factors? Could policy
interventions reduce these losses in ways that would still meet
broader objectives of sustainable development? Some proposed
responses for Africa are described in Low (2005) and AfDB et
al. (2004).

Globalisation also adds complexity to the management of
common-pool resources because increased interdependence
makes it more difficult to find equitable solutions to
development problems (Ostrom et al., 1999). Increases in the
costs associated with various hazards and the prospects of
cumulative environmental/economic threats have been described
as syndromes. Schellnhuber et al. (1997) identified three
significant categories: over-utilisation (e.g., over-cultivation of
marginal land in the Sahel), inconsistent development (e.g.,
urban sprawl and associated destruction of landscapes) and
hazardous sinks (e.g., large-scale diffusion of long-lived
substances). Schellnhuber et al. (2002) and Lüdeke et al. (2004)
describe possible future distributions of some of these
syndromes. They suggest how mechanisms of mutual
reinforcement, including climate change and development
drivers, can help to identify regions where syndromes may
expand and others where they might contract.

20.4 Implications for environmental quality

The inseparability of environment and development has been
widely recognised ever since the Brundtland Commission
(WCED, 1987). In the United Nations’ Millennium
Development Goals (MDGs), for example, environmental
considerations are reflected in the 7th goal and the operative
target, among others, is to reverse loss of environmental
resources by 2015. Overall, how to meet the target of integrating
the principles of sustainable development in national policy and
reversing the loss of environmental resources remains a partially
answered question for most countries (Kates et al., 2005).

Interest in environmental indicators and performance indices
to monitor change has increased recently. A compilation of
different sustainable development indicators by Kates et al.
(2005) showed that most implicitly or explicitly build from
reflections of the health of environmental and ecological
resources and/or the quality of environmental and ecological
services. This is relevant in both developed and developing
countries, but the drivers encouraging sustainable management

are arguably strongest in the developed world. Huq and Reid
(2004) and Agrawala (2004) have noted, though, that climate
change is being increasingly recognised as a key factor that
could affect the (sustainable) development of developed and
developing countries alike. The Philippine Country Report
(1999) identified 153 sustainable development indicators; some
pertain to climate-change variables such as level of greenhouse
gas emissions, but none refer explicitly to adaptation. There is,
for example, no mention within the MDGs of potential changes
in climate-related disasters or of the need to include climate-
change adaptation within development programmes (Reid and
Alam, 2005). This is not unusual, because links between
sustainable development and climate change have historically
been defined primarily in terms of mitigation.

Promoting environmental quality is about more than
encouraging sustainable development or adaptive capacity. It is
also about transforming use practices for environmental
resources into sustainable management practices. In many
countries and sectors, stakeholders who manage natural
resources (such as individual farmers, small businesses or major
international corporations) are susceptible, over time, to
variations in resource availability and hazards; they are currently
seeking to revise management practices to make their actions
more sustainable. Hilson (2001), for example, describes efforts
in the mineral extraction industry where the relevant players
include public agencies operating at many scales (from local to
national to international). Definitions of sustainability vary
across sectors, but their common theme is to change the way
resources are exploited or hazards are managed so that adverse
impacts downstream or for subsequent generations are reduced.
Climate change is, however, seldom listed among the stressors
that might influence sustainability. Arnell and Delaney (2006)
note, though, that water management in the United Kingdom is
an exception.

Published literature on the links between sustainable
management of natural resources and the impacts of and
adaptation to climate change is extremely sparse. Most focuses
on engineering and management techniques which achieve
management objectives, such as a degree of protection against
flood hazard or a volume of crop production, while having
smaller impacts on the environment. Turner (2004) and Harman
et al. (2002) speak to this point, but very few engineering
analyses consider explicitly how the performance of these
measures is affected by climate change or how suitable they
would be in the face of a changing climate. Kundzewicz (2002)
demonstrated how non-structural flood management measures
can be sustainable adaptations to climate change because they
are relatively robust to uncertainty. On the other hand, as shown
in Clark (2002) and Kashyap (2004), much of the literature on
integrated water management in the broadest sense emphasises
adaptation to climatic variability and change through the
adoption of sustainable and integrated approaches.

Several studies have highlighted the benefits of adopting
more sustainable practices, in terms of reduced costs, increased
efficiency or financial performance more broadly interpreted.
Johnson and Walck (2004) offer an example from forestry while
Epstein and Roy (2003) are illustrative of a more expansive
context. None of these studies explicitly consider the effects of
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climate change on the benefits of adopting more sustainable
practices; and none of the literature on mechanisms for
incorporating sustainable behaviour into organisational practice
and monitoring its implementation (e.g., Jasch, 2003; Figge and
Hahn, 2004) consider how to incorporate the effects of climate
change into mechanisms or monitoring procedures.

Clark (2002) and Bansal (2005) identified several drivers
behind moves to become more sustainable. First, altered legal or
regulatory requirements may have an effect. Many governments
have adopted legislation aimed at encouraging the sustainable
use of the natural environment, and some explicitly include
reference to climate change. For example, Canada and some EU
member states have begun to incorporate climate change in their
environmental policies, particularly in the structures of required
environmental impact assessments. The hope is that the impact
of present and future climates on development projects might
thereby be reduced (EEA, 2006; Barrow and Lee, 2000). Ramus
(2002) and Thomas et al. (2004) have observed that internally-
generated efforts to improve procedures (e.g., following an
ethical position held by an influential champion, responding to
the desire to reduce costs or risks, or attempting to attract
potential clients) can push systems toward sustainability.

Of course, stakeholder expectations may change over time.
While these dynamic drivers may encourage sustainable
management, they may not in themselves be directly related to
concerns over the impacts of and adaptation to climate change.
Kates et al. (2005) noted that the principles, goals and practices
of sustainability are not fixed and immutable; they are ‘works in
progress’ because the tension between economic development
and environmental protection has been opened to
reinterpretation from different social and ecological
perspectives.

20.5 Implications for risk, hazard and
disaster management

The International Decade for Natural Disaster Reduction
(1990 to 1999) led to a fundamental shift in the way disasters
are viewed: away from the notion that disasters were temporary
disruptions to be managed by humanitarian responses and
technical interventions and towards a recognition that disasters
are a function of both natural and human drivers (ISDR, 2004;
UNDP, 2004). The concept of disaster risk management has
evolved; it is defined as the systematic management of
administrative decisions, organisations, operational skills and
abilities to implement policies, strategies and coping capacities
of society or individuals to lessen the impacts of natural and
related environmental and technological hazards (ISDR, 2004).
This includes measures to provide not only emergency relief and
recovery, but also disaster risk reduction (ISDR, 2004); i.e., the
development and application of policies, strategies and practices
designed to minimise vulnerabilities and the impacts of disasters
through a combination of technical measures to reduce physical
hazards and to enhance social and economic capacity to adapt.
Disaster risk reduction is conceived as taking place within the
broad context of sustainable development (ISDR, 2004).

In practice, however, there has been a disconnect between
disaster risk reduction and sustainable development, due to a
combination of institutional structures, lack of awareness of the
linkages between the two, and perceptions of ‘competition’
between hazard-based risk reduction, development needs and
emergency relief (Yamin, 2004; Thomalla et al., 2006). The
disconnect persists despite an increasing recognition that natural
disasters seriously challenge the ability of countries to meet
targets associated with the Millennium Development Goals
(Schipper and Pelling, 2006).

A disconnect also exists between disaster risk reduction and
adaptation to climate change, again reflecting different
institutional structures and lack of awareness of linkages
(Schipper and Pelling, 2006; O’Brien et al., 2006). Disaster risk
reduction, for example, is often the responsibility of civil
defence agencies, while climate-change adaptation is often
covered by environmental or energy departments (Thomalla et
al., 2006). Disaster risk reduction tends to focus on sudden and
short-lived disasters, such as floods, storms, earthquakes and
volcanic eruptions, and has tended to place less emphasis on
‘creeping onset’ disasters such as droughts. Many disasters
covered by disaster risk reduction are not affected by climate
change. However, there is an increasing recognition of the
linkages between disaster risk reduction and adaptation to
climate change, since climate change alters not only the physical
hazard but also vulnerability. Sperling and Szekely (2005) note
that many of the impacts associated with climate change
exacerbate or alter existing threats, and adaptation measures can
benefit from practical experience in disaster risk reduction.
However, some effects of climate change are new within human
history (such as the effects of sea-level rise), and there is little
experience to tackle such impacts. Sperling and Szekely (2005)
therefore state that co-ordinated action to address both existing
and new challenges becomes urgent. There is great opportunity
for collaboration in the assessment of current and future
vulnerabilities, in the use of assessment tools (Thomalla et al.,
2006) and through capacity-building measures. Incorporating
climate change and its uncertainty into measures to reduce
vulnerability to hazard is essential in order for them to be truly
sustainable (O’Hare, 2002), and climate change increases the
urgency to integrate disaster risk management into development
interventions (DFID, 2004).

There are, effectively, two broad approaches to disaster risk
reduction, and adaptation to climate change can be incorporated
differently into each. The top-down approach is based on
institutional responses, allocation of funding and agreed
procedures and practices (O’Brien et al., 2006). It is the
approach followed in most developed countries, and adaptation
to climate change can be implemented by changing guidelines
and procedures. In the United Kingdom, for example, design
flood magnitudes can be increased by 20% to reflect possible
effects of climate change (Richardson, 2002). However,
institutional inertia and strongly embedded practices can make
it very difficult to change. Olsen (2006), for example, shows
how major methodological and institutional changes are needed
before flood management in the USA can take climate change
(and its uncertainty) into account. The bottom-up approach to
disaster risk reduction is based on enhancing the capacity of
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local communities to adapt to and prepare for disaster (see, for
example, Allen, 2006; Blanco, 2006). Actions here include
dissemination of technical knowledge and training, awareness
raising, accessing local knowledge and resources, and
mobilising local communities (Allen, 2006). Climate change can
be incorporated in this approach through awareness raising and
the transmission of technical knowledge to local communities,
but bridging the gap between scientific knowledge and local
application is a key challenge (Blanco, 2006).

Reducing vulnerability to current climatic variability can
effectively reduce vulnerability to increased hazard risk
associated with climate change (e.g., Kashyap, 2004; Goklany,
2007; Burton et al., 2002; Davidson et al., 2003; Robledo et al.,
2004). To a large extent, adaptation measures for climate
variability and extremes already exist. Measures to reduce
current vulnerability by capacity building rather than distribution
of disaster relief, for example, will increase resilience to changes
in hazard caused by climate change (Mirza, 2003). Similarly, the
implementation of improved warning and forecasting methods
and the adoption of some land-use planning measures would
reduce both current and future vulnerability. However, many
responses to current climatic variability would not in and of
themselves be a sufficient response to climate change. For
example, a changing climate could alter the design standard of
a physical defence, such as a realigned channel or a defence
wall. It could alter the effectiveness of building codes based on
designing against specified return period events (such as the 10-
year return period gust). It could alter the area exposed to a
potential hazard, meaning that development previously assumed
to be ‘safe’ was now located in a risk area. Finally, it could
introduce hazards previously not experienced in an area. Burton
and van Aalst (2004), in their assessment of the World Bank
Country Strategic Programmes and project cycle, identify the
need to assess the success of current adaptation to present-day
climate risks and climate variability, especially as they may
change with climate change.

20.6 Global and aggregate impacts

Three types of aggregate impacts are commonly reported. In
the first, impacts are computed as a percent of gross domestic
product (GDP) for a specified rise in global mean temperature.
In the second, impacts are aggregated over time and discounted
back to the present day along specified emissions scenarios such
as those documented in Nakićenović and Swart (2000) under
specified assumptions about economic development, changes in
technology and adaptive capacity. Some of these estimates are
made at the global level, but others aggregate a series of local or
regional impacts to obtain a global total. A third type of estimate
has recently attracted the most attention. Called the social cost
of carbon (SCC), it is an estimate of the economic value of the
extra (or marginal) impact caused by the emission of one more
tonne of carbon (in the form of carbon dioxide) at any point in
time; it can, as well, be interpreted as the marginal benefit of
reducing carbon emissions by one tonne. Researchers calculate
SCC by summing the extra impacts for as long as the extra tonne

remains in the atmosphere – a process which requires a model of
atmospheric residence time and a means of discounting
economic values back to the year of emission.

This section provides a brief discussion of the historical and
current status of efforts to produce aggregate estimates of the
impacts of climate change. The first sub-section focuses
attention on economic estimates and the second begins to expand
the discussion by reporting estimates calibrated in alternative
metrics. It is in this expansion that the implications of spatial
and temporal diversity in systems’ exposures and sensitivities to
climate change begin to emerge.

20.6.1 History and present state of aggregate
impact estimates

Most of the aggregate impacts reported in IPCC (1996) were
of the first type; they monetised the likely damage that would be
caused by a doubling of CO2 concentrations. For developed
countries, estimated damages were of the order of 1% of GDP.
Developing countries were expected to suffer larger percentage
damages, so mean global losses of 1.5 to 3.5% of world GDP
were therefore reported. IPCC (2001a) reported essentially the
same range because more modest estimates of market damages
were balanced by other factors such as higher non-market
impacts and improved coverage of a wide range of uncertainties.
Most recently, Stern (2007) took account of a full range of both
impacts and possible outcomes (i.e., it employed the basic
economics of risk premiums) to suggest that the economic
effects of unmitigated climate change could reduce welfare by
an amount equivalent to a persistent average reduction in global
per capita consumption of at least 5%. Including direct impacts
on the environment and human health (i.e., ‘non-market’
impacts) increased their estimate of the total (average) cost of
climate change to 11% GDP; including evidence which indicates
that the climate system may be more responsive to greenhouse-
gas emissions than previously thought increased their estimates
to 14% GDP. Using equity weights to reflect the expectation that
a disproportionate share of the climate-change burden will fall
on poor regions of the world increased their estimated reduction
in equivalent consumption per head to 20%.

Figure 20.3 compares the Stern (2007) relationship between
global impacts and increases in global mean temperature with
estimates drawn from earlier studies that were assessed in IPCC
(2001b). The Stern (2007) trajectories all show negative impacts
for all temperatures; they reflect the simple assumptions of the
underlying PAGE2002 model and a focus on risks associated
with higher temperatures. The Mendelsohn et al. (1998)
estimates aggregate regional monetary damages (both positive
and negative) without equity weighting. The two Nordhaus and
Boyer (2000) trajectories track aggregated regional monetary
estimates of damages with and without population-based equity
weighting; they do include a ‘willingness to pay (to avoid)’
reflection of the costs of abrupt change. The two Tol (2002)
trajectories track aggregated regional monetary estimates of
damages with and without utility-based equity weighting. The
various relationships depicted in Figure 20.3 therefore differ in
their treatment of equity weighting, in their efforts to capture the
potential of beneficial climate change (in, for example,
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agriculture for small increases in temperature; see Chapter 5,
Section 5.4.7) and in their treatment of the risks of catastrophe
for large increases in temperature.

Early calculations of the SCC (IPCC (1996) estimates ranged
from US$5 to $125 per tonne of carbon in 1990 dollars)
stimulated recurring interest, as part of wider post-Kyoto
considerations, in the economic benefits of climate-change
policy (Watkiss et al., 2005). After surveying the literature,
Clarkson and Deyes (2002) proposed a central value of US$105
per tonne of carbon (in year 2000 prices) for the SCC, with
upper and lower values of US$50 and $210 per tonne. Pearce
(2003) argued that 3% is a reasonable representation of a social
discount rate so the probable range of the SCC in 2003 should
have been in the region of US$4 to 9 per tonne of carbon. Tol
(2005) gathered over 100 estimates of the SCC from 28
published studies and combined them to form a probability
density function; it displayed a median of US$14 per tonne of
carbon, a mean of US$93 per tonne and a 95th percentile
estimate equal to US$350 per tonne. Peer-reviewed studies
generally reported lower estimates and smaller uncertainties than
those which were not; their mean was US$43 per tonne of
carbon with a standard deviation of US$83. The survey showed
that 10% of the estimates were negative; to support these
estimates, the climate sensitivity was assumed to be low and
small increases in global mean temperature brought benefits (as
suggested by the Tol (2002) trajectories in Figure 20.3).

Notwithstanding the differences in damage sensitivity to
temperature reflected in Figure 20.3, the effect of the discount rate
(see glossary) on estimates of SCC is most striking. The 90th
percentile SCC, for instance, is US$62/tC for a 3% pure rate of
time preference, $165/tC for 1% and $1,610/tC for 0%. Stern
(2007) calculated, on the basis of damage calculations described
above, a mean estimate of the SCC in 2006 of US$85 per tonne
of CO2 (US$310 per tonne of carbon). Had it been included in the
Tol (2005) survey, it would have fallen well above the 95th
percentile, in large measure because of their adoption of a low
0.1% pure rate of time preference. Other estimates of the SCC run
from less than US$1 per tonne to over US$1,500 per tonne of
carbon. Downing et al. (2005) argued that this range reflects
uncertainties in climate and impacts, coverage of sectors and

extremes, and choices of decision variables. Tol (2005) concluded,
using standard assumptions about discounting and aggregation,
that the SCC is unlikely to exceed US$50/tC. In contrast,
Downing et al. (2005) concluded that a lower benchmark of
US$50/tC is reasonable for a global decision context committed
to reducing the threat of dangerous climate change and including
a modest level of aversion to extreme risks, relatively low discount
rates and equity weighting.

Climate change is not caused by carbon dioxide alone, and
integrated assessment models can calculate the social cost of
each greenhouse gas under consistent assumptions. For instance,
the mean estimate from the PAGE2002 model for the social cost
of methane is US$105 per tonne emitted in 2001, in year 2000
dollars, with a 5 to 95% uncertainty range of US$25 to $250 per
tonne. The estimate for the social cost of SF6 is US$200,000 per
tonne emitted in 2001 with a 5 to 95% range of US$45,000 to
$450,000 per tonne. These are all higher than the corresponding
US$19 per tonne estimate for SCC that is surrounded by a 5 to
95% range of US$4 to $50 per tonne (Hope, 2006b). It has been
known since IPCC (1996) that the SCC will increase over time;
current knowledge suggests a 2.4% per year rate of growth. The
social cost of methane will grow 50% faster because of its
shorter atmospheric lifetime. Unlike later emissions, any extra
methane emitted today will have disappeared before the most
severe climate-change impacts occur (Watkiss et al., 2005).

Tol (2005) finds that much of the uncertainty in the estimates
of the SCC can be traced to two assumptions: one on the
discount rate and the other on the equity weights that are used to
aggregate monetised impacts over countries. In most other
policy areas, the rich do not reveal as much concern for the poor
as is implied by the equity weights used in many models.
Downing et al. (2005) state that the extreme tails of the estimates
of the SCC depend as much on decision values (such as
discounting and equity weighting) as on the climate forcing and
uncertainty in the underlying impact models. Integrated models
are always simplified representations of reality. To be
comprehensive, other social and cultural values need to be given
comparable weights to economic values, and there are prototype
integrated assessment models to demonstrate this (Rotmans and
de Vries, 1997).
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Figure 20.3. (a) Damage estimates, as a percent of global GDP, as correlated with increases in global mean temperature. Source: IPCC (2001b). (b)
Damage estimates, as a percent of global GDP, are correlated with increases in global mean temperature. Source: Stern (2007).



Table 20.2 shows the six major influences calculated by
PAGE2002 and reported in Hope (2005). That the list can be
divided into two scientific and four socio-economic parameters is
another strong argument for the building of integrated assessment
models (IAMs); models that are exclusively scientific, or
exclusively economic, would omit parts of the climate-change
problem which still contain profound uncertainties. The two top
influences are the climate sensitivity and the pure rate of time
preference. Climate sensitivity is positively correlated with the
SCC, but the pure time preference rate is negatively correlated
with the SCC. Non-economic impact ranks third and economic
impact ranks sixth (Hope, 2005).

A few models have existed for long enough to trace the
changes in their estimates of the SCC over time. Table 20.3
shows how the results from three integrated assessment models
have evolved over the last 15 years. The DICE and PAGE
estimates have not changed greatly over the years, but this gives
a misleading impression of stability. The values from PAGE
have changed little because several quite significant changes
have approximately cancelled each other out. In the later studies,
lower estimates for market-sector impacts in developed
countries are offset by higher non-market impacts, equity
weights and inclusion of estimates of the possible impacts of
large-scale discontinuities (Tol, 2005).

Hitz and Smith (2004) found that the relationships between
global mean temperature and impacts of the sort displayed in
Figure 20.3 are not consistent across sectors for modest amounts
of warming. Beyond an approximate 3 to 4°C increase in global
mean temperature above pre-industrial levels, all sectors (except
possibly forestry) show increasingly adverse impacts. Tol (2005)
found that few studies cover non-market damages, the risk of
potential extreme weather, socially contingent effects, or the
potential for longer-term catastrophic events. Therefore,
uncertainty in the value of the SCC is derived not only from the

‘true’ value of impacts that are covered by the models, but also
from impacts that have not yet been quantified and valued. As
argued in Watkiss et al. (2005) and displayed in Figure 20.4,
existing estimates of SCC are products of work that spans only
a sub-set of impacts for which complete estimates might be
calculated. Nonetheless, current estimates do provide enough
information to support meaningful discussions about reducing
the emissions of CO2, methane and other greenhouse gases, and
the appropriate trade-off between gases.

Nonetheless, estimates of SCC offer a consistent way to
internalise current knowledge about the impacts of climate
change into development, mitigation and/or adaptation decisions
that the private and public sector will be making over the near
term (Morimoto and Hope, 2004). According to economic
theory, if the social cost calculations were complete and markets
were perfect, then efforts to cut back the emissions of
greenhouse gases would continue as long as the marginal cost of
the cutbacks were lower than the social cost of the impacts they
cause. If taxes were used, then they should be set equal to the
SCC. If tradable permits were used, then their price should be
the same as the SCC. If their price turns out to be lower than the
social cost, then the total allocation of permits would have been
too large and vice versa. In any comparison between greenhouse
gases, according to Pearce (2003), the SCC is the correct figure
to use. For reference, spot prices for permits in the European
Carbon Trading Scheme since its inception early in 2005 started
out towards the bottom end of the range of the SCC, but they
rose quickly to around US$100 per tonne of carbon before
falling by about 50% in the early summer of 2006 amid concerns
that the carbon allowances allocated by the European
Commission at the start of the scheme had been too generous. In
the real world, markets are not perfect, calculations of the SCC
are far from complete, and both mask significant differences
between regions and types of impacts.
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Parameter Definition Sign Range Importance
Climate sensitivity Equilibrium temperature rise for a doubling of CO2 concentration + 1.5 to 5°C 100

PTP rate Pure time preference for consumption now rather than in 1 year’s time - 1 to 3% /yr 66

Non-economic impact Valuation of non-economic impact for a 2.5°C temperature rise + 0 to 1.5% of GDP 57

Equity weight Negative of the elasticity of marginal utility with respect to income - 0.5 to 1.5 50

Climate change half life Half life in years of global response to an increase in radiative forcing - 25 to 75 years 35

Economic impact Valuation of economic impact for a 2.5°C temperature rise + -0.1 to 1.0% of GDP 32

Table 20.2. Major factors causing uncertainty in the social cost of carbon. Relative importance is measured by the magnitude of the partial rank
correlation coefficient between the parameter and the SCC, with the most important indexed to 100. A + sign shows that an increase in this
parameter leads to an increase in the SCC and vice versa. Source: Hope (2005).

Note: non-economic and economic impact ranges apply to Europe; impacts in other regions are expressed as a multiple of this.

Date of
estimate 1990 1995 2000 2005

DICE $10 $7 $6
FUND $9 to $23 -$15 to $110
PAGE $12 to $60 $4 to $51

Table 20.3. Estimates of the social cost of carbon over time from three models (in constant 2000 US$). Sources: DICE best guesses of Nordhaus and
Boyer (2000) are from Pearce (2003); FUND estimates are from Tol (1999), and 25 to 75% range with green book discounting and equity weights from
Downing et al. (2005); PAGE 5th and 95th percentile ranges from Plambeck and Hope (1996), rebased to year 2000, and Hope (2006a).



20.6.2 Spatially-explicit methods: global impacts of
climate change

Warren (2006) and Hitz and Smith (2004) observe that most
impact assessments are conducted at the local scale. It is
therefore extremely difficult to estimate impacts across the
global domain from these localised studies. A small number of
studies have used geographically-distributed impacts models to
estimate the impacts of climate change across the global
domain. The “Fast Track” studies (Arnell, 2004; Nicholls,
2004; Arnell et al., 2002; Levy et al., 2004; Parry et al., 2004;
Van Lieshout et al., 2004) used a consistent set of scenarios and
assumptions to estimate the effects of scenarios based on the
HadCM3 climate model on water resource availability, food
security, coastal flood risk, ecosystem change and exposure to
malaria. Schroeter et al. (2005) used a similar approach in the
ATEAM project to tabulate impacts across Europe using
scenarios constructed from a larger number of climate models.

Both these sets of studies used a wide range of metrics that
varied across sectors. Table 20.4 summarises some of the
global-scale impacts of defined climate-change scenarios.
Although the precise numbers depend on the climate model
used and some key assumptions (particularly the effect of
increased CO2 concentrations on crop productivity), it is clear
that the future impacts of climate change are dependent not only
on the rate of climate change, but also on the future social,
economic and technological state of the world. Impacts are
greatest under an A2 world, for example, not because the
climate change is greatest but because there are more people to
be impacted. Impacts also vary regionally and Table 20.5
summarises impacts by major world region. The assumed effect
of CO2 enrichment on crop productivity has a major effect on
estimated changes in population at risk of hunger (Chapter 5,
Section 5.4.7).

Table 20.6 compares the global impacts of a 1% annual
increase in CO2 concentrations (i.e., the IS92a scenario, see
IPCC, 1992) with the impacts of emissions trajectories
stabilising at 750 (S750) and 550 (S550) ppm (Arnell et al.,
2002). The results are not directly comparable to those reported
in Table 20.4, because different population assumptions,
methodologies and indicators were employed in their
preparation. Nevertheless, the results suggest that aiming for
stabilisation at 750 ppm has a relatively small effect on impacts
in most sectors in comparison with 550 ppm stabilisation. The
S550 pathway has a greater apparent impact on exposure to
hunger because higher CO2 concentrations under S750 result in
a greater increase in crop productivity (but again, note that CO2-
enrichment effects are highly uncertain).

Each of these tables present indicators of impact which ignore
adaptations that will occur over time. They can therefore be seen
as indicative of the challenge to be overcome by adaptations to
offset some of the impacts of climate change. Incorporating
adaptation into global-scale assessments of the impacts of climate
change is currently difficult for a number of reasons (including
diversity of circumstances, diversity of potential objectives of
adaptation, diversity of ways of meeting adaptation objectives
and uncertainty over the effectiveness of adaptation options) and
remains an area where more research is needed.
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Figure 20.4. Coverage of studies that compute estimates of the social
cost of carbon against sources of climate-related risk. Coverage of
most studies is limited to market-based sectors, and few of them
move beyond the upper left corner to include bounded risks and
abrupt system change. Source: Watkiss et al., 2005.

Climate and socio-economic scenario

A1FI A2 B1 B2

Global temperature change (°C difference from the 1961-1990 period) 3.97 3.21 to 3.32 2.06 2.34 to 2.4

Millions of people at increased risk of hunger (Parry et al., 2004); no CO2 effect 263 551 34 151

Millions of people at increased risk of hunger (Parry et al., 2004); with maximum direct
CO2 effect

28 -28 to -8 12 -12 to +5

Millions of people exposed to increased water resources stress (Arnell, 2004) 1256 2583 to 3210 1135 1196 to 1535

Additional numbers of people (millions) flooded in coastal floods each year, with
lagged evolving protection (Nicholls, 2004)

7 29 2 16

Note: change in climate derived from the HadCM3 climate model. Impacts are compared to the situation in 2080 with no climate change. The
range of impacts under the SRES A2 and B2 scenarios (Nakićenović and Swart, 2000) represents the range between different climate
simulations. The figures for additional millions of people flooded in coastal floods assumes a low rate of subsidence and a low rate of
population concentration in the coastal zone.

Table 20.4. Global-scale impacts of climate change by 2080.



Aggregation of impacts to regional and global scales is
another key problem with such geographically-distributed
impact assessments. Tables 20.4 to 20.6, for example, keep track
of people living in watersheds who will face increased water-
related stress. Of course, many people live in watersheds where
climate change increases runoff and therefore may apparently
see reduced water-related stress (if they see increased risk of
flooding). Simply calculating the ‘net’ impact of climate change,
however, is complicated, particularly where ‘winners’ and
‘losers’ live in different geographic regions, or where ‘costs’ and
‘benefits’ are not symmetrical. Watersheds with an increase in
runoff, for example, are concentrated in east Asia, while
watersheds with reduced runoff are much more widely
distributed. Similarly, the adverse effects felt by 100 million
people exposed to increased water stress could easily outweigh
the ‘benefits’ of 100 million people with reduced stress.

The Defra Fast Track and ATEAM studies both describe
impacts along defined scenarios, so it is difficult to infer the
effects of different rates or degrees of climate change on
different socio-economic worlds. A more generalised approach
applies a wide range of climate scenarios representing different
rates of change to estimate impacts for specific socio-economic
contexts. Leemans and Eickhout (2004), for example, show that
most species, ecosystems and landscapes would be impacted by
increases of global temperature between 1 and 2°C above 2000
levels. Arnell (2006) showed that an increase in temperature of
2°C above the 1961 to 1990 mean by 2050 would result in
between 550 and 900 million people suffering an increase in
water-related stress in both the SRES (Special Report on
Emissions Scenarios, Nakićenović and Swart, 2000) A1 and B1
worlds. In this case, the range between estimates represents the
effect of different changes in rainfall patterns for a 2°C warming.
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Population living in watersheds
with an increase in water-

resources stress (Arnell, 2004)

Increase in average annual
number of coastal flood
victims (Nicholls, 2004)

Additional population at risk
of hunger (Parry et al., 2004)1

Figures in brackets assume maximum
direct CO2-enrichment effect

Climate and socio-economic scenario:
A1 A2 B1 B2 A1 A2 B1 B2 A1 A2 B1 B2

Europe 270 382-493 233 172-183 1.6 0.3 0.2 0.3 0 0 0 0

Asia 289 812-1197 302 327-608 1.3 14.7 0.5 1.4 78 (6) 266 (-21) 7 (2) 47 (-3)
North America 127 110-145 107 9-63 0.1 0.1 0 0 0 0 0 0
South America 163 430-469 97 130-186 0.6 0.4 0 0.1 27 (1) 85 (-4) 5 (2) 15 (-1)

Africa 408 691-909 397 492-559 2.8 12.8 0.6 13.6 157 (21) 200 (-2) 23 (8) 89 (-8)
Australasia 0 0 0 0 0 0 0 0 0 0 0 0

Table 20.5. Regional-scale impacts of climate change by 2080 (millions of people).

Note: change in climate derived from the HadCM3 climate model. Impacts are compared to the situation in 2080 with no climate change. The
range of impacts under the SRES A2 and B2 scenarios (Nakićenović and Swart, 2000) represents the range between different climate
simulations. The figures for additional millions of people flooded in coastal floods assumes a low rate of subsidence and a low rate of
population concentration in the coastal zone.
1 Analysis of project results carried out for this table.

2050
Scenario:

2050
Scenario:

Unmitigated S750 S550 Unmitigated S750 S550

Approximate equivalent CO2 concentration
(ppm)

520 485 458 630 565 493

Approximate global temperature change
(°C difference from 1961 to 1990)

2.0 1.3 1.1 2.9 1.7 1.2

Area potentially experiencing vegetation
dieback (million km2)

1.5 to 2.7 2 0.7 6.2 to 8 3.5 1.3

Millions of people exposed to increased
water stress

200 to 3200 2100 1700 2830 to 3440 2920 760

Additional people flooded in coastal floods
(millions/year)

20 13 10 79 to 81 21 5

Population at increased risk of hunger
(millions)

-3 to 9 7 5 69 to 91 16 43

Table 20.6. Global-scale impacts under unmitigated and stabilisation pathways. Source: Arnell et al., 2002.

Note: climate scenarios based on HadCM2 simulations: the range with unmitigated emissions reflects variation between ensemble simulations.



20.7 Implications for regional, sub-regional,
local and sectoral development;
access to resources and
technology; equity

The first sub-section here addresses issues of equity and
access to resources as measured by the likelihood of meeting
Millennium Development Targets by 2015 and Millennium
Development Goals until the middle of this century.
Vulnerability to climate change is unlikely to be the dominant
cause of trouble for most nations as they try to reach the 2015
Targets. However, an assortment of climate-related
vulnerabilities will seriously impede progress in achieving the
mid-century goals. The second sub-section considers the range
of these vulnerabilities across regions and sectors in 2050 and
2100 before the last offers portraits of the global distribution of
vulnerability with and without enhanced adaptive capacity
and/or mitigation efforts.

20.7.1 Millennium Development Goals –
a 2015 time slice

The Millennium Development Goals (MDGs) are the product
of international consensus on a framework by which nations can
assess tangible progress towards sustainable development; they
are enumerated in Table 20.7. UN (2005) provides the most
current documentation of the 8 MDGs, the 11 specific targets
for progress by 2015 or 2020 and the 32 quantitative indicators
that are being used as metrics. This chapter has made the point
that sustainable development and adaptive capacity for coping
with climate change have common determinants. It is easy,
therefore, to conclude that climate change has the potential to
affect the progress of nations and societies towards
sustainability. MA (2005) supports this conclusion. Climate-
change impacts on the timing, flow and amount of available
freshwater resources could, for example, affect the ability of
developing countries to increase access to potable water: Goal
#7, Target #10, Indicator #30 (UN, 2005). It is conceivable that
climate change could have measurable consequences, in some
parts of the world at least, on the indicators of progress on food
security: Goal #1, Target #2, Indicators #4 and #5 (UN, 2005).
Climate-change impacts could possibly affect one indicator in
Goal #6 (prevalence and death rates associated with malaria),
over the medium term (UN, 2005). The list can be extended.

The anthropogenic drivers of climate change, per se, affect
MDG indicators directly in only two ways: in terms of energy

use per dollar GDP and CO2 emissions per capita. While climate
change may, with high confidence, have the potential for
substantial effects on aspects of sustainability that are important
for the MDGs, the literature is less conclusive on whether the
metrics themselves will be sensitive to either the effects of
climate change or to progress concerning its drivers, especially
in the near term. The short-term targets of the MDGs (i.e., the
2015 to 2020 Targets) will be difficult to reach in any case.
While climate impacts have now been observed with some
levels of confidence in some places, it will be difficult to blame
climate change for limited progress towards the Millennium
Development Targets.

In the longer term, Arrow et al. (2004) argue that adaptation
decisions can reduce the effective investment available to reach
the MDGs. They thereby raise the issue of opportunity costs:
perhaps investment in climate adaptation might retard efforts to
achieve sustainable development. Because the determinants of
adaptive capacity and of sustainable development overlap
significantly; however, (see Section 20.2) it is also possible that
a dollar spent on climate adaptation could strengthen progress
towards sustainable development.

Whether synergistic effects or trade offs will dominate
interactions between climate impacts, adaptation decisions and
sustainable development decisions depend, at least in part, on the
particular decisions that are made. Decisions on how countries will
acquire sufficient energy to sustain growing demand will, for
example, play crucial roles in determining the sustainability of
economic development. If those demands are met by increasing
fossil fuel combustion, then amplifying feedbacks to climate
change should be expected. There are some indications that this is
now occurring. Per capita emissions of CO2 in developing
countries rose from 1.7 tonnes of CO2 per capita in 1990 to 2.1
tonnes per capita in 2002; they remained, though, far short of the
12.6 tonnes of CO2 per capita consumed in developed countries
(UN, 2005). Resources devoted to expanding fossil fuel generation
could, therefore, be seen as a source of expanded climate-change
impacts. On the other hand, investments in forestry and
agricultural sectors designed to preserve and enhance soil fertility
in support of improved food security MDGs (e.g., Goal #1) might
have synergies for climate mitigation (through carbon
sequestration) and for adaptation (because higher economic returns
for local communities could be invested in adaptation). It is simply
impossible to tell, a priori, which effect will dominate. Each
situation must be analysed qualitatively and quantitatively.

These complexities make it clear that not all development
paths will be equal with respect to either their consequences for
climate change or their consequences for adaptive capacity.
Moreover, the Millennium Ecosystem Assessment (MA, 2005)
and others (e.g., AfDB et al., 2004) argue that climate change
will be a significant hindrance to meeting the MDGs over the
long term. There is no discrepancy here because stresses from
climate change will grow over time. Some regions and countries
are already lagging in their progress towards the MDGs and
these tend to be in locations where climate vulnerabilities over
the 21st century are likely to be high. For example, the
proportion of land area covered by forests fell between 1990 and
2000 in sub-Saharan Africa, South-East Asia and Latin America
and the Caribbean, while it appeared to stabilise in developed
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1. Eradicate extreme poverty and hunger
2. Achieve universal primary education
3. Promote gender equality and empower women
4. Reduce child mortality
5. Improve maternal health
6. Combat HIV/AIDS, malaria and other diseases
7. Ensure environmental sustainability
8. Develop a global partnership for development
Source: http://www.un.org/millenniumgoals/documents.html

Table 20.7. The Millennium Development Goals.



countries (UN, 2005). Energy use per unit of GDP fell between
1990 and 2002 in both developed and developing regions, but
developed regions remained approximately 10% more efficient
than developing regions (UN, 2005). In short, regions where
ecosystem services and contributions to human well-being are
already being eroded by multiple external stresses are more
likely to have low adaptive capacity.

20.7.2 Sectoral and regional implications

The range of increase in global mean temperature that could
be expected over the next several centuries is highly uncertain.
The compounding diversity in the regional patterns of
temperature change for selected changes in global mean
temperature is depicted elsewhere in IPCC (2007b, Figure
SPM.6); so, too, are illustrations of geographic diversity in
changes in precipitation and model disagreement about even the
sign of this change (IPCC, 2007b, Figure SPM.7). Earlier
sections of this chapter have also underscored the difficulty in
anticipating the development of adaptive capacity and the ability
of communities to take advantage of the incumbent
opportunities. Despite all of this complexity, however, it is
possible to offer some conclusions about vulnerability across
regions and sectors as reported throughout this report.

Locating the anticipated impacts of climate change on a map
is perhaps the simplest way to see this point. Figure 9.5, for
example, shows the spatial distribution of the projected impacts
that are reported for Africa in Chapter 9. The power of maps
like this lies in their ability to show how the various
manifestations of climate change can be geographically
concentrated. It is clear, as a result, that climate change can, by
virtue of its multiple dimensions, be its own source of multiple
stresses. It follows immediately that vulnerability to climate
change can easily be amplified (in the sense that total
vulnerability to climate change is greater than the sum of
vulnerabilities to specific impacts) in regions like the south-
eastern coast of Africa and Madagascar.

Maps of this sort do not, however, capture sensitivities to
larger indices of climate change (such as increases in global
mean temperature); nor do they not offer any insight into the
timing of increased vulnerabilities.

Tables 20.8 and 20.9 address these deficiencies by
summarising estimated impacts at global and regional scales
against a range of changes in global average temperature. Each
entry is drawn from earlier chapters in this report, and assessed
levels of confidence are indicated. The entries have been
selected by authors of the chapters and the selection is intended
to illustrate impacts that are important for human welfare. The
criteria for judging this importance include the magnitude, rate,
timing and persistence/irreversibility of impacts, and the
capacity to adapt to them. Where possible, the entries give an
indication of impact trend and its quantitative level. In a few
cases, quantitative measures of impact have now been estimated
for different amounts of climate change, thus pointing toward
different levels of the same impact that might be avoided by not
exceeding given amounts of global temperature change.

The time dimension is captured by the bars drawn at the top
of Table 20.8; they indicate the range of global average

temperature increase that could be expected during the 2020s,
the 2050s and the 2080s among the SRES collection of
unmitigated scenarios as well as a range of alternative
stabilisation pathways (Nakićenović and Swart, 2000). The real
message to be drawn from their inclusion is that no temperature
threshold associated with any subjective judgment of what might
constitute ‘dangerous’ climate change can be guaranteed by
anything but the most stringent of mitigation interventions, at
least not on the basis of current knowledge. Moreover, there is
an estimated commitment to warming of 0.6°C due to past
emissions, from which impacts must be expected, regardless of
any future efforts to reduce emissions in the future.

20.7.3 The complementarity roles of mitigation and
enhanced adaptive capacity

IPCC (2001a) focused minimal attention on the co-benefits of
mitigation and adaptation, but this report has added a chapter-
length assessment of current knowledge at the nexus of adaptation
and mitigation. An emphasis on constructing a “portfolio of
adaptation and mitigation actions” has emerged (Chapter 18,
Sections 18.4 and 18.7). Moreover, the capacities to respond in
either dimension are supported by ‘similar sets of factors’ (Chapter
18, Section 18.6). These factors are, of course, themselves
determined by underlying socio-economic and technological
development paths that are location and time specific.

Yohe et al. (2006a, b) offer suggestive illustrations of pot-
ential synergies within the adaptation/mitigation portfolio;
complementarity in the economic sense that one makes the other
more productive. Figures 20.5 and 20.6 display the geographic
distribution of these synergies in terms of a national vulnerability
index with and without mitigation, and with and without
enhanced adaptive capacity by 2050 and 2100, respectively.
Vulnerabilities that were assigned to specific countries on the
basis of a vulnerability index derived from national estimates of
adaptive capacity provided by Brenkert and Malone (2005) and
the geographic distribution of temperature change derived from
a small ensemble of global circulation models. The upper left
panels of Figures 20.5 and 20.6 present geographical
distributions of vulnerability in 2050 and 2100, respectively,
along the SRES A2 emissions scenario with a climate sensitivity
of 5.5°C under the limiting assumption that adaptive capacities
are fixed at current levels; global mean temperature climbs by
1.6°C and 4.9°C above 1990 levels by 2050 and 2100,
respectively. These two panels are benchmarks of maximum
vulnerability against which other options can be assessed. Notice
that most of Africa plus China display the largest vulnerabilities
in 2050 and that nearly every nation displays extreme
vulnerability by 2100. A2 was chosen for illustrative clarity with
reference to temperature change only. Moreover, none of the
interpretations depend on the underlying storyline of the A2
scenario; Yohe et al. (2006b) describes comparable results for
other scenarios.

The upper right panels present comparable geographic
distributions under the assumption that adaptive capacity
improves everywhere with special emphasis on developing
countries; their capacities are assumed to advance to the current
global mean by 2050 and 2100 for Figures 20.5 and 20.6,
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Table 20.8. Examples of global impacts projected for changes in climate (and sea level and atmospheric CO2 where relevant) associated with dif-
ferent amounts of increase in global average surface temperature in the 21st century. This is a selection of some estimates currently available. All
entries are from published studies in the chapters of the Assessment. (Continues below Table 20.9)
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a Best estimate and likely range of equilibrium warming for seven levels of CO2-equivalent stabilisation from WGI AR4 are: 350 ppm, 1.0°C [0.6–1.4]; 450 ppm, 2.1°C
[1.4–3.1]; 550 ppm, 2.9°C [1.9–4.4]; 650 ppm, 3.6°C [2.4–5.5]; 750 ppm, 4.3°C [2.8–6.4]; 1,000 ppm, 5.5°C [3.7–8.3] and 1,200 ppm, 6.3°C [4.2–9.4].

Table 20.9. Examples of regional impacts. See caption for Table 20.8.

Table 20.8. (cont.) Edges of boxes and placing of text indicate the range of temperature change to which the impacts relate. Arrows between
boxes indicate increasing levels of impacts between estimations. Other arrows indicate trends in impacts. All entries for water stress and flooding
represent the additional impacts of climate change relative to the conditions projected across the range of SRES scenarios A1FI, A2, B1 and B2.
Adaptation to climate change is not included in these estimations. For extinctions, ‘major’ means ~40 to ~70% of assessed species.

The table also shows global temperature changes for selected time periods, relative to 1980-1999, projected for SRES and stabilisation scenarios. To
express the temperature change relative to 1850-1899, add 0.5°C. More detail is provided in Chapter 2 [Box 2.8]. Estimates are for the 2020s, 2050s
and 2080s, (the time periods used by the IPCC Data Distribution Centre and therefore in many impact studies) and for the 2090s. SRES-based
projections are shown using two different approaches. Middle panel: projections from the WGI AR4 SPM based on multiple sources. Best estimates
are based on AOGCMs (coloured dots). Uncertainty ranges, available only for the 2090s, are based on models, observational constraints and expert
judgement. Lower panel: best estimates and uncertainty ranges based on a simple climate model (SCM), also from WGI AR4 (Chapter 10). Upper
panel: best estimates and uncertainty ranges for four CO2-stabilisation scenarios using an SCM. Results are from the TAR because comparable
projections for the 21st century are not available in the AR4. However, estimates of equilibrium warming are reported in the WGI AR4 for CO2-
equivalent stabilisationa. Note that equilibrium temperatures would not be reached until decades or centuries after greenhouse gas stabilisation.

Table 20.8. Sources: 1, 3.4.1; 2, 3.4.1, 3.4.3; 3, 3.5.1; 4, 4.4.11; 5, 4.4.9, 4.4.11, 6.2.5, 6.4.1; 6, 4.4.9, 4.4.11, 6.4.1; 7, 4.2.2, 4.4.1, 4.4.4 to 4.4.6, 4.4.10; 8, 4.4.1,
4.4.11; 9, 5.4.2; 10, 6.3.2, 6.4.1, 6.4.2; 11, 6.4.1; 12, 6.4.2; 13, 8.4, 8.7; 14, 8.2, 8.4, 8.7; 15, 8.2, 8.4, 8.7; 16, 8.6.1; 17, 19.3.1; 18, 19.3.1, 19.3.5; 19, 19.3.5
Table 20.9. Sources: 1, 9.4.5; 2, 9.4.4; 3, 9.4.1; 4, 10.4.1; 5, 6.4.2; 6, 10.4.2; 7, 11.6; 8, 11.4.12; 9, 11.4.1, 11.4.12; 10, 11.4.1, 11.4.12; 11, 12.4.1; 12, 12.4.7;
13, 13.4.1; 14, 13.2.4; 15, 13.4.3; 16, 14.4.4; 17, 5.4.5, 14.4.4; 18, 14.4.8; 19, 14.4.5; 20, 15.3.4, 21, 15.4.2; 22, 15.3.3; 23, 16.4.7; 24, 16.4.4; 25, 16.4.3



Perspectives on climate change and sustainable development Chapter 20

830

Fi
g
ur
e
20
.5
.G

eo
gr
ap
hi
ca
ld
is
tr
ib
ut
io
n
of

vu
ln
er
ab
ili
ty
in
20
50

w
ith

an
d
w
ith
ou

t
m
iti
ga
tio
n
al
on

g
an

S
R
E
S
A
2
em

is
si
on

s
sc
en
ar
io
w
ith

a
cl
im
at
e
se
ns
iti
vi
ty
of

5.
5°
C
.(
a)
p
or
tr
ay
s
vu
ln
er
ab
ili
ty
w
ith

a
st
at
ic
re
p
re
se
nt
at
io
n
of

cu
rr
en
t
ad
ap
tiv
e
ca
p
ac
ity
.(
b
)s
ho

w
s
vu
ln
er
ab
ili
ty
w
ith

en
ha
nc
ed

ad
ap
tiv
e
ca
p
ac
ity

w
or
ld
w
id
e.
(c
)d

is
p
la
ys

th
e
ge
og

ra
p
hi
ca
li
m
p
lic
at
io
ns

of
m
iti
ga
tio
n
d
es
ig
ne
d
to

ca
p

ef
fe
ct
iv
e
at
m
os
p
he
ric

co
nc
en
tr
at
io
ns

of
gr
ee
nh
ou

se
ga
se
s
at
55
0
p
p
m
.(
d
)o
ff
er
s
a
p
or
tr
ai
t
of

th
e
co
m
b
in
ed

co
m
p
le
m
en
ta
ry
ef
fe
ct
s
of

m
iti
ga
tio
n
to

th
e
sa
m
e
55
0
p
p
m

co
nc
en
tr
at
io
n
lim

it
an
d

en
ha
nc
ed

ad
ap
tiv
e
ca
p
ac
ity
.S

ou
rc
e:
Yo

he
et

al
.,
20
06
b
.



Chapter 20 Perspectives on climate change and sustainable development

831

Fi
g
ur
e
20
.6
.G

eo
gr
ap
hi
ca
ld
is
tr
ib
ut
io
n
of

vu
ln
er
ab
ili
ty
in
21
00

w
ith

an
d
w
ith
ou

t
m
iti
ga
tio
n
al
on

g
an

S
R
E
S
A
2
em

is
si
on

s
sc
en
ar
io
w
ith

a
cl
im
at
e
se
ns
iti
vi
ty
of

5.
5°
C
.(
a)
p
or
tr
ay
s
vu
ln
er
ab
ili
ty
w
ith

a
st
at
ic
re
p
re
se
nt
at
io
n
of

cu
rr
en
t
ad
ap
tiv
e
ca
p
ac
ity
.(
b
)s
ho

w
s
vu
ln
er
ab
ili
ty
w
ith

en
ha
nc
ed

ad
ap
tiv
e
ca
p
ac
ity

w
or
ld
w
id
e.
(c
)d

is
p
la
ys

th
e
ge
og

ra
p
hi
ca
li
m
p
lic
at
io
ns

of
m
iti
ga
tio
n
d
es
ig
ne
d
to

ca
p

ef
fe
ct
iv
e
at
m
os
p
he
ric

co
nc
en
tr
at
io
ns

of
gr
ee
nh
ou

se
ga
se
s
at
55
0
p
p
m
.(
d
)o
ff
er
s
a
p
or
tr
ai
t
of

th
e
co
m
b
in
ed

co
m
p
le
m
en
ta
ry
ef
fe
ct
s
of

m
iti
ga
tio
n
to

th
e
sa
m
e
55
0
p
p
m

co
nc
en
tr
at
io
n
lim

it
an
d

en
ha
nc
ed

ad
ap
tiv
e
ca
p
ac
ity
.S

ou
rc
e:
Yo

he
et

al
.,
20
06
b
.



respectively. Significant improvement is seen in 2050, but
adaptation alone still cannot reduce extreme vulnerability
worldwide in 2100. The lower panels present the effect of
limiting atmospheric concentrations of greenhouse gases to 550
ppm along least-cost emissions trajectories; global mean
temperature is 1.3°C and 3.1°C higher than 1990 levels by 2050
and 2100 in this case. In the lower left panels, adaptive capacity
is again held constant at current levels. Mitigation reduces
vulnerability across much of the world in 2050, but extreme
vulnerability persists in developing countries and threatens
developed countries in 2100. Mitigation alone cannot overcome
climate risk. Finally, the lower right panels show the combined
effects of investments in enhanced adaptive capacity and
mitigation. Climate risks are substantially reduced in 2050, but
significant vulnerabilities reappear by 2100. Developing
countries are still most vulnerable. Developed countries are also
vulnerable, but they see noticeable benefits from the
complementary effects of the policy portfolio. These results
suggest that global mitigation efforts up to 2050 would benefit
developing countries more than developed countries when
combined with enhanced adaptation. By 2100, however, climate
change would produce significant vulnerabilities ubiquitously
even if a relatively restrictive concentration cap were
implemented in combination with a programme designed to
enhance adaptive capacity significantly.

20.8 Opportunities, co-benefits and
challenges for adaptation

This section extends some of the ideas outlined in Najam et
al. (2003); they focus on mainstreaming climate-change
adaptation into planning and development decisions with
particular emphasis on participatory processes.

20.8.1 Challenges and opportunities for
mainstreaming adaptation into national,
regional and local development processes

An international opportunity for mainstreaming adaptation
into national, regional and local development processes has
recently emerged with the community approach to disaster
management adopted by the World Conference on Disaster
Reduction held in Kobe, Hyogo, Japan in January 2005 (Hyogo
Declaration, 2005). This approach is described in, for example,
UNCRD (2003). The results of an action research and pilot
activity undertaken during 2002 to 2004 (APJED, 2004) have
been reported, albeit on a limited scale in Bangladesh, India and
Nepal, with support from World Meteorological Organization
(WMO) and Global Water Partnership (GWP). The pilot
activity focused on community approaches to flood
management, and found that a community flood management
committee formed in a local area, working in co-operation with
the relevant local government and supported by national
government policy, can significantly reduce adverse
consequences of floods. There are, however, many challenges.
Progress in carrying out analyses and identifying what needs to

be and can be done can be documented, but action on the
ground to mainstream adaptation to climate change remains
limited, particularly in the least developed countries. National
policy making in this context remains a major challenge that
can only be met with increased international funding for
adaptation and disaster management (Ahmad and Ahmed, 2002;
Jegillos, 2003; Huq et al., 2006).

Socio-economic and even environmental policy agendas of
developing countries do not yet prominently embrace climate
change (Beg et al., 2002) even though most developing countries
participate in various international protocols and conventions
relating to climate change and sustainable development and most
have adopted national environmental conservation and natural
disaster management policies. Watson International Scholars of
the Environment (2006) has offered some suggestions for
improved mainstreaming within multilateral environmental
agreements; they include fostering links with poverty reduction
and increasing support designed to engage professionals,
researchers and governments at local levels in developing
countries more directly.

Even as economic growth is pursued, progress towards
health, education, training and access to safe water and
sanitation, and other indicators of social and environmental
progress including adaptive capacity remains a significant
challenge. It can be addressed through appropriate policies and
commitment to ending poverty (WSSD, 2002; Sachs, 2005).
Strengthened linkages between government and people, and the
consequent capacity building at local levels, are key factors for
robust progress towards sustainability at the grassroots (Jegillos,
2003). Social and environmental (climate change) issues are,
however, often left resource-constrained and without effective
institutional support when economic growth takes precedence
(UNSEA, 2005).

20.8.2 Participatory processes in research
and practice

Participatory processes can help to create dialogues that link
and mutually instruct researchers, practitioners, communities
and governments. There are, however, challenges in applying
these processes as a methodology for using dialogue and
narrative (i.e., communication of quantitative and qualitative
information) to influence social learning and decision-making,
including governance.

Knowledge about climate-change adaptation and sustainable
development can be translated into public policy through
processes that generate usable knowledge. The idea of usable
knowledge in climate assessments stems from the experiences of
national and international bodies (academies, boards,
committees, panels, etc.) that offer credible and legitimate
information to policymakers through transparent multi-
disciplinary processes (Lemos and Morehouse, 2005). It requires
the inclusion of local knowledge, including indigenous
knowledge (see Box 20.1), to complement more formal
technical understanding generated through scientific research
and the consideration of the role that institutions and governance
play in the translation of scientific information into effective
action.
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Social learning of complex issues like climate change
emerges through consensus that includes both scientific
discourse and policy debate. In the case of climate change,
participatory processes encourage local practitioners from
climate-sensitive endeavours (water management, land-use
planning, etc.) to become engaged so that past experiences can
be included in the study of (and the planning for) future climate
change and development pressures. Processes designed to
integrate various dimensions of knowledge about how regional
resource systems operate are essential; so is understanding of
how resource systems are affected by biophysical and socio-
economic forces including a wide range of possible future
changes in climate. This requirement has led to increased interest
in a number of participatory processes like participatory
integrated assessment (PIA) and participatory mapping (using,
for example, specially designed geographic information systems
– GIS).

PIA is an umbrella term describing approaches in which non-
researchers play an active role in integrated assessment
(Rotmans and van Asselt, 2002). Participatory processes can be
used to facilitate the integration of biophysical and socio-
economic aspects of climate-change adaptation and

development by creating opportunities for shared experiences
in learning, problem definition and design of potential solutions
(Hisschemöller et al., 2001). Van Asselt and Rijkens-Klomp
(2002) identify several approaches, including methods for
mapping diversity of opinion (e.g., focus groups, participatory
modelling) and reaching consensus (e.g., citizens’ juries,
participatory planning). Kangur (2004) reported on a recent
exercise on water policy that employed citizens’ juries. PIA has
also been used to facilitate the development of integrated models
(e.g., Turnpenny et al., 2004) and to use models to facilitate
policy dialogue (e.g., van de Kerkhof, 2004).

Participatory mapping is a process by which local
information, including indigenous knowledge, is incorporated
into information management systems (Corbett et al., 2006).
Ranging from paper to GIS, it is becoming more popular, and it
has contributed to the increased application of Participatory
Rural Appraisal (PRA) and Rapid Rural Appraisal (RRA) as
techniques to support rural development (Chambers, 2006).
Maps have displayed natural resources, social patterns and
mobility, and they have been used to identify landscape changes,
tenure, boundaries and places of cultural significance (Rambaldi
et al., 2006). With the advent of modern GIS technologies,
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Box 20.1. Role of local and indigenous knowledge in
adaptation and sustainability research

Research on indigenous environmental knowledge has been undertaken in many countries, often in the context of
understanding local oral histories and cultural attachment to place. A survey of research during the 1980s and early 1990s
was produced by Johnson (1992). Reid et al. (2006) outline the many technical and social issues related to the intersection
of different knowledge systems, and the challenge of linking the scales and contexts associated with these forms of
knowledge. With the increased interest in climate change and global environmental change, recent studies have emerged
that explore how indigenous knowledge can become part of a shared learning effort to address climate-change impacts and
adaptation, and its links with sustainability. Some examples are indicated here.

Sutherland et al. (2005) describe a community-based vulnerability assessment in Samoa, addressing both future changes in
climate-related exposure and future challenges for improving adaptive capacity. Twinomugisha (2005) describes the dangers
of not considering local knowledge in dialogues on food security in Uganda.

A scenario-building exercise in Costa Rica has been undertaken as part of the Millennium Ecosystem Assessment (MA,
2005). This was a collaborative study in which indigenous communities and scientists developed common visions of future
development. Two pilot five-year storylines were constructed, incorporating aspects of coping with external drivers of
development (Bennett and Zurek, 2006). Although this was not directly addressing climate change, it demonstrates the
potential for joint scenario-building incorporating different forms of knowledge.

In Arctic Canada, traditional knowledge was used as part of an assessment which recognised the implications of climate
change for the ecological integrity of a large freshwater delta (NRBS, 1996). In another case, an environmental assessment
of a proposed mine was produced through a partnership with governments and indigenous peoples. Knowledge to facilitate
sustainable development was identified as an explicit goal of the assessment, and climate-change impacts were listed as
one of the long-term concerns for the region (WKSS, 2001).

Vlassova (2006) describes results of interviews of indigenous peoples of the Russian North on climate and environmental
trends within the Russian boreal forest. Additional examples from the Arctic are described in ACIA (2005), Reidlinger and
Berkes (2001), Krupnik and Jolly (2002), Furgal et al. (2006) and Chapter 15.



concerns have been raised regarding disempowerment of
communities from lack of training. Questions related to who
owns the maps and to who controls their use have also been
raised (Corbett et al., 2006; Rambaldi et al., 2006).

The long-term sustainability of dialogue processes is critical
to the success of participatory approaches. For PIA, PRA,
participatory GIS and similar processes to be successful as
shared learning experiences, they have to be inclusive and
transparent. Haas (2004) describes examples of experiences in
social learning on sustainable development and climate change,
noting the importance of sustaining the learning process over
the long term, and maintaining distance between science and
policy while still promoting focused science-policy interactions.
Applications of focus group and other techniques for stakeholder
engagement are described for several studies in Europe (Welp et
al., 2006) and Africa (Conde and Lonsdale, 2004). However,
there has been particular concern regarding its application within
development processes and hazard management in poor
countries. Cooke and Kothari (2001) and Garande and Dagg
(2005) document some problems, including hindering
empowerment of local scale interests, reinforcing existing power
structures and constraining how local knowledge is expressed.
Barriers include uneven gains from cross-scale interactions
(Adger et al., 2005; Young, 2006) and increased responsibility
without increased capacity (Allen, 2006). There can be
difficulties in reaching consensus on identifying and engaging
participants (Bulkeley and Mol, 2003; Parkins and Mitchell,
2005), and in interpreting the results of dialogue within
variations in cultural and epistemological contexts (e.g.,
Huntington et al., 2006). There are also challenges in measuring
the quality of dialogue (debate, argument), particularly the
transparency of process, promotion of learning and indicators of
influence (van de Kerkhof, 2004; Rowe and Frewer, 2000).

Participatory governance is part of a growing global
movement to decentralise many aspects of natural resources
management. Hickey and Mohan (2004) offer several examples
of the convergence of participatory development and
participatory governance with empowerment for marginalised
communities. Other examples include agrarian reform in the
Philippines, the Popular Participation Law in Bolivia (Schneider,
1999; Iwanciw, 2004) and the appointment of an ‘exploratory
committee’ for addressing water resources concerns in Nagoya,
Japan (Kabat et al., 2002). In each case, the point is to improve
access to resources and enhance social capital (Larson and Ribot,
2004a and 2004b). Unfortunately, broadening decision-making
can work to exacerbate vulnerabilities. For example, there have
been cases emerging from Latin America describing difficulties
in building national adaptive capacity as national and local
institutions change their roles in governance. Although the
language of sustainability and shared governance is widely
accepted, obtaining benefits from globalisation in enhanced
adaptive capacity is difficult (Eakin and Lemos, 2006).

Dialogue processes in assessment and appraisal are becoming
important tools in the support of participatory processes.
Although they may be seen as relatively similar activities, PIA
and PRA have different mandates. The latter is directly within a
policy process (selecting among development options), while
the former is a research method that assesses complex problems

(e.g., environmental impact of development, climate-change
impacts/adaptation), producing results that can have policy
implications. This chapter’s discussion on PIA is offered as a
complement to integrated modelling results reported in Sections
20.6 and 20.7 to suggest that PIA may assist in providing
regional-scale technical support to match the scale of
information needs of decentralised governance.

An agricultural example of a PIA of climate-change
adaptation can be found in the eastern United Kingdom
(Lorenzoni et al., 2001). Adaptation options are identified (e.g.,
shifting cultivation times, modifying soil management to
improve water retention and avoid compaction), but questions
about how a climate component can be built into the way non-
climate issues are currently addressed emerge. Long-term
strategies may have to include greater fluctuations in crop yields
across a region; as a result, farm operations may have to
diversity if they are to maintain incomes and employment. The
compartmentalisation of regional decision-making is seen as a
barrier to encouraging more sustainable land management over
the periods in which climate change evolves. In an example from
Canada, Cohen and Neale (2006) and Cohen et al. (2004)
illustrate the linkages between water management and scenarios
of population growth and climate change in the Okanagan region
(see also Chapter 3, Box 3.1). Planners in one district have
responded by incorporating adaptation to climate change into
long-term water plans (Summit Environmental Consultants Ltd.,
2004) even though governance-related obstacles to proactive
implementation of innovative measures to manage water
demand have appeared in the past (Shepherd et al., 2006).

A comprehensive understanding of the implications of
extreme climate change requires an in-depth exploration of the
perceptions and reactions of the affected stakeholder groups and
the lay public. Toth and Hizsnyik (2005) describe how
participatory techniques might be applied to inform decisions in
the context of possible abrupt climate change. Their project has
studied one such case, the collapse of the West Antarctic Ice
Sheet and a subsequent 5 to 6 m sea-level rise. Possible methods
for assessing the societal consequences of impacts and
adaptations include simulation-gaming techniques, a policy
exercise approach, as well as directed focus-group
conversations. Each approach can be designed to explore
adaptation as a local response to a global phenomenon. As a
result, each sees adaptation being informed by a fusion of top-
down descriptions of impacts from global climate change and
bottom-up deliberations rooted in local, national and regional
experiences (see Chapter 2, Section 2.2.1).

20.8.3 Bringing climate-change adaptation and
development communities together to
promote sustainable development

The Millennium Development Goals (MDGs) are the latest
international articulation of approaching poverty eradication and
related goals in the developing world (see Section 20.7.1).
Economic growth is necessary for poverty reduction and
promoting other millennium goals; but, unless the growth
achieved is equitably distributed, the result is a lopsided
development where inequality increases. Many countries face
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intensifying poverty and inequality predicaments in the wake of
undertaking free market policies (UNDP, 2003; UNSEA, 2005).
As noted above, however, climate change is represented in the
Millennium goals solely by indicators of changes in energy use
per unit of GDP and/or by total or per capita emissions of CO2.
Tracking indicators of protected areas for biological diversity,
changes in forests and access to water all appear in the goals,
but they are not linked to climate-change impacts or adaptation;
nor are they identified as part of a country’s capacity to adapt to
climate change.

Other issues of particular concern include ensuring energy
services, promoting agriculture and industrialisation, promoting
trade and upgrading technologies. Sustainable natural-resource
management is a key to sustained economic growth and poverty
reduction. It calls for clean energy sources; and the nature and
pattern of agriculture, industry and trade should not unduly
impinge on ecological health and resilience. Otherwise, the very
basis of economic growth will be shattered through
environmental degradation, more so as a consequence of climate
change (Sachs, 2005). Put another way by Swaminathan (2005),
developing and employing ’eco-technologies‘ (based on an
integration of traditional and frontier technologies including bio-
technologies, renewable energy and modern management
techniques) is a critical ingredient rooted in the principles of
economics, gender, social equity and employment generation
with due emphasis given to climate change.

For environmentally-sustainable economic growth and social
progress, therefore, development policy issues must inform the
work of the climate-change community such that the two
communities bring their perspectives to bear on the formulation
and implementation of integrated approaches and processes that
recognise how persistent poverty and environmental needs
exacerbate the adverse consequences of climate change. In this
process, science has a critical role to play in assessing the
prevailing realities and likely future scenarios, and identifying
policies and cost-effective methods to address various aspects
of development and climate change; and it is important that all
relevant stakeholders are involved in science-based dialogues
(Welp et al., 2006). In order to go down this integrated and
participatory road, a strong political will and public commitment
to promoting sustainable development is needed, focusing
simultaneously on economic growth, social progress,
environmental conservation and adaptation to climate change
(World Bank, 1998; AfDB et al., 2003). It is also important that
private and public sectors work together within a framework of
identified roles of each, with economic, social and climate-
change perspectives built into the process. Further, co-ordination
among national development and climate-change communities,
as well as co-ordination among appropriate national and
international institutions, is imperative.

This raises an important question regarding the process for
bringing climate change and sustainable development together.
Growing interest in these linkages is evident in a series of recent
publications, including Toth (1999), Yamin (2004), Collier and
Löfstedt (1997), Jepma and Munasinghe (1998), Munasinghe
and Swart (2000, 2005), Abaza and Baranzini (2002),
Markandya and Halsnaes (2002), Cohen et al. (1998), Kok et al.
(2002), Swart et al. (2003). A number of themes that are

particularly relevant to adaptation run through this literature.
They include the need for equity between developed and
developing countries in the delineation of rights and
responsibilities within any climate-change response framework.
Shue (1999), Thomas and Twyman (2004) and Paavola and
Adger (2006) point, as well, to the need for equity across
vulnerable groups that are disproportionately exposed to
climate-change impacts. Hasselman (1999), Gardiner (2004) and
Kemfert and Tol (2002) identify some examples from economics
which raise concerns for intergenerational ethics; i.e., the degree
to which the interests of future generations are given relatively
lower weighting in favour of short-term concerns.
Intergenerational justice implications, for individuals and
collectives (e.g., indigenous cultures) are described in Page
(1999). Masika (2002) specifically outlines gender aspects of
differential vulnerabilities. Swart et al. (2003) identify the need
to describe potential changes in vulnerability and adaptive
capacity within the SRES storylines.

Although linkages between climate-change adaptation and
sustainable development should appear to be self evident, it has
been difficult to act on them in practice. Beg et al. (2002)
identify potential synergies between climate change and other
policies that could facilitate adaptation, such as those that
address desertification and biodiversity. Ethical guidance from
various spiritual and religious sources is reviewed in Coward
(2004). However, an ‘adaptation deficit’ exists. Burton and May
(2004) identify this as the gap between current and optimal
levels of adaptation to climate-related events (including
extremes); it is expected that climate change and poor
development decisions will lead to an increased adaptation
deficit in the future. While mitigation within the UNFCCC
includes clearly defined objectives, measures, costs and
instruments, this is not the case for adaptation. Agrawala (2005)
indicates that much less attention has been paid to how
development could be made more resilient to climate-change
impacts, and identifies a number of barriers to mainstreaming
climate-change adaptation within development activity (see, as
well Chapter 17, Section 17.3).

The existence of these barriers does not mean that the
development community does not recognise the linkage between
development and climate-change adaptation. Climate change is
identified as a serious risk to poverty reduction in developing
countries, particularly because these countries have a limited
capacity to cope with current climate variability and extremes
not to mention future climate change (Schipper and Pelling,
2006). Adaptation measures will need to be integrated into
strategies of poverty reduction to ensure sustainable
development, and this will require improved governance,
mainstreaming of climate-change measures, and the integration
of climate-change impacts information into national economic
projections (AfDB et al., 2003; Davidson et al., 2003). Brooks
et al. (2005) offer an extensive list of potential proxy indicators
for national-level vulnerability to climate change, including
health, governance and technology indicators. Agrawala (2005)
describes case studies of natural resources management in
Nepal, Bangladesh, Egypt, Fiji, Uruguay and Tanzania, and
recommends several priority actions for overcoming barriers to
mainstreaming, including project screening for climate-related
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risk, inclusion of climate impacts in environmental impact
assessments , and shifting emphasis from creating new plans to
better implementation of existing measures. Approaches for
integration of adaptation with development are outlined for East
Africa (Orindi and Murray, 2005). The Commission for Africa
(2005) explicitly links the need to address climate-change risks
with achievement of poverty reduction and sustainable growth.

In recent years, new mechanisms have been established to
support adaptation, including the Lesser Developed Countries
(LDC) Fund, Special Climate Change Fund and the Adaptation
Fund (Huq, 2002; Brander, 2003; Desanker, 2004; Huq, 2006;
Huq et al., 2006). They have provided visibility and opportunity
to mainstream adaptation into local/regional development
activities. However, there are technical challenges associated
with defining adaptation benefits for particular actions within
UNFCCC mechanisms such as the Global Environmental
Facility (GEF). For example, Burton (2004) and Huq and Reid
(2004) note that the calculation of costs of adapting to future
climate change (as opposed to current climate variability), as
well as the local nature of resulting benefits, are both
problematic vis-à-vis GEF requirements for defining global
environmental benefits. On the other hand, there are
opportunities. Dang et al. (2003) illustrate how including
“adaptation benefits of mitigation” in Vietnam offers a way of
linking both criteria in the analysis of potential projects for
inclusion in the Clean Development Mechanism. Bouwer and
Aerts (2006) and Schipper and Pelling (2006) identify
opportunities for integrating climate-change adaptation and
disaster risk management through insurance mechanisms,
official development assistance and ongoing risk management
programmes. Niang-Diop and Bosch (2004) outline methods for
linking adaptation strategies with sustainable development at
national and local scales, as part of National Adaptation
Programmes of Action (NAPAs). As of the autumn of 2006, the
LDC Fund was operational in its support of NAPAs in LDCs
and both the Conference of Parties (COP) and GEF were in the
process of defining how the implementation of adaptation
activities highlighted in NAPAs could be funded (Huq et al.,
2006).

20.9 Uncertainties, unknowns and
priorities for research

Uncertainties, unknowns and priorities for research illuminate
the confidence statements that modify scientific conclusions
delivered to members of the policy community. For the research
community, however, they can be translated into tasks designed
to improve understanding and elaborate sources confidence.
This section is therefore organised as a series of tasks.

Expand understanding of the synergies in and/or
obstacles to simultaneous progress in promoting enhanced
adaptive capacity and sustainable development. The current
state of knowledge in casting adaptive capacity and vulnerability
into the future is primitive. More thorough understandings of
the process by which adaptive capacity and vulnerability evolve
over time along specific development pathways are required.

Commonalities exist across the determinants of adaptive
capacity, mitigative capacity and the factors that support
sustainable development, but current understanding of how they
can be recognised and exploited is minimal.

Integrate more closely current work in the development
and climate-change communities. Synergies exist between
practitioners and researchers in the sustainable development and
climate-change communities, but there is a need to develop
means by which these communities can integrate their efforts
more productively. The relative efficacies of dialogue processes
and new tools required to promote this integration, and the
various participatory and/or model-based approaches required
to support their efforts must be refined or developed from
scratch. Opportunities for shared learning should be identified,
explored and exploited.

Search for common ground between spatially explicit
analyses of vulnerability and aggregate integrated
assessment models. Geographical and temporal scales of
development and climate initiatives vary widely. The interaction
and intersection between spatially explicit and aggregate
integrated assessment models has yet to be explored rigorously.
For example, representations of adaptive capacities and resulting
vulnerabilities in aggregate integrated assessment models are
still rudimentary. As progress is encouraged in improving their
abilities to depict reality, research initiatives must also recognise
and work to overcome difficulties in matching the scales at
which models are constructed and exercised with the scales at
which decisions are made. New tools are required to handle
these differences, particularly between the local and national,
short-to-medium-term scales of adaptation and development
programmes and projects and the global, medium-to-long-term
scale of mitigation.

Recognise that uncertainties will continue to be pervasive
and persistent, and develop or refine new decision-support
mechanisms that can identify robust coping strategies even
in the face of this uncertainty. Significant uncertainties in
estimating the social cost of greenhouse gases exist, and many
of their sources have been identified; indeed many of their
sources reside in the research needs listed above. Reducing these
uncertainties would certainly be productive, but it cannot be
guaranteed that future research will make much progress in this
regard. It follows that concurrent improvement in our ability to
use existing decision-support tools and to design new
approaches to cope with uncertainties and associated risks that
will be required over the foreseeable future is even more
essential. In short, identify appropriate decision-support tools
and clarify the criteria that they can inform in an uncertain
world.

Characterise the full range of possible climate futures and
the paths that might bring them forward. The research
communities in both climate and development must, along with
practitioners and decision-makers, be informed not only about
the central tendencies of climate change and its ramifications,
but also about the outlier possibilities about which the natural-
science community is less sanguine. It is simply impossible to
comprehend the risks associated with high-consequence
outcomes with low probabilities if neither their character nor
their likelihood has been described.
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This chapter has offered a glimpse into where to turn for
guidance in confronting and managing the risks associated with
climate change and climate variability. Indeed, the climate
problem is a classic risk management problem of the sort with
which decision-makers are already familiar. It is critical to see
risk as the product of likelihood and consequence, to recognise
that the likelihood of a climate impact is dependent on natural
and human systems, and to understand that the consequence of
that impact can be measured in terms of a multitude of
numeraires (currency, millions at risk, species extinction, abrupt
physical changes and so on). These expressions of risk are
determined fundamentally by location in time and space.

This chapter also points to synergies that exist at the nexus of
sustainable development and adaptive capacity, primarily by
noting for the first time that many of the goals of sustainable
development match the determinants of adaptive capacity (and,
for that matter, mitigative capacity). Planners in the decision-
intensive ministries around the world are therefore already
familiar with the generic mechanisms by which including
climate change into their risk assessments of development
programmes can complicate their decisions. Adding climate to
the list of multiple stresses which can impede progress in
meeting their goals in their specific context is thus not a new
problem. Climate change, even when its impacts are amplified
by the effects of other stresses, is just one more thing: one more
problem to confront, but also one more reason to act in ways
that promote progress along multiple fronts. Exploitation of the
synergies is not automatic, so care must be taken to avoid
development activities that can exacerbate climate change or
impacts just as care must be taken to take explicit account of
climate risks.

The United Nations Framework Convention on Climate
Change commits governments to avoiding “dangerous
anthropogenic interference with the climate system”, but
governments will be informed in their deliberations of what is or
is not ‘dangerous’ only by an approach that explicitly reflects
the rich diversity of climate risk across the globe and into the
coming decades instead of burying this diversity into incomplete
aggregate indices of damages. Risk management techniques
have been designed for such tasks; but it is important to note
that risk-based approaches require exploration of the
implications of not only the central tendencies of climate change
that are the focus of consensus-driven assessments of the
literature, but also the uncomfortable (or more benign) futures
that reside in the ‘tails’ of current understanding. Viewing the
climate issue from a risk perspective can offer climate policy
deliberations and negotiations new insight into the synergies by
which governments can promote sustainable development,
reduce the risk of climate-related damages and take advantage of
climate-related opportunities.
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C1.1 Scene-setting and overview

C1.1.1 The European heatwave of 2003 (Chapter 12,
Section 12.6.1)

A severe heatwave over large parts of Europe in 2003 extended
from June to mid-August, raising summer temperatures by 3 to
5°C in most of southern and central Europe (Figure C1.1). The
warm anomalies in June lasted throughout the entire month
(increases in monthly mean temperature of up to 6 to 7°C), but
July was only slightly warmer than on average (+1 to +3°C), and
the highest anomalies were reached between 1st and 13th August
(+7°C) (Fink et al., 2004). Maximum temperatures of 35 to 40°C
were repeatedly recorded and peak temperatures climbed well
above 40°C (André et al., 2004; Beniston and Díaz, 2004).

Average summer (June to August) temperatures were far
above the long-term mean by up to five standard deviations
(Figure C1.1), implying that this was an extremely unlikely event
under current climatic conditions (Schär and Jendritzky, 2004).
However, it is consistent with a combined increase in mean
temperature and temperature variability (Meehl and Tebaldi,
2004; Pal et al., 2004; Schär et al., 2004) (Figure C1.1). As such,
the 2003 heatwave resembles simulations by regional climate
models of summer temperatures in the latter part of the 21st
century under the A2 scenario (Beniston, 2004). Anthropogenic
warming may therefore already have increased the risk of
heatwaves such as the one experienced in 2003 (Stott et al.,
2004).

The heatwave was accompanied by annual precipitation
deficits up to 300 mm. This drought contributed to the estimated
30% reduction in gross primary production of terrestrial
ecosystems over Europe (Ciais et al., 2005). This reduced
agricultural production and increased production costs, generating
estimated damages of more than €13 billion (Fink et al., 2004;
see also C1.2.2). The hot and dry conditions led to many very
large wildfires, in particular in Portugal (390,000 ha: Fink et al.,
2004; see also C1.2.1). Many major rivers (e.g., the Po, Rhine,
Loire and Danube) were at record low levels, resulting in
disruption of inland navigation, irrigation and power-plant cooling
(Beniston and Díaz, 2004; Zebisch et al., 2005; see also C1.2.3).
The extreme glacier melt in the Alps prevented even lower river
flows in the Danube and Rhine (Fink et al., 2004).

The excess deaths due to the extreme high temperatures during
the period June to August may amount to 35,000 (Kosatsky,
2005); elderly people were among those most affected (WHO,
2003; Kovats and Jendritzky, 2006; see also C1.2.4). The
heatwave in 2003 has led to the development of heat health-watch
warning systems in several European countries including France
(Pascal et al., 2006), Spain (Simón et al., 2005), Portugal
(Nogueira, 2005), Italy (Michelozzi et al., 2005), the UK (NHS,
2006) and Hungary (Kosatsky and Menne, 2005).

C1.2 Impacts on sectors

C1.2.1 Ecological impacts of the European heatwave
2003 (Chapter 4, Box 4.1)

Anomalous hot and dry conditions affected Europe between
June and mid-August 2003 (Fink et al., 2004; Luterbacher et al.,
2004; Schär et al., 2004). Since similarly warm summers may
occur at least every second year by 2080 in a Special Report on
Emissions Scenario (SRES; Nakićenović et al., 2000) A2 world,
for example (Beniston, 2004; Schär et al., 2004), effects on
ecosystems observed in 2003 provide a conservative analogue of
future impacts. The major effects of the 2003 heatwave on
vegetation and ecosystems appear to have been through heat and
drought stress, and wildfires.

Drought stress impacts on vegetation (Gobron et al., 2005;
Lobo and Maisongrande, 2006) reduced gross primary
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C1. The impact of the European 2003 heatwave

Figure C1.1. Characteristics of the summer 2003 heatwave (adapted
from Schär et al., 2004). (a) JJA temperature anomaly with respect to
1961 to 1990. (b) to (d) JJA temperatures for Switzerland observed
during 1864 to 2003 (b), simulated using a regional climate model for
the period 1961 to 1990 (c), and simulated for 2071 to 2100 under the
A2 scenario using boundary data from the HadAM3H GCM (d). In
panels (b) to (d): the black line shows the theoretical frequency
distribution of mean summer temperature for the time-period
considered, and the vertical blue and red bars show the mean summer
temperature for individual years. Reprinted by permission from
Macmillan Publishers Ltd. [Nature] (Schär et al., 2004), copyright 2004.



production (GPP) in Europe by 30% and respiration to a lesser
degree, overall resulting in a net carbon source of 0.5 PgC/yr
(Ciais et al., 2005). However, vegetation responses to the heat
varied along environmental gradients such as altitude, e.g., by
prolonging the growing season at high elevations (Jolly et al.,
2005). Some vegetation types, as monitored by remote
sensing, were found to recover to a normal state by 2004 (e.g.,
Gobron et al., 2005), but enhanced crown damage of dominant
forest trees in 2004, for example, indicates complex delayed
impacts (Fischer, 2005). Freshwater ecosystems experienced
prolonged depletion of oxygen in deeper layers of lakes during
the heatwave (Jankowski et al., 2006), and there was a
significant decline and subsequent poor recovery in species
richness of molluscs in the River Saône (Mouthon and
Daufresne, 2006). Taken together, this suggests quite variable
resilience across ecosystems of different types, with very
likely progressive impairment of ecosystem composition and
function if such events increase in frequency (e.g., Lloret et
al., 2004; Rebetez and Dobbertin, 2004; Jolly et al., 2005;
Fuhrer et al., 2006).

High temperatures and greater dry spell durations increase
vegetation flammability (e.g., Burgan et al., 1997), and during
the 2003 heatwave a record-breaking incidence of spatially
extensive wildfires was observed in European countries
(Barbosa et al., 2003), with roughly 650,000 ha of forest burned
across the continent (De Bono et al., 2004). Fire extent (area
burned), although not fire incidence, was exceptional in Europe
in 2003, as found for the extraordinary 2000 fire season in the
USA (Brown and Hall, 2001), and noted as an increasing trend
in the USA since the 1980s (Westerling et al., 2006). In
Portugal, area burned was more than twice the previous extreme
(1998) and four times the 1980-2004 average (Trigo et al.,
2005, 2006). Over 5% of the total forest area of Portugal
burned, with an economic impact exceeding €1 billion (De
Bono et al., 2004).

Long-term impacts of more frequent similar events are very
likely to cause changes in biome type, particularly by promoting
highly flammable, shrubby vegetation that burns more
frequently than less flammable vegetation types such as forests
(Nunes et al., 2005), and as seen in the tendency of burned
woodlands to reburn at shorter intervals (Vazquez and Moreno,
2001; Salvador et al., 2005). The conversion of vegetation
structure in this way on a large enough scale may even cause
accelerated climate change through losses of carbon from
biospheric stocks (Cox et al., 2000). Future projections for
Europe suggest significant reductions in species richness even
under mean climate change conditions (Thuiller et al., 2005),
and an increased frequency of such extremes (as indicated e.g.,
by Schär et al., 2004) is likely to exacerbate overall biodiversity
losses (Thuiller et al., 2005).

C1.2.2 European heatwave impact on the agricultural
sector (Chapter 5, Box 5.1)

Europe experienced a particularly extreme climate event
during the summer of 2003, with temperatures up to 6°C above
long-term means, and precipitation deficits up to 300 mm (see
Trenberth et al., 2007). A record drop in crop yield of 36%

occurred in Italy for maize grown in the Po valley, where
extremely high temperatures prevailed (Ciais et al., 2005). In
France, compared to 2002, the maize grain crop was reduced
by 30% and fruit harvests declined by 25%. Winter crops
(wheat) had nearly achieved maturity by the time of the
heatwave and therefore suffered less yield reduction (21%
decline in France) than summer crops (e.g., maize, fruit trees
and vines) undergoing maximum foliar development (Ciais et
al., 2005). Forage production was reduced on average by 30%
in France and hay and silage stocks for winter were partly used
during the summer (COPA COGECA, 2003a). Wine
production in Europe was the lowest in 10 years (COPA
COGECA, 2003b). The (uninsured) economic losses for the
agriculture sector in the European Union were estimated at
€13 billion, with the largest losses in France (€4 billion)
(Sénat, 2004).

C1.2.3 Industry, settlement and society:
impacts of the 2003 heatwave in
Europe (Chapter 7, Box 7.1)

The Summer 2003 heatwave in western Europe affected
settlements and economic services in a variety of ways.
Economically, this extreme weather event created stress on
health, water supplies, food storage and energy systems. In
France, electricity became scarce, construction productivity
fell, and the cold storage systems of 25-30% of all food-related
establishments were found to be inadequate (Létard et al.,
2004). The punctuality of the French railways fell to 77%, from
87% twelve months previously, incurring €1 to €3 million
(US$1.25 to 3.75 million) in additional compensation
payments, an increase of 7-20% compared with the usual
annual total. Sales of clothing were 8.9% lower than usual in
August, but sales of bottled water increased by 18%, and of
ice-cream by 14%. The tourist industry in northern France
benefitted, but in the south it suffered (Létard et al., 2004).

Impacts of the heatwave were mainly health- and health-
service-related (see Section C1.2.4); but they were also associated
with settlement and social conditions, from inadequate climate
conditioning in buildings to the fact that many of the dead were
elderly people, left alone while their families were on vacation.
Electricity demand increased with the high heat levels; but
electricity production was undermined by the facts that the
temperature of rivers rose, reducing the cooling efficiency of
thermal power plants (conventional and nuclear) and that flows of
rivers were diminished; six power plants were shut down
completely (Létard et al., 2004). If the heatwave had continued, as
much as 30% of national power production would have been at
risk (Létard et al., 2004). The crisis illustrated how infrastructure
may be unable to deal with complex, relatively sudden
environmental challenges (Lagadec, 2004).

C1.2.4 The European heatwave 2003: health impacts
and adaptation (Chapter 8, Box 8.1)

In August 2003, a heatwave in France caused more than
14,800 deaths (Figure C1.2). Belgium, the Czech Republic,
Germany, Italy, Portugal, Spain, Switzerland, the Netherlands
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and the UK all reported excess mortality during the heatwave
period, with total deaths in the range of 35,000 (Hemon and
Jougla, 2004; Martinez-Navarro et al., 2004; Michelozzi et al.,
2004; Vandentorren et al., 2004; Conti et al., 2005; Grize et al.,
2005; Johnson et al., 2005). In France, around 60% of the
heatwave deaths occurred in persons aged 75 and over (Hemon
and Jougla, 2004). Other harmful exposures were also caused
or exacerbated by the extreme weather, such as outdoor air
pollutants (tropospheric ozone and particulate matter) (EEA,
2003), and pollution from forest fires.

A French parliamentary inquiry concluded that the health
impact was ‘unforeseen’, surveillance for heatwave deaths was
inadequate, and the limited public-health response was due to
a lack of experts, limited strength of public-health agencies,
and poor exchange of information between public
organisations (Lagadec, 2004; Sénat, 2004).

In 2004, the French authorities implemented local and
national action plans that included heat health-warning
systems, health and environmental surveillance, re-evaluation
of care of the elderly, and structural improvements to
residential institutions (such as adding a cool room) (Laaidi et
al., 2004; Michelon et al., 2005). Across Europe, many other
governments (local and national) have implemented heat
health-prevention plans (Michelozzi et al., 2005; WHO
Regional Office for Europe, 2006).

Since the observed higher frequency of heatwaves is likely
to have occurred due to human influence on the climate system
(Hegerl et al., 2007), the excess deaths of the 2003 heatwave
in Europe are likely to be linked to climate change.
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C2.1 Present-day changes in coral reefs

C2.1.1 Observed changes in coral reefs (Chapter 1,
Section 1.3.4.1)

Concerns about the impacts of climate change on coral reefs
centre on the effects of the recent trends in increasing acidity
(via increasing CO2), storm intensity, and sea surface
temperatures (see Bindoff et al., 2007, Section 5.4.2.3; Trenberth
et al., 2007, Sections 3.8.3 and 3.2.2).

Decreasing pH (see C2.2.1) leads to a decreased aragonite
saturation state, one of the main physicochemical determinants
of coral calcification (Kleypas et al., 1999). Although laboratory
experiments have demonstrated a link between aragonite
saturation state and coral growth (Langdon et al., 2000; Ohde
and Hossain, 2004), there are currently no data relating altered
coral growth in situ to increasing acidity.

Storms damage coral directly through wave action and
indirectly through light attenuation by suspended sediment and
abrasion by sediment and broken corals. Most studies relate to
individual storm events, but a meta-analysis of data from 1977
to 2001 showed that coral cover on Caribbean reefs decreased by
17% on average in the year following a hurricane, with no
evidence of recovery for at least 8 years post-impact (Gardner et
al., 2005). Stronger hurricanes caused more coral loss, but the
second of two successive hurricanes caused little additional
damage, suggesting a greater future effect from increasing
hurricane intensity rather than from increasing frequency
(Gardner et al., 2005).

There is now extensive evidence of a link between coral
bleaching – a whitening of corals as a result of the expulsion of
symbiotic zooxanthellae (see C2.1.2) – and sea surface
temperature anomalies (McWilliams et al., 2005). Bleaching
usually occurs when temperatures exceed a ‘threshold’ of about
0.8-1°C above mean summer maximum levels for at least 4 weeks
(Hoegh-Guldberg, 1999). Regional-scale bleaching events have
increased in frequency since the 1980s (Hoegh-Guldberg, 1999).
In 1998, the largest bleaching event to date is estimated to have
killed 16% of the world’s corals, primarily in the western Pacific
and the Indian Ocean (Wilkinson, 2004). On many reefs, this
mortality has led to a loss of structural complexity and shifts in
reef fish species composition (Bellwood et al., 2006; Garpe et al.,
2006; Graham et al., 2006). Corals that recover from bleaching
suffer temporary reductions in growth and reproductive capacity
(Mendes and Woodley, 2002), while the recovery of reefs
following mortality tends to be dominated by fast-growing and
bleaching-resistant coral genera (Arthur et al., 2005).

While there is increasing evidence for climate change impacts
on coral reefs, disentangling the impacts of climate-related
stresses from other stresses (e.g., over-fishing and pollution;
Hughes et al., 2003) is difficult. In addition, inter-decadal

variation in pH (Pelejero et al., 2005), storm activity
(Goldenberg et al., 2001) and sea surface temperatures (Mestas-
Nunez and Miller, 2006) linked, for example, to the El
Niño-Southern Oscillation and Pacific Decadal Oscillation,
make it more complicated to discern the effect of anthropogenic
climate change from natural modes of variability. An analysis
of bleaching in the Caribbean indicates that 70% of the variance
in geographic extent of bleaching between 1983 and 2000 could
be attributed to variation in ENSO and atmospheric dust (Gill et
al., 2006).

C2.1.2 Environmental thresholds and observed coral
bleaching (Chapter 6, Box 6.1)

Coral bleaching, due to the loss of symbiotic algae and/or
their pigments, has been observed on many reefs since the early
1980s. It may have previously occurred, but has gone
unrecorded. Slight paling occurs naturally in response to
seasonal increases in sea surface temperature (SST) and solar
radiation. Corals bleach white in response to anomalously high
SST (~1°C above average seasonal maxima, often combined
with high solar radiation). Whereas some corals recover their
natural colour when environmental conditions ameliorate, their
growth rate and reproductive ability may be significantly
reduced for a substantial period. If bleaching is prolonged, or if
SST exceeds 2°C above average seasonal maxima, corals die.
Branching species appear more susceptible than massive corals
(Douglas, 2003).

Major bleaching events were observed in 1982-1983, 1987-
1988 and 1994-1995 (Hoegh-Guldberg, 1999). Particularly
severe bleaching occurred in 1998 (Figure C2.1), associated with
pronounced El Niño events in one of the hottest years on record
(Lough, 2000; Bruno et al., 2001). Since 1998 there have been
several extensive bleaching events. For example, in 2002
bleaching occurred on much of the Great Barrier Reef
(Berkelmans et al., 2004; see C2.2.3) and elsewhere. Reefs in
the eastern Caribbean experienced a massive bleaching event in
late 2005, another of the hottest years on record. On many
Caribbean reefs, bleaching exceeded that of 1998 in both extent
and mortality (Figure C2.1), and reefs are in decline as a result
of the synergistic effects of multiple stresses (Gardner et al.,
2005; McWilliams et al., 2005; see C2.3.1). There is
considerable variability in coral susceptibility and recovery to
elevated SST in both time and space, and in the incidence of
mortality (Webster et al., 1999; Wilkinson, 2002; Obura, 2005).

Global climate model results imply that thermal thresholds
will be exceeded more frequently, with the consequence that
bleaching will recur more often than reefs can sustain (Hoegh-
Guldberg, 1999, 2004; Donner et al., 2005), perhaps almost
annually on some reefs in the next few decades (Sheppard, 2003;
Hoegh-Guldberg, 2005). If the threshold remains unchanged,
more frequent bleaching and mortality seems inevitable (see
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Figure C2.2a), but with local variations due to different
susceptibilities to factors such as water depth. Recent
preliminary studies lend some support to the adaptive bleaching
hypothesis, indicating that the coral host may be able to adapt or
acclimatise as a result of expelling one clade1 of symbiotic algae
but recovering with a new one (termed ‘shuffling’, see C2.2.1),
creating ‘new’ ecospecies with different temperature tolerances
(Coles and Brown, 2003; Buddemeier et al., 2004; Little et al.,
2004; Rowan, 2004; Obura, 2005). Adaptation or acclimatisation
might result in an increase in the threshold temperature at which
bleaching occurs (Figure C2.2b). The extent to which the
thermal threshold could increase with warming of more than a
couple of degrees remains very uncertain, as are the effects of
additional stresses, such as reduced carbonate supersaturation in
surface waters (see C2.2.1) and non-climate stresses (see
C2.3.1). Corals and other calcifying organisms (e.g., molluscs,
foraminifers) remain extremely susceptible to increases in SST.
Bleaching events reported in recent years have already impacted
many reefs, and their more frequent recurrence is very likely to
further reduce both coral cover and diversity on reefs over the
next few decades.

C2.2 Future impacts on coral reefs

C2.2.1 Are coral reefs endangered by climate
change? (Chapter 4, Box 4.4)

Reefs are habitat for about a quarter of all marine species and
are the most diverse among marine ecosystems (Roberts et al.,
2002; Buddemeier et al., 2004). They underpin local shore
protection, fisheries, tourism (see Chapter 6; Hoegh-Guldberg
et al., 2000; Cesar et al., 2003; Willig et al., 2003; Hoegh-
Guldberg, 2004, 2005) and, although supplying only about 2-5%
of the global fisheries harvest, comprise a critical subsistence
protein and income source in the developing world
(Whittingham et al., 2003; Pauly et al., 2005; Sadovy, 2005).

Corals are affected by warming of surface waters (see C2.1.2;
Reynaud et al., 2003; McNeil et al., 2004; McWilliams et al.,
2005) leading to bleaching (loss of algal symbionts; see C2.1.2).
Many studies incontrovertibly link coral bleaching to warmer sea
surface temperature (e.g., McWilliams et al., 2005), and mass
bleaching and coral mortality often results beyond key temperature
thresholds (see C2.1.2). Annual or bi-annual exceedance of
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1 A clade of algae is a group of closely related, but nevertheless different, types.

Figure C2.1. Maximum monthly mean sea surface temperature for 1998, 2002 and 2005, and locations of reported coral bleaching (data sources:
NOAA Coral Reef Watch (http://coralreefwatch.noaa.gov/) and Reefbase (http://www.reefbase.org/)).



Figure C2.2. Alternative hypotheses concerning the threshold SST at which coral bleaching occurs: (a) invariant threshold for coral bleaching (red
line) which occurs when SST exceeds usual seasonal maximum threshold (by ~1°C) and mortality (dashed red line, threshold of 2°C), with local
variation due to different species or water depth; (b) elevated threshold for bleaching (green line) and mortality (dashed green line) where corals
adapt or acclimatise to increased SST (based on Hughes et al., 2003).

2 Herbivory: the consumption of plants by animals.
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bleaching thresholds is projected at the majority of reefs
worldwide by 2030 to 2050 (Hoegh-Guldberg, 1999; Sheppard,
2003; Donner et al., 2005). After bleaching, algae quickly colonise
dead corals, possibly inhibiting later coral recruitment (e.g.,
McClanahan et al., 2001; Szmant, 2001; Gardner et al., 2003;
Jompa and McCook, 2003). Modelling predicts a phase switch to
algal dominance on the Great Barrier Reef and Caribbean reefs in
2030 to 2050 (Wooldridge et al., 2005).

Coral reefs will also be affected by rising atmospheric CO2
concentrations (Orr et al., 2005; Raven et al., 2005; Denman et
al., 2007, Box 7.3) resulting in declining calcification.
Experiments at expected aragonite concentrations demonstrated
a reduction in coral calcification (Marubini et al., 2001; Langdon
et al., 2003; Hallock, 2005), coral skeleton weakening (Marubini
et al., 2003) and strong temperature dependence (Reynaud et al.,
2003). Oceanic pH projections decrease at a greater rate and to
a lower level than experienced over the past 20 million years
(Caldeira and Wickett, 2003; Raven et al., 2005; Turley et al.,
2006). Doubling CO2 will reduce calcification in aragonitic
corals by 20%-60% (Kleypas et al., 1999; Kleypas and Langdon,
2002; Reynaud et al., 2003; Raven et al., 2005). By 2070 many
reefs could reach critical aragonite saturation states (Feely et al.,
2004; Orr et al., 2005), resulting in reduced coral cover and
greater erosion of reef frameworks (Kleypas et al., 2001;
Guinotte et al., 2003).

Adaptation potential (Hughes et al., 2003) by reef organisms
requires further experimental and applied study (Coles and
Brown, 2003; Hughes et al., 2003). Natural adaptive shifts to
symbionts with +2°C resistance may delay the demise of some
reefs until roughly 2100 (Sheppard, 2003), rather than mid-
century (Hoegh-Guldberg, 2005) although this may vary widely
across the globe (Donner et al., 2005). Estimates of warm-water
coral cover reduction in the last 20-25 years are 30% or higher
(Wilkinson, 2004; Hoegh-Guldberg, 2005) due largely to
increasing higher SST frequency (Hoegh-Guldberg, 1999). In
some regions, such as the Caribbean, coral losses have been
estimated at 80% (Gardner et al., 2003). Coral migration to

higher latitudes with more optimal SST is unlikely, due both to
latitudinally decreasing aragonite concentrations and projected
atmospheric CO2 increases (Kleypas et al., 2001; Guinotte et al.,
2003; Orr et al., 2005; Raven et al., 2005). Coral migration is
also limited by lack of available substrate (see C2.2.2). Elevated
SST and decreasing aragonite have a complex synergy (Harvell
et al., 2002; Reynaud et al., 2003; McNeil et al., 2004; Kleypas
et al., 2005) but could produce major coral reef changes
(Guinotte et al., 2003; Hoegh-Guldberg, 2005). Corals could
become rare on tropical and sub-tropical reefs by 2050 due to the
combined effects of increasing CO2 and increasing frequency of
bleaching events (at 2-3 × CO2) (Kleypas and Langdon, 2002;
Hoegh-Guldberg, 2005; Raven et al., 2005). Other climate
change factors (such as sea-level rise, storm impact and aerosols)
and non-climate factors (such as over-fishing, invasion of non-
native species, pollution, nutrient and sediment load (although
this could also be related to climate change through changes to
precipitation and river flow; see C2.1.2 and C2.2.3; Chapter 16))
add multiple impacts on coral reefs (see C2.3.1), increasing their
vulnerability and reducing resilience to climate change (Koop
et al., 2001; Kleypas and Langdon, 2002; Cole, 2003;
Buddemeier et al., 2004; Hallock, 2005).

C2.2.2 Impacts on coral reefs (Chapter 6, Section
6.4.1.5)

Reef-building corals are under stress on many coastlines (see
C2.1.1). Reefs have deteriorated as a result of a combination of
anthropogenic impacts such as over-fishing and pollution from
adjacent land masses (Pandolfi et al., 2003; Graham et al., 2006),
together with an increased frequency and severity of bleaching
associated with climate change (see C2.1.2). The relative
significance of these stresses varies from site to site. Coral
mortality on Caribbean reefs is generally related to recent
disease outbreaks, variations in herbivory,2 and hurricanes
(Gardner et al., 2003; McWilliams et al., 2005), whereas Pacific
reefs have been particularly impacted by episodes of coral
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bleaching caused by thermal stress anomalies, especially during
recent El Niño events (Hughes et al., 2003), as well as non-
climate stresses.

Mass coral-bleaching events are clearly correlated with rises
of SST of short duration above summer maxima (Douglas, 2003;
Lesser, 2004; McWilliams et al., 2005). Particularly extensive
bleaching was recorded across the Indian Ocean region
associated with extreme El Niño conditions in 1998 (see C2.1.2
and C2.2.3). Many reefs appear to have experienced similar SST
conditions earlier in the 20th century and it is unclear how
extensive bleaching was before widespread reporting post-1980
(Barton and Casey, 2005). There is limited ecological and
genetic evidence for adaptation of corals to warmer conditions
(see C2.1.2 and C2.2.1). It is very likely that projected future
increases in SST of about 1 to 3°C (Section 6.3.2) will result in
more frequent bleaching events and widespread mortality if
there is no thermal adaptation or acclimatisation by corals and
their symbionts (Sheppard, 2003; Hoegh-Guldberg, 2004). The
ability of coral reef ecosystems to withstand the impacts of
climate change will depend on the extent of degradation from
other anthropogenic pressures and the frequency of future
bleaching events (Donner et al., 2005).

In addition to coral bleaching, there are other threats to reefs
associated with climate change (Kleypas and Langdon, 2002).
Increased concentrations of CO2 in seawater will lead to ocean
acidification (Section 6.3.2), affecting aragonite saturation state
(Meehl et al., 2007) and reducing calcification rates of
calcifying organisms such as corals (LeClerq et al., 2002;
Guinotte et al., 2003; see C2.2.1). Cores from long-lived
massive corals indicate past minor variations in calcification
(Lough and Barnes, 2000), but disintegration of degraded reefs
following bleaching or reduced calcification may result in
increased wave energy across reef flats with potential for
shoreline erosion (Sheppard et al., 2005). Relative sea-level rise
appears unlikely to threaten reefs in the next few decades; coral
reefs have been shown to keep pace with rapid postglacial sea-
level rise when not subjected to environmental or anthropogenic
stresses (Hallock, 2005). A slight rise in sea level is likely to
result in the submergence of some Indo-Pacific reef flats and
recolonisation by corals, as these intertidal surfaces, presently
emerged at low tide, become suitable for coral growth
(Buddemeier et al., 2004).

Many reefs are affected by tropical cyclones (hurricanes,
typhoons); impacts range from minor breakage of fragile corals
to destruction of the majority of corals on a reef and deposition
of debris as coarse storm ridges. Such storms represent major
perturbations, affecting species composition and abundance,
from which reef ecosystems require time to recover. The
sequence of ridges deposited on the reef top can provide a
record of past storm history (Hayne and Chappell, 2001); for
the northern Great Barrier Reef no change in frequency of
extremely large cyclones has been detected over the past
5,000 years (Nott and Hayne, 2001). An intensification of
tropical storms (Section 6.3.2) could have devastating
consequences on the reefs themselves, as well as for the
inhabitants of many low-lying islands (Sections 6.4.2 and
16.3.1.3). There is limited evidence that global warming may
result in an increase of coral range; for example, the extension

of branching Acropora polewards has been recorded in Florida,
despite an almost Caribbean-wide trend for reef deterioration
(Precht and Aronson, 2004), but there are several constraints,
including low genetic diversity and the limited suitable
substrate at the latitudinal limits to reef growth (Riegl, 2003;
Ayre and Hughes, 2004; Woodroffe et al., 2005).

The fate of the small reef islands on the rim of atolls is of
special concern. Small reef islands in the Indo-Pacific formed
over recent millennia during a period when regional sea level
fell (Dickinson, 2004; Woodroffe and Morrison, 2001).
However, the response of these islands to future sea-level rise
remains uncertain, and is addressed in greater detail in Chapter
16, Section 16.4.2. It will be important to identify critical
thresholds of change beyond which there may be collapse of
ecological and social systems on atolls. There are limited data,
little local expertise to assess the dangers, and a low level of
economic activity to cover the costs of adaptation for atolls in
countries such as the Maldives, Kiribati and Tuvalu (Barnett
and Adger, 2003; Chapter 16, Box 16.6).

C2.2.3 Climate change and the Great Barrier Reef
(Chapter 11, Box 11.3)

The Great Barrier Reef (GBR) is the world’s largest
continuous reef system (2,100 km long) and is a critical
storehouse of Australian marine biodiversity and a breeding
ground for seabirds and other marine vertebrates such as the
humpback whale. Tourism associated with the GBR generated
over US$4.48 billion in the 12-month period 2004/5 and
provided employment for about 63,000 full-time equivalent
persons (Access Economics, 2005). The two greatest threats
from climate change to the GBR are (i) rising sea temperatures,
which are almost certain to increase the frequency and intensity
of mass coral bleaching events, and (ii) ocean acidification,
which is likely to reduce the calcifying ability of key organisms
such as corals. Other factors, such as droughts and more
intense storms, are likely to influence reefs through physical
damage and extended flood plumes (Puotinen, 2006).

Sea temperatures on the GBR have warmed by about 0.4°C
over the past century (Lough, 2000). Temperatures currently
typical of the northern tip of the GBR are very likely to extend
to its southern end by 2040 to 2050 (SRES scenarios A1, A2)
and 2070 to 2090 (SRES scenarios B1, B2) (Done et al., 2003).
Temperatures only 1°C above the long-term summer maxima
already cause mass coral bleaching (loss of symbiotic algae).
Corals may recover but will die under high or prolonged
temperatures (2 to 3°C above long-term maxima for at least
4 weeks). The GBR has experienced eight mass bleaching
events since 1979 (1980, 1982, 1987, 1992, 1994, 1998, 2002
and 2006); there are no records of events prior to 1979 (Hoegh-
Guldberg, 1999). The most widespread and intense events
occurred in the summers of 1998 and 2002, with about 42%
and 54% of reefs affected, respectively (Done et al., 2003;
Berkelmans et al., 2004). Mortality was distributed patchily,
with the greatest effects on near-shore reefs, possibly
exacerbated by osmotic stress caused by floodwaters in some
areas (Berkelmans and Oliver, 1999). The 2002 event was
followed by localised outbreaks of coral disease, with



incidence of some disease-like syndromes increasing by as
much as 500% over the past decade at a few sites (Willis et al.,
2004). While the impacts of coral disease on the GBR are
currently minor, experiences in other parts of the world suggest
that disease has the potential to be a threat to GBR reefs.
Effects from thermal stress are likely to be exacerbated under
future scenarios by the gradual acidification of the world’s
oceans, which have absorbed about 30% of the excess CO2
released to the atmosphere (Orr et al., 2005; Raven et al.,
2005). Calcification declines with decreasing carbonate ion
concentrations, becoming zero at carbonate ion concentrations
of approximately 200 µmol/kg (Langdon et al., 2000; Langdon,
2002). These occur at atmospheric CO2 concentrations of
approximately 500 ppm. Reduced growth due to acidic
conditions is very likely to hinder reef recovery after bleaching
events and will reduce the resilience of reefs to other stressors
(e.g., sediment, eutrophication).

Even under a moderate warming scenario (A1T, 2°C by
2100), corals on the GBR are very likely to be exposed to regular
summer temperatures that exceed the thermal thresholds
observed over the past 20 years (Done et al., 2003). Annual
bleaching is projected under the A1FI scenario by 2030, and
under A1T by 2050 (Done et al., 2003; Wooldridge et al., 2005).
Given that the recovery time from a severe bleaching-induced
mortality event is at least 10 years (and may exceed 50 years for
full recovery), these models suggest that reefs are likely to be
dominated by non-coral organisms such as macroalgae by 2050
(Hoegh-Guldberg, 1999; Done et al., 2003). Substantial impacts
on biodiversity, fishing and tourism are likely. Maintenance of
hard coral cover on the GBR will require corals to increase their
upper thermal tolerance limits at the same pace as the change in
sea temperatures driven by climate change, i.e., about 0.1-
0.5°C/decade (Donner et al., 2005). There is currently little
evidence that corals have the capacity for such rapid genetic
change; most of the evidence is to the contrary (Hoegh-
Guldberg, 1999, 2004). Given that recovery from mortality can
be potentially enhanced by reducing local stresses (water quality,
fishing pressure), management initiatives such as the Reef Water
Quality Protection Plan and the Representative Areas
Programme (which expanded totally protected areas on the GBR
from 4.6% to over 33%) represent planned adaptation options
to enhance the ability of coral reefs to endure the rising pressure
from rapid climate change.

C2.2.4 Impact of coral mortality on reef fisheries
(Chapter 5, Box 5.4)

Coral reefs and their fisheries are subject to many stresses in
addition to climate change (see Chapter 4). So far, events such
as the 1998 mass coral bleaching in the Indian Ocean have not
provided evidence of negative short-term bio-economic impacts
for coastal reef fisheries (Spalding and Jarvis, 2002; Grandcourt
and Cesar, 2003). In the longer term, there may be serious
consequences for fisheries production that result from loss of
coral communities and reduced structural complexity, which
result in reduced fish species richness, local extinctions and loss
of species within key functional groups of reef fish (Sano, 2004;
Graham et al., 2006).

C2.3 Multiple stresses on coral reefs

C2.3.1 Non-climate-change threats to coral reefs of
small islands (Chapter 16, Box 16.2)

A large number of non-climate-change stresses and
disturbances, mainly driven by human activities, can impact
coral reefs (Nyström et al., 2000; Hughes et al., 2003). It has
been suggested that the ‘coral reef crisis’ is almost certainly the
result of complex and synergistic interactions among global-
scale climatic stresses and local-scale, human-imposed stresses
(Buddemeier et al., 2004).

In a study by Bryant et al. (1998), four human-threat factors
– coastal development, marine pollution, over-exploitation and
destructive fishing, and sediment and nutrients from inland –
provide a composite indicator of the potential risk to coral reefs
associated with human activity for 800 reef sites. Their map
(Figure C2.3) identifies low-risk (blue), medium-risk (yellow)
and high-risk (red) sites, the first being common in the insular
central Indian and Pacific Oceans, the last in maritime South-
East Asia and the Caribbean archipelago. Details of reefs at risk
in the two highest-risk areas have been documented by Burke et
al. (2002) and Burke and Maidens (2004), who indicate that
about 50% of the reefs in South-East Asia and 45% in the
Caribbean are classed in the high- to very-high-risk category.
There are, however, significant local and regional differences in
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Figure C2.3. The potential risk to coral reefs from human-threat factors. Low risk (blue), medium risk (yellow) and high risk (red). Source: Bryant
et al. (1998)



the scale and type of threats to coral reefs in both continental
and small-island situations.

Recognising that coral reefs are especially important for
many Small Island states, Wilkinson (2004) notes that reefs on
small islands are often subject to a range of non-climate impacts.
Some common types of reef disturbance are listed below, with
examples from several island regions and specific islands.
1. Impact of coastal developments and modification of shorelines:

• coastal development on fringing reefs, Langawi Island,
Malaysia (Abdullah et al., 2002);

• coastal resort development and tourism impacts in
Mauritius (Ramessur, 2002).

2. Mining and harvesting of corals and reef organisms:
• coral harvesting in Fiji for the aquarium trade (Vunisea,

2003).
3. Sedimentation and nutrient pollution from the land:

• sediment smothering reefs in Aria Bay, Palau (Golbuua et
al., 2003) and southern islands of Singapore (Dikou and
van Woesik, 2006);

• non-point source pollution, Tutuila Island, American
Samoa (Houk et al., 2005);

• nutrient pollution and eutrophication, fringing reef,
Réunion (Chazottes et al., 2002) and Cocos Lagoon, Guam
(Kuffner and Paul, 2001).

4. Over-exploitation and damaging fishing practices:
• blast fishing in the islands of Indonesia (Fox and Caldwell,

2006);
• intensive fish-farming effluent in Philippines (Villanueva

et al., 2006);
• subsistence exploitation of reef fish in Fiji (Dulvy et al.,

2004);
• giant clam harvesting on reefs, Milne Bay, Papua New

Guinea (Kinch, 2002).
5. Introduced and invasive species:

• non-indigenous species invasion of coral habitats in Guam
(Paulay et al., 2002).

There is another category of ‘stress’ that may inadvertently result
in damage to coral reefs – the human component of poor
governance (Goldberg and Wilkinson, 2004). This can
accompany political instability; one example being problems
with contemporary coastal management in the Solomon Islands
(Lane, 2006).
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C3.1 Introduction

C3.1.1 Deltas and megadeltas: hotspots for
vulnerability (Chapter 6, Box 6.3)

Deltas, some of the largest sedimentary deposits in the world,
are widely recognised as being highly vulnerable to the impacts of
climate change, particularly sea-level rise and changes in runoff,
as well as being subject to stresses imposed by human
modification of catchment and delta plain land use. Most deltas
are already undergoing natural subsidence that results in
accelerated rates of relative sea-level rise above the global
average. Many are impacted by the effects of water extraction and
diversion, as well as declining sediment input as a consequence of
entrapment in dams. Delta plains, particularly those in Asia (see
C3.2.1), are densely populated, and large numbers of people are
often impacted as a result of external terrestrial influences (river
floods, sediment starvation) and/or external marine influences
(storm surges, erosion) (see Figure 6.1).

Ericson et al. (2006) estimated that nearly 300 million people
inhabit a sample of 40 deltas globally, including all the large
megadeltas. Average population density is 500 people/km2, with
the largest population in the Ganges-Brahmaputra delta, and the
highest density in the Nile delta. Many of these deltas and
megadeltas are associated with significant and expanding urban
areas. Ericson et al. (2006) used a generalised modelling
approach to approximate the effective rate of sea-level rise under
present conditions, basing estimates of sediment trapping and

flow diversion on a global dam database, and modifying
estimates of natural subsidence to incorporate accelerated
human-induced subsidence. This analysis showed that much of
the population of these 40 deltas is at risk through coastal
erosion and land loss, primarily as a result of decreased sediment
delivery by the rivers, but also through accentuated rates of sea-
level rise. They estimate, using a coarse digital terrain model
and global population distribution data, that more than 1 million
people will be directly affected by 2050 in three megadeltas: the
Ganges-Brahmaputra delta in Bangladesh, the Mekong delta in
Vietnam and the Nile delta in Egypt. More than 50,000 people
are likely to be directly impacted in each of a further nine deltas,
and more than 5,000 in each of a further twelve deltas (Figure
C3.1). This generalised modelling approach indicates that 75%
of the population affected live on Asian megadeltas and deltas,
and a large proportion of the remainder are on deltas in Africa.
These impacts would be exacerbated by accelerated sea-level
rise and enhanced human pressures (see, e.g., C3.2.1). Within
the Asian megadeltas, the surface topography is complex as a
result of the geomorphological development of the deltas, and
the population distribution shows considerable spatial
variability, reflecting the intensive land use and the growth of
some of the world’s largest megacities (Woodroffe et al., 2006).
Many people in these and other deltas worldwide are already
subject to flooding from both storm surges and seasonal river
floods, and therefore it is necessary to develop further methods
to assess individual delta vulnerability (e.g., Sánchez-Arcilla et
al., 2007).
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C3. Megadeltas: their vulnerabilities to climate change

Figure C3.1. Relative vulnerability of coastal deltas as shown by the indicative population potentially displaced by current sea-level trends to 2050
(Extreme = >1 million; High = 1 million to 50,000; Medium = 50,000 to 5,000; following Ericson et al., 2006).



C3.2 Megadeltas in Asia

C3.2.1 Megadeltas in Asia (Chapter 10, Section
10.6.1, Table 10.10)

There are eleven megadeltas with an area greater than
10,000 km2 (Table C3.1) in the coastal zone of Asia that are
continuously being formed by rivers originating from the Tibetan
Plateau (Milliman and Meade, 1983; Penland and Kulp, 2005)
These megadeltas are vital to Asia because they are home to
millions of people, especially in the seven megacities that are
located in these deltas (Nicholls, 1995; Woodroffe et al., 2006).
The megadeltas, particularly the Zhujiang delta, Changjiang delta
and Huanghe delta, are also economically important, accounting
for a substantial proportion of China’s total GDP (Niou, 2002;
She, 2004). Ecologically, the Asian megadeltas are critical
diverse ecosystems of unique assemblages of plants and animals
located in different climatic regions (IUCN, 2003b; ACIA, 2005;
Macintosh, 2005; Sanlaville and Prieur, 2005). However, the
megadeltas of Asia are vulnerable to climate change and sea-level
rise that could increase the frequency and level of inundation of
megadeltas due to storm surges and floods from river drainage
(Nicholls, 2004; Woodroffe et al., 2006) putting communities,
biodiversity and infrastructure at risk of being damaged. This
impact could be more pronounced in megacities located in
megadeltas, where natural ground subsidence is enhanced by
human activities, such as in Bangkok in the Chao Phraya delta,
Shanghai in the Changjiang delta, Tianjin in the old Huanghe
delta (Nguyen et al., 2000; Li et al., 2004a, 2005; Jiang, 2005;
Woodroffe et al., 2006). Climate change together with human
activities could also enhance erosion that has, for example,
caused the Lena delta to retreat at a rate of 3.6 to 4.5 m/yr
(Leont’yev, 2004) and has affected the progradation and retreat
of megadeltas fed by rivers originating from the Tibetan Plateau
(Li et al., 2004b; Thanh et al., 2004; Shi et al., 2005; Woodroffe
et al., 2006). The adverse impacts of salt-water intrusion on water
supply in the Changjiang delta and Zhujiang delta, mangrove
forests, agriculture production and freshwater fish catch, resulting
in a loss of US$125×106 per annum in the Indus delta, could also
be aggravated by climate change (IUCN, 2003a, b; Shen et al.,
2003; Huang and Zhang, 2004).

Externally, the sediment supplies to many megadeltas have
been reduced by the construction of dams, and there are plans for
many more dams in the 21st century (see C3.1.1; Woodroffe et
al., 2006). The reduction of sediment supplies makes these
systems much more vulnerable to climate change and sea-level
rise. When considering all the non-climate pressures, there is
very high confidence that the group of populated Asian
megadeltas is highly threatened by climate change and
responding to this threat will present important challenges (see
also C3.1.1). The sustainability of megadeltas in Asia in a
warmer climate will rest heavily on policies and programmes
that promote integrated and co-ordinated development of the
megadeltas and upstream areas, balanced use and development
of megadeltas for conservation and production goals, and
comprehensive protection against erosion from river-flow
anomalies and sea-water actions that combines structural with
human and institutional capability-building measures (Du and

Zhang, 2000; Inam et al., 2003; Li et al., 2004b; Thanh et al.,
2004; Saito, 2005; Woodroffe et al., 2006; Wolanski, 2007).

C3.2.2 Climate change and the fisheries of the lower
Mekong: an example of multiple stresses on
a megadelta fisheries system due to human
activity (Chapter 5, Box 5.3)

Fisheries are central to the lives of the people, particularly
the rural poor, who live in the lower Mekong countries. Two-
thirds of the basin’s 60 million people are in some way active in
fisheries, which represent about 10% of the GDP of Cambodia
and Lao People’s Democratic Republic (PDR). There are
approximately 1,000 species of fish commonly found in the
river, with many more marine vagrants, making it one of the
most prolific and diverse faunas in the world (MRC, 2003).
Recent estimates of the annual catch from capture fisheries alone
exceed 2.5 Mtonnes (Hortle and Bush, 2003), with the delta
contributing over 30% of this.

Direct effects of climate will occur due to changing patterns
of precipitation, snow melt and rising sea level, which will affect
hydrology and water quality. Indirect effects will result from
changing vegetation patterns that may alter the food chain and
increase soil erosion. It is likely that human impacts on the
fisheries (caused by population growth, flood mitigation,
increased water abstractions, changes in land use and over-
fishing) will be greater than the effects of climate, but the
pressures are strongly interrelated.

An analysis of the impact of climate-change scenarios on the
flow of the Mekong (Hoanh et al., 2004) estimated increased
maximum monthly flows of 35 to 41% in the basin and 16 to 19%
in the delta (lower value is for years 2010 to 2138 and higher value
for years 2070 to 2099, compared with 1961 to 1990 levels).
Minimum monthly flows were estimated to decrease by 17 to 24%
in the basin and 26 to 29% in the delta. Increased flooding would
positively affect fisheries yields, but a reduction in dry season
habitat may reduce recruitment of some species. However,
planned water-management interventions, primarily dams, are
expected to have the opposite effects on hydrology, namely
marginally decreasing wet-season flows and considerably
increasing dry-season flows (World Bank, 2004).

Models indicate that even a modest sea level rise of 20 cm
would cause contour lines of water levels in the Mekong delta to
shift 25 km towards the sea during the flood season and salt water
to move further upstream (although confined within canals)
during the dry season (Wassmann et al., 2004). Inland movement
of salt water would significantly alter the species composition of
fisheries, but may not be detrimental for overall fisheries yields.

C3.3 Megadeltas in the Arctic

C3.3.1 Arctic megadeltas (Chapter 15, Section 15.6.2)

Numerous river deltas are located along the Arctic coast and
the rivers that flow to it. Of particular importance are the
megadeltas of the Lena (44,000 km2) and Mackenzie
(9,000 km2) rivers, which are fed by the largest Arctic rivers of
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Eurasia and North America, respectively. In contrast to non-
polar megadeltas, the physical development and ecosystem
health of these systems are strongly controlled by cryospheric
processes and are thus highly susceptible to the effects of climate
change.

Currently, advance/retreat of Arctic marine deltas is highly
dependent on the protection afforded by near-shore and land-
fast sea ice (Solomon, 2005; Walsh et al., 2005). The loss of such
protection with warming will lead to increased erosion by waves

and storm surges. The problems will be exacerbated by rising
sea levels, greater wind fetch produced by shrinking sea-ice
coverage, and potentially by increasing storm frequency.
Similarly, thawing of the permafrost and ground-ice that
currently consolidates deltaic material will induce hydrodynamic
erosion on the delta front and along riverbanks. Thawing of
permafrost on the delta plain itself will lead to similar changes;
for example, the initial development of more ponded water, as
thermokarst activity increases, will eventually be followed by
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Features Lena Huanghe- Changjiang Zhujiang Red River Mekong Chao Irrawaddy Ganges- Indus Shatt-el-Arab

Huaihe Phraya Brahmaputra (Arvand Rud)

Area
(103 km2)

43.6 36.3 66.9 10 16 62.5 18 20.6 100 29.5 18.5

Water
discharge
(109 m3/yr)

520 33.3 905 326 120 470 30 430 1330 185 46

Sediment
load
(106 t/yr)

18 849 433 76 130 160 11 260 1969 400 100

Delta
growth
(km2/yr)

-- 21.0 16.0 11.0 3.6 1.2 10.0 5.5 to 16.0 PD30

Climate
zone

Boreal Temperate Sub-tropical Sub-
tropical

Tropical Tropical Tropical Tropical Tropical Semi-
arid

Arid

Mangroves
(103 km2)

None None None None 5.2 2.4 4.2 10 1.6 None

Population
(106) in
2000

0.000079 24.9 (00) 76 (03) 42.3 (03) 13.3 15.6 11.5 10.6 130 3.0 0.4

Population
increase by
2015

None 18 - 176 21 21 44 15 28 45 --

GDP
(US$109)

58.8 (00) 274.4 (03) 240.8 (03) 9.2 (04) 7.8 (04) -- -- -- -- --

Megacity None Tianjin Shanghai Guangzhou -- -- Bangkok -- Dhaka Karachi --

Ground
subsidence
(m)

None 2.6 to 2.8 2.0 to 2.6 X XX -- 0.2 to
1.6

-- 0.6 to 1.9
mm/a

--

SLR (cm)
in 2050

10 to 90
(2100)

70 to 90 50 to 70 40 to 60 -- -- -- -- -- 20 to
50

--

Salt-water
intrusion
(km)

-- -- 100 -- 30 to 50 60 to 70 -- -- 100 80 --

Natural
hazards

-- FD CS, SWI, FD CS, FD,
SWI

CS, FD,
SWI

SWI -- -- CS, FD, SWI CS,
SWI

--

Area
inundated
by SLR
(103 km2).
Figure in
brackets
indicates
amount
SLR.

-- 21.3 (0.3m) 54.5 (0.3m) 5.5 (0.3m) 5 (1m) 20 (1m) -- -- -- -- --

Coastal
protection

No
protection

Protected Protected Protected Protected Protected Protected Protected Protected Partial
Protection

Partial
protection

PD: Progradation of coast; CS: Tropical cyclone and storm surge; FD: Flooding; SLR: Sea-level rise; SWI: Salt water intrusion; DG: Delta growth in
area; XX: Strong ground subsidence; X: Slight ground subsidence; --: No data available

Table C3.1. Megadeltas of Asia.



drainage as surface and groundwater systems become linked.
Climate warming may have already caused the loss of wetland
area as lakes expanded on the Yukon River delta in the late 20th
century (Coleman and Huh, 2004). Thaw subsidence may also
affect the magnitude and frequency of delta flooding from spring
flows and storm surges (Kokelj and Burn, 2005).

The current water budget and sediment-nutrient supply for
the multitude of lakes and ponds that populate much of the
tundra plains of Arctic deltas depends strongly on the supply of
floodwaters produced by river-ice jams during the spring freshet.
Studies of future climate conditions on a major river delta of the
Mackenzie River watershed (Peace-Athabasca Delta) indicate
that a combination of thinner river ice and reduced spring runoff
will lead to decreased ice-jam flooding (Beltaos et al., 2006).
This change, combined with greater summer evaporation due to
warmer temperatures, will cause a decline in delta-pond water
levels (Marsh and Lesack, 1996). For many Arctic regions,
summer evaporation already exceeds precipitation and therefore
the loss of ice-jam flooding could lead to a drying of delta ponds
and a loss of sediment and nutrients known to be critical to their
ecosystem health (Lesack et al., 1998; Marsh et al., 1999). A
successful adaptation strategy that has already been used to
counteract the effects of drying of delta ponds involves
managing water release from reservoirs to increase the
probability of ice-jam formation and related flooding (Prowse
et al., 2002).

C3.4 Case study of Hurricane Katrina

C3.4.1 Hurricane Katrina and coastal ecosystem
services in the Mississippi delta (Chapter 6,
Box 6.4)

Whereas an individual hurricane event cannot be attributed
to climate change, it can serve to illustrate the consequences for
ecosystem services if the intensity and/or frequency of such
events were to increase in the future. One result of Hurricane
Katrina, which made landfall in coastal Louisiana on 29 August
2005, was the loss of 388 km2 of coastal wetlands, levees and
islands that flank New Orleans in the Mississippi River deltaic
plain (Barras, 2006) (Figure C3.2). (Hurricane Rita, which
struck in September 2005, had relatively minor effects on this
part of the Louisiana coast which are included in this estimate.)
The Chandeleur Islands, which lie south-east of the city, were
reduced to roughly half of their former extent as a direct result
of Hurricane Katrina. Collectively, these natural systems serve
as the first line of defence against storm surge in this highly
populated region. While some habitat recovery is expected, it is
likely to be minimal compared to the scale of the losses. The
Chandeleur Islands serve as an important wintering ground for
migratory waterfowl and neo-tropical birds; a large population
of North American redhead ducks, for example, feed on the
rhizomes of sheltered sea grasses leeward of the Chandeleur
Islands (Michot, 2000). Historically the region has ranked
second only to Alaska in U.S. commercial fisheries production,
and this high productivity has been attributed to the extent of

coastal marshes and sheltered estuaries of the Mississippi River
delta. Over 1,800 people lost their lives (Graumann et al., 2005)
during Hurricane Katrina and the economic losses totalled more
than US$100 billion (NOAA, 2007). Roughly 300,000 homes
and over 1,000 historical and cultural sites were destroyed along
the Louisiana and Mississippi coasts (the loss of oil production
and refinery capacity helped to raise global oil prices in the short
term). Post-Katrina, some major changes to the delta’s
management are being advocated, most notably abandonment
of the ‘bird-foot delta’, where artificial levees channel valuable
sediments into deep water (EFGC, 2006; NRC, 2006). The aim
is to restore large-scale delta building processes and hence
sustain the ecosystem services in the long term. Hurricane
Katrina is further discussed in C3.4.2 and Chapter 14.

C3.4.2 Vulnerabilities to extreme weather events in
megadeltas in the context of multiple
stresses: the case of Hurricane Katrina
(Chapter 7, Box 7.4)

It is possible to say with a high level of confidence that
sustainable development in some densely populated megadeltas
of the world will be challenged by climate change, not only in
developing countries but in developed countries also. The
experience of the U.S. Gulf Coast with Hurricane Katrina in
2005 is a dramatic example of the impact of a tropical cyclone
– of an intensity expected to become more common with climate
change – on the demographic, social and economic processes
and stresses of a major city located in a megadelta.

In 2005, the city of New Orleans had a population of about
half a million, located on the delta of the Mississippi River along
the U.S. Gulf Coast. The city is subject not only to seasonal
storms (Emanuel, 2005) but also to land subsidence at an
average rate of 6 mm/yr, rising to 10-15 mm/year or more
(Dixon et al., 2006). Embanking the main river channel has led
to a reduction in sedimentation, leading to the loss of coastal
wetlands that tend to reduce storm surge flood heights, while
urban development throughout the 20th century has significantly
increased land use and settlement in areas vulnerable to
flooding. A number of studies of the protective levee system had
indicated growing vulnerabilities to flooding, but actions were
not taken to improve protection.

In late August 2005, Hurricane Katrina – which had been a
Category 5 storm but weakened to Category 3 before landfall –
moved onto the Louisiana and Mississippi coast with a storm
surge, supplemented by waves, reaching up to 8.5 m above sea
level along the southerly-facing shallow Mississippi coast (see
also C3.4.1). In New Orleans, the surge reached around 5 m,
overtopping and breaching sections of the city’s 4.5 m defences,
flooding 70 to 80% of New Orleans, with 55% of the city’s
properties inundated by more than 1.2 m of water and maximum
flood depths up to 6 m. In Louisiana 1,101 people died, nearly
all related to flooding, concentrated among the poor and elderly.

Across the whole region, there were 1.75 million private
insurance claims, costing in excess of US$40 billion (Hartwig,
2006), while total economic costs are projected to be
significantly in excess of US$100 billion. Katrina also exhausted
the federally-backed National Flood Insurance Program (Hunter,
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2006), which had to borrow US$20.8 billion from the
Government to fund the Katrina residential flood claims. In New
Orleans alone, while flooding of residential structures caused
US$8 to 10 billion in losses, US$3 to 6 billion was uninsured. Of
the flooded homes, 34,000 to 35,000 carried no flood insurance,
including many that were not in a designated flood risk zone
(Hartwig, 2006).

Beyond the locations directly affected by the storm, areas that
hosted tens of thousands of evacuees had to provide shelter and
schooling, while storm damage to the oil refineries and
production facilities in the Gulf region raised highway vehicle
fuel prices nationwide. Reconstruction costs have driven up the
costs of building construction across the southern USA, and
federal government funding for many programmes was reduced
because of commitments to provide financial support for
hurricane damage recovery. Six months after Katrina, it was
estimated that the population of New Orleans was 155,000, with
this number projected to rise to 272,000 by September 2008;
56% of its pre-Katrina level (McCarthy et al., 2006).

References

ACIA (Arctic Climate Impact Assessment), 2005: Impacts of a Warming Arctic:
Arctic Climate Impact Assessment. Cambridge University Press, Cambridge,
140 pp.

Barras, J.A., 2006: Land area change in coastal Louisiana after the 2005 hurricanes:
a series of three maps. U.S. Geological Survey Open-File Report 2006-1274.

http://pubs.usgs.gov/of/2006/1274/.
Beltaos, S., T. Prowse, B. Bonsal, R. MacKay, L. Romolo, A. Pietroniro and B.

Toth, 2006: Climatic effects on ice-jam flooding of the Peace–Athabasca Delta.
Hydrol. Process., 20, 4013-4050.

Coleman, J.M. and O.K. Huh, 2004: Major World Deltas: A Perspective from
Space. Coastal Studies Institute, Louisiana State University, Baton Rouge,
Louisiana. http://www.geol.lsu.edu/WDD/PUBLICATIONS/introduction.htm.

Dixon, T.H., F. Amelung, A. Ferretti, F. Novali, F. Rocca, R. Dokka, G. Sellall, S.-
W. Kim, S. Wdowinski and D. Whitman, 2006: Subsidence and flooding in New
Orleans. Nature, 441, 587-588.

Du, B.L. and J.W. Zhang, 2000: Adaptation strategy for sea-level rise in vulnera-
ble areas along China’s coast. Acta Oceanologica Sinica, 19, 1-16.

EFGC, 2006: Envisioning the Future of the Gulf Coast: Final Report and Find-
ings. D. Reed, Ed., America’s Wetland: Campaign to Save Coastal Louisiana,
11 pp.

Emanuel, K., 2005: Increasing destructiveness of tropical cyclones over the past
30 years. Nature, 434, 686-688.

Ericson, J.P., C.J. Vorosmarty, S.L. Dingman, L.G. Ward and M. Meybeck, 2006:
Effective sea-level rise and deltas: causes of change and human dimension im-
plications. Global Planet. Change, 50, 63-82.

Graumann, A., T. Houston, J. Lawrimore, D. Levinson, N. Lott, S. McCown, S.
Stephens and D. Wuertz, 2005: Hurricane Katrina: a climatological perpective.
October 2005, updated August 2006. Technical Report 2005-01, NOAANational
Climate Data Center, 28 pp. http://www.ncdc.noaa.gov/oa/reports/tech-report-
200501z.pdf.

Hartwig, R., 2006:Hurricane Season of 2005: Impacts onU.S. P/C InsuranceMar-
kets in 2006 and Beyond. Presentation to the Insurance Information Institute, New
York, 239 pp. http://www.iii.org/media/presentations/katrina/.

Hoanh, C.T., H. Guttman, P. Droogers and J. Aerts, 2004: Will we produce suffi-
cient food under climate change? Mekong Basin (South-east Asia). Climate
Change in Contrasting River Basins: Adaptation Strategies for Water, Food, and
Environment, J.C.J.H.Aerts and P. Droogers, Eds., CABI Publishing, Wallingford,
157-180.

Hortle, K. and S. Bush, 2003: Consumption in the lower Mekong basin as a meas-
ure of fish yield. New Approaches for the Improvement of Inland Capture Fish-

Cross-chapter case studies

862

Figure C3.2. The Mississippi delta, including the Chandeleur Islands. Areas in red were converted to open water during the hurricane. Yellow lines
on index map of Louisiana show tracks of Hurricane Katrina on the right and Hurricane Rita on the left. (Figure source: U.S. Geological Survey,
modified from Barras, 2006.)



ery Statistics in the Mekong Basin, T. Clayton, Ed., FAO RAP Publication
2003/01, Bangkok, 76-88.

Huang, Z.G. and W.Q. Zhang, 2004: Impacts of artificial factors on the evolution
of geomorphology during recent 30 years in the Zhujiang Delta.Quaternary Res.,
24, 394-401.

Hunter, J.R., 2006: Testimony before the Committee on Banking, Housing and
Urban Affairs of the United States Senate Regarding Proposals to Reform the
National Flood Insurance Program. Consumer Federation of America, 7 pp.

Inam, A., T.M. Ali Khan, A.R. Tabrez, S. Amjad, M. Danishb and S.M. Tabrez,
2003: Natural and man-made stresses on the stability of Indus deltaic Eco region.
Extended Abstract, 5th International Conference on Asian Marine Geology,
Bangkok, Thailand (IGCP475/APN).

IUCN (The World Conservation Union), 2003a: Indus Delta, Pakistan: Economic
Costs of Reduction in Freshwater Flows. Case Studies in Wetland Valuation No.
5. Pakistan Country Office, Karachi, 6 pp. http://www.waterandnature.org/
econ/CaseStudy05Indus.pdf.

IUCN (The World Conservation Union), 2003b: The Lower Indus River: Balanc-
ingDevelopment andMaintenance ofWetland Ecosystems andDependent Liveli-
hoods. Water and Nature Initiative, 5 pp. http://www.iucn.org/themes/wani/
flow/cases/Indus.pdf.

Jiang, H.T., 2005, Problems and discussion in the study of land subsidence in the
Suzhou-Wuxi-Changzhou Area. Quaternary Res., 25, 29-33.

Kokelj, S.V. and C.R. Burn, 2005: Near-surface ground ice in sediments of the
Mackenzie Delta, Northwest Territories, Canada. Permafrost Periglac., 16, 291-
303.

Leont’yev, I.O., 2004: Coastal profile modelling along the Russian Arctic coast.
Coast. Eng., 51, 779–794.

Lesack, L.F.W., P. Marsh and R.E. Hecky, 1998: Spatial and temporal dynamics of
major solute chemistry along Mackenzie Delta lakes. Limnol. Oceanogr., 43,
1530-1543.

Li, C.X, D.D. Fan, B. Deng and V. Korotaev, 2004a: The coasts of China and is-
sues of sea level rise. J. Coastal Res., 43, 36-47.

Li, C.X., S.Y. Yang, D.D. Fan and J. Zhao, 2004b: The change in Changjiang sus-
pended load and its impact on the delta after completion of Three-Gorges Dam
(in Chinese with English abstract). Quaternary Sci., 24, 495-500.

Li, J., J.Y. Zang, Y. Saito, X.W. Xu, Y.J. Wang, E. Matsumato and Z.Y. Zhang,
2005: Several cooling events over the Hong River Delta, Vietnam during the
past 5000 years (in Chinese with English abstract). Advances in Marine Sci-
ence, 23, 43-53.

Macintosh, D., 2005: Asia, eastern, coastal ecology. Encyclopedia of Coastal Sci-
ence, M. Schwartz, Ed., Springer, Dordrecht, 56-67.

Marsh, P. and L.F.W. Lesack, 1996: The hydrologic regime of perched lakes in the
Mackenzie Delta: potential responses to climate change. Limnol. Oceanogr., 41,
849-856.

Marsh, P., L.F.W. Lesack andA. Roberts, 1999: Lake sedimentation in the Macken-
zie Delta, NWT. Hydrol. Process., 13, 2519-2536.

McCarthy, K., D.J. Peterson, N. Sastry and M. Pollard, 2006: The repopulation of
New Orleans after Hurricane Katrina. Technical Report, Santa Monica, RAND
Gulf States Policy Institute, 59 pp.

Milliman, J.D. and R.H. Meade, 1983: World-wide delivery of river sediment to the
oceans. J. Geol., 90, 1-21.

MRC, 2003: State of the Basin Report: 2003. Mekong River Commission, Phnom
Penh, 300 pp.

Nguyen V.L., T.K.O. Ta and M. Tateishib, 2000: Late Holocene depositional
environments and coastal evolution of the Mekong River Delta, Southern
Vietnam. J. Asian Earth Sci., 18, 427-439.

Nicholls, R.J., 1995: Coastal mega-cities and climate change.GeoJournal, 37, 369-
379.

Nicholls, R.J., 2004: Coastal flooding and wetland loss in the 21st century: changes

under the SRES climate and socio-economic scenarios.Global Environ. Chang.,
14, 69-86.

Niou, Q.Y., 2002: 2001-2002 Report on Chinese Metropolitan Development (in
Chinese). Xiyuan Press, Beijing, 354 pp.

NOAA, 2007:Billion Dollar U.S. Weather Disasters, 1980-2006. http://www.ncdc.
noaa.gov/oa/reports/billionz.html.

NRC, 2006: Drawing Louisiana’s New Map: Addressing Land Loss in Coastal
Louisiana. National Research Council, National Academy Press, Washington,
District of Columbia, 204 pp.

Penland, S. and M.A. Kulp, 2005: Deltas. Encyclopedia of Coastal Science, M.L.
Schwartz, Ed., Springer, Dordrecht, 362-368.

Prowse, T.D., D.L. Peters, S. Beltaos, A. Pietroniro, L. Romolo, J. Töyrä and R.
Leconte, 2002: Restoring ice-jam floodwater to a drying delta ecosystem.Water
Int., 27, 58-69.

Saito, Y., 2005: Mega-deltas in Asia: characteristics and human influences.Mega-
Deltas of Asia: Geological Evolution and Human Impact, Z.Y. Chen, Y. Saito,
S.L. Goodbred, Jr., Eds., China Ocean Press, Beijing, 1-8.

Sánchez-Arcilla, A., J.A. Jiménez and H.I. Valdemoro, 2007: A note on the vul-
nerability of deltaic coasts: application to the Ebro delta.Managing Coastal Vul-
nerability: An Integrated Approach, L. McFadden, R.J. Nicholls and E.
Penning-Rowsell, Eds., Elsevier Science, Amsterdam, in press.

Sanlaville P. and A. Prieur, 2005: Asia, Middle East, coastal ecology and geomor-
phology. Encyclopedia of Coastal Science, M.L. Schwartz, Ed., Springer, Dor-
drecht, 71-83.

She, Z.X., 2004: Human–land interaction and socio-economic development, with
special reference to the Changjiang Delta (in Chinese). Proc. of the Xiangshan
Symposium on Human–Land Coupling System of River Delta Regions: Past,
Present and Future, Beijing.

Shen, X.T., Z.C. Mao and J.R. Zhu, 2003: Saltwater Intrusion in the Changjiang
Estuary (in Chinese). China Ocean Press, Beijing, 175 pp.

Shi, L.Q., J.F. Li, M. Ying, W.H. Li, S.L. Chen and G.A. Zhang, 2005: Advances
in researches on the modern Huanghe Delta development and evolution. Adv.
Mar. Sci., 23, 96-104.

Solomon, S.M., 2005: Spatial and temporal variability of shoreline change in the
Beaufort-Mackenzie region, Northwest Territories, Canada. Geo-Mar. Lett., 25,
127-137.

Thanh, T.D., Y. Saito, D.V. Huy, V.L. Nguyen, T.K.O. Ta and M. Tateish, 2004:
Regimes of human and climate impacts on coastal changes in Vietnam. Reg. En-
viron. Change, 4, 49-62.

Walsh, J.E., O. Anisimov, J.O.M. Hagen, T. Jakobsson, J. Oerlemans, T.D. Prowse,
V. Romanovsky, N. Savelieva, M. Serreze, I. Shiklomanov and S. Solomon, 2005:
Cryosphere and hydrology.Arctic Climate Impacts Assessment, ACIA, C. Symon,
L. Arris and B. Heal, Eds., Cambridge University Press, Cambridge, 183-242.

Wassmann, R., N.X. Hein, C.T. Hoanh and T.P. Tuong, 2004: Sea level rise affect-
ing the Vietnamese Mekong Delta: water elevation in the flood season and im-
plications for rice production. Climatic Change, 66, 89-107.

Wolanski, E., 2007: Protective functions of coastal forests and trees against natu-
ral hazards: coastal protection in the aftermath of the Indian Ocean tsunami –
what role for forests and trees? Proc. of theFAO Regional Technical Workshop,
Khao Lak, Thailand, 28-31 August 2006. FAO, Bangkok.

Woodroffe, C.D., R.J. Nicholls, Y. Saito, Z. Chen and S.L. Goodbred, 2006: Land-
scape variability and the response of Asian megadeltas to environmental change.
Global Change and Integrated Coastal Management: The Asia-Pacific Region,
N. Harvey, Ed., Springer, New York, 277-314.

World Bank, 2004:Modelled observations on development scenarios in the Lower
Mekong Basin:Mekong RegionalWater Resources Assistance Strategy. Prepared
for the World Bank with Mekong River Commission cooperation, Washington,
District of Columbia and Vientiane, 142 pp. http://www.mrcmekong.org/
free_download/report.htm.

Cross-chapter case studies

863



864

Cross-chapter case studies

C4.1 Overview

C4.1.1 Role of local and indigenous knowledge in
adaptation and sustainability research
(Chapter 20, Box 20.1)

Research on indigenous environmental knowledge has been
undertaken in many countries, often in the context of
understanding local oral histories and cultural attachment to
place. A survey of research during the 1980s and early 1990s
was produced by Johnson (1992). Reid et al. (2006) outline the
many technical and social issues related to the intersection of
different knowledge systems, and the challenge of linking the
scales and contexts associated with these forms of knowledge.
With the increased interest in climate change and global
environmental change, recent studies have emerged that explore
how indigenous knowledge can become part of a shared
learning effort to address climate-change impacts and
adaptation, and its links with sustainability. Some examples are
indicated here.

Sutherland et al. (2005) describe a community-based
vulnerability assessment in Samoa, addressing both future
changes in climate-related exposure and future challenges for
improving adaptive capacity. Twinomugisha (2005) describes
the dangers of not considering local knowledge in dialogues on
food security in Uganda.

A scenario-building exercise in Costa Rica has been
undertaken as part of the Millennium Ecosystem Assessment
(MA, 2005). This was a collaborative study in which
indigenous communities and scientists developed common
visions of future development. Two pilot 5-year storylines were
constructed, incorporating aspects of coping with external
drivers of development (Bennett and Zurek, 2006). Although
this was not directly addressing climate change, it demonstrates
the potential for joint scenario-building incorporating different
forms of knowledge.

In Arctic Canada, traditional knowledge was used as part of
an assessment which recognised the implications of climate
change for the ecological integrity of a large freshwater delta
(NRBS, 1996). In another case, an environmental assessment of
a proposed mine was produced through a partnership with
governments and indigenous peoples. Knowledge to facilitate
sustainable development was identified as an explicit goal of
the assessment, and climate-change impacts were listed as one
of the long-term concerns for the region (WKSS, 2001).

Vlassova (2006) describes results of interviews with
indigenous peoples of the Russian North on climate and
environmental trends within the Russian boreal forest.
Additional examples from the Arctic are described in ACIA
(2005), Riedlinger and Berkes (2001), Krupnik and Jolly
(2002), Furgal et al. (2006) and Chapter 15.

C4.2 Case studies

C4.2.1 Adaptation capacity of the South American
highlands’ pre-Colombian communities
(Chapter 13, Box 13.2)

The subsistence of indigenous civilisations in the Americas
relied on the resources cropped under the prevailing climate
conditions around their settlements. In the highlands of today’s
Latin America, one of the most critical limitations affecting
development was, and currently is, the irregular distribution of
water. This situation is the result of the particularities of the
atmospheric processes and extremes, the rapid runoff in the deep
valleys, and the changing soil conditions. The tropical Andes’
snowmelt was, and still is, a reliable source of water. However,
the streams run into the valleys within bounded water courses,
bringing water only to certain locations. Moreover, valleys and
foothills outside of the Cordillera Blanca glaciers and extent of
the snow cover, as well as the Altiplano, receive little or no melt-
water at all. Therefore, in large areas, human activities depended
on seasonal rainfall. Consequently, the pre-Colombian
communities developed different adaptive actions to satisfy their
requirements. Today, the problem of achieving the necessary
balance between water availability and demand is practically the
same, although the scale might be different.

Under such limitations, from today’s Mexico to northern
Chile and Argentina, the pre-Colombian civilisations developed
the necessary capacity to adapt to the local environmental
conditions. Such capacity involved their ability to solve some
hydraulic problems and foresee climate variations and seasonal
rain periods. On the engineering side, their developments
included rainwater cropping, filtration and storage; the
construction of surface and underground irrigation channels,
including devices to measure the quantity of water stored (Figure
C4.1) (Treacy, 1994; Wright and Valencia Zegarra, 2000; Caran
and Nelly, 2006). They also were able to interconnect river
basins from the Pacific and Atlantic watersheds, in the Cumbe
valley and in Cajamarca (Burger, 1992).

Other capacities were developed to foresee climate variations
and seasonal rain periods, to organise their sowing schedules
and to programme their yields (Orlove et al., 2000). These
efforts enabled the subsistence of communities which, at the
peak of the Inca civilisation, included some 10 million people in
what is today Peru and Ecuador.

Their engineering capacities also enabled the rectification of
river courses, as in the case of the Urubamba River, and the
building of bridges, either hanging ones or with pillars cast in the
river bed. They also used running water for leisure and worship
purposes, as seen today in the ‘Baño del Inca’ (the spa of the
Incas), fed from geothermal sources, and the ruins of a musical
garden at Tampumacchay in the vicinity of Cusco (Cortazar,
1968). The priests of the Chavin culture used running water

C4. Indigenous knowledge for adaptation to climate change
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flowing within tubes bored into the structure of the temples in
order to produce a sound like the roar of a jaguar; the jaguar
being one of their deities (Burger, 1992). Water was also used to
cut stone blocks for construction. As seen in Ollantaytambo, on
the way to Machu Picchu, these stones were cut in regular
geometric shapes by leaking water into cleverly made interstices
and freezing it during the Altiplano night, reaching below zero
temperatures. They also acquired the capacity to forecast climate
variations, such as those from El Niño (Canziani and Mata,
2004), enabling the most convenient and opportune organisation
of their foodstuff production. In short, they developed
pioneering efforts to adapt to adverse local conditions and define
sustainable development paths.

Today, under the vagaries of weather and climate,
exacerbated by the increasing greenhouse effect and the rapid
retreat of the glaciers (Carey, 2005; Bradley et al., 2006), it
would be extremely useful to revisit and update such adaptation
measures. Education and training of present community
members on the knowledge and technical abilities of their
ancestors would be the way forward. ECLAC’s procedures for
the management of sustainable development (Dourojeanni,
2000), when considering the need to manage the extreme climate
conditions in the highlands, refer back to the pre-Colombian
irrigation strategies.

C4.2.2 African indigenous knowledge systems
(Chapter 9, Section 9.6.2)

The term ‘indigenous knowledge’ is used to describe the
knowledge systems developed by a community as opposed to
the scientific knowledge that is generally referred to as ‘modern’
knowledge (Ajibade, 2003). Indigenous knowledge is the basis
for local-level decision-making in many rural communities. It
has value not only for the culture in which it evolves, but also for

scientists and planners striving to improve conditions in rural
localities. Incorporating indigenous knowledge into climate-
change policies can lead to the development of effective
adaptation strategies that are cost-effective, participatory and
sustainable (Robinson and Herbert, 2001).

C4.2.2.1 Indigenous knowledge in weather forecasting
Local communities and farmers in Africa have developed

intricate systems of gathering, predicting, interpreting and
decision-making in relation to weather. A study in Nigeria, for
example, shows that farmers are able to use knowledge of
weather systems such as rainfall, thunderstorms, windstorms,
harmattan (a dry dusty wind that blows along the north-west
coast of Africa) and sunshine to prepare for future weather
(Ajibade and Shokemi, 2003). Indigenous methods of weather
forecasting are known to complement farmers’ planning
activities in Nigeria. A similar study in Burkina Faso showed
that farmers’ forecasting knowledge encompasses shared and
selective experiences. Elderly male farmers formulate
hypotheses about seasonal rainfall by observing natural
phenomena, while cultural and ritual specialists draw predictions
from divination, visions or dreams (Roncoli et al., 2001). The
most widely relied-upon indicators are the timing, intensity and
duration of cold temperatures during the early part of the dry
season (November to January). Other forecasting indicators
include the timing of fruiting by certain local trees, the water
level in streams and ponds, the nesting behaviour of small quail-
like birds, and insect behaviour in rubbish heaps outside
compound walls (Roncoli et al., 2001).

C4.2.2.2 Indigenous knowledge in mitigation and adaptation
African communities and farmers have always coped with

changing environments. They have the knowledge and practices
to cope with adverse environments and shocks. The

Figure C4.1. Nasca (southern coast of Peru) system of water cropping for underground aqueducts and feeding the phreatic layers.
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enhancement of indigenous capacity is a key to the
empowerment of local communities and their effective
participation in the development process (Leautier, 2004).
People are better able to adopt new ideas when these can be seen
in the context of existing practices. A study in Zimbabwe
observed that farmers’ willingness to use seasonal climate
forecasts increased when the forecasts were presented in
conjunction with and compared with the local indigenous
climate forecasts (Patt and Gwata, 2002).

Local farmers in several parts of Africa have been known to
conserve carbon in soils through the use of zero-tilling practices
in cultivation, mulching, and other soil-management techniques
(Dea and Scoones, 2003). Natural mulches moderate soil
temperatures and extremes, suppress diseases and harmful pests,
and conserve soil moisture. The widespread use of indigenous
plant materials, such as agrochemicals to combat pests that
normally attack food crops, has also been reported among small-
scale farmers (Gana, 2003). It is likely that climate change will
alter the ecology of disease vectors, and such indigenous
practices of pest management would be useful adaptation
strategies. Other indigenous strategies that are adopted by local
farmers include: controlled bush clearing; using tall grasses such
as Andropogon gayanus for fixing soil-surface nutrients washed
away by runoff; erosion-control bunding to significantly reduce
the effects of runoff; restoring lands by using green manure;
constructing stone dykes; managing low-lying lands and
protecting river banks (AGRHYMET, 2004).

Adaptation strategies that are applied by pastoralists in times
of drought include the use of emergency fodder, culling of weak
livestock for food, and multi-species composition of herds to
survive climate extremes. During drought periods, pastoralists
and agro-pastoralists change from cattle to sheep and goat
husbandry, as the feed requirements of the latter are lower (Seo
and Mendelsohn, 2006). The pastoralists’ nomadic mobility
reduces the pressure on low-capacity grazing areas through their
cyclic movements from the dry northern areas to the wetter
southern areas of the Sahel.

African women are particularly known to possess indigenous
knowledge which helps to maintain household food security,
particularly in times of drought and famine. They often rely on
indigenous plants that are more tolerant to droughts and pests,
providing a reserve for extended periods of economic hardship
(Ramphele, 2004; Eriksen, 2005). In southern Sudan, for
example, women are directly responsible for the selection of all
sorghum seeds saved for planting each year. They preserve a
spread of varieties of seeds that will ensure resistance to the
range of conditions that may arise in any given growing season
(Easton and Roland, 2000).

C4.2.3 Traditional knowledge for adaptation among
Arctic peoples (Chapter 15, Section 15.6.1)

Among Arctic peoples, the selection pressures for the
evolution of an effective knowledge base have been
exceptionally strong, driven by the need to survive off highly
variable natural resources in the remote, harsh Arctic
environment. In response, they have developed a strong
knowledge base concerning weather, snow and ice conditions

as they relate to hunting and travel, and natural resource
availability (Krupnik and Jolly, 2002). These systems of
knowledge, belief and practice have been developed through
experience and culturally transmitted among members and
across generations (Huntington, 1998; Berkes, 1999). This
Arctic indigenous knowledge offers detailed information that
adds to conventional science and environmental observations,
as well as to a holistic understanding of environment, natural
resources and culture (Huntington et al., 2004). There is an
increasing awareness of the value of Arctic indigenous
knowledge and a growing collaborative effort to document it. In
addition, this knowledge is an invaluable basis for developing
adaptation and natural resource management strategies in
response to environmental and other forms of change. Finally,
local knowledge is essential for understanding the effects of
climate change on indigenous communities (Riedlinger and
Berkes, 2001; Krupnik and Jolly, 2002) and how, for example,
some communities have absorbed change through flexibility in
traditional hunting, fishing and gathering practices.

The generation and application of this knowledge is
evidenced in the ability of Inuit hunters to navigate new travel
and hunting routes despite decreasing ice stability and safety
(e.g., Lafortune et al., 2004); in the ability of many indigenous
groups to locate and hunt species such as geese and caribou that
have shifted their migration times and routes and to begin to
locate and hunt alternative species moving into the region (e.g.,
Krupnik and Jolly, 2002; Nickels et al., 2002; Huntington et al.,
2005); the ability to detect safe sea ice and weather conditions
in an environment with increasingly uncharacteristic weather
(George et al., 2004); or the knowledge and skills required to
hunt marine species in open water later in the year under
different sea-ice conditions (Community of Arctic Bay, 2005).

Although Arctic peoples show great resilience and
adaptability, some traditional responses to environmental change
have already been compromised by recent socio-political
changes. Their ability to cope with substantial climatic change
in future, without a fundamental threat to their cultures and
lifestyles, cannot be considered as unlimited. The generation and
application of traditional knowledge requires active engagement
with the environment, close social networks in communities, and
respect for and recognition of the value of this form of
knowledge and understanding. Current social, economic and
cultural trends, in some communities and predominantly among
younger generations, towards a more western lifestyle has the
potential to erode the cycle of traditional knowledge generation
and transfer, and hence its contribution to adaptive capacity.

C4.2.4 Adaptation to health impacts of climate
change among indigenous populations
(Chapter 8, Box 8.6)

A series of workshops organised by the national Inuit
organisation in Canada, Inuit Tapiriit Kantami, documented
climate-related changes and impacts, and identified and
developed potential adaptation measures for local response
(Furgal et al., 2002a, b; Nickels et al., 2003). The strong
engagement of Inuit community residents will facilitate the
successful adoption of the adaptation measures identified, such
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as using netting and screens on windows and house entrances to
prevent bites from mosquitoes and other insects that have
become more prevalent.

Another example is a study of the links between malaria and
agriculture that included participation and input from a farming
community in Mwea division, Kenya (Mutero et al., 2004). The
approach facilitated identification of opportunities for long-term
malaria control in irrigated rice-growing areas through the
integration of agro-ecosystem practices aimed at sustaining
livestock systems within a broader strategy for rural
development.
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Acclimatisation
The physiological adaptation to climatic variations.

Active layer
The top layer of soil or rock in permafrost that is subjected to
seasonal freezing and thawing.

Adaptability
See adaptive capacity.

Adaptation
Adjustment in natural or human systems in response to actual or
expected climatic stimuli or their effects, which moderates harm
or exploits beneficial opportunities. Various types of adaptation
can be distinguished, including anticipatory, autonomous and
planned adaptation:
Anticipatory adaptation – Adaptation that takes place be-

fore impacts of climate change are observed. Also re-
ferred to as proactive adaptation.

Autonomous adaptation – Adaptation that does not consti-
tute a conscious response to climatic stimuli but is
triggered by ecological changes in natural systems
and by market or welfare changes in human systems.
Also referred to as spontaneous adaptation.

Planned adaptation – Adaptation that is the result of a de-
liberate policy decision, based on an awareness that
conditions have changed or are about to change and
that action is required to return to, maintain, or
achieve a desired state.

Adaptation assessment
The practice of identifying options to adapt to climate change
and evaluating them in terms of criteria such as availability, ben-
efits, costs, effectiveness, efficiency and feasibility.

Adaptation benefits
The avoided damage costs or the accrued benefits following the
adoption and implementation of adaptation measures.

Adaptation costs
Costs of planning, preparing for, facilitating, and implementing
adaptation measures, including transition costs.

Adaptive capacity (in relation to climate change impacts)
The ability of a system to adjust to climate change (including
climate variability and extremes) to moderate potential damages,
to take advantage of opportunities, or to cope with the conse-
quences.

Aerosols
A collection of air-borne solid or liquid particles, with a typical
size between 0.01 and 10 μm, that reside in the atmosphere for
at least several hours. Aerosols may be of either natural or an-
thropogenic origin. Aerosols may influence climate in two ways:
directly through scattering and absorbing radiation, and indi-
rectly through acting as condensation nuclei for cloud formation
or modifying the optical properties and lifetime of clouds.

Afforestation
Direct human-induced conversion of land that has not been
forested for a period of at least 50 years to forested land through
planting, seeding and/or the human-induced promotion of natu-
ral seed sources. See also reforestation and deforestation. For a
discussion of the term forest and related terms such as af-
forestation, reforestation and deforestation, see the IPCC Special
Report on Land Use, Land-Use Change, and Forestry (IPCC,
2000).

Aggregate impacts
Total impacts integrated across sectors and/or regions. The ag-
gregation of impacts requires knowledge of (or assumptions
about) the relative importance of impacts in different sectors and
regions. Measures of aggregate impacts include, for example,
the total number of people affected, or the total economic costs.

Albedo
The fraction of solar radiation reflected by a surface or object,
often expressed as a percentage. Snow-covered surfaces have a
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high albedo; the albedo of soils ranges from high to low; vege-
tation-covered surfaces and oceans have a low albedo. The
Earth’s albedo varies mainly through varying cloudiness, snow,
ice, leaf area, and land-cover changes.

Algae
Photosynthetic, often microscopic and planktonic, organisms oc-
curring in marine and freshwater ecosystems.

Algal bloom
A reproductive explosion of algae in a lake, river or ocean.

Alpine
The biogeographic zone made up of slopes above the tree line
characterised by the presence of rosette-forming herbaceous
plants and low, shrubby, slow-growing woody plants.

Anthropogenic
Resulting from or produced by human beings.

AOGCM
See climate model.

Aquaculture
The managed cultivation of aquatic plants or animals such as
salmon or shellfish held in captivity for the purpose of harvest-
ing.

Aquifer
A stratum of permeable rock that bears water. An unconfined
aquifer is recharged directly by local rainfall, rivers and lakes,
and the rate of recharge will be influenced by the permeability
of the overlying rocks and soils.

Aragonite
A calcium carbonate (limestone) mineral, used by shell- or skele-
ton-forming, calcifying organisms such as corals (warm- and cold-
water corals), some macroalgae, pteropods (marine snails) and
non-pteropod molluscs such as bivalves (e.g., clams, oysters),
cephalopods (e.g., squids, octopuses). Aragonite is more sensitive
to ocean acidification than calcite, also used by many marine or-
ganisms. See also calcite and ocean acidification.

Arbovirus
Any of various viruses transmitted by blood-sucking arthropods
(e.g., mosquitoes, ticks, etc.) and including the causative agents
of dengue fever, yellow fever, and some types of encephalitis.

Arid region
A land region of low rainfall, where ‘low’ is widely accepted to
be <250 mm precipitation per year.

Atmosphere
The gaseous envelope surrounding the Earth. The dry atmos-
phere consists almost entirely of nitrogen and oxygen, together
with trace gases including carbon dioxide and ozone.

Attribution
See Detection and attribution

Baseline/reference
The baseline (or reference) is the state against which change is
measured. It might be a ‘current baseline’, in which case it rep-
resents observable, present-day conditions. It might also be a
‘future baseline’, which is a projected future set of conditions
excluding the driving factor of interest. Alternative interpreta-
tions of the reference conditions can give rise to multiple base-
lines.

Basin
The drainage area of a stream, river or lake.

Benthic community
The community of organisms living on or near the bottom of a
water body such as a river, a lake or an ocean.

Biodiversity
The total diversity of all organisms and ecosystems at various
spatial scales (from genes to entire biomes).

Biofuel
A fuel produced from organic matter or combustible oils pro-
duced by plants. Examples of biofuel include alcohol, black
liquor from the paper-manufacturing process, wood, and soy-
bean oil.

Biomass
The total mass of living organisms in a given area or volume; re-
cently dead plant material is often included as dead biomass.
The quantity of biomass is expressed as a dry weight or as the
energy, carbon or nitrogen content.

Biome
Major and distinct regional element of the biosphere, typically
consisting of several ecosystems (e.g., forests, rivers, ponds,
swamps) within a region of similar climate. Biomes are charac-
terised by typical communities of plants and animals.

Biosphere
The part of the Earth system comprising all ecosystems and liv-
ing organisms in the atmosphere, on land (terrestrial biosphere),
or in the oceans (marine biosphere), including derived dead or-
ganic matter, such as litter, soil organic matter, and oceanic de-
tritus.

Biota
All living organisms of an area; the flora and fauna considered
as a unit.

Bog
Peat-accumulating acidic wetland.

Boreal forest
Forests of pine, spruce, fir and larch stretching from the east
coast of Canada westward to Alaska and continuing from Siberia
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westward across the entire extent of Russia to the European
Plain. The climate is continental, with long, very cold winters
(up to 6 months with mean temperatures below freezing), and
short, cool summers (50 to 100 frost-free days). Precipitation in-
creases during summer months, although annual precipitation is
still small. Low evaporation rates can make this a humid cli-
mate. See taiga.

Breakwater
A hard engineering structure built in the sea which, by breaking
waves, protects a harbour, anchorage, beach or shore area. A
breakwater can be attached to the coast or lie offshore.

C3 plants
Plants that produce a three-carbon compound during photosyn-
thesis, including most trees and agricultural crops such as rice,
wheat, soybeans, potatoes and vegetables.

C4 plants
Plants, mainly of tropical origin, that produce a four-carbon com-
pound during photosynthesis, including many grasses and the agri-
culturally important crops maize, sugar cane, millet and sorghum.

Calcareous organisms
A large and diverse group of organisms, many marine, that use
calcite or aragonite to form shells or skeletons. See calcite,
aragonite and ocean acidification.

Calcite
A calcium carbonate (limestone) mineral, used by shell- or
skeleton-forming, calcifying organisms such as foraminifera,
some macroalgae, lobsters, crabs, sea urchins and starfish. Cal-
cite is less sensitive to ocean acidification than aragonite, also
used by many marine organisms. See also aragonite and ocean
acidification.

Capacity building
In the context of climate change, capacity building is develop-
ing the technical skills and institutional capabilities in develop-
ing countries and economies in transition to enable their
participation in all aspects of adaptation to, mitigation of, and re-
search on climate change, and in the implementation of the
Kyoto Mechanisms, etc.

Carbon cycle
The term used to describe the flow of carbon (in various forms,
e.g., carbon dioxide) through the atmosphere, ocean, terrestrial
biosphere and lithosphere.

Carbon dioxide (CO2)
A naturally occurring gas fixed by photosynthesis into organic
matter. A by-product of fossil fuel combustion and biomass
burning, it is also emitted from land-use changes and other in-
dustrial processes. It is the principal anthropogenic greenhouse
gas that affects the Earth’s radiative balance. It is the reference
gas against which other greenhouse gases are measured, thus
having a Global Warming Potential of 1.

Carbon dioxide fertilisation
The stimulation of plant photosynthesis due to elevated CO2
concentrations, leading to either enhanced productivity and/or
efficiency of primary production. In general, C3 plants show a
larger response to elevated CO2 than C4 plants.

Carbon sequestration
The process of increasing the carbon content of a reservoir/pool
other than the atmosphere.

Catchment
An area that collects and drains rainwater.

CDM (Clean Development Mechanism)
The CDM allows greenhouse gas emission reduction projects
to take place in countries that have no emission targets under the
United Nations Framework Convention on Climate Change
(UNFCCC) Kyoto Protocol, yet are signatories.

Chagas’ disease
A parasitic disease caused by the Trypanosoma cruzi and trans-
mitted by triatomine bugs in the Americas, with two clinical pe-
riods: acute (fever, swelling of the spleen, oedemas) and chronic
(digestive syndrome, potentially fatal heart condition).

Cholera
A water-borne intestinal infection caused by a bacterium (Vib-
rio cholerae) that results in frequent watery stools, cramping ab-
dominal pain, and eventual collapse from dehydration and
shock.

Climate
Climate in a narrow sense is usually defined as the ‘average
weather’, or more rigorously, as the statistical description in
terms of the mean and variability of relevant quantities over a
period of time ranging from months to thousands or millions of
years. These quantities are most often surface variables such as
temperature, precipitation, and wind. Climate in a wider sense is
the state, including a statistical description, of the climate sys-
tem. The classical period of time is 30 years, as defined by the
World Meteorological Organization (WMO).

Climate change
Climate change refers to any change in climate over time,
whether due to natural variability or as a result of human activ-
ity. This usage differs from that in the United Nations Frame-
work Convention on Climate Change (UNFCCC), which defines
‘climate change’ as: ‘a change of climate which is attributed di-
rectly or indirectly to human activity that alters the composition
of the global atmosphere and which is in addition to natural cli-
mate variability observed over comparable time periods’. See
also climate variability.

Climate change commitment
Due to the thermal inertia of the ocean and slow processes in the
biosphere, the cryosphere and land surfaces, the climate would
continue to change even if the atmospheric composition was
held fixed at today’s values. Past change in atmospheric com-
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position leads to a ‘committed’ climate change which continues
for as long as a radiative imbalance persists and until all com-
ponents of the climate system have adjusted to a new state. The
further change in temperature after the composition of the at-
mosphere is held constant is referred to as the committed warm-
ing or warming commitment. Climate change commitment
includes other future changes, for example in the hydrological
cycle, in extreme weather events, and in sea-level rise.

Climate model
A numerical representation of the climate system based on the
physical, chemical, and biological properties of its components,
their interactions and feedback processes, and accounting for all
or some of its known properties. The climate system can be rep-
resented by models of varying complexity (i.e., for any one com-
ponent or combination of components a hierarchy of models can
be identified, differing in such aspects as the number of spatial
dimensions, the extent to which physical, chemical, or biologi-
cal processes are explicitly represented, or the level at which
empirical parameterisations are involved. Coupled atmos-
phere/ocean/sea-ice General Circulation Models (AOGCMs)
provide a comprehensive representation of the climate system.
More complex models include active chemistry and biology. Cli-
mate models are applied, as a research tool, to study and simu-
late the climate, but also for operational purposes, including
monthly, seasonal, and interannual climate predictions.

Climate prediction
A climate prediction or climate forecast is the result of an at-
tempt to produce an estimate of the actual evolution of the cli-
mate in the future, e.g., at seasonal, interannual or long-term
time scales. See also climate projection and climate (change)
scenario.

Climate projection
The calculated response of the climate system to emissions or
concentration scenarios of greenhouse gases and aerosols, or
radiative forcing scenarios, often based on simulations by cli-
mate models. Climate projections are distinguished from climate
predictions, in that the former critically depend on the emis-
sions/concentration/radiative forcing scenario used, and there-
fore on highly uncertain assumptions of future socio-economic
and technological development.

Climate (change) scenario
A plausible and often simplified representation of the future cli-
mate, based on an internally consistent set of climatological re-
lationships and assumptions of radiative forcing, typically
constructed for explicit use as input to climate change impact
models. A ‘climate change scenario’ is the difference between a
climate scenario and the current climate.

Climate sensitivity
The equilibrium temperature rise that would occur for a dou-
bling of CO2 concentration above pre-industrial levels.

Climate system
The climate system is defined by the dynamics and interactions

of five major components: atmosphere, hydrosphere, cryos-
phere, land surface, and biosphere. Climate system dynamics
are driven by both internal and external forcing, such as volcanic
eruptions, solar variations, or human-induced modifications to
the planetary radiative balance, for instance via anthropogenic
emissions of greenhouse gases and/or land-use changes.

Climate threshold
The point at which external forcing of the climate system, such
as the increasing atmospheric concentration of greenhouse
gases, triggers a significant climatic or environmental event
which is considered unalterable, or recoverable only on very
long time-scales, such as widespread bleaching of corals or a
collapse of oceanic circulation systems.

Climate variability
Climate variability refers to variations in the mean state and
other statistics (such as standard deviations, statistics of ex-
tremes, etc.) of the climate on all temporal and spatial scales be-
yond that of individual weather events. Variability may be due
to natural internal processes within the climate system (internal
variability), or to variations in natural or anthropogenic external
forcing (external variability). See also climate change.

CO2 fertilisationSee carbon dioxide fertilisation.

Coastal squeeze
The squeeze of coastal ecosystems (e.g., salt marshes, man-
groves and mud and sand flats) between rising sea levels and
naturally or artificially fixed shorelines, including hard engi-
neering defences (see Chapter 6).

Coccolithophores
Single-celled microscopic phytoplankton algae which construct
shell-like structures from calcite (a form of calcium carbonate).
See also calcite and ocean acidification.

Committed to extinction
This term describes a species with dwindling population that is
in the process of inescapably becoming extinct in the absence
of human intervention. See also extinction.

Communicable disease
An infectious disease caused by transmission of an infective bi-
ological agent (virus, bacterium, protozoan, or multicellular
macroparasite).

Confidence
In this Report, the level of confidence in a statement is expressed
using a standard terminology defined in the Introduction. See
also uncertainty.

Control run
A model run carried out to provide a ‘baseline’ for comparison
with climate-change experiments. The control run uses constant
values for the radiative forcing due to greenhouse gases and an-
thropogenic aerosols appropriate to pre-industrial conditions.
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Coral
The term ‘coral’ has several meanings, but is usually the com-
mon name for the Order Scleractinia, all members of which have
hard limestone skeletons, and which are divided into reef-build-
ing and non-reef-building, or cold- and warm-water corals.

Coral bleaching
The paling in colour which results if a coral loses its symbiotic,
energy-providing, organisms.

Coral reefs
Rock-like limestone (calcium carbonate) structures built by
corals along ocean coasts (fringing reefs) or on top of shallow,
submerged banks or shelves (barrier reefs, atolls), most con-
spicuous in tropical and sub-tropical oceans.

Cryosphere
The component of the climate system consisting of all snow and
ice (including permafrost) on and beneath the surface of the
Earth and ocean.

Cryptogams
An outdated but still-used term, denoting a group of diverse and
taxonomically unrelated organisms, including fungi and lower
plants such as algae, lichens, hornworts, liverworts, mosses and
ferns.

Deforestation
Natural or anthropogenic process that converts forest land to
non-forest. See afforestation and reforestation.

Dengue fever
An infectious viral disease spread by mosquitoes, often called
breakbone fever because it is characterised by severe pain in the
joints and back. Subsequent infections of the virus may lead to
dengue haemorrhagic fever (DHF) and dengue shock syndrome
(DSS), which may be fatal.

Desert
A region of very low rainfall, where ‘very low’ is widely ac-
cepted to be <100 mm per year.

Desertification
Land degradation in arid, semi-arid, and dry sub-humid areas
resulting from various factors, including climatic variations and
human activities. Further, the United Nations Convention to
Combat Desertification (UNCCD) defines land degradation as a
reduction or loss in arid, semi-arid, and dry sub-humid areas of
the biological or economic productivity and complexity of rain-
fed cropland, irrigated cropland, or range, pasture, forest and
woodlands resulting from land uses or from a process or com-
bination of processes, including those arising from human ac-
tivities and habitation patterns, such as: (i) soil erosion caused by
wind and/or water; (ii) deterioration of the physical, chemical,
and biological or economic properties of soil; and (iii) long-term
loss of natural vegetation.

Detection and attribution
Detection of change in a system (natural or human) is the
process of demonstrating that the system has changed in some
defined statistical sense, without providing a reason for that
change.
Attribution of such an observed change in a system to anthro-
pogenic climate change is usually a two-stage process. First, the
observed change in the system must be demonstrated to be as-
sociated with an observed regional climate change with a spec-
ified degree of confidence. Second, a measurable portion of the
observed regional climate change, or the associated observed
change in the system, must be attributed to anthropogenic cli-
mate forcing with a similar degree of confidence.
Confidence in such joint attribution statements must be lower
than the confidence in either of the individual attribution steps
alone due to the combination of two separate statistical assess-
ments.

Diadromous
Fish that travel between salt water and freshwater.

Discount rate
The degree to which consumption now is preferred to con-
sumption one year hence, with prices held constant, but average
incomes rising in line with GDP per capita.

Disturbance regime
Frequency, intensity, and types of disturbances, such as fires, in-
sect or pest outbreaks, floods and droughts.

Downscaling
A method that derives local- to regional-scale (10 to 100 km)
information from larger-scale models or data analyses.

Drought
The phenomenon that exists when precipitation is significantly
below normal recorded levels, causing serious hydrological im-
balances that often adversely affect land resources and produc-
tion systems.

Dyke
A human-made wall or embankment along a shore to prevent
flooding of low-lying land.

Dynamic global vegetation model (DGVM)
Models that simulate vegetation development and dynamics
through space and time, as driven by climate and other environ-
mental changes.

Ecological community
A community of plants and animals characterised by a typical as-
semblage of species and their abundances. See also ecosystem.

Ecological corridor
A thin strip of vegetation used by wildlife, potentially allowing
movement of biotic factors between two areas.



Ecophysiological process
Individual organisms respond to environmental variability, such
as climate change, through ecophysiological processes which
operate continuously, generally at a microscopic or sub-organ
scale. Ecophysiological mechanisms underpin individual or-
ganism’s tolerance to environmental stress, and comprise a
broad range of responses defining the absolute tolerance limits
of individuals to environmental conditions. Ecophysiological re-
sponses may scale up to control species geographic ranges.

Ecosystem
The interactive system formed from all living organisms and
their abiotic (physical and chemical) environment within a given
area. Ecosystems cover a hierarchy of spatial scales and can
comprise the entire globe, biomes at the continental scale or
small, well-circumscribed systems such as a small pond.

Ecosystem approach
The ecosystem approach is a strategy for the integrated man-
agement of land, water and living resources that promotes con-
servation and sustainable use in an equitable way. An ecosystem
approach is based on the application of appropriate scientific
methodologies focused on levels of biological organisation,
which encompass the essential structure, processes, functions
and interactions among organisms and their environment. It
recognises that humans, with their cultural diversity, are an in-
tegral component of many ecosystems. The ecosystem approach
requires adaptive management to deal with the complex and dy-
namic nature of ecosystems and the absence of complete knowl-
edge or understanding of their functioning. Priority targets are
conservation of biodiversity and of the ecosystem structure and
functioning, in order to maintain ecosystem services.

Ecosystem services
Ecological processes or functions having monetary or non-mon-
etary value to individuals or society at large. There are (i) sup-
porting services such as productivity or biodiversity
maintenance, (ii) provisioning services such as food, fibre, or
fish, (iii) regulating services such as climate regulation or car-
bon sequestration, and (iv) cultural services such as tourism or
spiritual and aesthetic appreciation.

Ecotone
Transition area between adjacent ecological communities (e.g.,
between forests and grasslands).

El Niño-Southern Oscillation (ENSO)
El Niño, in its original sense, is a warm-water current that period-
ically flows along the coast of Ecuador and Peru, disrupting the
local fishery. This oceanic event is associated with a fluctuation of
the inter-tropical surface pressure pattern and circulation in the In-
dian and Pacific Oceans, called the Southern Oscillation. This cou-
pled atmosphere-ocean phenomenon is collectively known as El
Niño-Southern Oscillation. During an El Niño event, the prevail-
ing trade winds weaken and the equatorial countercurrent strength-
ens, causing warm surface waters in the Indonesian area to flow
eastward to overlie the cold waters of the Peru current. This event
has great impact on the wind, sea surface temperature, and precip-

itation patterns in the tropical Pacific. It has climatic effects
throughout the Pacific region and in many other parts of the world.
The opposite of an El Niño event is called La Niña.

Emissions scenario
A plausible representation of the future development of emis-
sions of substances that are potentially radiatively active (e.g.,
greenhouse gases, aerosols), based on a coherent and internally
consistent set of assumptions about driving forces (such as de-
mographic and socio-economic development, technological
change) and their key relationships. In 1992, the IPCC presented
a set of emissions scenarios that were used as a basis for the cli-
mate projections in the Second Assessment Report. These emis-
sions scenarios are referred to as the IS92 scenarios. In the IPCC
Special Report on Emissions Scenarios (SRES) (Nakićenović et
al., 2000), new emissions scenarios – the so-called SRES sce-
narios – were published.

Endemic
Restricted or peculiar to a locality or region. With regard to
human health, endemic can refer to a disease or agent present
or usually prevalent in a population or geographical area at all
times.

Ensemble
A group of parallel model simulations used for climate projec-
tions. Variation of the results across the ensemble members gives
an estimate of uncertainty. Ensembles made with the same
model but different initial conditions only characterise the un-
certainty associated with internal climate variability, whereas
multi-model ensembles including simulations by several models
also include the impact of model differences.

Epidemic
Occurring suddenly in incidence rates clearly in excess of nor-
mal expectancy, applied especially to infectious diseases but
may also refer to any disease, injury, or other health-related
event occurring in such outbreaks.

Erosion
The process of removal and transport of soil and rock by weath-
ering, mass wasting, and the action of streams, glaciers, waves,
winds and underground water.

Eustatic sea-level rise
See sea-level rise.

Eutrophication
The process by which a body of water (often shallow) becomes
(either naturally or by pollution) rich in dissolved nutrients, with
a seasonal deficiency in dissolved oxygen.

Evaporation
The transition process from liquid to gaseous state.

Evapotranspiration
The combined process of water evaporation from the Earth’s
surface and transpiration from vegetation.
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Externalities
Occur when a change in the production or consumption of one
individual or firm affects indirectly the well-being of another in-
dividual or firm. Externalities can be positive or negative. The
impacts of pollution on ecosystems, water courses or air qual-
ity represent classic cases of negative externality.

Extinction
The global disappearance of an entire species.

Extirpation
The disappearance of a species from part of its range; local ex-
tinction.

Extreme weather event
An event that is rare within its statistical reference distribution
at a particular place. Definitions of ‘rare’ vary, but an extreme
weather event would normally be as rare as or rarer than the 10th
or 90th percentile. By definition, the characteristics of what is
called ‘extreme weather’ may vary from place to place. Extreme
weather events may typically include floods and droughts.

Feedback
An interaction mechanism between processes is called a feed-
back. When the result of an initial process triggers changes in a
second process and that in turn influences the initial one. A pos-
itive feedback intensifies the original process, and a negative
feedback reduces it.

Food chain
The chain of trophic relationships formed if several species feed
on each other. See food web and trophic level.

Food security
A situation that exists when people have secure access to suffi-
cient amounts of safe and nutritious food for normal growth, de-
velopment and an active and healthy life. Food insecurity may
be caused by the unavailability of food, insufficient purchasing
power, inappropriate distribution, or inadequate use of food at
the household level.

Food web
The network of trophic relationships within an ecological com-
munity involving several interconnected food chains.

Forecast
See climate prediction and climate projection.

Forest limit/line
The upper elevational or latitudinal limit beyond which natural
tree regeneration cannot develop into a closed forest stand. It is
typically at a lower elevation or more distant from the poles than
the tree line.

Freshwater lens
A lenticular fresh groundwater body that underlies an oceanic
island. It is underlain by saline water.

Functional extinction
This term defines a species which has lost its capacity to persist
and to recover because its populations have declined to below a
minimum size. See committed to extinction.

General Circulation Model (GCM)
See climate model.

Generalist
A species that can tolerate a wide range of environmental con-
ditions.

Glacier
A mass of land ice flowing downhill (by internal deformation
and sliding at the base) and constrained by the surrounding to-
pography (e.g., the sides of a valley or surrounding peaks). A
glacier is maintained by accumulation of snow at high altitudes,
balanced by melting at low altitudes or discharge into the sea.

Globalisation
The growing integration and interdependence of countries
worldwide through the increasing volume and variety of cross-
border transactions in goods and services, free international cap-
ital flows, and the more rapid and widespread diffusion of
technology, information and culture.

Greenhouse effect
The process in which the absorption of infrared radiation by the
atmosphere warms the Earth.
In common parlance, the term ‘greenhouse effect’ may be used
to refer either to the natural greenhouse effect, due to naturally
occurring greenhouse gases, or to the enhanced (anthropogenic)
greenhouse effect, which results from gases emitted as a result
of human activities.

Greenhouse gas
Greenhouse gases are those gaseous constituents of the atmos-
phere, both natural and anthropogenic, that absorb and emit ra-
diation at specific wavelengths within the spectrum of infrared
radiation emitted by the Earth’s surface, the atmosphere, and
clouds. This property causes the greenhouse effect. Water vapour
(H2O), carbon dioxide (CO2), nitrous oxide (N2O), methane
(CH4) and ozone (O3) are the primary greenhouse gases in the
Earth’s atmosphere. As well as CO2, N2O, and CH4, the Kyoto
Protocol deals with the greenhouse gases sulphur hexafluoride
(SF6), hydrofluorocarbons (HFCs) and perfluorocarbons (PFCs).

Gross Domestic Product
Gross Domestic Product (GDP) is the monetary value of all
goods and services produced within a nation.

Gross National Product
Gross National Product (GNP) is the monetary value of all goods
and services produced in a nation’s economy, including income
generated abroad by domestic residents, but without income
generated by foreigners.
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Gross primary production
The total carbon fixed by plant through photosynthesis.

Groundwater recharge
The process by which external water is added to the zone of sat-
uration of an aquifer, either directly into a formation or indi-
rectly by way of another formation.

Groyne
A low, narrow jetty, usually extending roughly perpendicular to
the shoreline, designed to protect the shore from erosion by cur-
rents, tides or waves, by trapping sand for the purpose of re-
plenishing or making a beach.

Habitat
The locality or natural home in which a particular plant, animal,
or group of closely associated organisms lives.

Hantavirus
A virus in the family Bunyaviridae that causes a type of haem-
orrhagic fever. It is thought that humans catch the disease mainly
from infected rodents, either through direct contact with the an-
imals or by inhaling or ingesting dust that contains aerosolised
viral particles from their dried urine and other secretions.

Heat island
An urban area characterised by ambient temperatures higher
than those of the surrounding non-urban area. The cause is a
higher absorption of solar energy by materials of the urban fab-
ric such as asphalt.

Herbaceous
Flowering, non-woody.

Human system
Any system in which human organisations play a major role.
Often, but not always, the term is synonymous with ‘society’ or
‘social system’ e.g., agricultural system, political system, tech-
nological system, economic system; all are human systems in
the sense applied in the AR4.

Hydrographic events
Events that alter the state or current of waters in oceans, rivers
or lakes.

Hydrological systems
The systems involved in movement, distribution, and quality of
water throughout the Earth, including both the hydrologic cycle
and water resources.

Hypolimnetic
Referring to the part of a lake below the thermocline made up of
water that is stagnant and of essentially uniform temperature ex-
cept during the period of overturn.

Hypoxic events
Events that lead to a deficiency of oxygen.

Ice cap
A dome-shaped ice mass covering a highland area that is con-
siderably smaller in extent than an ice sheet.

Ice sheet
A mass of land ice that is sufficiently deep to cover most of the
underlying bedrock topography. An ice sheet flows outwards
from a high central plateau with a small average surface slope.
The margins slope steeply, and the ice is discharged through fast-
flowing ice streams or outlet glaciers, in some cases into the sea
or into ice shelves floating on the sea. There are only two large
ice sheets in the modern world – on Greenland and Antarctica,
the Antarctic ice sheet being divided into east and west by the
Transantarctic Mountains; during glacial periods there were oth-
ers.

Ice shelf
A floating ice sheet of considerable thickness attached to a coast
(usually of great horizontal extent with a level or gently undu-
lating surface); often a seaward extension of ice sheets. Nearly
all ice shelves are in Antarctica.

(climate change) Impact assessment
The practice of identifying and evaluating, in monetary and/or
non-monetary terms, the effects of climate change on natural
and human systems.

(climate change) Impacts
The effects of climate change on natural and human systems.
Depending on the consideration of adaptation, one can distin-
guish between potential impacts and residual impacts:
Potential impacts: all impacts that may occur given a pro-

jected change in climate, without considering adaptation.
Residual impacts: the impacts of climate change that would

occur after adaptation. See also aggregate impacts, mar-
ket impacts, and non-market impacts.

Indigenous peoples
No internationally accepted definition of indigenous peoples ex-
ists. Common characteristics often applied under international
law, and by United Nations agencies to distinguish indigenous
peoples include: residence within or attachment to geographi-
cally distinct traditional habitats, ancestral territories, and their
natural resources; maintenance of cultural and social identities,
and social, economic, cultural and political institutions separate
from mainstream or dominant societies and cultures; descent
from population groups present in a given area, most frequently
before modern states or territories were created and current bor-
ders defined; and self-identification as being part of a distinct
indigenous cultural group, and the desire to preserve that cul-
tural identity.

Industrial revolution
A period of rapid industrial growth with far-reaching social and
economic consequences, beginning in England during the sec-
ond half of the 18th century and spreading to Europe and later
to other countries including the USA. The industrial revolution
marks the beginning of a strong increase in combustion of fos-
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sil fuels and related emissions of carbon dioxide. In the AR4,
the term ‘pre-industrial’ refers, somewhat arbitrarily, to the pe-
riod before 1750.

Infectious disease
Any disease caused by microbial agents that can be transmitted
from one person to another or from animals to people. This may
occur by direct physical contact, by handling of an object that
has picked up infective organisms, through a disease carrier, via
contaminated water, or by the spread of infected droplets
coughed or exhaled into the air.

Infrastructure
The basic equipment, utilities, productive enterprises, installa-
tions and services essential for the development, operation and
growth of an organisation, city or nation.

Integrated assessment
An interdisciplinary process of combining, interpreting and
communicating knowledge from diverse scientific disciplines
so that all relevant aspects of a complex societal issue can be
evaluated and considered for the benefit of decision-making.

Integrated water resources management (IWRM)
The prevailing concept for water management which, however,
has not been defined unambiguously. IWRM is based on four
principles that were formulated by the International Conference
on Water and the Environment in Dublin, 1992: (1) fresh water
is a finite and vulnerable resource, essential to sustain life, de-
velopment and the environment; (2) water development and
management should be based on a participatory approach, in-
volving users, planners and policy-makers at all levels; (3)
women play a central part in the provision, management and
safeguarding of water; (4) water has an economic value in all its
competing uses and should be recognised as an economic good.

Invasive species and invasive alien species (IAS)
A species aggressively expanding its range and population den-
sity into a region in which it is not native, often through out-
competing or otherwise dominating native species.

Irrigation water-use efficiency
Irrigation water-use efficiency is the amount of biomass or seed
yield produced per unit irrigation water applied, typically about
1 tonne of dry matter per 100 mm water applied.

Isohyet
A line on a map connecting locations that receive the same
amount of rainfall.

Joint attribution
Involves both attribution of observed changes to regional cli-
mate change and attribution of a measurable portion of either
regional climate change or the associated observed changes in
the system to anthropogenic causes, beyond natural variability.
This process involves statistically linking climate-change simu-
lations from climate models with the observed responses in the
natural or managed system. Confidence in joint attribution state-

ments must be lower than the confidence in either of the indi-
vidual attribution steps alone due to the combination of two sep-
arate statistical assessments.

Keystone species
A species that has a central servicing role affecting many other
organisms and whose demise is likely to result in the loss of a
number of species and lead to major changes in ecosystem func-
tion.

Kyoto Protocol
The Kyoto Protocol was adopted at the Third Session of the
Conference of the Parties (COP) to the UN Framework Con-
vention on Climate Change (UNFCCC) in 1997 in Kyoto, Japan.
It contains legally binding commitments, in addition to those in-
cluded in the UNFCCC. Countries included in Annex B of the
Protocol (most member countries of the Organisation for Eco-
nomic Cooperation and Development (OECD) and those with
economies in transition) agreed to reduce their anthropogenic
greenhouse gas emissions (CO2, CH4, N2O, HFCs, PFCs, and
SF6) by at least 5% below 1990 levels in the commitment period
2008 to 2012. The Kyoto Protocol entered into force on 16 Feb-
ruary 2005.

La Niña
See El Niño-Southern Oscillation (ENSO).

Landslide
A mass of material that has slipped downhill by gravity, often as-
sisted by water when the material is saturated; the rapid move-
ment of a mass of soil, rock or debris down a slope.

Large-scale singularities
Abrupt and dramatic changes in the state of given systems, in
response to gradual changes in driving forces. For example, a
gradual increase in atmospheric greenhouse gas concentrations
may lead to such large-scale singularities as slowdown or col-
lapse of the thermohaline circulation or collapse of the West
Antarctic ice sheet. The occurrence, magnitude, and timing of
large-scale singularities are difficult to predict.

Last Glacial Maximum
The Last Glacial Maximum refers to the time of maximum ex-
tent of the ice sheets during the last glaciation, approximately
21,000 years ago.

Leaching
The removal of soil elements or applied chemicals by water
movement through the soil.

Leaf area index (LAI)
The ratio between the total leaf surface area of a plant and the
ground area covered by its leaves.

Legume
Plants that fix nitrogen from the air through a symbiotic rela-
tionship with bacteria in their soil and root systems (e.g., soy-
bean, peas, beans, lucerne, clovers).
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Likelihood
The likelihood of an occurrence, an outcome or a result, where
this can be estimated probabilistically, is expressed in this Report
using a standard terminology, defined in the Introduction. See
also uncertainty and confidence.

Limnology
Study of lakes and their biota.

Littoral zone
A coastal region; the zone between high and low watermarks.

Malaria
Endemic or epidemic parasitic disease caused by species of the
genus Plasmodium (Protozoa) and transmitted by mosquitoes of
the genus Anopheles; produces bouts of high fever and systemic
disorders, affects about 300 million and kills approximately
2 million people worldwide every year.

Market impacts
Impacts that can be quantified in monetary terms, and directly
affect Gross Domestic Product – e.g., changes in the price of
agricultural inputs and/or goods. See also non-market impacts.

Meningitis
Inflammation of the meninges (part of the covering of the brain),
usually caused by bacteria, viruses or fungi.

Meridional overturning circulation (MOC)
See thermohaline circulation (THC).

Microclimate
Local climate at or near the Earth’s surface. See also climate.

Millennium Development Goals (MDGs)
A list of ten goals, including eradicating extreme poverty and
hunger, improving maternal health, and ensuring environmental
sustainability, adopted in 2000 by the UN General Assembly,
i.e., 191 States, to be reached by 2015. The MDGs commit the
international community to an expanded vision of development,
and have been commonly accepted as a framework for measur-
ing development progress.

Mires
Peat-accumulating wetlands. See bog.

Mitigation
An anthropogenic intervention to reduce the anthropogenic forc-
ing of the climate system; it includes strategies to reduce green-
house gas sources and emissions and enhancing greenhouse gas
sinks.

Mixed layer
The upper region of the ocean, well mixed by interaction with
the overlying atmosphere.

Monsoon
A monsoon is a tropical and sub-tropical seasonal reversal in

both the surface winds and associated precipitation.

Montane
The biogeographic zone made up of relatively moist, cool up-
land slopes below the sub-alpine zone that is characterised by
the presence of mixed deciduous at lower and coniferous ever-
green forests at higher elevations.

Morbidity
Rate of occurrence of disease or other health disorders within a
population, taking account of the age-specific morbidity rates.
Morbidity indicators include chronic disease incidence/preva-
lence, rates of hospitalisation, primary care consultations, dis-
ability-days (i.e., days of absence from work), and prevalence
of symptoms.

Morphology
The form and structure of an organism or land-form, or any of
its parts.

Mortality
Rate of occurrence of death within a population; calculation of mor-
tality takes account of age-specific death rates, and can thus yield
measures of life expectancy and the extent of premature death.

Net biome production (NBP)
Net biome production is the net ecosystem production (NEP)
minus carbon losses resulting from disturbances such as fire or
insect defoliation.

Net ecosystem production (NEP)
Net ecosystem production is the difference between net primary
production (NPP) and heterotrophic respiration (mostly de-
composition of dead organic matter) of that ecosystem over the
same area (see also net biome production (NBP).

Net primary production (NPP)
Net primary production is the gross primary production minus
autotrophic respiration, i.e., the sum of metabolic processes for
plant growth and maintenance, over the same area.

Nitrogen oxides (NOx)
Any of several oxides of nitrogen.

No regrets policy
A policy that would generate net social and/or economic bene-
fits irrespective of whether or not anthropogenic climate change
occurs.

Non-linearity
A process is called ‘non-linear’ when there is no simple propor-
tional relation between cause and effect.

Non-market impacts
Impacts that affect ecosystems or human welfare, but that are
not easily expressed in monetary terms, e.g., an increased risk of
premature death, or increases in the number of people at risk of
hunger. See also market impacts.
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Normalised difference vegetation index (NDVI)
A satellite-based remotely sensed measure of the ‘greenness’ of
the vegetation cover.

North Atlantic Oscillation (NAO)
The North Atlantic Oscillation (NAO) consists of opposing vari-
ations of barometric pressure near Iceland and near the Azores.
It is the dominant mode of winter climate variability in the North
Atlantic region.

Ocean acidification
Increased concentrations of CO2 in sea water causing a measur-
able increase in acidity (i.e., a reduction in ocean pH). This may
lead to reduced calcification rates of calcifying organisms such
as corals, molluscs, algae and crustacea.

Ombrotrophic bog
An acidic peat-accumulating wetland that is rainwater (instead
of groundwater) fed and thus particularly poor in nutrients.

Opportunity costs
The cost of an economic activity forgone through the choice of
another activity.

Ozone
The triatomic form of oxygen (O3), a gaseous atmospheric con-
stituent. In the troposphere, it is created both naturally and by
photochemical reactions involving gases resulting from human
activities (photochemical smog). In high concentrations, tro-
pospheric ozone can be harmful to many living organisms. Tro-
pospheric ozone acts as a greenhouse gas. In the stratosphere,
ozone is created by the interaction between solar ultraviolet ra-
diation and molecular oxygen (O2). Depletion of stratospheric
ozone, due to chemical reactions that may be enhanced by cli-
mate change, results in an increased ground-level flux of ultra-
violet (UV) B radiation.

Paludification
he process of transforming land into a wetland such as a marsh,
a swamp or a bog.

Particulates
Very small solid exhaust particles emitted during the combustion
of fossil and biomass fuels. Particulates may consist of a wide
variety of substances. Of greatest concern for health are partic-
ulates of less than or equal to 10 nm in diameter, usually desig-
nated as PM10.

Peat
Peat is formed from dead plants, typically Sphagnum mosses,
which are only partially decomposed due to the permanent sub-
mergence in water and the presence of conserving substances
such as humic acids.

Peatland
Typically a wetland such as a mire slowly accumulating peat.

Pelagic community
The community of organisms living in the open waters of a river,
a lake or an ocean (in contrast to benthic communities living on
or near the bottom of a water body).

Permafrost
Perennially frozen ground that occurs where the temperature re-
mains below 0°C for several years.

Phenology
The study of natural phenomena that recur periodically (e.g., de-
velopment stages, migration) and their relation to climate and
seasonal changes.

Photochemical smog
A mix of photochemical oxidant air pollutants produced by the
reaction of sunlight with primary air pollutants, especially hy-
drocarbons.

Photosynthesis
The synthesis by plants, algae and some bacteria of sugar from
sunlight, carbon dioxide and water, with oxygen as the waste
product. See also carbon dioxide fertilisation, C3 plants and C4
plants.

Physiographic
Of, relating to, or employing a description of nature or natural
phenomena.

Phytoplankton
The plant forms of plankton. Phytoplankton are the dominant
plants in the sea, and are the basis of the entire marine food web.
These single-celled organisms are the principal agents of pho-
tosynthetic carbon fixation in the ocean. See also zooplankton.

Plankton
Microscopic aquatic organisms that drift or swim weakly. See
also phytoplankton and zooplankton.

Plant functional type (PFT)
An idealised vegetation class typically used in dynamic global
vegetation models (DGVM).

Polynya
Areas of permanently unfrozen sea water resulting from warmer
local water currents in otherwise sea-ice covered oceans. They
are biological hotspots, since they serve as breathing holes or
refuges for marine mammals such as whales and seals, and fish-
hunting birds.

Population system
An ecological system (not ecosystem) determined by the dy-
namics of a particular vagile species that typically cuts across
several ecological communities and even entire biomes. An ex-
ample is migratory birds that seasonally inhabit forests as well
as grasslands and visit wetlands on their migratory routes.
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Potential production
Estimated crop productivity under non-limiting soil, nutrient and
water conditions.

Pre-industrial
See industrial revolution.

Primary production
All forms of production accomplished by plants, also called pri-
mary producers. See GPP, NPP, NEP and NBP.

Projection
The potential evolution of a quality or set of quantities, often
computed with the aid of a model. Projections are distinguished
from predictions in order to emphasise that projections involve
assumptions – concerning, for example, future socio-economic
and technological developments, that may or may not be realised
– and are therefore subject to substantial uncertainty. See also
climate projection and climate prediction.

Pteropods
Planktonic, small marine snails with swimming organs resem-
bling wings.

Pure rate of time preference
The degree to which consumption now is preferred to con-
sumption one year later, with prices and incomes held constant,
which is one component of the discount rate.

Radiative forcing
Radiative forcing is the change in the net vertical irradiance (ex-
pressed in Watts per square metre; Wm−2) at the tropopause due
to an internal or external change in the forcing of the climate
system, such as a change in the concentration of CO2 or the out-
put of the Sun.

Rangeland
Unmanaged grasslands, shrublands, savannas and tundra.

Recalcitrant
Recalcitrant organic material or recalcitrant carbon stocks resist
decomposition.

Reference scenario
See baseline/reference.

Reforestation
Planting of forests on lands that have previously contained
forests but that have been converted to some other use. For a
discussion of the term forest and related terms such as af-
forestation, reforestation and deforestation, see the IPCC Special
Report on Land Use, Land-Use Change, and Forestry (IPCC,
2000).

Reid’s paradox
This refers to the apparent contradiction between inferences of
high plant migration rates as suggested in the palaeo-record (par-
ticularly after the last Ice Age), and the low potential rates of

migration that can be inferred through studying the seed disper-
sal of the plants involved, e.g., in wind-tunnel experiments.

Reinsurance
The transfer of a portion of primary insurance risks to a sec-
ondary tier of insurers (reinsurers); essentially ‘insurance for in-
surers’.

Relative sea-level rise
See sea-level rise.

Reservoir
A component of the climate system, other than the atmosphere,
that has the capacity to store, accumulate or release a substance
of concern (e.g., carbon or a greenhouse gas). Oceans, soils, and
forests are examples of carbon reservoirs. The term also means
an artificial or natural storage place for water, such as a lake,
pond or aquifer, from which the water may be withdrawn for
such purposes as irrigation or water supply.

Resilience
The ability of a social or ecological system to absorb distur-
bances while retaining the same basic structure and ways of
functioning, the capacity for self-organisation, and the capacity
to adapt to stress and change.

Respiration
The process whereby living organisms convert organic matter
to carbon dioxide, releasing energy and consuming oxygen.

Riparian
Relating to or living or located on the bank of a natural water-
course (such as a river) or sometimes of a lake or a tidewater.

River discharge
Water flow within a river channel, for example expressed in
m3/s. A synonym for streamflow.

Runoff
That part of precipitation that does not evaporate and is not tran-
spired.

Salinisation
The accumulation of salts in soils.

Salt-water intrusion / encroachment
Displacement of fresh surface water or groundwater by the ad-
vance of salt water due to its greater density. This usually oc-
curs in coastal and estuarine areas due to reducing land-based
influence (e.g., either from reduced runoff and associated
groundwater recharge, or from excessive water withdrawals
from aquifers) or increasing marine influence (e.g., relative sea-
level rise).

Savanna
Tropical or sub-tropical grassland or woodland biomes with scat-
tered shrubs, individual trees or a very open canopy of trees, all
characterised by a dry (arid, semi-arid or semi-humid) climate.
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Scenario
A plausible and often simplified description of how the future
may develop, based on a coherent and internally consistent set
of assumptions about driving forces and key relationships. Sce-
narios may be derived from projections, but are often based on
additional information from other sources, sometimes combined
with a ‘narrative storyline’. See also climate (change) scenario,
emissions scenario and SRES.

Sea-ice biome
The biome formed by all marine organisms living within or on
the floating sea ice (frozen sea water) of the polar oceans.)

Sea-level rise
An increase in the mean level of the ocean. Eustatic sea-level
rise is a change in global average sea level brought about by an
increase in the volume of the world ocean. Relative sea-level
rise occurs where there is a local increase in the level of the
ocean relative to the land, which might be due to ocean rise
and/or land level subsidence. In areas subject to rapid land-level
uplift, relative sea level can fall.

Sea wall
A human-made wall or embankment along a shore to prevent
wave erosion.

Semi-arid regions
Regions of moderately low rainfall, which are not highly pro-
ductive and are usually classified as rangelands. ‘Moderately
low’ is widely accepted as between 100 and 250 mm precipita-
tion per year. See also arid region.

Sensitivity
Sensitivity is the degree to which a system is affected, either ad-
versely or beneficially, by climate variability or change. The ef-
fect may be direct (e.g., a change in crop yield in response to a
change in the mean, range or variability of temperature) or in-
direct (e.g., damages caused by an increase in the frequency of
coastal flooding due to sea-level rise).

Sequestration
See carbon sequestration.

Silviculture
Cultivation, development and care of forests.

Sink
Any process, activity, or mechanism that removes a greenhouse
gas, an aerosol, or a precursor of a greenhouse gas or aerosol
from the atmosphere.

Snow water equivalent
The equivalent volume/mass of water that would be produced if
a particular body of snow or ice was melted.

Snowpack
A seasonal accumulation of slow-melting snow.

Social cost of carbon
The value of the climate change impacts from 1 tonne of car-
bon emitted today as CO2, aggregated over time and discounted
back to the present day; sometimes also expressed as value per
tonne of carbon dioxide.

Socio-economic scenarios
Scenarios concerning future conditions in terms of population,
Gross Domestic Product and other socio-economic factors rel-
evant to understanding the implications of climate change. See
SRES (source: Chapter 6).

SRES
The storylines and associated population, GDP and emissions
scenarios associated with the Special Report on Emissions Sce-
narios (SRES) (Nakićenović et al., 2000), and the resulting cli-
mate change and sea-level rise scenarios. Four families of
socio-economic scenario (A1, A2, B1 and B2) represent differ-
ent world futures in two distinct dimensions: a focus on eco-
nomic versus environmental concerns, and global versus
regional development patterns.

Stakeholder
A person or an organisation that has a legitimate interest in a
project or entity, or would be affected by a particular action or
policy.

Stock
See reservoir.

Stratosphere
Highly stratified region of atmosphere above the troposphere
extending from about 10 km (ranging from 9 km in high lati-
tudes to 16 km in the tropics) to about 50 km.

Streamflow
Water flow within a river channel, for example, expressed in
m3/s. A synonym for river discharge.

Sub-alpine
The biogeographic zone below the tree line and above the mon-
tane zone that is characterised by the presence of coniferous for-
est and trees.

Succulent
Succulent plants, e.g., cactuses, possessing organs that store
water, thus facilitating survival during drought conditions.

Surface runoff
The water that travels over the land surface to the nearest surface
stream; runoff of a drainage basin that has not passed beneath the
surface since precipitation.

Sustainable development
Development that meets the cultural, social, political and eco-
nomic needs of the present generation without compromising
the ability of future generations to meet their own needs.
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Taiga
The northernmost belt of boreal forest adjacent to theArctic tundra.

Thermal expansion
In connection with sea-level rise, this refers to the increase in
volume (and decrease in density) that results from warming
water. A warming of the ocean leads to an expansion of the
ocean volume and hence an increase in sea level.

Thermocline
The region in the world’s ocean, typically at a depth of 1 km,
where temperature decreases rapidly with depth and which
marks the boundary between the surface and the ocean.

Thermohaline circulation (THC)
Large-scale, density-driven circulation in the ocean, caused by
differences in temperature and salinity. In the North Atlantic, the
thermohaline circulation consists of warm surface water flowing
northward and cold deepwater flowing southward, resulting in a
net poleward transport of heat. The surface water sinks in highly
restricted regions located in high latitudes. Also called merid-
ional overturning circulation (MOC).

Thermokarst
A ragged landscape full of shallow pits, hummocks and depres-
sions often filled with water (ponds), which results from thaw-
ing of ground ice or permafrost. Thermokarst processes are the
processes driven by warming that lead to the formation of
thermokarst.

Threshold
The level of magnitude of a system process at which sudden or
rapid change occurs. A point or level at which new properties
emerge in an ecological, economic or other system, invalidating
predictions based on mathematical relationships that apply at
lower levels.

Transpiration
The evaporation of water vapour from the surfaces of leaves
through stomata.

Tree line
The upper limit of tree growth in mountains or high latitudes. It
is more elevated or more poleward than the forest line.

Trophic level
The position that an organism occupies in a food chain.

Trophic relationship
The ecological relationship which results when one species feeds
on another.

Troposphere
The lowest part of the atmosphere from the surface to about
10 km in altitude in mid-latitudes (ranging from 9 km in high
latitudes to 16 km in the tropics on average) where clouds and
‘weather’ phenomena occur. In the troposphere, temperatures
generally decrease with height.

Tsunami
A large wave produced by a submarine earthquake, landslide or
volcanic eruption.

Tundra
A treeless, level, or gently undulating plain characteristic of the
Arctic and sub-Arctic regions characterised by low temperatures
and short growing seasons.

Uncertainty
An expression of the degree to which a value (e.g., the future
state of the climate system) is unknown. Uncertainty can result
from lack of information or from disagreement about what is
known or even knowable. It may have many types of sources,
from quantifiable errors in the data to ambiguously defined con-
cepts or terminology, or uncertain projections of human behav-
iour. Uncertainty can therefore be represented by quantitative
measures (e.g., a range of values calculated by various models)
or by qualitative statements (e.g., reflecting the judgement of a
team of experts). See also confidence and likelihood.

Undernutrition
The temporary or chronic state resulting from intake of lower
than recommended daily dietary energy and/or protein require-
ments, through either insufficient food intake, poor absorption,
and/or poor biological use of nutrients consumed.

Ungulate
A hoofed, typically herbivorous, quadruped mammal (including
ruminants, swine, camel, hippopotamus, horse, rhinoceros and
elephant).

United Nations Framework Convention on Climate
Change (UNFCCC)
The Convention was adopted on 9 May 1992, in New York, and
signed at the 1992 Earth Summit in Rio de Janeiro by more than
150 countries and the European Community. Its ultimate objec-
tive is the ‘stabilisation of greenhouse gas concentrations in the
atmosphere at a level that would prevent dangerous anthro-
pogenic interference with the climate system’. It contains com-
mitments for all Parties. Under the Convention, Parties included
in Annex I aim to return greenhouse gas emissions not controlled
by the Montreal Protocol to 1990 levels by the year 2000. The
Convention entered in force in March 1994. See also Kyoto Pro-
tocol.

Upwelling region
A region of an ocean where cold, typically nutrient-rich waters-
from the bottom of the ocean surface.

Urbanisation
The conversion of land from a natural state or managed natural
state (such as agriculture) to cities; a process driven by net rural-
to-urban migration through which an increasing percentage of
the population in any nation or region come to live in settlements
that are defined as ‘urban centres’.
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Vagile
Able to migrate.

Vascular plants
Higher plants with vascular, i.e., sap-transporting, tissues.

Vector
A blood-sucking organism, such as an insect, that transmits a
pathogen from one host to another. See also vector-borne dis-
eases.

Vector-borne diseases
Disease that are transmitted between hosts by a vector organism
(such as a mosquito or tick); e.g., malaria, dengue fever and
leishmaniasis.

Vernalisation
The biological requirements of certain crops, such as winter ce-
reals, which need periods of extreme cold temperatures before
emergence and/or during early vegetative stages, in order to
flower and produce seeds. By extension, the act or process of
hastening the flowering and fruiting of plants by treating seeds,
bulbs or seedlings with cold temperatures, so as to induce a
shortening of the vegetative period.

Vulnerability
Vulnerability is the degree to which a system is susceptible to,
and unable to cope with, adverse effects of climate change, in-
cluding climate variability and extremes. Vulnerability is a func-
tion of the character, magnitude, and rate of climate change and
variation to which a system is exposed, its sensitivity, and its
adaptive capacity.

Water consumption
Amount of extracted water irretrievably lost during its use (by
evaporation and goods production). Water consumption is equal
to water withdrawal minus return flow.

Water productivity
The ratio of crop seed produced per unit water applied. In the
case of irrigation, see irrigation water-use efficiency. For rain-
fed crops, water productivity is typically 1 t/100 mm.

Water stress
A country is water-stressed if the available freshwater supply
relative to water withdrawals acts as an important constraint on
development. Withdrawals exceeding 20% of renewable water
supply have been used as an indicator of water stress. A crop is
water-stressed if soil-available water, and thus actual evapo-
transpiration, is less than potential evapotranspiration demands.

Water-use efficiency
Carbon gain in photosynthesis per unit water lost in evapotran-
spiration. It can be expressed on a short-term basis as the ratio
of photosynthetic carbon gain per unit transpirational water loss,
or on a seasonal basis as the ratio of net primary production or
agricultural yield to the amount of available water.

Welfare
An economic term used to describe the state of well-being of
humans on an individual or collective basis. The constituents of
well-being are commonly considered to include materials to sat-
isfy basic needs, freedom and choice, health, good social rela-
tions, and security.

Wetland
A transitional, regularly waterlogged area of poorly drained
soils, often between an aquatic and a terrestrial ecosystem, fed
from rain, surface water or groundwater. Wetlands are charac-
terised by a prevalence of vegetation adapted for life in saturated
soil conditions.

Yedoma
Ancient organic material trapped in permafrost that is hardly de-
composed.

Zoonoses
Diseases and infections which are naturally transmitted between
vertebrate animals and people.

Zooplankton
The animal forms of plankton. They consume phytoplankton or
other zooplankton.
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[CO2] Concentration of carbon dioxide
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CCN Cloud condensation nuclei
CDF Conditional damage function
CDM Clean Development Mechanism
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EPOC Environment Policy Committee
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EPPA-LLH The EPPA low-emissions scenario
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NHT Northern Hemisphere temperature
NPP Net primary productivity
NSW New South Wales
NT Northern Territory
NTFP Non-timber forest products
NWMP National Water Management Plan
NZ New Zealand

ODA Official Development Assistance
OECD Organisation for Economic Co-operation

and Development
OND October, November, December

PAHO Pan-American Health Organization
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PFT Plant functional types
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PM Particulate matter
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TEJ Tropical Easterly Jet
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WWW World Weather Watch
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Fig. 1.2: Reprinted by permission from Macmillan Publishers
Ltd [Nature]: O’Reilly, C.M. and Co-authors, 2003: Climate
change decreases aquatic ecosystem productivity of Lake
Tanganyika, Africa. Nature, 424, 766-768. Copyright 2003.
Fig. 1.3: From Beaugrand, G. and Co-authors, 2002b:
Reorganization of North Atlantic marine copepod biodiversity
and climate. Science, 296, 1692-1694. Reprinted with
permission from AAAS.
Fig. 1.4(a): From Menzel, A. and Co-authors, 2005b: ‘SSW to
NNE’: North Atlantic Oscillation affects the progress of seasons
across Europe. Glob. Change Biol., 11, 909-918. Reprinted with
permission from Blackwell.
Fig. 1.5: From Nemani, R.R. and Co-authors, 2003: Climate-
driven increases in global terrestrial net primary production
from 1982 to 1999. Science, 300, 1560-1563. Reprinted with
permission from AAAS.
Fig. 1.6: From Menzel, A. and Co-authors, 2006b: European
phenological response to climate change matches the warming
pattern. Glob. Change Biol., 12, 1969-1976. Reprinted with
permission from Blackwell.
Fig. 2.7: From Schröter, D. and Co-authors, 2005: Ecosystem
service supply and vulnerability to global change in Europe.
Science, 310, 1333-1337. Reprinted with permission from
AAAS.
Fig. 3.3: From Arnell, N.W., 2003a: Effects of IPCC SRES
emissions scenarios on river runoff: a global perspective.
Hydrol. Earth Syst. Sc., 7, 619-641. Reprinted with permission
from the European Geosciences Union.
Fig. 3.4: Reprinted by permission from Macmillan Publishers
Ltd [Nature]: Milly, P.C.D., K.A. Dunne and A.V. Vecchia,
2005: Global pattern of trends in streamflow and water
availability in a changing climate. Nature, 438, 347-350.
Copyright 2005.
Fig. 3.5: Reprinted with permission from Petra Döll.
Fig. 3.6: Reprinted from Lehner, B. and Co-authors, 2005:
Estimating the impact of global change on flood and drought
risks in Europe: a continental, integrated assessment. Climatic
Change, 75, 273-299, with kind permission from Springer
Science and Business Media.
Fig. 3.7: Reprinted with permission from Denise Neilsen.
Figs. 3.8, 5.1(b) and TS.5: From Nohara, D. and Co-authors,
2006: Impact of climate change on river runoff. J.
Hydrometeorol., 7, 1076-1089. Reprinted with permission from

American Meteorological Society.
Fig. 5.1(a): From Fischer, G. and Co-authors, 2002: Global
agro-ecological assessment for agriculture in the 21st century:
methodology and results. Research Report RR-02-02.
International Institute for Applied Systems Analysis (IIASA),
Laxenburg, Austria. Reprinted with kind permission of IIASA.
Fig. 9.3: From Arnell, N.W., 2006b: Climate change and water
resources: a global perspective. Avoiding Dangerous Climate
Change, H.J. Schellnhuber, W. Cramer, N. Nakićenović, T.
Wigley and G. Yohe, Eds., Cambridge University Press,
Cambridge, 167-175. Reprinted with permission from
Cambridge University Press.
Fig. 10.3(a): From Kurihara, K. and Co-authors, 2005:
Projections of climatic change over Japan due to global
warming by high resolution regional climate model in MRI.
SOLA, 1, 97-100. Reprinted with permission from the
Meterological Society of Japan.
Fig. 10.3(b): From Japan Meteorological Agency, 2005: Global
Warming Projection, Vol.6 - with the RCM20 and with the
UCM, 58 pp. Reprinted with permission from the Japan
Meteorological Agency.
Figs. 12.4 and TS.13: Reprinted by permission from Macmillan
Publishers Ltd [Nature]: Schär, C. and Co-authors, 2004: The
role of increasing temperature variability in European summer
heatwaves. Nature, 427, 332-336. Copyright 2004.
Fig. 13.1(a): From Haylock, M.R. and Co-authors, 2006:
Trends in total and extreme South American rainfall 1960-2000
and links with sea surface temperature. J. Climate, 19, 1490-
1512. Reprinted with permission from American Meteorological
Society.
Fig. 13.1(b): From Aguilar, E. and Co-authors, 2005: Changes
in precipitation and temperature extremes in Central America
and northern South America, 1961–2003. J. Geophys. Res., 110,
D23107, doi:10.1029/2005JD006119. Copyright (2005)
American Geophysical Union.
Fig. 13.3: Reprinted by kind permission of the Livestock
Environment and Development Virtual Centre of the Food and
Agricultural Organization.
Fig. 15.4: From Smith, L.C. and Co-authors, 2005:
Disappearing Arctic lakes. Science, 308, 1429. Reprinted with
permission from AAAS.
Fig. 16.1: From Bryant, D. and Co-authors, 1998: Reefs at Risk:
A Map-Based Indicator of Threats to the World’s Coral Reefs.
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World Resources Institute, Washington, District of Columbia,
56 pp. Reprinted by permission of World Resources Institute:
http://www.wri.org.
Figs 17.2 and TS.17: Reprinted from O’Brien, K. and Co-
authors, 2004: Mapping vulnerability to multiple stressors:
climate change and globalization in India. Global Environ.
Chang., 14, 303-313, with permission from Elsevier.
Fig. 19.1: Reprinted from Hare, B. and M. Meinshausen, 2005:
How much warming are we committed to and how much can be
avoided? Climatic Change, 75, 111-149, with kind permission
from Springer Science and Business Media.
Table 20.1: From MA (Millennium Ecosystem Assessment),
2005: Ecosystems and Human Well-Being: Synthesis. Island
Press, Washington, District of Columbia, 155 pp. Reprinted by

permission of World Resources Institute: http://www.wri.org.
Fig. 20.2: Reprinted from Swart, R., J. Robinson and S. Cohen,
2003: Climate change and sustainable development: expanding
the options. Climate Policy, 3, S19-S40, with permission from
Elsevier.
Fig. 20.3(b): From Stern, N., 2007: The Economics of Climate
Change: The Stern Review. Cambridge University Press,
Cambridge, 692 pp. Crown copyright.
Fig. 20.4: From Watkiss, P. and Co-authors, 2005: The social
costs of carbon (SCC) review: methodological approaches for
using SCC estimates in policy assessment. Final Report, Defra,
UK, 124 pp. Copyright: Queen’s Printer and Controller of
HMSO 2006; reproduced under the terms of the Click-Use
Licence.
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A
Abatement, 757-758
Abrupt climate change, 35, 374, 375, 377-378, 596
Access to technology/resources, 441, 791, 813, 816, 826-827
Acclimation/ Acclimatisation*, 246-248, 557
Acidification. See Ocean acidification
Active layer*, 88, 663
Adaptability. SeeAdaptive capacity
Adaptation*, 65-76, 81-82, 117, 717-743, 748, 781

Adaptation Policy Framework (APF), 732-733
anticipatory, 723, 798
autonomous (SeeAutonomous adaptation)
barriers to, 69, 525-526, 638, 719, 733-737, 798, 815
context, 378
costs and benefits (SeeAdaptation costs and benefits)
deficit, 835
definition, 27, 750
differences from mitigation, 750
enhancement, opportunities and constraints, 731-737
examples of, 65, 722
factors in, 378, 383-384, 719, 720
implementation, 53, 65, 766-770, 815-816
indigenous knowledge in, 456-457, 832, 833
inter-relationship with mitigation (SeeAdaptation and

mitigation inter-relationships)
international and national actions, 53, 416-417, 731-733
introduction, 719-720, 748-750
key issues, 383-384
limits to, 69, 199, 417, 492, 719, 733-737
mainstreaming, 55, 65, 471, 513, 637-638, 639, 732, 749,

768, 818, 832-836
mitigation and (SeeAdaptation and mitigation inter-

relationships)
multiple stresses and, 719, 729, 816-819
National Adaptation Programmes (Plans) of Action

(NAPAs), 69, 719, 731-732
opportunities, co-benefits and challenges for, 832-836
opposing views on, 786
planned (See Planned adaptation)

policy window hypothesis, 733
portfolio, 71-72, 76, 747, 749, 760-763, 813, 827
potential, 69, 782, 786, 798, 804
practices/examples, 65, 117, 719, 720-727, 821
process/processes, 513, 720-721
reactive vs. proactive, 452, 719, 721
regional, 111-112, 722, 757-760
resilience and, 721
response capacity, 763-766, 767
response strategies, 69, 70, 781-782, 797-804
scales of, 747, 749, 753-754, 767-769
scenarios, 156-158, 719, 724
substitutability for mitigation, 749, 753-754, 766-767
sustainable development and, 813, 814-816
synergies, 72, 747, 754-756, 762-763, 813, 835
technology and, 727-728, 734
thresholds, 733-734
wealth, resources and development and, 43, 69, 276, 279,

620, 719, 755, 764-766, 767, 791, 814
See alsoAdaptation assessment; Adaptive capacity;

specific systems and regions
Adaptation and mitigation inter-relationships, 70-73,

745-777, 827-832
climate policy and institutions, 766-769
complementarity, 749, 750
cost-benefit analyses, 747, 754, 756, 757, 800
cost-effectiveness analyses, 755, 800
decision processes, stakeholder objectives and scale, 72,

747, 752-754
definitions, 749
differences, similarities and complementarities, 750
implementation, 766-770
inter-relationships and damages avoided, 747, 754-760,

783
inter-relationships, types of, 747, 750, 761, 762
introduction, 748-750
mainstreaming, 749, 768
overview, 748, 761
portfolio, 71-72, 76, 747, 749, 760-763, 813, 827
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regions and sectors, 757-760
response capacity and development pathways, 747,

763-766, 767, 771
scales, 747, 749, 753-754, 767-769
substitutability, 749, 753-754, 766-767
summary of knowledge from TAR, 751-752
sustainable development and, 747, 751, 765-766
synergies, 72, 76, 747, 749, 754-756, 762, 813, 827-832,

837
Tolerable Windows Approach (TWA), 754-755, 802
trade-offs, 72, 747, 749, 751, 754-756, 762
uncertainties, unknowns and priorities for research,

770-771
Adaptation assessment*, 137-138, 717-743

assessment of adaptive capacity, 727-731
as bottom-up approach, 136, 749
characteristics summarised, 137
concepts and methods, 719-720
costs and benefits, 719, 724-727, 734, 800
current adaptation practices, 720-727
enhancing adaptation, 731-737
introduction, 719-720
See also CCIAV assessment

Adaptation costs and benefits*, 65, 719, 724-727, 734-735,
756-757, 781-782, 798, 836

in Africa, 435, 452, 453-454, 453
in coastal systems, 40-41, 317, 336-339, 342, 343, 725
comprehensive estimates, lack of, 69
cost-benefit analyses, 747, 754, 756, 757, 800
cost-effectiveness analyses, 755, 800
damages avoided, 77-78, 295, 754-760, 798-803
weighing, 72, 782
See also Trade-offs

Adaptive capacity*, 69, 72-73, 382-383, 727-731, 786
in Africa, 48-49, 64, 69, 435, 454, 459
in Asia, 492
assessment of, 727-731
in Australia/New Zealand region, 50
changes over time, 729-731
in coastal systems, 317, 318-322, 324-336, 344, 786
determinants of, 791, 814
development and, 69, 317, 336, 364, 755
differences across human societies, 383
differential, 719, 728-729, 730
elements of, 727-728
in Europe, 547
exceedence of, 781
in food, fibre and forest products, 275, 279-280
in human health, 43, 393, 406
in India, 71
in Latin America, 584, 605
mitigation and, 750, 827-832
in mountain ecosystems, 52
multiple stresses and, 719, 729
perceptions of, 735
in polar regions, 658-660, 661
of poor communities, 359, 492, 720
in small islands, 706-709

of social systems, 782, 791, 798
sustainable development, linkages with, 76, 817-819, 837
in water sector, 199
See also Capacity building; Coping ranges; Response

capacity; specific systems and regions
Advances in knowledge, 76-78
Aedes aegypti (now Stegomyia aegypti), 403-404, 524
Aeroallergens, 402-403
Aerosols*

from biomass burning, 53, 583, 590
direct and indirect effects, 84
human health and, 402, 590

Afforestation*, 599, 750, 758, 759, 761
Africa, 48-49, 59, 433-467

access to resources/technology, 441
adaptation, 416, 452-454, 459, 722, 726, 767-769
adaptation limits, 734
adaptive capacity, 48-49, 64, 435, 454, 459
agriculture, 48, 297, 435, 439, 441, 442, 445, 447-448,

451, 452, 459
assumptions about future trends, 443-444
biodiversity, 48, 223, 242, 435, 439, 449, 449
case studies, 454-457
climate and weather, 436-437, 458
climate variability, 435, 436-437, 439, 448, 454
coastal zones, 40, 439-440, 448, 449, 450, 451
current sensitivity/vulnerability, 435, 436-443, 451
disasters and conflicts, 442-443, 447, 451, 459
droughts, 237, 278, 287, 437, 734
economies, 440-441, 454
ecosystems, 48, 213-214, 243-244, 435, 439, 442, 449,

451, 459
energy, 442, 446, 459, 767-769
extreme weather events, 377, 437, 444
fires, 435, 442
fisheries, 281, 435, 448, 449
floods, 377, 398, 414, 435, 437, 447
food security/insecurity, 38, 48, 275, 280, 297, 300, 399,

435, 440, 454-456, 719
forests, 299, 435, 439, 442
future impacts and vulnerabilities, 38, 48-49, 59, 280,

444-450, 451, 788, 791, 825, 829
globalisation, trade and market reforms, 440-441
governance and institutions, 441
HIV/AIDS in, 69, 399, 406, 440, 441, 442, 448
hotspots/risk areas, 438
human health, 48, 108-109, 399-400, 416, 435, 436,

437-439, 441, 442, 446-447, 459
human population, 441
human settlements, industry and infrastructure, 439-440,

450
hydropower generation, 768-769
indigenous knowledge systems, 456-457
infrastructure, 439-440, 441, 450, 453
introduction, 435-436
Kilimanjaro, Mt., 48, 439, 440, 449
livestock, 278, 287, 447, 448
malaria, 48, 108-109, 400, 404, 406, 408, 409, 437-439,
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446
market impacts, 791
migration, 437, 441, 452
multiple stresses, 48, 69, 435, 436, 440, 442, 454, 457
New Partnership for Africa’s Development (NEPAD), 767
observed changes, 30, 91, 108-109, 115-116
pastoralist coping strategies, 293, 457
population and environment interactions, 441
precipitation, 151, 436
resilience in, 48-49, 452, 453
rivers/river basins, 445, 446, 767-769
Sahel region, 216, 224, 237, 436, 437, 444
savannas, 225, 226
sea-level rise, 346, 435, 447, 450
smallholder farmers, 731
socio-economic scenarios, 297, 444
sustainable development, 457
temperature, 150, 436
tourism, 435, 439, 449, 450, 459
uncertainties and research priorities, 457-460
ungulates, 226
urban indicators, 363
vegetation cover, 436-437
vulnerability/risk, 40, 48-49, 64, 444-450, 451, 459, 788,

791
water resources, 48, 91, 284, 370, 377, 435, 437, 441-442,

444-446, 451, 458-459
water stress, 48, 435, 437, 444, 445, 451
West African Monetary Union (WAMU), 767

African horse sickness (AHS), 555
African Succulent Karoo, 223, 243, 449, 792
Aggregate impacts*, 64-65, 75, 784, 787, 790, 796-797, 813,

821-825
estimates of, history and present state of, 64-65, 813,

821-824
larger-scale aggregation, 82, 112-116
limitations of, 43, 65, 813
spatially-explicit methods, 824-825, 836

Agriculture
adaptation, 38-39, 117, 294-296, 300, 721, 725-726, 760
adaptation costs, 725-726, 734
adaptation options, 70
in Africa, 48, 297, 435, 439, 441, 442, 445, 447-448, 451,

452, 459
in Asia, 49, 471, 472, 475, 479-483
in Australia/New Zealand region, 50, 509, 516, 518-520,

525, 528, 529
biotechnology and, 296, 452, 555-556
in coastal systems, 333
costs, 296-297
El Niño Southern Oscillation (ENSO) effects on, 277
in Europe, 52, 543, 545-546, 548-549, 554-556, 558,

560-561, 565
extreme events and, 277, 277, 278
global area in cropland, 816
global production, temperature increase and, 790
growing season (See Growing season)
importance of, 276

in Latin America, 54, 281, 584, 586, 591, 592, 597, 598,
601-602

multiple stresses, 279
in North America, 620, 623-624, 627, 631, 636
observed changes, 81-82, 104-106
phenology, 31, 81, 105
in polar regions, 668
projected changes, 38
in small islands, 58, 689, 698-700
soil erosion and, 190
subsistence and smallholder, 39, 275, 279, 281-282,

293-294, 413, 435, 490, 731
supply and demand in, 280-281
trade and, 275, 276, 284, 297, 300
vulnerability/risk, 31, 82, 787, 790, 791, 802
wastewater irrigation of crops, 189
water balance and, 280
See also Crop yields; Crops; Food, fibre and forest

products; Livestock; Soil; specific crops
AIR-CLIM Project, 139
Air pollution, 84

direct and indirect effects, 84
effects on plants, 276, 278
in Europe, 557-558
from forest fires, 402
human health and, 401-402, 408-412
in North America, 632

Air quality, 84, 372, 394
in Asia, 487
disease and, 401-402, 408-412, 413

Albedo*, 84, 231
global effect of regional changes in, 661
increase due to planned adaptation, 381
in polar regions, 655, 656, 661

Algal blooms*, 97, 188, 277, 449, 487, 551
algal community changes, 98
dissolved inorganic carbon and, 329-330
harmful (HAB), 96, 234, 328, 400, 551, 556
red tides, 485
See also Phytoplankton; Zooplankton

Alien species. See Invasive species and invasive alien species
(IAS)

Allergens, 31, 82, 109, 393, 402-403, 558
Alpine* ecosystems, 50, 52, 99, 232-233

adaptation limits/limitations, 52, 543, 559
See also Mountain regions

Alps. See Europe, European Alps
Amazon region

drought in, 400
fire in, 588
forest replacement by savanna, 54, 583
forests, 54, 218, 241, 243, 281, 594-595, 596
Large Scale Biosphere-Atmosphere Experiment, 604

AMICA project, 769
Amphibians

in Europe, 52, 543, 554, 565
extinctions of, 103, 230, 233, 586, 590
in Latin America, 586, 590
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in North America, 622, 630
phenology, 100

Analogues, 32, 145, 146, 382
Andes region, 28, 184, 187, 585
Annular modes, 794
Anopheles, 416
Anopheles arabiensis, 108, 439
Anopheles gambiae, 439
Antarctic Oscillation (AAO), 794
Antarctic region. See Polar regions. See also Small islands
Anthropogenic* climate change, 26, 28, 81, 781

larger-scale attribution studies, 112-116
linking climate-change causes with observed effects, 29
See also Climate change; Dangerous anthropogenic

interference; Detection and attribution;
Vulnerability assessment

AOGCM. See Climate models
Aquaculture*, 276-277, 281, 291-292

in Asia, 49, 281, 482
in Europe, 555-556, 561
in Latin America, 593

Aquatic ecosystems. See Freshwater resources and
management; Marine ecosystems

Aquifers*
coastal, 331
in North America, 629
observed changes, 90
salinisation of, 179, 186

Aragonite*, 38, 94, 213, 234, 235, 236
Arboviruses*, 555
Arctic Ocean, 656, 662, 692

See also Polar regions
Arctic Oscillation (AO), 95, 794
Arctic region. See Polar regions
Arid regions*

afforestation in, 758
in Africa, 435, 439, 442
in Asia, 478
freshwater resources in, 36, 175, 176, 193-194, 331
vulnerability/risk in, 788
See also Desertification; Deserts

Arsenic in groundwater, 179, 587
Artificial experiments, 144-146
Asia, 49-50, 59-60, 469-506

adaptation, 471, 490-493, 722
adaptive strategies, 472, 490
agriculture, 49, 471, 472, 475, 479-483
aquaculture, 49, 281, 482
assumptions about future trends, 478-479
biodiversity, 49, 471, 478, 485-487, 491
case studies, 493-494
climate, 471, 472-473, 475, 478-479, 480
climate variability, 471, 472-478, 475, 479
coastal areas, 49, 92, 472, 477, 479, 484, 491
coral reefs, 471, 472, 477, 485, 486
crop yields, 49, 106, 297, 471, 479-481
current sensitivity/vulnerability, 472-478
cyclones/typhoons, 473, 476, 479, 489

deltas/megadeltas, 279, 327, 471, 481, 484-485, 493, 496
dengue fever, 478, 487
development, 471, 472, 488-489, 494-495
droughts, 49, 473, 476
ecosystems, natural, 49, 471, 477, 485-487, 491
El Niño/ENSO in, 473, 475, 477
energy, 111, 488-489
extreme weather events, 473, 476, 479, 488, 489
financial aspects/insurance, 489
fires, 471, 472, 477-478, 486
fisheries, 49, 279, 281, 471, 482, 489
floods, 49, 398, 414, 471, 472, 476, 489
food security, 297, 399, 471, 479-481, 482-483
forests/forestry, 471, 472, 477-478, 481, 485-486, 488
future impacts and vulnerabilities, 49-50, 59-60, 479-489,

788, 791, 825, 829
glaciers, 49, 471, 472, 477, 481, 483-484, 487, 493, 494
grasslands, rangelands and endangered species, 483, 486
heatwaves, 396-397, 476, 478, 492, 733
hotspots, 481
human dimensions, 487-489, 491-492
human health, 50, 395, 408, 472, 478, 481, 487, 491, 791
human population, 49, 477, 479, 484, 488, 491
human settlements/megacities, 472, 485, 491, 493
hydrology, 471-472, 477, 483-484, 490-491
industry, 488-489
infrastructure, 471, 488-489, 492
introduction, 471-472
livestock, 287, 482, 483
malaria, 408, 478, 487
migration, 488, 491-492
multiple stresses, 50, 471, 492
natural resources, 474
observed changes, 30, 49, 92, 106, 115-116, 471, 472-478,

475-477, 479
permafrost, 49, 472, 477, 486-487
poverty and illiteracy, 489, 492, 494
precipitation, 151, 472, 476, 478-479, 480, 481
regional characteristics, 472
regions/countries included, 472, 473, 474
sea-level rise, 49, 346, 471, 472, 479, 481, 484-485, 492
socio-economics, 474, 479, 487-489
sustainable development, 488, 494-495
temperature, 150, 478, 479, 480, 481
tourism, 489, 492
uncertainties and research priorities, 495-497
urban indicators, 363
urbanisation, 488-489, 491, 494-495
vulnerability/risk, 64, 479-489, 788, 791
water resources, 49, 471, 471-472, 477, 481, 483-484,

490-491, 791
water stress, 471, 472, 484
See also specific countries

Assessment
of adaptation (SeeAdaptation assessment)
of observed changes and responses (See Observed changes

and responses)
participatory processes in, 813, 834
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of response strategies, 797-804
of vulnerabilities (See Vulnerability assessment)
See also CCIAV assessment; Impact assessment;

Integrated assessment
Assessment methods, 29, 31-35, 133-171

approaches, 136-141
conclusions and future directions, 161-162
coping ranges, 142-143
data needs for, 144
developments in, 141-144
downscaling, 135
future characterisations, 32-35, 135, 144-161
risk management, 135
stakeholder involvement, 31-32, 135, 141-142
thresholds and risk criteria, 141
top-down vs. bottom-up approaches, 136, 748-749
See alsoAdaptation assessment; CCIAV assessment

Asthma, 523, 632, 689, 701
Atlantic cod, 670
Atmosphere*

carbon content, 214
composition, future scenarios, 152-153
projected changes, 662
See also specific gases and components

Atolls. See Coral atolls
Attribution. See Detection and attribution
Australia/New Zealand region, 50-51, 60, 507-540

adaptation, 50, 509, 513-514, 524-526, 528, 530-531
adaptive capacity, 50
agriculture, 50, 509, 516, 518-520, 525, 528, 529
assumptions about future trends, 514-516
Bay of Plenty, North Island, New Zealand, 509, 528, 530
beef industry, 283
biodiversity, 50, 242-245, 509, 517-518, 518, 528
case studies, 526-528
climate scenarios, 50, 514-516
coasts, 50, 509, 520-521, 525, 525, 528, 529
costs of extreme weather events, 50, 511, 513
current sensitivity/vulnerability, 510-514
droughts, 50, 509, 510-511, 511, 515, 519
El Niño Southern Oscillation (ENSO), 510, 521
energy, 511, 516, 523-524, 529
extreme weather events, 50, 509, 511, 513
fires, 50, 509, 511, 517, 792
fisheries, 512, 521
flood and waste water management, 517
food security, 528-529, 529
forestry, 50, 509, 520, 525, 529
freshwater resources, 516-517
future impacts and vulnerabilities, 50-51, 60, 242-245,

516-524, 528, 529, 829
Great Barrier Reef, 50, 320, 509, 512, 518, 527
heatwaves, 50, 411, 509, 511, 524
horticulture, 519
hotspots, 50, 51, 509, 529, 530
human health, 395, 408, 409, 524, 525, 529
human population, 509, 510, 516, 522
human systems, 50, 509, 511

immigration/migration, 522, 531
indigenous people, 50, 522-523, 524
infrastructure, 50, 509, 525, 529
introduction, 510
invasive/alien species, 512, 518, 520
land degradation, 518-519, 520
land management, 751-752
migration corridors, 525
natural systems/ecosystems, 50, 509, 511, 512, 517-518,

525, 528, 529, 530
observed changes, 30, 50, 115-116, 509, 510-512, 512
pastoral/rangeland farming, 513, 519-520
phenology, 100
precipitation, 50, 151, 515
saltwater intrusion, 512, 517
savannas, 225, 226
sea-level rise, 50, 346, 509, 510, 512, 515-516, 520-521
settlements, industry and societies, 521-522
Sunshine Coast, 528
sustainable development, 528-529, 529
temperature, 50, 150, 509, 510-511, 514-515
tick infestation, 520
tourism and recreation, 523, 527, 529
uncertainties and research priorities, 529-531
vulnerability/risk, 50-51, 242-245, 509, 513, 516-524, 525,

529, 531, 829
water quality, 517
water resources, 50, 143, 199, 511-512, 514, 526, 528
water security, 50, 509, 516-517, 519, 525, 529
Wide Bay-Burnett, Queensland, Australia, 528

Autonomous adaptation
in Australia/New Zealand region, 513
damage avoidance, 295, 754-760
definition, 294
in food, fibre and forest products, 294-295
in Latin America, 593
in North America, 637-638
in small islands, 706
See alsoAdaptation; Adaptive capacity

B
Bangladesh

adaptation, 719, 722, 724, 732, 832
deaths associated with cyclones, 338
floods, 36, 187, 399, 414, 484-485
groundwater salinisation, 483
human health, 399
human population, 488
migration, human, 365, 488
National Water Management Plan, 719, 724
water resources, 477
See alsoAsia

Bartonella bacilliformis, 587
Baseline/reference climate*, 35, 143, 147, 158, 782, 783
Basins*. See River basins
Batrachochytrium fungus, 233, 586
Bats, 216, 405
Beaches, 324-326
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in Australia/New Zealand region, 511, 520, 522, 528
closure for bacterial counts, 625
erosion, 92, 318, 511, 520, 522, 696, 698
in North America, 625
recreational value, 523
in small islands, 696, 698
See also Coastal systems and low-lying areas

Benthic communities*, 38, 97, 213, 234, 236, 239
Biodiversity*, 37, 38, 213, 215, 241-242, 247-248

adaptation option limitations, 52, 543, 559, 786
in Africa, 48, 242, 435, 439, 449, 449
in Asia, 49, 471, 478, 485-487, 491
in Australia/New Zealand region, 50, 509, 517-518, 518,

528
captive breeding and translocation, 247
in coastal systems, 335
conservation strategies, 560
Convention on Biological Diversity (CBD), 246, 247-248,

495, 769
in deserts, 223-224
endemic species, 38, 54, 213, 216, 230, 241, 583, 786
in Europe, 52, 54, 543, 553-554, 558, 560, 565
in forests, 230
in grasslands/savannas, 226
in Latin America, 583, 586, 590, 592, 596, 603, 791
management, 769
in mountain ecosystems, 233
in North America, 630
in oceans, 95, 236, 665
in polar regions, 665
projected impacts, 37, 38, 242-245
in saltmarshes, 630
in small islands, 58, 689, 700
vulnerability/risk, 38, 74, 781, 788, 792, 795-796
See also Ecosystems; Extinction; Range shifts;

Vulnerability hotspots
Biofuels*, 288, 299, 555, 602, 758
Biogeochemical cycles, 219-222, 234, 789, 792-793
Biological corridors. See Ecological corridors
Biological systems, 26, 28-31, 83

adaptive capacity, 782, 798
key vulnerabilities, 74, 788-789, 792, 798
linking climate-change causes with observed effects, 29
locations of significant changes in, 30
See also Ecosystems

Biomass*, 56, 98, 214, 220
carbon dioxide and, 220, 486
forest, 52
modelling, 240
phytoplankton, 56, 96

Biomass burning, 53, 402, 583, 588, 590
Biomes*, 38, 214-215

biome changes, 38
biome shifts, 222, 237, 596 (See also Range shifts)
cross-biome impacts, 237-239
See also Ecosystems; Sea-ice biome

Biosphere*, 38, 215-216, 604
Biota*, 178, 213, 219-222, 249

Biotechnology, 296, 452, 555-556
Biotic feedback, 219-222
Birds

in Africa, 449
in Australia/New Zealand region, 512, 518, 521
avian malaria, 700
breeding/breeding areas, 100, 103, 193, 518, 622
desert species, 223-224
extinction risks, 103, 230
habitat losses, 554
migration, 100, 223-224, 230, 239, 449, 625, 666, 696
migration, infectious diseases and, 403
in North America, 622, 625
observed changes, 95-96, 100, 101
in polar regions, 666
seabirds, 95-96, 521, 527, 696
West Nile virus and, 625

Bluetongue (BT), 555
Bogs*, 230, 231, 233
Boreal Asia. SeeAsia
Boreal forests*, 217, 228, 276, 485-486
Bottom-up assessment approaches, 136, 749
Bottom-up risk reduction approach, 820
Brazil

freshwater resources, 175, 179, 185
natural ecosystems, 592
runoff into coastal waters, 324
sedimentation in reservoirs, 179
See also Latin America

Breakwater*, 343
Bruntland Commission, 814, 819
Buildings. See Construction
Butterflies

in Australia/New Zealand region, 512
extinction of, 103
in North America, 622
observed changes, 103, 104
reproduction/diversity of, 103, 104

C
C3 plants*, 224, 225, 483, 520

carbon dioxide effects on, 40, 282
C4 plants*, 224, 225, 483, 518, 520

carbon dioxide effects on, 40, 282
switchgrass (Panicum virgatum L.), 288

Calcareous organisms*, 38, 222, 234, 235
See alsoAragonite; Ocean acidification

Calcite*, 222
Campylobacter, 400
Canada

adaptation, 722
agriculture, 623-624, 631
cities, climate change impacts in, 633
coast erosion, 92
Confederation Bridge, 65, 719, 724
energy use/demand, 626, 634-635
forest-dependent communities, 736-737
forest fires, 107, 217, 621, 623, 631
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forestry, 218, 624, 630, 631
freshwater resources, 627-629
Hudson Bay, 92, 669
human health, 395, 410, 415, 416
indigenous peoples, 415, 416, 728, 730-731
infrastructure, 726
Okanagan, costs of climate change in, 195
phenology, 283, 621, 622
precipitation, 621, 622
temperature, 620, 621
tourism and recreation, 626, 634
transportation, 366, 726
wildlife, 622
See also North America

Capacity building*, 69, 72, 797
in Australia/New Zealand region, 514
food, fibre and forest products, 296
in small islands, 708-709, 710

Carbon
carbon-climate interactions, 792-793, 795
dissolved organic (DOC), 234, 239, 665
pools, 283
social cost of, 65, 756, 771, 813, 821-824
storage (See Carbon sequestration*; Carbon sinks)
World Bank funds for, 753

Carbon cycle*, 220-222, 792-793, 795
large-scale studies, 604
net carbon exchange in terrestrial ecosystems, 38, 213, 222
projections/vulnerability, 38, 792-793

Carbon dioxide (CO2)*
draw-down by oceans, 658, 662
effects on plant growth, 40, 54, 220, 225, 240, 276,

282-283, 285-287, 290, 300, 824
effects on soil water balance, 225
free-air CO2 enrichment (FACE) experiments, 40, 276,

282, 300
freshwater resources and, 184-185, 187
pollen production and, 632
projected global-scale impacts, 824, 825
projected levels in 2050, 825
projected levels in 2100, 213
scenarios, 34-35, 152-153, 158-160, 323, 799-802
stabilisation, crop production and, 284
stabilisation, global temperature response and, 158-159
stabilisation scenarios, 35, 77, 799-802
stabilisation targets, 799-802
See also Carbon dioxide fertilisation; Greenhouse gases

(GHGs)
Carbon dioxide fertilisation*, 214, 220-221, 223, 228, 241

effects on food production, 54, 479-480
Carbon flux, 38, 213, 222, 552, 792, 795

in Arctic terrestrial ecosystems, 662, 665, 667-668
in Southern Ocean, 662

Carbon sequestration*, 213, 219-222, 241
adaptation and mitigation decisions, 752, 758
by forests, 106, 214, 227-228, 552
by oceans, 234
tipping points for, 241

See also Carbon sinks
Carbon sinks, 220, 237, 792-793, 795

in the Arctic, 662, 665, 667
global carbon stores, 214
potential reversal of, 38, 213, 222, 792
vulnerability of, 283

Carbon stocks, 213, 214, 220-221, 227-228, 552, 792-793
Carbonate ion, 234
Cardio-respiratory diseases, 43, 418
Cardiovascular diseases, 394, 402, 487
Caribbean region

adaptation, 728, 732
climate, 691-692
coral reefs, 94, 235, 242, 321, 330
dengue fever, 701
hurricanes, 54, 692, 701
Organisation of Eastern Caribbean States (OECS), 690,

703
respiratory disease, 109
sea-level rise, 692
tourism, 336
urban indicators, 363
See also Small islands

Caribou, 666, 668
Carrion’s disease (Bartonella bacilliformis), 587
Catchments*, 89, 90, 177, 184, 188

in Asia, 483
in Australia/New Zealand region, 516, 517, 524, 525, 528
in Europe, 550, 553
in Latin America, 593
modelling, 90, 181, 182, 201-202
in polar regions, 663
in small islands, 697, 708
See also River basins

Cattle. See Livestock
Cattle tick (Boophilus microplus), 283, 520
CCIAV (Climate change impact, adaptation and

vulnerability) assessment, 31-35, 133-171
approaches, 135-141
conclusions and future directions, 161-162
coping ranges, 142-143
data needs for, 144
frameworks for, 136
future characterisations, 32-35, 135, 144-161
impact assessment, 136-137
integrated assessment, 136, 137, 139
methods, 31-35, 133-171
non-climate factors, 135
policy-based approach, 136
risk management, 135, 139-141
stakeholder involvement, 31-32, 135, 141-142
top-down vs. bottom-up approaches, 136
uncertainty management, 141
uncertainty/risk communication, 143-144
vulnerability assessment, 136, 137, 138-139
See alsoAdaptation assessment; specific approaches

CDM. See Clean Development Mechanism*
Central America. See Latin America
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Cereal grains. See Grain crops
Cerebral infarction/ischemia, 487
Chacaltaya glacier, Bolivia, 87
Chagas’ disease*, 601
Child mortality, 394, 401
China

crop yields, projected, 297
deltas and coastal ecosystems, 64, 484-485, 493, 496
floods, 398, 484-485
groundwater salinisation, 483
heat watch and warning systems, 491
Huanghe River, 179, 319, 326, 485
human health, 398, 405, 414, 487
migration, human, 488
Qinghai-Tibet Railway, 724
schistosomiasis in, 405
water demand, 284
water level in deltas, 484
See alsoAsia

Cholera*, 398, 401, 439, 478, 599, 701
in Asia, 50, 471, 478, 481, 487, 791

Ciguatera fish poisoning, 400, 449, 701
Cities. See Urban settlements
Clean Development Mechanism (CDM)*, 248, 752, 753
Climate*

direct and indirect effects of, 362-363, 374
linkages with sustainable development, 818
See also Baseline/reference climate; Climate change;

Climate variability; Detection and attribution
Climate change*

definition, 27
direct and indirect drivers of, 816, 817
direct and indirect effects of, 359, 364, 374
as driver of ecosystem changes, 817
global cost estimates, 727
impacts (See Impacts. See also CCIAV assessment)
multiple cause and stress context, 43, 75, 359
observed changes, 79-131 (See also specific systems and

regions)
perspectives on, 75-76, 811-841
positive and negative impacts of, 782
‘reasons for concern,’ 73-76, 781, 795-797, 800
regional (See Regional climate change)
research needs, 77-78
reversible vs. irreversible, 785
summary of main findings, 25
sustainability and, 75-76, 811-841
vulnerabilities and risk from, 779-810
See alsoAnthropogenic climate change; Baseline/reference

climate; Detection and attribution; Global warming;
specific regions and ecosystems

Climate change commitment*, 748, 827
Climate change impact, adaptation and vulnerability

assessment. See CCIAV assessment
Climate change scenarios. See Scenarios; SRES scenarios
Climate envelope modelling, 239-240, 241
Climate extremes. See Extreme weather events; specific

climate conditions

Climate forecasting, 53, 416, 721, 727-728
Climate impacts. See Impacts, of climate change
Climate impact assessment. See Impact assessment
Climate models*, 29, 32-33, 139, 148

AOGCMs, 32-33, 149-151
climate envelope modelling, 239-240, 241
Computable general equilibrium (CGE) model, 337
Earth System Models of Intermediate Complexity, 139
ensemble models, 77, 800
perturbed parameter ensemble, 800
See also Future characterisations

Climate policy, 31, 766-769
adaptation/mitigation inter-relationships in, 747, 760-763
implementation, 747, 766-769
introduction, 748-750
mainstreaming, 31, 768, 818
methods in vulnerability assessment, 800
national, sub-national and local scales, 769
portfolio, 71-72, 76, 747, 749, 760-763, 813, 827
regional scale, 767-769
sustainable development and, 747, 751, 765-766
See alsoAdaptation; Adaptation and mitigation inter-

relationships; Mitigation
Climate prediction*

ENSO-based, 591
indigenous knowledge in weather forecasting, 456-457
in Latin America, 53, 591-592, 604
limits on usefulness, 604
seasonal climate forecasting, 416, 721, 727-728

Climate projection*, 31-35, 133-171
See also Scenarios; SRES scenarios

Climate scenarios*, 148-152, 155
See also Scenarios; SRES scenarios

Climate sensitivity*, 161, 758, 800-801
uncertainties in, 799
See also Sensitivity; specific regions

Climate system*
dangerous anthropogenic interference with, 781, 782, 784,

798, 799, 801-802, 804
global, impacts of changes in polar regions, 655, 660,

661-662, 667-668
Climate thresholds*, 37, 76, 781, 784-785, 802-803

systemic thresholds, 784, 802
See also Thresholds

Climate variability*, 38, 84, 86, 107
adaptation to, 111
in Africa, 435, 436-437, 439, 448, 454
in Asia, 471, 472-478, 475, 479
in Australia/New Zealand region, 510-512
biodiversity and, 103
in coastal systems, 92, 93
in Europe, 547, 550, 555
impacts on disturbance regimes, 38
in Latin America, 54, 583, 586, 591
modes of, 84, 794-795
in North America, 55, 626
in polar regions, 660, 671
projections of, 152
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in small islands, 693, 708, 710
sustainable development and, 384
See also El Niño Southern Oscillation (ENSO); Extreme

weather events; Indian Ocean Dipole (IOD);
Interdecadal Pacific Oscillation (IPO); Modes of
climate variability; North Atlantic Oscillation
(NAO); Northern Annular Mode; Pacific Decadal
Oscillation (PDO); Southern Annular Mode

Cloud forests, 48, 230, 244, 439, 596, 700
CO2 fertilisation. See Carbon dioxide fertilisation
Coastal squeeze*, 623, 630
Coastal systems and low-lying areas, 40-41, 45-46, 315-356

adaptation, 40-41, 317, 339-345, 491, 559, 719, 795
adaptive capacity, 317, 318-322, 324-336, 344, 786
agriculture, forestry and fisheries, 333
assumptions about future trends, 322-324
beaches, rocky shorelines and cliffed coasts, 324-326
biodiversity, 335
climate and sea-level scenarios, 322-324
climate change factors, 318
climate drivers, 323
coastal processes and zones, 92-94
coral reefs, 317, 320, 321-322, 330
costs and socio-economic aspects, 40, 317, 336-339
current sensitivity/vulnerability, 318-322
deltas, 40, 41, 317, 326-328, 327, 332, 484
El Niño Southern Oscillation (ENSO) and, 319, 623
erosion, 81, 92, 93, 317, 320, 324-326, 328, 338, 477, 484,

558, 630
estuaries and lagoons, 328
exposure, 362, 372
external terrestrial and marine influences, 319-320
extreme events, lessons from, 340
extreme water level simulations, 325
freshwater resources, 179, 317, 331
future impacts and vulnerabilities, 40-41, 45-46, 324-336,

374, 795, 813, 828
geomorphology, 92
as high-risk areas, 359, 364
human health and, 43, 334-335, 407, 414, 471
human impacts of climate change, 330-336
human population in, 40, 317, 318, 319, 323, 327, 346,

364, 372, 399, 414, 630
human settlements, infrastructure and migration, 81, 331,

333-334, 359, 791
human utilisation/development of, 40, 317, 319, 326
infrastructure, 372, 619, 690
Integrated Coastal Zone Management (ICZM), 340-341,

491
interaction of natural and human sub-systems, 318
introduction, 318
inundation, 40, 64, 317, 320, 325, 333, 484, 813
mangroves, saltmarshes and sea grasses, 92, 328-330
multiple stresses, 40, 317, 336
natural systems, 318-319, 324-330
observed changes, 28, 40, 92-94, 115, 320
recreation and tourism, 320, 335-336
regional differences, 331, 336

sea-level rise and, 35, 40, 41, 81, 92, 317, 322-324, 325,
326, 336, 339, 346, 372, 414, 520, 630

socio-economic aspects, 317, 322, 323, 330-339, 331
sustainable development, 345
thermal stratification, 235
thresholds, 320, 321-322
uncertainties and research priorities, 345-347
vulnerabilities, risks and hotspots, 40-41, 317, 318-322,

336, 337, 399, 796
water management, 759
wetlands, 40, 92, 93, 317, 328-330
See also specific regions and countries

Coccolithophores*, 222, 658
Coconuts, 333, 450
Cod, 669, 670
Coffee growing/production, 597, 731
Cold-related mortality, 51, 108, 393, 407, 408, 411, 418, 557
Cold-waves, 375, 397-398
Colorado River basin, 193-194, 197, 627, 634
Columbia River basin, 627, 628, 633, 818-819
Commitment to warming, 827
Committed to extinction*, 241, 242-245, 553, 630, 792

See also Ecosystems; Extinction; Extirpation
Communicable diseases*. See Infectious diseases
Communication of uncertainty/risk, 143-144, 380, 735
Confederation Bridge, Canada, 65, 719, 724
Confidence*, 27, 141, 786

See also Uncertainty; specific topics and executive
summaries

Conflicts and war, 442-443, 447, 451, 459
Conservation, 38

in Asia, 495
of coral reefs, 485
in Europe, 52, 544, 559, 560
in Latin America, 592, 602
of mangrove forests, 492

Construction, 367, 379, 635
See also Infrastructure

Context, 359, 635
human systems, 361, 366, 374
multi-stress/multi-cause, 43, 75

Control run*, 187
Convention on Biological Diversity (CBD), 246, 247-248,

495, 769
Convention on International Trade of Endangered Fauna

and Flora (CITES), 495
Convention to Combat Desertification (CCD), 495
Copepods, 96
Coping ranges, 142-143

See also Adaptation; Vulnerability
Coral atolls, 40, 697-698, 705, 707

See also Small islands
Coral bleaching*, 216, 235, 317, 321-322, 330, 512, 518, 527

El Niño Southern Oscillation (ENSO) and, 319, 321, 330,
439

observed changes, 94, 235, 439, 477
projected changes, 40, 57-58, 800
recovery time from, 527
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sea surface temperature and, 94, 235, 321-322
thresholds, 485

Coral reefs*, 235, 320, 321-322, 330, 512
adaptation potential, 235
in Asia, 49, 471, 472, 477, 485, 486
‘crown-of-thorns’ starfish, 439
ecosystems, 94, 214, 234, 235, 292, 477-478
endangerment status, 235
Great Barrier Reef, 242, 320, 509, 512, 518, 527
habitat and processes, 235
in Latin America, 590
non-climate-change threats, 699
observed changes, 28, 94, 235, 439, 477, 512, 816
ocean acidification and, 38, 94, 235, 793
pathogens, 590
projected changes, 40, 57-58, 471, 485, 518, 792
vulnerability/risk, 40, 216, 235, 240, 518, 730
white band disease (WBD), 590
See also Coral bleaching

Corals*, 213, 214, 235
calcification of, 235
cold-water, 213, 234, 236, 658, 793
ocean acidification and, 213, 234, 658
vulnerability/risk, 235, 240
See also Coral bleaching; Coral reefs

Cost-benefit analyses (CBAs), 800, 802-803
in adaptation and mitigation, 747, 754, 756, 757

Cost-effectiveness analyses (CBEs), 755, 800, 803
COST725 project, 112, 113
Costs, 64-65, 78

adaptation (SeeAdaptation costs and benefits)
aggregate, global, 64-65
of climate change, 65, 756, 771, 813, 821-824, 822
coastal systems, adaptation, 40, 317, 336-339, 345
computable general equilibrium (CGE) model, 337
cost estimates, 337, 359
ecosystem goods and services, 245-246
extreme weather events, Asia, 489
extreme weather events, Australia/New Zealand region, 50,

511, 513
extreme weather events, Europe, 362
extreme weather events, North America, 55, 332, 338, 369,

619, 621, 626
food, fibre and forest products, 296-297, 301
freshwater resources/management, 190-196
human health, 415
human vs. monetary, 365
industry, settlement and society, 362, 365, 376-379
methods and tools for characterising, 337
mitigation costs and benefits, 749, 756-757, 802
post-event impacts, 338
schematic overview of inter-relationships, 748
social cost of carbon, 65, 756, 771, 813, 821-824
tourism losses, 626

Crab, 669
Crop diversification, 624
Crop yields, 38, 282-285, 300, 413, 791

in Africa, 48, 297, 435, 448

in Asia, 49, 106, 297, 471, 479-481
in Australia/New Zealand region, 518, 519
carbon dioxide effects on, 38, 40, 54, 276, 282-283, 284,

300, 824
climate extremes and, 284
damage avoidance, 295
in Europe, 548-549, 554-555
in Latin America, 597
in North America, 624, 631
ozone effects, 278
temperature and, 49, 275, 282-283, 284-285, 286, 295,

300, 301
See alsoAgriculture; Crops

Crops, 275, 276, 283-285
adaptation strategies, 70, 294-295, 452, 721, 725-726
in Australia/New Zealand region, 518-519
bioenergy/biofuels, 288, 544, 555, 635, 758
biotechnology and, 296
El Niño Southern Oscillation (ENSO) effects, 277
in Europe, 52, 554-555
extreme events and, 277, 277, 278
genetic modification, 296
globalisation and, 730, 731
industrial, 288
mid- to high-latitude, 275, 276, 286, 296, 297, 300
in North America, 624, 635, 636
observed changes, 104-106
pests (See Insect pests)
rain-red, 48, 50, 280, 448, 480
in small islands, 700
threshold responses, 277
varieties and planting times, 295, 452, 721, 725
See alsoAgriculture; Crop yields; Grain crops; specific

crops
‘Crown-of-thorns’ starfish, 439
Crustacea, 291
Cryosphere*

future impacts, 184, 551, 558, 565
global impacts of changes in, 56-57, 655, 660, 661-662,

667-668
observed changes, 28, 81, 85-90, 115
observed trends, 177, 543, 546
See also Polar regions; specific components of cryosphere

Cryptogams*, 230
Cryptosporidium, 189, 398, 487, 671, 701
Culex mosquito, 625
Culicoides imicola, 555
Cutaneous leishmaniasis, 403, 587, 599
Cyclones. See Extra-tropical cyclones; Tropical cyclones

D
Damages avoided, 77-78, 295, 754-760, 798-803
Dams, 181, 493, 768-769

impact on river sediments, 317, 319, 493
Dangerous anthropogenic interference, 781, 782, 784, 798,

799, 804
temperature threshold for, 801-802
See also Vulnerability assessment
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Deaths. See Mortality
Decision analysis, 31, 752-753
Decision-making, 735-736, 750, 752-754

in adaptation and mitigation, 72, 747, 750, 752-760,
832-836

nature of decision problem, 752-753
participatory processes, 813, 832-834
support mechanisms, 813, 836

Deer Island sewage facility, U.S., 724
Deforestation*, 216, 229-230, 281, 299, 757

in Africa, 442
in Latin America, 53, 583, 590, 594-595, 604, 606

Deltas, 40, 41, 317, 326-328, 327, 332, 484
See also Ganges-Brahmaputra delta; Megadeltas

Dengue fever*, 393, 403-404, 408, 410
in Asia, 478, 487
in Australia/New Zealand region, 408, 410, 524
climate-related factors and, 478
in Latin America, 404, 586, 591, 593, 599
in small islands, 689, 701

Dermatosis, 487
Desalination, 181, 525, 559, 689, 697, 759
Desertification*, 767

in Africa, 439, 442
in Asia, 472, 486

Deserts*, 222-224, 472
amelioration of, 223, 237, 238
carbon stocks, 214

Detection and attribution*, 28, 29, 79-131, 781
confidence, 85
definitions/terminology, 83
joint attribution, 83, 112-116
larger-scale aggregation and attribution, 82, 112-116
linking climate-change causes with observed effects, 29
methods, 83-85
regions and systems, observed changes in, 85-116
research needs, 78, 117
summary, 81-82
synthesis of studies, 114-116
See also Climate change; Joint attribution; Observed

changes and responses
Developed countries

adaptation deficits/challenges, 43, 55, 69, 397
energy use, 827
sea-level rise, costs of, 339, 339
vulnerabilities, 781, 792
water quality problems, 179
See also specific countries

Developing countries
adaptive capacity, 40
aggregate impacts, equity issues and, 821
agricultural adaptation, 726
agriculture, 279, 281-282
coastal area impacts/costs, 40, 317, 331, 336, 339
energy use, 827
human health impacts, 43
impacts/vulnerabilities in, 781, 784, 796
natural disaster-related deaths in, 373

per capita CO2 emissions in, 826
sea-level rise, costs of, 339, 339
water quality problems, 179, 189
See also specific countries

Development, 75-76
adaptive capacity and, 276, 279, 620, 719, 755, 767
CDM (Clean Development Mechanism), 248, 752, 753
climate-related vulnerabilities and, 813
as driver of water use, 182
environmental quality and, 76, 819-820, 835
equity issues, 494-495, 813, 826-827
linkages with adaptive capacity, 817-819
mainstreaming adaptation and, 832, 832-836
participatory processes, 813, 832-834
paths, 75, 494-495, 764-766, 771, 817-818
sustainable (See Sustainable development)
syndromes/categories, 819
See also Sustainable development; specific regions

DGVMs. See Dynamic Global Vegetation Models
Diadromous* fish species, 39, 275, 291, 300
Dialogue on Water and Climate (DWC), 197, 197
Diarrhoeal diseases, 43, 189, 393, 401, 410

in Africa, 437, 441
in Asia, 50, 471, 478, 481, 487
in Australia/New Zealand region, 524
flood-related, 399
morbidity/mortality from, 50, 471, 478, 481
projections, 407, 418
in small islands, 689, 701
water quality and, 335

Dimethyl sulphide (DMS), 222
Disasters, 109-111, 393

in Africa, 442-443, 447, 451, 459
costs in Australia/New Zealand region, 511
costs in North America, 626
disaster risk management/reduction, 813, 820-821
gender and, 398
mental disorders and, 399
observed changes, 109-111
preparedness programs, 492
See also Extreme weather events; specific disasters

Discount rate*, 65, 813, 822
Diseases, 43, 393-394, 403-405, 418

air quality and, 401-402
cold-related, 671
monitoring of, 43, 491
mosquito-borne, 400, 524, 625 (See also Malaria)
non-communicable, 394
observed changes, 82, 107-109
rodent-borne, 404
tick-borne (See Tick-borne diseases)
vector-borne (See Vector-borne diseases)
water and, 400-401
water-borne (See Water-borne diseases)
zoonotic, 625, 671
See also Human health; Infectious diseases; specific

diseases
Disturbance regimes*, 37, 213, 214-215, 216
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in Africa, 439
climate variability and, 38
in North America, 56, 619, 620, 623, 631
projected changed, 38, 792
See also Fires; Insects

Downscaling*, 135, 148, 250-251, 594
Drosophila melanogaster, 104, 512
Droughts*, 175, 186-187

adaptation, 70, 722
in Africa, 237, 278, 287, 437, 734
in Asia, 473, 476
in Australia/New Zealand region, 50, 509, 510-511, 511,

515, 519
current sensitivity/vulnerability, 177-178
extreme events, 187, 188, 789
human health impacts, 399-400
in Latin America, 400, 586
in North America, 619, 622, 623, 624, 625, 626
observed changes, 89, 90, 177
projected impacts and interactions, 42, 51, 375, 789
in small islands, 698
types of, 186-187
vulnerability/risk, 35, 74, 789
See also Extreme weather events

Dust-related diseases/health effects, 108, 109, 400, 402, 439
Dykes*, 457, 548, 559, 640
Dynamic Global Vegetation Models (DGVMs)*, 219, 220,

222, 240, 241

E
Early warning systems, 53, 417, 491, 544, 563, 591, 604

See also Extreme weather events; Heatwaves
Earth System Models of Intermediate Complexity, 139
East Timor (Timor Lest), 706
Ecological communities*, 103, 104, 214

See also Ecosystems
Ecological corridors*, 54, 525, 560, 583, 592, 769
Ecological surprises, 38, 242
Economies

in Africa, 440-441, 454
in Europe, 52-53, 543-544, 545
in Latin America, 595-596
in North America, 627
in polar regions, 56, 655, 661, 665-666, 668, 676
of resource-dependent communities, 625
in small islands, 57, 695, 698, 701-702
See also Market impacts; Socio-economic impacts; specific

regions
Ecophysiological process*, 240
Ecosystem approach*, 246-248
Ecosystem services*, 213, 215, 245-246
Ecosystems*, 37-38, 44-45, 211-272

adaption and acclimation, 38, 213, 246-248
adaptive capacity, 52, 658-660
areal extent, 214
assumptions about future trends, 218-219
costs/valuation of goods and services, 245-246
cross-biome impacts, 237-239

current sensitivities, 213, 215-218
drivers of change, 213, 215-218, 219, 817
future impacts and vulnerabilities, 37-38, 213-214,

219-245, 792, 795-796
goods and services, 213, 215, 245-246
impacts, global synthesis of, 213-214, 239-245
introduction, 214-215
key issues, 215
management, 246-248
modelling, 218-219, 239-240, 250-251
multiple stresses, 213, 215, 241, 246-247
projected impacts, 37-38, 44-45, 213, 238, 240, 242-245,

828
resilience, exceedence projections, 37
scales and time lags, 214, 215, 547
sustainable development, 248-249
thresholds, 37, 215, 785, 802
uncertainties and research priorities, 249-250
vulnerability/risk, 37-38, 240, 788-789, 792, 795-796
See also Biodiversity; Extinction; Extirpation; specific

ecosystems and regions
Ecotone*, 216, 228, 233, 237
Egypt, 339, 445, 448, 452, 485
El Niño Southern Oscillation (ENSO)*

agriculture effects, 277
in Asia, 473, 475, 477
in Australia/New Zealand region, 510, 521
coral bleaching and, 319, 321, 330
definition, 292
fisheries and, 292
forecasting and responses to, 591, 721
in Latin America, 585, 586, 591
malaria and, 404
marine ecosystems and, 95, 101
in North America, 623, 627, 630
projected changes and impacts, 794
in small islands, 689, 690, 691, 692
See also Modes of climate variability

Elderly population
disproportionate impacts of climate/weather events, 363,

399, 730
mortality from extreme weather events, 362, 563
vulnerability of, 43, 64, 393, 399, 557, 791

Emigration. See Migration
Emissions scenarios*, 155, 529, 758
Encephalitis, 625
Endemic* species, 213, 216, 230, 241, 583

vulnerability/risk, 38, 54, 786
See also Biodiversity

Energy
adaptation, 379
adaptation costs and benefits, 725, 726
in adaptation/mitigation decisions, 759, 760, 767-768
clean development, 248, 418-419, 752, 753, 835
future impacts and vulnerabilities, 36, 366-367, 371, 790
global cost estimates, 727
production, 193, 363, 367
vulnerability/risk, 790
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See also Biofuels; Energy use/demand; Hydropower
generation; Wind

Energy use/demand
in Africa, 442, 446, 459, 767-769
in Asia, 111, 488-489
in Australia/New Zealand region, 511, 516, 523-524
in Europe, 52-53, 543, 545, 548, 556, 561, 565
in North America, 367, 626, 633, 634-635
observed changes, 111
in small islands, 702

Ensemble* models, 77, 800
ENSO. See El Niño Southern Oscillation (ENSO)
Environmental Impact Assessment (EIA), 724
Environmental quality, 76, 361-362, 365, 819-820, 835
Epidemics*, 399-400, 404-405, 415-416

in Africa, 406, 438, 446, 447
in Latin America, 586

Equity issues, 76, 494-495, 784, 786, 813, 826-827, 835
Erosion*

in Australia/New Zealand region, 511, 520-521, 522
of beaches, 92, 318, 511, 520, 522
in coastal systems, 92, 93, 317, 320, 324-326, 328, 338,

623, 630
in North America, 623, 630
soil, 179, 189-190, 558

Estuaries, 328
in Africa, 450
in Asia, 485
in Australia/New Zealand region, 517
salinisation of, 175, 179, 189

Europe, 51-53, 60-61, 541-580
adaptation and adaptive capacity, 52, 53, 117, 543, 544,

547, 559-562, 722, 724
agriculture and fisheries, 52, 543, 545-546, 548-549,

554-556, 558, 560-561, 565
assumptions about future trends, 547-549
biodiversity, 52, 543, 553-554, 558, 560, 565
biofuel use in, 299
case studies, 562-563
climate, 544, 545
climate projections, 51-52, 547-548
coastal and marine systems, 51, 543, 550-551, 558, 559,

565
COST725 project, 112, 113
cryosphere, 546
current sensitivity/vulnerability, 544, 545-547
economy/economic impacts, 52-53, 543-544, 545
ecosystem impacts, 243-244, 543, 546, 553-554
energy and transport, 52-53, 543, 545, 548, 556, 561, 565
European Alps, 28, 53, 102, 216, 546, 548, 551-552, 557
European Biomass Action Plan, 299
extreme events, 544, 548
fires, 51, 543, 552, 558
flood and drought risk, 51, 187, 188, 543, 550, 558
flood defenses, 333, 417, 559, 562
food and fibre products, 545
forests, shrublands and grasslands, 52, 106-107, 543, 545,

549, 552-553, 559-560, 565

future impacts and vulnerabilities, 51-53, 60-61, 549-558,
565, 825, 829

glaciers, 28, 52, 543, 549-550, 551, 558
greenhouse gas emissions, 545, 769-770
growing season, 99
heatwave of Summer 2003, 51, 217, 362, 397, 562-563
heatwaves, 544, 557, 733
human health, 51, 395, 403, 409, 543, 546, 557-558, 562,

565
human population, 545, 548
insurance/property insurance, 557, 561-562, 565, 723
introduction, 544
land use, 548-549
mitigation policy, 767, 769-770
mountains and sub-Arctic regions, 543, 551-552, 559, 565
natural resources, 51-52
observed changes, 30, 51, 92, 99-100, 115-116, 543, 546
phenology, 51-52, 99-100, 101, 113, 546, 551, 552, 553,

558
precipitation, 151, 545, 547
sea-level rise, 51, 52, 346, 543, 551, 554
socio-economic development, 548
sustainable development, 546-547, 563-564
temperature, 150, 545, 547
thermohaline circulation and, 563
tourism and recreation, 53, 336, 556-557, 561, 565
uncertainties and research priorities, 564, 566
urban indicators, 363
urbanisation in, 549, 550
water resources, 52, 543, 545, 549-550, 557, 558, 559,

560, 565
water stress, 52, 543, 550, 552, 559
wetlands and aquatic ecosystems, 92, 543, 551, 553, 560,

565
windstorms/wind speed, 489, 547-548, 557

Eustatic sea-level rise. See Sea-level rise
See also specific countries

Eutrophication*
in Asia, 485
in Australia/New Zealand region, 517
in Europe, 551, 553, 558, 565

Evaporation*, 55, 84, 89, 91, 300
Evapotranspiration*, 64, 84, 91, 177, 184-186, 232

carbon dioxide enrichment and, 184-185
in mountain regions, 232-233
in North America, 621
observed trends, 177

Evolutionary processes, 104, 403
Exotic species. See Invasive species and invasive alien species

(IAS)
Exposure, 43, 791, 814, 821
Exposure unit, 141
Externalities*, 69, 382, 719, 771
Extinction*, 38, 213, 215, 241-242

in Africa, 48
of amphibians, 103, 230, 233, 586, 590
in Asia, 49, 471, 485-486
in Australia/New Zealand region, 517, 528
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‘committed to extinction,’ 241, 242-245, 553, 630, 792
in Europe, 553
of fish, 39-40, 275, 291, 300
in freshwater ecosystems, 192, 193
irreversible impacts of, 213
in Latin America, 54, 586, 590, 596
in North America, 55, 630, 631
observed changes, 103
projected changes, 38, 213
See also Butterflies; Extirpation

Extirpation*, 226, 228, 247, 485
See also Extinction

Extra-tropical cyclones, 109-110, 317, 324, 623, 627, 692
Extreme weather events*, 41, 64, 68, 73-75

adaptation, 721, 723, 798
in Africa, 377, 437, 444
agriculture/livestock impacts, 275, 277, 277, 278
analogues, 146
in Asia, 473, 476, 479, 488, 489
in Australia/New Zealand region, 50, 509, 511
coastal systems, lessons from, 340
costs of, 55, 332, 338, 362, 489, 511, 513, 619, 621, 626,

630
in Europe, 362
food, fibre and forest products and, 275, 283, 284, 298,

299
gender-related differences in impacts, 398, 730
human health and, 338, 393, 418, 635
increase in frequency/intensity, 38, 109-111, 283, 359, 372,

473, 781, 796
industry, settlement and society and, 41, 359, 362, 369,

372, 377
infrastructure and, 625-626
in Latin America, 53, 583, 585, 594
megadeltas, vulnerabilities to, 377
mortality from, 393, 394
in North America, 332, 338, 619, 621, 625-626, 632-633
projected impacts and interactions, 38, 68, 375, 413
scenarios, 148-152
in small islands, 695
vulnerability/risk, 41, 64, 73-75, 781, 789, 795, 796
See also Climate variability; Droughts; Extra-tropical

cyclones; Fires; Floods; Heatwaves; Hurricanes

F
FACE experiments, 40, 276, 282, 300
Fagus sylvatica, 107, 232
Farming. SeeAgriculture; Crops; Crop yields; Grain crops;

Livestock
Feedbacks*

biotic, 219-222
carbon cycle, 792-793
cascading, in freshwater systems, 655, 660
from changes in polar regions, 56-57, 655, 660, 661-662,

667-668
Fiji, 695, 705
Filariasis, 689, 701
Financial sector, 721, 723

See also Insurance
Fires, 229, 275, 290, 299, 300

in Africa, 435, 442
in Asia, 471, 472, 477-478, 486
in Australia/New Zealand region, 50, 509, 511, 517
carbon emission from, 107
controlled/prescribed burning, 247, 560
ecosystem effects, 217-218
in Europe, 51, 552, 558
fire-dependent biomes, 215
fire suppression, 218
in Latin America, 53, 596, 600
modelling, 290
in North America, 56, 619, 620, 621, 623, 631, 636
observed changes, 107
in peatlands, 477-478
projected changes, 38, 789, 792, 795
vulnerability/risk, 789, 792, 795
See also Disturbance regimes

Fish, 236
biogeography, 95
distribution of species, 28, 233-234, 659
extinction, risk of, 631
extinctions at edges of ranges, 39-40, 275, 291, 300
growth, effect of temperature on, 291
migration, 98, 333
North America, 624, 629, 631-632
observed changes, 81, 95, 97
parasites, 292
in polar regions, 665, 669
projected changes, 49
salmon, 192-193, 275, 291, 624, 629
sea ice reduction and, 236
sturgeon, 275, 291
trout, 291, 665
tuna, 292, 482, 700
See also Fisheries

Fisheries, 39-40, 275, 276-277, 291-292, 302
adaptation, 300
in Africa, 281, 435, 448, 449, 450
in Asia, 49, 279, 281, 471, 482, 489
Atlantic cod, 670
in Australia/New Zealand region, 512, 521
in coastal areas, 333
decadal variability and extremes, 292
economic impacts, 292, 790
in Europe, 52, 543, 545-546, 555-556, 561, 565
fin-fish, 669
globalisation and, 719, 730
importance of, 276
in Latin America, 281, 584, 587, 590, 593, 603
meridional overturning circulation and, 275, 292
multiple stresses, 279
in North America, 620, 624, 629, 631-632
observed changes, 81, 97, 816
pathogens/parasites, 292
in polar regions, 49, 291, 655, 659, 665, 669, 676
production, global, 291
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projected changes, 39-40
in small islands, 57-58, 689, 700
supply and demand, 281
sustainability, 276
wild-capture, 281, 291-292
See also Fish

Floods, 175, 186-187, 414
adaptation/defences, 70, 381, 517, 722, 724, 725
in Africa, 377, 398, 414, 435, 437, 447
in Asia, 398, 414, 471, 472, 476, 489
in Australia/New Zealand region, 517
coastal settlement and, 40, 64, 317, 331, 333-334, 484, 813
costs, 338
current sensitivity/vulnerability, 178
in Europe, 51, 187, 188, 550
extreme events, 109, 511, 789
flash floods, 51, 187, 789
future frequency of “100-year” floods, 372, 550, 633, 636
human health impacts, 398-399
Hurricane Katrina flood depths, 360, 414
insurance, 369, 377
in Latin America, 398, 586, 588
in North America, 55, 620, 626, 630, 633
observed changes, 89, 90, 177
projected impacts and interactions, 35, 196, 375, 789
river floods, 109
types of, 186
vulnerability/risk, 35, 789, 824
See also Extreme weather events

Fluoride in groundwater, 179
Food-borne illnesses, 108, 109, 625, 701

See also Diseases; Human health
Food chain*, 81, 279, 291-292, 793
Food, fibre and forest products, 38-40, 45, 273-313

adaptation, 38-39, 275, 294-296, 300
adaptive capacity, 275, 279-280
air pollutants and UV-B radiation, 278
aquaculture, 276-277
assumptions about future trends, 280-282
biotechnology, 296
capacity building, 296
carbon dioxide effects on, 276, 282-284, 285-287, 290,

300
carbon pools, 283
climate and, 280
conclusions/summary, 275-276, 299-303
costs and socio-economic aspects, 296-299, 301
current sensitivity/vulnerability, 277-280
extreme events, 38, 275, 283, 284, 298, 299
fisheries, 39-40, 275, 276-277, 291-292
food-crop farming, 276, 283-285
food security (See Food security)
forestry, 39, 275, 276, 283-285, 288-291, 301
future impacts and vulnerabilities, 38-40, 45, 275,

282-294, 828
importance of, 276
industrial crops and biofuels, 288
introduction, 276-277

methods, 277
multiple stresses, 277-278, 279, 290
pastures and livestock production, 285-288, 301
subsistence and smallholder agriculture, 275, 279,

281-282, 293-294
supply and demand balance, 280-282
sustainable development, 276, 299
temperature and, 282-283, 284-285, 286, 287-288, 301
threshold responses, 277
trade and, 40, 275, 276, 284, 297, 300
uncertainties and research priorities, 276, 285, 290,

299-303
weeds, insect pests and animal health, 283
See alsoAgriculture; Crops; Fisheries; Food security;

Forestry
Food poisoning, 400, 410, 701

ciguatera fish poisoning, 400, 449, 701
Food safety, 400
Food security*, 297-298, 299, 300, 394, 399

in Africa, 48, 275, 280, 297, 300, 399, 435, 440, 454-456,
719

in Asia, 297, 399, 471, 479-481, 482-483
in Australia/New Zealand region, 528-529, 529
gender-related vulnerability, 719, 729, 730
human health and, 394, 399, 413-414
in Latin America, 602
major components of, 455
projected changed, 40, 48
in small islands, 689, 698-700
See also Food supply; Hunger

Food-sharing, 728
Food supply, 482-483, 816

adaptation, 797
vulnerability/risk, 74, 781, 787, 802
See alsoAgriculture; Food security

Food utilisation, 298
Food web*, 97, 216, 236

marine, 234, 236, 239, 793
Forecast. See Climate prediction; Climate projection
Forest fires, 229, 290, 299, 300

in Africa, 442
air pollutants from, 402
in Asia, 471, 486
attribution for increases in, 114
in North America, 31, 107, 620, 621, 623, 631
observed changes, 107, 114
See also Fires

Forest products. See Food, fibre and forest products; Forestry
Forestry, 38, 39, 276, 283-285, 288-291

adaptation and mitigation decisions, 758, 759
adaptation strategies, 295-296, 300
in Australia/New Zealand region, 50, 509, 520, 525, 529
costs of climate change, 297
El Niño Southern Oscillation (ENSO) effects, 277
FACE experiments, 40, 276, 300
future impacts, 39, 40, 288-291, 297, 790
importance of, 276
insect damage control, 295
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International Tropical Timber Organization (ITTO), 495
modelling, 290
in North America, 620, 622, 624, 630, 636
observed changes, 81-82, 106-107
projected changes, 39, 40
socio-economic impacts, 291, 297
summary of impacts, 301, 302
supply and demand in, 281
timber productivity, 275, 289, 290, 300
trade and, 40, 275, 289, 297, 300
vulnerability/risk, 31, 82
See also Food, fibre and forest products

Forests, 227-230, 238
in Africa, 299, 435, 439, 442
in Amazonia, 54, 218, 241, 243, 281, 594-595, 596
in Asia, 471, 472, 477-478, 481, 485-486, 488
biodiversity, 230
boreal, 217, 228, 276, 289, 485-486
bushfire threat to, 442
carbon dioxide effects on growth, 40, 220-221, 228,

282-283
carbon stocks, 106, 214, 227-228, 231-232, 792-793
cloud, 48, 230, 244, 439, 596, 700
coastal areas, 317, 329, 333
deforestation (See Deforestation)
dependent communities, 736-737
drought effects, 228
ecosystems, 213, 227-230, 238
in Europe, 52, 106, 543, 545, 552, 559-560, 565
growing season, 81
hurricane-induced mortality, 700
insect infestations/damage, 218, 228, 619, 623, 624, 631
land-use change and, 229-230
in Latin America, 106, 584, 592, 594-595, 602
mangrove (See Mangrove forests)
in North America, 106, 620, 622, 624, 630, 735-736
phenology, 31 (See also Phenology)
productivity, 39, 52, 81-82, 106, 228, 297
rainforest, Australia/New Zealand region, 516, 516, 518
range/biome shifts, 229, 237, 241
replacement by savannas, 583, 596
in small islands, 689, 700
tropical (See Tropical forests)
See also Deforestation; Forest fires; Forestry;

Reforestation
Fossil fuels, 672-673, 826
Free-air CO2 enrichment (FACE) experiments, 40, 276,

282, 300
Freshwater lens*, 36, 186, 689, 697
Freshwater resources and management, 35-37, 44, 90-92,

173-210
adaptation and risk management, 36, 175, 196-200
adaptation limits, 199
assumptions about future trends, 180-182
climatic drivers, 180-181
costs and socio-economic aspects, 190-196
current sensitivity/vulnerability, 176-180
decision-making under uncertainty, 199-200

Dialogue on Water and Climate (DWC), 197
ecosystems, 28-31, 97-98, 213, 214, 233-234, 239, 789
erosion and sediment transport, 179, 189-190
feedbacks, 660
floods and droughts, 177, 178, 186-187, 188, 196
future impacts and vulnerabilities, 35-37, 44, 182-190,

233-234, 789
groundwater, 90, 177, 179, 185-186
impact of human activities, 175-176
infrastructure, 36, 175, 191
Integrated Water Resources Management (IWRM),

196-197, 200
introduction, 175-176
management policies, 175, 724
net negative impact of climate change, 175, 191
nonclimatic drivers, 181-182, 194
observed changes, 90, 97-98, 115-116, 177
runoff, 36, 175, 177, 182-184
sea-level rise and, 35
surface waters, 90, 177, 177, 182-185
sustainable development, 200-201
uncertainties and research priorities, 175, 200, 201-202
vulnerability/risk, 182-190, 233-234, 789
water chemistry, 89, 91
water demand/availability, 175, 191-194, 196-200, 197
water quality, 178-179, 188-189
water stress, 179, 193-194
water temperature/structure, 31, 36, 81, 91, 175, 176
See also Water resources; specific regions

Frogs. SeeAmphibians
Frozen ground, 88, 115, 486

See also Permafrost
Fruit bats (Pteropus spp.), 216
Functional extinction*. See Committed to extinction
Fur seals (Arctocephalus gazella), 660, 669
Fusarium, 586, 597
Future characterisations, 32-35, 77-78, 135, 144-161

analogues, 32, 145, 146
artificial experiments, 144-146, 145
climate model data, 32
comprehensiveness, 145
definitions, 145
large-scale singularities, 35, 135, 160
non-climate scenarios, 34-35
plausibility, 145
probabilistic futures, 35, 135, 145, 160-161
projections, 145
scenarios, 76, 77, 145, 146-160
sensitivity analysis, 32, 145, 146
storylines, 32, 145, 146, 147
See also CCIAV assessment; Scenarios
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Ganges-Brahmaputra delta, 64, 327, 485, 496

See also Megadeltas
Gastrointestinal disease, 487
Gender

differential risk perception, 737
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differential vulnerability and adaptive capacity, 719, 729,
730

natural disasters and, 398
General Circulation Model (GCM). See Climate models
Generalists*, 229, 241
Geo-engineering, 797
Geographically-distributed impact models, 824-825, 836
Geophysical systems, 74, 782, 789, 792-795
Giardia spp., 487, 671
Glacial lake outburst floods (GLOFs), 86-88, 395, 414, 477
Glacial lakes, 69, 86, 88, 719, 721, 723
Glaciers*, 83, 86-88

adaptation to glacial retreat/melt, 719, 721, 722, 723, 781
in Africa, 439, 440
in Arctic, 656, 661-662
in Asia, 49, 471, 472, 477, 481, 483-484, 487, 493, 494
attribution for glacial retreat, 114
Chacaltaya glacier, Bolivia, 87
in Europe, 28, 52, 543, 549-550, 551, 565
Himalayan glaciers, 49, 481, 483, 487, 493, 494
in Latin America, 87, 584, 589, 598
observed changes, 28, 83, 86-88, 114, 177, 589, 661-662
in polar regions, 656, 657, 661, 663, 674
runoff from, 28, 89, 184
sea-level rise and, 663
vulnerability/risk, 781, 788
water supply from, 184, 187, 483
See also Ice sheets

Global mean annual temperature (GMAT)
carbon dioxide stabilisation and, 158-159
modelling/scenarios, 34
projections, 783, 804 (See also Temperature projections)

Global mean temperature (GMT)
aggregate impacts of increases in, 73, 781, 796-797,

803-804, 821-825
key vulnerabilities/risks from increases in, 73-76, 781,

787-789, 803-804
thresholds, 803
See also Scenarios; Temperature; Temperature impacts;

Temperature projections
Global warming

commitment to, 827
global impacts of cryosphere changes, 655, 660, 661-662,

667-668
impacts of additional degrees of warming (See

Temperature impacts)
impacts of delay in addressing, 782, 802, 804
probability of exceeding 2°C above pre-industrial level,

801
risk-management timeline, 140
summary of future impacts, 44-47, 59-63, 66-68
summary of observed impacts, 26-31
See also Climate change; Scenarios; Temperature;

Temperature impacts; Temperature projections
Globalisation*, 719, 730

adaptation and, 278, 729, 730, 797
in Africa, 440-441
food supply and, 482

in India, 719, 729, 730
in small islands, 693, 707
sustainable development and, 819

Governance/government
interactions with social/cultural systems, 375
local, climate change adaptation and, 382
new global governance structures, 383
participatory, 834
scenarios, 364

Grain crops
in Africa, 448
in Asia, 475, 479-481, 481
in Australia/New Zealand region, 518
cereal grains, 38, 275, 285, 286, 297-298, 302
El Niño Southern Oscillation (ENSO) effects, 277
in Europe, 545
in Latin America, 597
in North America, 624
projected changes, 38
sensitivity to climate change, 39
temperature and, 285, 286, 297
See alsoAgriculture; Crop yields; Food, fibre and forest

products; specific crops
Grasslands, 224-226, 285-288

in Africa, 435, 439, 449
in Asia, 483, 486
carbon dioxide effects on, 220, 225
carbon stocks, 214
in Europe, 549, 553, 560, 565
temperature impacts, 288
wildlife, 226
See also Rangelands; Savannas

Great Barrier Reef, 50, 242, 320, 509, 512, 518, 527
See also Coral bleaching; Coral reefs; Corals

Great Lakes, North America, 56, 619, 627-629, 628, 634
Greenhouse effect*, 526, 605
Greenhouse gases (GHGs)*

in Asia, 479, 489, 495
in Australia/New Zealand region, 510
climate change commitment from, 748
comparison between, 823
costs and damages avoided, 756-757
emissions goals, 748, 753
emissions in developing countries, 826
in Europe, 545, 769-770
mitigation scenarios, 35, 76, 139-141, 158-160, 755-757,

799-802
in North America, 620
overshoot scenarios, 801-802, 804
in polar regions, 655, 662, 667, 672
potential release from permafrost, 88, 213, 231, 661, 662
risks of delay in mitigation, 782, 802
social cost of, 813, 821-824
stabilisation scenarios, 35, 71, 529, 758, 765, 799-802
stabilisation targets, 799-802
uncertainties in future emissions/scenarios, 800
See also Carbon dioxide; Methane

Greenland ice sheet, 74, 655, 656, 657, 661-662
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deglaciation impacts, 64, 74
deglaciation parameters, 41, 73, 74, 781, 789, 793-794
See also Ice sheets

Grenada, 693, 701, 702
Gross Domestic Product (GDP)*

extreme weather event impacts as percent of, 359, 376
global agriculture impacts as percent of, 296-297
global damage estimates with increases in temperature, 65,

822
impacts computed as a percent of, 821
sea-level rise protection costs as percent of, 725

Gross national product (GNP)*, 245, 547, 592
Gross primary production*. See Primary production
Gross world product, 790
Groundwater, 185-186

arsenic/fluoride in, 179, 587
in Asia, 483
in Latin America, 587, 599, 602
in North America, 629
observed changes, 90, 177, 177
salinisation, 35, 175, 179, 189, 483, 693
in small islands, 186, 189, 693
See also Freshwater management

Groundwater recharge*, 36, 175, 185-186, 549
Growing season, 31, 81, 99, 666

in Africa, 435, 447-448
in Asia, 475, 483
See also Phenology

Groyne*, 343
Guardrail analysis, 800, 802

H
Habitat*, 817

fragmentation, 37, 213, 554, 666, 783
loss, 52, 583, 592
sea-level rise and, 554
See also Ecosystems; specific habitats

Hantavirus*, 404, 586-587, 625
Haplosporidium nelsoni, 292
Harmful algal blooms (HABs), 96, 234, 328, 400, 551, 556
Hawaii. See Small islands
Health. See Human health
Heat islands*, 55, 372-373, 381, 489, 587, 633

adaptation for, 492
Heat-related deaths, 43, 108, 393, 396-398, 408, 411, 733

in Asia, 478
in Australia/New Zealand region, 519, 524, 525
in Europe, 397, 411, 548, 557
in Latin America, 587, 600
in North America, 55, 411, 619, 625
See also Heatwaves; Human health

Heat stress, 38, 49, 487, 492, 599, 689
effect on livestock, 287, 447, 586
vulnerability/risk, 789
See also Extreme weather events

Heatwaves, 51, 396-397
adaptation, 43, 70, 719, 721, 722
in Asia, 396-397, 476, 478, 492, 733

in Australia/New Zealand region, 50, 509, 511
early warning systems, 53, 417, 491, 544, 563
ecological impacts of, 217
energy use and, 111
in Europe, 51, 217, 362, 544, 548, 557, 563
human health and, 396-397, 413, 632
impacts of, 42, 217, 375, 396-397, 632, 733
mortality from, 394
in North America, 619, 620, 632
vulnerability/risk, 781
See also Extreme weather events; Heat-related deaths;

Human health
Hepatitis, 587-588
Herbaceous* growth, 225-226, 552
Herring (Clupea harengus), 669
High-altitude regions. See Mountain regions
High-latitude ecosystems, 38, 230-232
High-latitude islands, 58

biodiversity, 689, 700
sea-level trends, 692
temperature and precipitation, 694

Himalayan glaciers, 49, 473, 481, 487, 493, 494
Hindu Kush-Himalaya region, freshwater runoff, 49, 184,

187, 483
HIV/AIDS, 399, 406

in Africa, 69, 440, 441, 442, 448
in Latin America, 587
malaria and, 404

Hotspots. See Vulnerability hotspots
Huanghe River

damming of, 326
sediment load, 319, 326, 485
water supply and, 179

Human capital, 816
See also Social capital

Human health, 43, 47, 391-431
adaptation, 43, 415-418, 491, 727-728
adaptive capacity, 43, 64, 393, 406
in Africa, 108-109, 399-400, 416, 435, 436, 437-439, 441,

446-447, 459
air quality and, 401-402, 408-412, 418-419
in Asia, 50, 395, 408, 472, 478, 481, 487, 488, 491
assumptions about future trends, 405-406
in Australia/New Zealand region, 524, 525, 529
in coastal areas, 43, 334-335, 338, 393, 414
costs, 415
current sensitivity/vulnerability, 396-405
disasters and, 338, 393, 635
drought, nutrition and food security, 399-400, 407,

413-414
in Europe, 51, 546, 557-558
food safety, 400
future impacts and vulnerabilities, 43, 47, 372, 393, 406,

407-415, 787, 828
heat and cold health effects, 31, 393, 396-397, 396-398,

407, 411, 632
heatwaves and, 396-397, 413, 632
impact assessments, regional, 394, 395, 409-412
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impacts, direction and magnitude of, 418
introduction, 393-395
in Latin America, 395, 403, 405, 408, 583, 584, 586-588,

599-601, 603-604
methods and gaps in knowledge, 394-395
modelling/projections, 405-415, 413
monitoring of diseases, 43, 491
national and international programmes, 43
in North America, 55, 619, 620, 625, 632, 635
observed changes, 31, 82, 107-109
occupational health, 405
pathways of climate change effects, 396
in polar regions, 657, 671-672
public health administration, 415-417
in small islands, 58, 689-690, 701
sustainable development, 418-419
ultraviolet radiation and, 405
uncertainties and research priorities, 419
vector-born, rodent-borne and other infectious diseases,

403-405, 409-410
vulnerability/risk, 407-415, 787
vulnerable populations and regions, 412-415
water and, 400-401, 413
wind, storms and floods, 393, 398-399
See also Diseases; specific diseases

Human migration. See Migration, human
Human population

in Africa, 441
in Asia, 477, 479, 484, 488, 491
in Australia/New Zealand region, 509, 510, 516, 522
in coastal areas, 40, 317, 318, 319, 323, 327, 346
as driver of water use, 182
global, 406, 816
as key future condition, 363-364
in Latin America, 587, 595
population-environment interactions, 441
urban population, by size-class of urban centre, 363

Human settlements
adaptation, 381-382
in Africa, 439-440, 450
in Asia, 472, 485, 491, 493
in Australia/New Zealand region, 521-522
in coastal areas, 81, 317-318, 331, 333-334, 359, 791
future impacts and vulnerabilities, 41-43, 46-47, 371-373
inertia in, 317-318
informal settlements, 372, 373-374
in North America, 620, 625-626, 632-633, 633
in polar regions, 56, 376, 656, 657, 661
rural settlements, 282, 383, 413, 491-492, 625
in small islands, 689, 690, 693, 695, 700-701
urban settlements, 361, 363, 371, 372
See also Construction; Industry, settlement and society;

Urban settlements
Human systems*, 790-791

adaptive capacity, 798
changes in, 83
context for, 361, 366, 374
responses to climate change, 81-82, 366

scale and factors in, 366
See alsoAdaptation; Industry, settlement and society

Hunger, risk of, 275, 298, 299, 300, 482-483
global-scale projections, 38, 813, 824, 825
See also Food security; Food supply

Hurricanes
costs of, 369, 376, 377, 489, 626, 798
human health impacts, 399
Hurricane Andrew, 369
Hurricane Catarina, 585
Hurricane Georges, 362
Hurricane Gudrun, 290
Hurricane Ivan, 693, 701, 702
Hurricane Katrina, 332, 333, 369, 377, 399, 625, 635, 815
Hurricane Katrina, flood depths, 360, 414
Hurricane Mitch, 376, 376, 730
Hurricane Rita, 92, 399
impacts, 399, 625-626 (See also specific hurricanes)
mortality of wild organisms, 216
in North America, 621, 625-626, 627 (See also specific

hurricanes)
projected changes, 54
storm surge and, 92
tourism impacts, 336
See also Extreme weather events; Tropical cyclones

Hydrographic events*, 236
Hydrological systems*, 81, 90-92

adaptation and mitigation in, 759-760
in Africa, 446
in Asia, 471-472, 477, 483-484, 490-491
observed changes, 28
in polar regions, 56, 655, 662, 664-665
rain-to-snow ratio, 662
See also Water resources

Hydrology. See Freshwater resources and management;
Hydrological systems; Water resources

Hydropower generation, 193, 367, 760
in Africa, 768-769
in Asia, 483
climate-related impacts on, 626
development decisions and, 818-819
in Europe, 52, 543, 556
in Latin America, 586, 589, 591, 597-598
in North America, 619, 626, 628, 634, 818-819
projected changes, 36

Hypolimnetic* oxygen concentration, 233
Hypoxic events*, 235

See also Eutrophication

I
Ice caps*, 28, 48, 86-88, 449
Ice cover, 86-88
Ice jams, 89, 484
Ice, sea. See Sea ice
Ice sheets*, 64, 86-88, 661-662

Antarctic, 64, 73, 655, 656, 663, 781, 789, 793-794, 800
deglaciation, impacts of, 41, 64
deglaciation, thresholds for, 41, 73, 781, 793, 797, 800
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Greenland, 64, 73, 74, 655, 656, 657, 661-662, 781, 789,
793-794, 800

observed changed, 28, 793
projected scenarios, 793-794
sea-level rise and, 41, 317, 346, 793
vulnerability/risk, 64, 74, 781, 789, 793-794

Ice shelves*, 28, 86, 674-675
Immigration/migration

in Australia/New Zealand region, 522, 531
in coastal areas, 320, 323, 331, 333-334
in North America, 627, 632
See also Migration, human

Impact assessment*, 136-137
characteristics summarised, 137
distribution and aggregation of impacts, 784, 825
global warming timeline and, 140
methods, 136-137
as top-down approach, 136, 748-749
uncertainties and, 141
See also CCIAV assessment; Vulnerability assessment

Impacts*, of climate change, 26-31
aggregate, 64, 75, 784, 787, 790, 796-797, 821-825
assessment of (See Impact assessment; Vulnerability

assessment)
costing, 64-65
cumulative vs. systematic, 365
current knowledge about future impacts, 35-65
definition, 781, 782
direct and indirect, 362-363, 364, 821
disproportionate, 55, 363, 625
distribution of, 64, 65, 75, 781, 784, 786, 790-791, 796
ecosystems, global synthesis, 239-245
gender aspects, 729, 730
global, 821-825
global, associated with temperature increases, 64, 66,

828-829
global, of polar region/cryosphere changes, 56-57, 655,

660, 661-662, 667-668
global-scale, by 2080, 824
key impacts/vulnerabilities, 73-75, 781, 783-797
multiple stresses and, 813, 816-819
non-climate factors and, 135
regional, associated with temperature increases, 829
spatially-explicit methods, 824-825, 836
summarised, 44-47, 59-63, 66-68
unavoidability of, 65-69, 782, 813, 827 (See also

Mitigation)
See also specific systems and regions; Vulnerability

assessment
Inca civilization, 605
Income gap, 364
India

adaptive capacity to multiple stresses, 71
agriculture, 719, 729, 730
aquaculture, 281
disaster preparedness, 378
globalisation/trade, 719, 729, 730
heatwaves, 396, 478

human health, 395, 399, 409, 413, 487
human population, 488
malaria, 395, 409, 413
megadeltas, 496
projected crop yields, 297
water resources, 477, 481, 483, 484
wetlands, 234
See alsoAsia

Indian Ocean
climate regimes, 691
relative sea-level rise, 692
tropical storms, 692

Indian Ocean Dipole (IOD), 319
See also Modes of climate variability

Indigenous peoples*, 31, 74, 81
adaptation, 82, 416, 673-674, 719, 728, 729-730
adaptive capacity, 509, 522, 661, 728, 729-730
in Africa, 456-457
in Australia/New Zealand region, 509, 522-523, 524
changes in livelihood strategies, 82, 673, 719
economies of, 82, 103, 373, 625
human health, adaptation measures, 416
knowledge systems of, 456-457, 523, 666, 673-674, 832,

833
in Latin America (pre-Colombian), 605
in North America, 55, 619, 625, 639, 719, 730-731
in polar regions, 31, 56, 82, 657, 659, 661, 673-675,

730-731
resilience of, 56, 655, 673, 674
vulnerability/risk, 74, 788, 791, 796

Industrial Revolution*, pre-industrial temperatures, 783
Industry, settlement and society, 41-43, 46-47, 357-390

adaptation, 359, 379-384
adaptation, key issues, 383-384
adaptation, local government and, 382
assumptions about future trends, 363-364
costs and socio-economic issues, 362, 365, 376-379
current sensitivity/vulnerability, 361-363
direct and indirect climate change impacts, 367
environmental migration, 365
extreme weather events and, 41, 359, 362, 369, 372, 377
future impacts and vulnerabilities, 41-43, 46-47, 361,

364-376
human settlement, 371-373
human systems in context, 361, 366, 374
industry, 366-367, 378-379
insurance, 369-370
introduction, 359-361
linkages, 43, 359, 362, 365, 366, 374, 382
multiples stresses, 361, 372, 373, 374-376, 377
retail and commercial services, 368
sanitation and urban drainage, 371
scale, 360, 366
services, 367, 379-381
social issues, 373-374, 382-383
social systems, 362
sustainable development, 384
thresholds, 359, 361, 365
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tourism, 363, 368-369
trade, 367-368
transportation, power and communication infrastructures,

371
uncertainties and research priorities, 378, 385
utilities/infrastructure, 359, 362, 365, 370, 374, 381
vulnerability/risk, 31, 43
water supplies, 370-371
See also Construction; Human settlements; Urban

settlements
Infectious diseases*, 393, 403-405, 407, 418

in Australia/New Zealand region, 524
bird migration and, 403
climate-related factors and, 478
current sensitivity/vulnerability, 403-405
drought and, 399-400, 478
in North America, 625
phytoplankton blooms and, 487
projections, 43
See also Diseases; Human health; Vector-borne diseases;

Water-borne diseases; specific diseases
Infrastructure*, 359, 365, 367

adaptation, 381
adaptation costs and benefits, 725
in Africa, 439-440, 441, 450, 453
in Asia, 471, 488-489, 492
in Australia/New Zealand region, 50, 509, 525, 529
in coastal systems, 331, 333-334
deterioration/damage of, 88, 362, 661, 675
extreme events and, 625-626
freshwater resources/management, 36, 175, 191
future impacts and vulnerabilities, 359, 370, 374, 787
lifetimes, 638
linkage systems, 362
in North America, 55, 619, 625-626, 632, 633, 635, 636,

638
in polar regions, 376, 655, 661, 675
in small islands, 57, 689, 690, 702-703
sustainable development and, 639
transport, power and communications, 371, 556
vulnerability/risk, 787
water-supply, 36, 365, 371
See also Human settlements; Transportation; specific

regions
Insect pests, 38, 107, 400, 483

damage control, 295
distribution, transmission and seasonality of, 393, 404,

435, 437-439, 446, 487
forest infestations in North America, 56, 218, 619, 623,

624, 631
impacts on coffee growing, 597
impacts on food, fibre and forest products, 217, 218, 283,

290
pine and spruce beetles, 107, 228, 283, 623, 624, 631, 667
spread of, 792
spruce budworm, 218, 623
See also Disturbance regimes; Insects

Insects

climate change impacts on, 512
evolutionary processes, 104
impacts on food, fibre and forest products, 217, 218, 283,

299
impacts on forests, 228, 623, 624
impacts on livestock, 555
morphology and reproduction, 103
See also Disturbance regimes; Insect pests; specific insects

Insurance, 489, 735
adaptation, 380-381, 723
catastrophe models, 337
disaster losses, 110, 377
future impacts and vulnerabilities, 369-370, 790
Hurricane Katrina claims, 377
non-availability/withdrawal of, 380-381
property insurance in Europe, 557, 561-562, 565
reinsurance, 110, 369, 370, 376
in small islands, 707

Integrated assessment*, 136, 139, 337, 822
adaptation and mitigation inter-relationships, 754-760
characteristics summarised, 137
global warming timeline, 140
See also Integrated Assessment Models (IAMs)

Integrated Assessment Models (IAMs), 155-156, 749,
754-756, 757, 770-771

Integrated Coastal Zone Management (ICZM), 340-341,
491

Integrated Water Resources Management (IWRM)*,
196-197, 200, 370-371

Inter-relationships. SeeAdaptation and mitigation inter-
relationships

Inter-tropical Convergence Zone (ITCZ), 584
Interdecadal Pacific Oscillation (IPO), 691

See also Modes of climate variability
Intergenerational ethics, 835
International agreements, 72, 495, 748
International Convention for the Prevention of Pollution

from Ships, 495
International Federation of Red Cross and Red Crescent

Societies (IFRCRCS), 442, 732
International Tropical Timber Organization (ITTO), 495
Inuit people, 719, 729-730
Invasive species and invasive alien species (IAS)*, 103, 216,

218, 232, 247
in Australia/New Zealand region, 512, 517, 518, 520
direct and indirect effects of, 84
in Europe, 551, 554
in North America, 619, 635, 640
observed changes, 95
in small islands, 58

Irrigation
wastewater re-use for, 418
water demand for, 36, 481, 482
water use for, 179, 182, 192, 284, 550, 559

Irrigation water-use efficiency*, 284
Islands. See Small islands
Isohyet*, 224
Ixodes scapularis, 625, 632
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J
Japan

coastal flooding, 324
construction, 379
cyclones/typhoons, 473, 489
floods, 484-485
growing season, 99
heat islands, 489
human health, 395, 487
phenology, 100, 478
precipitation, 481
rice yields, 480
sea-level rise, 484-485
ski industry, 489
temperature, 479, 481
See alsoAsia

Joint attribution*, 83, 112-116
See also Detection and attribution

K
Kala-azar, 403
Kelp, 94, 95
Keystone species*, 230, 241, 658
Kilimanjaro, Mt., 48, 439, 440, 449
Kiribati, 689, 697, 698, 706, 708, 792
Krill, 56, 88, 95, 236, 521, 655, 660, 669
Kyoto Protocol*, 495, 748, 752, 754, 766

L
La Niña. See El Niño Southern Oscillation (ENSO)
Lakes, 233-234, 664

chemistry, 91
epishelf, 90
eutrophication, 551, 553
future impacts, 184
lake ice, 83, 88-89, 664
observed changes, 28, 81, 90, 91, 97, 98, 177
phenology, 97, 98
thermal structure, 91
See also Freshwater resources and management; Glacial

lakes; Thermal expansion; Thermal stratification
Land cover change, 49, 84, 816

carbon balance and, 793
direct and indirect effects, 84
in Latin America, 53, 590
projections, 157

Land degradation, 229, 518-519, 520
See also Erosion

Land-use change, 49, 84
direct and indirect effects, 84
effects on ecosystems, 213, 216-217, 237-239, 241
effects on forests, 229-230
future scenarios, 155-156, 157
in Latin America, 53, 583, 590, 594-595, 606

Landslides*
in Asia, 472, 473, 477
in Australia/New Zealand region, 50

in Latin America, 599
Large-scale singularities*, 35, 64, 75, 135, 160, 797, 802,

828
See also Abrupt climate change

Last glacial maximum*, 214, 220
Latin America, 53-55, 61, 581-615

adaptation, 55, 583, 591-593, 600-604, 605, 722
adaptive capacity, 584, 605
agriculture, 54, 281, 584, 586, 591, 592, 597, 598, 601-602
Amazon forest, 218, 241, 243, 281, 594-595, 596
aquaculture, 593
assumptions about future trends, 593-596
biodiversity, 583, 586, 590, 592, 596, 603, 791
case studies, 604-605
Chacaltaya glacier, Bolivia, 87
climate, 53, 583, 585-587, 588-589, 593-594
climate, possibility of rapid changes, 596
climate variability, 54, 583, 586, 591
coasts, 54, 584, 586, 593, 599, 600, 602-603
current sensitivity/vulnerability, 584-593
deforestation, 53, 583, 590, 594-595, 604, 606
dengue fever, 404, 586, 591, 593, 599
development, 595-596
distinctions of, 584-585
droughts, 400, 586
ecosystems, natural, 583, 584, 586, 592, 596, 601
El Niño/ENSO in, 585, 586, 591
extreme weather events, 53, 583, 585, 594
fires, 53, 596, 600
fisheries, 281, 584, 587, 590, 603
floods, 398, 586, 588
food security, 602
forests/forestry, 106, 584, 592, 594-595, 602
future impacts and vulnerabilities, 53-55, 61, 242-244,

596-600, 788, 791, 825, 829
glaciers, 87, 584, 589, 598
HIV/AIDS in, 587
hotspots, 604, 606
human health, 395, 403, 405, 408, 583, 584, 586-588,

599-601, 603-604
human population, 587, 595
hydropower generation, 586, 589, 591, 597-598
introduction, 583-584
land-use changes, 53, 583, 590, 594-595, 606
livestock, 54, 583, 586, 602
malaria, 408, 584, 586, 591, 593, 599
migration, 587, 595
non-climatic stresses, 587-588
observed changes, 30, 87, 106, 115-116, 588-591
past and current trends, 588-591
pollution, 587-588
pre-Columbian communities, adaptation practices, 605
precipitation, 53, 151, 583, 588, 589, 593-594
schistosomiasis in, 405
sea-level rise, 54, 346, 584, 586, 589, 791
socio-economic factors, 590-591
summary of knowledge in TAR, 584
sustainable development, 55, 299, 584, 606-607
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temperature, 53-54, 150, 583, 589, 593-594, 606
tourism, 587, 599
uncertainties and research priorities, 607
urban indicators, 363
urbanisation, 587, 590
vulnerability/risk, 53-54, 596-600, 788, 791
water resources, 586, 592-593, 597-599, 602, 605
water stress, 54, 583, 597-598
weather and climate forecasting, 591-592, 604
weather and climate stresses, 585-587
See also specific countries

Leaching*, 52, 228, 294, 542, 543, 545
Leaf area index (LAI)*, 220, 227, 240
Lebanon, water resources, 483
Legumes*, 54, 106, 287, 583, 590, 607
Leishmaniasis, 403, 557, 587, 593, 599
Lemmings, 658, 666
Lentic (still-water) systems, 664
Leptospirosis, 404, 587, 588, 701
Lianas, 104
Likelihood*, 27, 786, 799

See also Confidence; Uncertainty
Linkages/linkage systems, 43, 359, 362, 365, 366, 374, 382
Littoral zone*, 599
Livestock

adaptation, 295, 721
in Africa, 278, 287, 447, 448
in Asia, 287, 482, 483
in Australia/New Zealand region, 283, 520
diseases, 447, 555
drought mortality, 278
in Europe, 555, 565
forage production for, 277, 277, 480, 486, 555
heat stress mortality, 555, 586
insect pests and, 283, 520
in Latin America, 54, 583, 586, 602
observed changes, 105, 106
production, 285-288
projected changes, 38
summary of impacts, 301, 302
vulnerability/risk, 790

Low-lying areas. See Coastal systems and low-lying areas
Lyme disease, 108, 410, 557, 619, 625, 632

M
Madden-Julian Oscillation (MJO), 691
Mainstreaming, 471, 513, 637-638, 639, 732, 768

adaptation into planning/development decisions, 55, 65,
818, 832-836

barriers to, 835-836
definition, 749

Maize, 106, 297, 448, 452, 480, 597
projected crop yields, 54
sensitivity to climate change, 39
temperature and, 286

Malaria*, 394, 400, 404, 557, 689, 701
adaptation/mitigation decisions and, 755
in Africa, 48, 108-109, 400, 404, 406, 408, 409, 437-439,

446
in Asia, 408, 478, 487
avian, 700
climate change impacts on, 408, 409-410, 418
climate-related factors and, 48, 478
distribution, transmission and seasonality of, 393, 404,

435, 437-439, 446, 487
epidemic areas in Africa, 438, 446
future risks, 406, 407-408
geographic range of, 393, 400, 403, 404, 437-439
in Latin America, 408, 584, 586, 591, 593, 599
observed changes, 108-109
See also Diseases; Human health

Maldives, 694, 703-705, 708
Malnutrition, 393, 394, 399-400, 407

projections, 48, 298, 299, 418
in small islands, 701

Mammals
in Africa, 435, 449
in Australia/New Zealand region, 512
marine, 56, 236, 565, 668-669, 696
migration corridors, 525
observed changes, 100, 103
in polar regions, 660, 666
See also specific mammals

Management. See Governance/government; Technology
Managed systems, 31, 51, 71

definition, 82
observed changes in, 79-131
See alsoAgriculture; Observed changes and responses

Manatees, 449
Mangrove forests, 92, 317, 329, 696

in Africa, 449
in Asia, 49, 471, 472, 477, 481, 485, 492
conservation of, 492, 495
in Latin America, 586, 590
observed changes, 816

Marine ecosystems, 213-214, 234-236
adaptation, 295, 719
globalisation and, 719, 730
observed changes, 28, 81, 94-96, 115-116
in polar regions, 655, 658-660, 668-671
projected changes, 38, 49
resilience of, 719
vulnerability/risk, 74, 788
See also Coastal systems; Fisheries; Oceans

Marine fisheries. See Fisheries
Marine mammals, 56, 236, 565, 668-669, 696

See also specific mammals
Market impacts*, 74, 75, 137, 781, 782, 787, 790-791, 796,

798
Mediterranean islands, 691, 696

See also Small islands
Mediterranean region. See Europe
Mediterranean-type ecosystems (MTEs), 214, 226-227
Megadeltas, 40, 41

in Asia, 40, 64, 279, 327, 484-485, 493, 496
in polar regions (Arctic), 674
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sea-level rise impacts, 484-485
vulnerabilities, 41, 64, 377
See also Ganges-Brahmaputra delta

Mekong River/delta, 279, 327, 483, 485, 489, 496
See also Deltas; Megadeltas

Meloidogyne incognita, 597
Meningitis*, 399-400, 438, 439
Mental disorders, as impact of disasters, 399
Meridional overturning circulation (MOC). See

Thermohaline circulation (THC)
Meta-analysis, 112-116
Methane

release from methane hydrates, 662, 793
release from permafrost, 38, 88, 213, 231, 662, 667, 793
social cost of, 822
warming influence of, vs. carbon dioxide, 655, 662
See also Greenhouse gases (GHGs)

Methane hydrates, 662, 793
Methods. SeeAssessment methods
Mexico

adaptation, 722, 734
agriculture, 586, 592
See also Latin America

Microclimate*, 84, 101, 102, 439
Mid-latitude islands, 689, 695

See also Small islands
Migration, 237

of African ungulates, 226
of birds, 100, 223-224, 230, 239, 403, 449, 625, 666, 696
climate change impacts on, 237, 239, 509
drought and, 399
environmental, 365, 368
of fish, 98, 333
habitat fragmentation and, 783
impacts of polar region changes on, 662, 666
of wetland species, 234
See also Migration, human

Migration corridors. See Ecological corridors
Migration, human, 365, 728, 736

as adaptation strategy, 452, 492, 728, 736
in Africa, 452
in Asia, 488, 491-492
in Latin America, 587, 595
rural-to-urban, 488, 492
from small islands, 697, 708, 736
vulnerability/risk, 787

Millennium Development Goals (MDGs)*, 75-76, 813, 819,
826-827, 834-835

targets, likelihood of meeting, 75-76, 813, 826-827
in coastal systems, 345
food security, 456
impacts of climate change on, 458
indicators used in, 834-835
list of, 826
water sector contribution to, 175, 200
See also Development; Sustainable development

Millennium EcosystemAssessment (MA), 139, 147, 816
alternate development pathways, 818

nitrogen fertiliser use, 182
water use, 182
See also Biodiversity; Ecosystems

Millet, 49, 452, 482, 726
Mining industry, 522
Mires*. See Bogs
Mississippi River/delta, 326, 332, 333, 377

See also Deltas; Megadeltas
Mitigation*, 70-73, 76, 798-803

adaptive capacity and, 827-832
capacity, 763
costs and benefits, 749, 756-757, 802
crop production and, 284
damages avoided, 756-757
definitions, 749, 750, 763
differences, similarities and complementarities, 750
global vulnerability projections with and without

mitigation, 830-831
implementation, 747, 766-770
indigenous knowledge and, 456-457, 832, 833
inter-relationships with adaptation (SeeAdaptation and

mitigation inter-relationships)
introduction, 748-750
methods in mitigation assessment, 798-803
regions and sectors, 757-760
response capacity and development pathways, 747,

763-766, 767
risk management assessment and, 139-141
risk reduction by, 782
risks of delay in, 782, 802, 804
scales, 747, 749, 753-754, 767-769
scenarios, 35, 139-141, 158-160, 799-803, 813, 830-831
substitutability for adaptation, 749, 753-754, 766-767
synergies, 72, 747, 754-756, 762-763, 813, 827-832
trade-offs, 747, 754-756, 762
See alsoAdaptation; Adaptation and mitigation inter-

relationships; Carbon dioxide; Greenhouse gases
(GHGs); Overshoot scenarios

Mixed layer*, 91
MOC (meridional overturning circulation). See

Thermohaline circulation (THC)
Models. See Climate models
Modes of climate variability, 794-795

See also Climate variability; El Niño Southern Oscillation
(ENSO); Indian Ocean Dipole (IOD); Interdecadal
Pacific Oscillation (IPO); North Atlantic Oscillation
(NAO); Northern Annular Mode; Pacific Decadal
Oscillation (PDO); Southern Annular Mode

Molluscs, 236, 243, 291, 292
See also Pteropods

Mongolia, 486, 487
See alsoAsia

Monsoons*
in Asia, 472, 484
in Latin America, 585
projected changes, 795

Montane* ecosystems/species, 227, 230, 232, 243, 244
Montreal Protocol, 495
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Morbidity*
diarrhoeal diseases, 50, 471, 478, 481
extreme events and, 701
temperature extremes and, 625

Morphology*, 103
Mortality*, 43, 393

child mortality, 394, 401
cold-related, 51, 108, 393, 407, 408, 411, 418, 557
diarrhoeal diseases, 50, 471, 478, 481
extreme weather events and, 620, 626, 701
global climate-related, 43, 791
global climate-related, costs of, 415
heat-related, 108, 396-398, 487, 519, 524, 525, 557, 625,

733
risk areas in Africa, 438
See also Diseases; Heat stress; Heatwaves; Human health

Mosquito-borne diseases, 400, 524, 625
See also Dengue fever; Malaria

Mosquitoes, 403, 487
Anopheles spp., 108, 416, 439
Culex, 625
pitcher plant, 104
Stegomyia aegypti (formerly Aedes aegypti), 403-404, 524
Wyeomyia smithii, 403

Mountain regions, 228, 232-233
adaptation, 52, 559
adaption option limits/limitations, 52, 543, 559
adaptive capacity, 52
in Africa, 48, 439, 440, 449
biodiversity, 48, 52
in Europe, 52, 543, 551-552, 559, 565
human health, 414
observed changes, 102-103
vulnerability/risk, 52, 788

Mountain Wheatear, 224
Mouse (Mus musculus), 103
Multilateral Environmental Agreements, 72, 495
Multinucleated sphere X (MSX) disease, 292
Multiple stresses, 78, 361, 372, 373, 813, 816-819

adaptation, 359, 384, 816-819
adaptive capacity and, 719, 729
in Africa, 48, 69, 435, 436, 440, 442, 454, 457
in Asia, 50, 471, 492
catalogue of, 816
in coastal systems, 40, 317, 336
in ecosystems, 37, 213, 215, 241, 246-247
in food, fibre and forest products, 277-278, 279, 290
in India, 71
in industry, settlement and society, 359, 361, 372, 373,

374-376, 377
in North America, 623, 624
uncertainties caused by, 783
vulnerability and, 75

Musk oxen, 666, 667

N
Narwhal (Monodon monoceros), 236, 669
Nasca civilization, 605

National Adaptation Programmes (Plans) of Action
(NAPAs), 69, 719, 731-732

Natural systems
interaction of with human sub-systems, 318
observed changes in, 79-131
See also Observed changes and responses; specific systems

and regions
Navigation

International Convention for the Prevention of Pollution
from Ships, 495

in North America, 56, 619, 628, 635
in polar regions, 88, 676

NDVI. See Normalised Difference Vegetation Index
Nepal

Tsho Rolpa project, 719, 721, 723
water resources, 477
See also Asia

Net biome production (NBP)*, 221
Net ecosystem production (NEP)*, 228
Net primary production (NPP)*

in Asia, 481
estimated changes (1982-1999), 106
in Europe, 552
global, 213, 220, 234
in lakes and rivers, 234
in North America, 621, 622, 629-630
observed changes, 106

The Netherlands
adaptation, 547, 719, 722, 724
cost of nature conservation, 247
human health, 395, 414
See also Europe

New Zealand. SeeAustralia/New Zealand region
Nile River/delta, 143, 339, 445, 485

See also Deltas; Megadeltas
Nipah virus, 404
Nitrogen, 153, 221, 816

leaching, 52, 294, 542, 543, 545
Nitrogen fertiliser use, 182
Nitrogen oxides (NOx)*, 278
No regrets policy*, 246, 472, 633
Non-climate drivers of change, 26-28, 84-85, 135
Non-linearity*, 141, 148, 215, 216, 219
Non-market impacts*, 790-791
Normalised Difference Vegetation Index (NDVI)*, 657
North America, 55-56, 61-62, 617-652

adaptation, 619, 620, 623, 633, 635-638, 722
agriculture, 620, 623-624, 627, 631, 636
assumptions about future trends, 626-627
case studies, 623, 628, 633, 639
cities, integration of impacts, 633
climate trends, 626-627
coastal regions, 55, 619, 621, 622-623, 626, 630
construction, 379, 635
costs of extreme weather events, 332, 338, 619, 621, 626,

630
current sensitivity/vulnerability, 620-626
droughts, 619, 622, 623, 624, 625, 626

Index

963



ecosystems, 619, 620, 621, 622, 629-630, 635
El Niño Southern Oscillation (ENSO), 623, 627, 630
energy, industry and transportation, 626, 630, 633,

634-635, 636
extreme weather events, 55, 619, 621, 625-626, 632-633
fires, 31, 56, 619, 620, 621, 623, 631, 636
fisheries, 620, 624, 631-632
floods, 55, 620, 626, 630, 633
forestry, 218, 620, 622, 624, 630, 636
freshwater resources, 619, 621-622, 627-629, 628
future impacts and vulnerabilities, 55-56, 61-62, 242-245,

619, 627-635, 825, 829
Great Lakes, 56, 619, 627-629, 628, 634
heatwaves, 619, 620, 632, 733
human health, 55, 619, 620, 625, 632, 635
human settlement, 620, 625-626, 632-633, 633
hurricanes, 92, 369, 399, 621, 625-626, 627 (See also

specific hurricanes)
indigenous peoples, 55, 619, 625, 639, 730-731
infrastructure, 55, 619, 625-626, 632, 633, 635, 636, 638
interacting impacts, 635
introduction, 619-620
multiple stresses, 623, 624
observed changes, 30, 115-116
phenology, 99-100, 621, 622, 631
precipitation, 151, 621-622, 621, 627
resources, 620
sea-level rise, 346, 619, 620, 621, 623, 630
social, economic and institutional context, 627
soil erosion, 190
sustainable development, 639
temperature, 55, 150, 619, 620, 621, 626-627
tourism and recreation, 626, 627, 634
uncertainties and research priorities, 639-640
urban indicators, 363
vulnerabilities, 619, 620-626, 627-635
water resources, 55-56, 629, 633
wetlands, 620, 630
wildlife, 622
See also Canada; United States

North American Free Trade Agreement, 731
North Atlantic Oscillation (NAO)*, 292, 319, 550, 551

marine ecosystems and, 96, 101
projected changes, 794
See also Modes of climate variability

North Atlantic Sub-tropical High (NAH), 691
Northern Annular Mode, 794

See also Modes of climate variability
Northern Hemisphere temperature (NHT), 96
Nutrition, 399-400

See also Malnutrition; Undernutrition

O
Observed changes and responses, 26-31, 79-131, 781

adaptation, regional, 111-112
agriculture and forestry, 81-82, 104-107
attribution to temperature, 81, 112-116
biological systems, 83, 94-107, 115-116

climate and non-climate drivers, 83-85
coastal processes and zones, 81, 92-94, 115
confidence, 85
cryosphere, 81, 85-90, 115
disasters and hazards, 109-111
geographic locations and associated temperatures, 115-116
geographical balance in data, lack of/need for, 82, 117
human health, 82, 107-109
hydrology and water resources, 81, 90-92
introduction, 82-83
larger-scale aggregation and joint attribution, 82, 83,

112-116
learning from, 117
linking climate-change causes with, 29
locations of significant changes in, 30
marine and freshwater biological systems, 81, 94-98,

115-116
meta-analysis studies, 112-116
methods of detection and attribution, 83-85
no change, evidence of, 85
physical systems, 83, 85-92, 115-116
socio-economic indicators, 82, 111-112
terrestrial biological systems, 81, 98-104, 115-116
vulnerability, adaptation and research needs, 117
See also specific systems and regions

Occupational health, 405
Ocean acidification*, 28-31, 38, 81, 234, 236, 320, 793

in Australia/New Zealand region, 517, 527
coral bleaching and, 330
coral calcification and, 38, 94, 235
in polar regions, 655, 658
projections, 37, 45, 235

Oceans, 213, 234-237
carbon buffering, 38
carbon stocks, 38, 213, 214
circulation, 662 (See also Thermohaline circulation)
food webs, 658, 669-670
freshening of, 88, 662
mixed layer, 91
observed changes, 81, 88
primary production decline, 94
projected changes, 662
warming, 656
water chemistry, 658
See also Marine ecosystems; Ocean acidification; Southern

Ocean
OECD. See Organisation for Economic Co-operation and

Development
Okanagan, Canada, 195
Ombrotrophic bog*, 230
Oncomelania, 487
Opportunity costs*, 763, 826
Optimality, 749
Organisation for Economic Co-operation and

Development (OECD), 755, 768
Overshoot scenarios, 801-802, 804

See also Mitigation
Oxygen deficiency
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in fish-spawning habitats, 665
in oceans and coastal areas, 235

Oysters, 292, 400
Ozone*, 401-402, 413

effects on crop yields, 276, 278
future scenarios, 153, 372
ground-level, health impacts of, 393, 401-402, 408-411,

412, 588, 619, 632
interaction in carbon dioxide effects, 40, 276, 278
stratospheric, impacts of loss of, 600-601
tropospheric, warming associated with, 480

P
Pacific Decadal Oscillation (PDO), 95, 101, 292, 319

See also Modes of climate variability
PAGE2002 model, 821-823

See also Integrated assessment models (IAMs)
Pakistan

human population, 488
migration, human, 488
water resources, 477
See alsoAsia

Palm products industry, 333, 450
Paludification*, 229, 231
Participatory processes, 813, 832-834
Particulates*, 394, 402, 588
Pastoralists, 39, 279, 281-282, 657

coping/adaptation strategies, 293, 457
Patagonian toothfish (Dissostichus eleginoides), 669, 676
Peat/peatlands*, 234, 239, 477-478, 543, 558, 792, 795
Pelagic communities*, 94, 95, 234, 236

in polar regions, 658, 659
range shifts in, 659
See also Fish; Fisheries; Pelagic fisheries

Pelagic fisheries
in Australia/New Zealand region, 521
observed changes, 97
See also Fish; Fisheries; Pelagic communities

Penguins, 660
Perkinsus marinus, 292
Permafrost*, 49, 214, 221, 486-487, 655, 660-661, 663

adaptation to melting of, 719, 722
in Asia, 49, 472, 477, 486-487
carbon stocks, 214, 221, 231
in Europe, 51, 52, 543, 551, 558, 559, 565
infrastructure and, 632, 635, 661, 675
interactions/feedbacks, 249, 661
lake formation and drainage, 90, 91
methane release from, 38, 88, 213, 231, 662, 793
in North Americas, 632, 635
observed changes, 28, 81, 83, 88, 177, 655
projected changes, 40, 49, 486-487, 663
temperatures, 477
thawing, 221, 237, 551, 558, 655, 656, 663, 675
vulnerability, 660-661
See also Polar regions

Pesticides, 175, 182, 188
pH, oceanic projected, 37, 45, 235

See also Ocean acidification
Phenology*, 31, 97, 99-100, 101

agricultural impacts, 31, 81, 105
in Asia, 100, 478
in Australia/New Zealand region, 100
COST725 project, 112, 113
in Europe, 51-52, 99-100, 101, 113, 546, 551, 552, 553,

558
insect pest activity and, 283
in North America, 99-100, 283, 621, 622, 631
observed changes, 28, 81, 83, 96, 98, 99-101, 113-114
pelagic communities, 95, 97
See also Growing season

Phosphorus, 816
Photochemical smog*, 487, 557-558
Photosynthesis*, 104, 329

See also Growing season
Physical systems, 26, 28

linking climate-change with observed effects, 29
locations of significant changes in, 30
See also Detection and attribution; Joint attribution;

Observed changes and responses
Phytoplankton*, 56, 234, 236, 414, 793

observed changes, 91, 96
in polar regions, 56, 659
productivity in lakes, 91
sea surface temperature and, 487
See alsoAlgal blooms; Zooplankton

Pied flycatchers (Ficedula hypoleuca), 101, 103, 696
Pika (Ochotona princeps), 103
Pine and spruce beetles, 107, 228, 283, 623, 624, 631, 667

See also Disturbance regimes; Insect pests; Insects
Pinnipeds, 236
Pitcher plant mosquito, 104
Plankton*, 213, 234, 295, 517

communities, 234, 236
ocean acidification and, 38
poleward shift of, 28
See alsoAlgal blooms; Phytoplankton; Zooplankton

Planned adaptation, 65, 719, 731-733, 781
in Australia/New Zealand region, 509, 513, 524-525
barriers to, 525-526, 732-733
definition, 294
ecosystem management, 246-248
in Europe, 547
evaluation of, 815-816
food, fibre and forest products, 295-296
human health, 43
international and national actions, 43, 416-417, 731-733
in Latin America, 591-593
in small islands, 706

Plant functional type (PFT)*, 219, 226, 240
Plasmodium falciparum, 400, 406, 407, 408
Plasmodium vivax, 408, 413
Polar bears (Ursus maritimus), 88, 231, 236, 237, 668-669,

734, 792
endangerment status, 231
habitat reduction, 213
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reproductive success, 103
vulnerability/risk, 230, 231, 240, 668-669

Polar regions (Arctic and Antarctic), 56, 62-63, 653-685
acidification of oceans/seas, 655, 658
adaptation, 82, 655, 660, 672-673
adaptive capacity, 658-660, 661
albedo, 655, 656, 661
Antarctic Peninsula case study, 674-675
aquatic productivity and biodiversity, 665
assumptions about future trends, 661-663
biodiversity, 667, 792
carbon storage/flux, 662, 665, 667-668
case studies, 673-675
climate, environment and socio-economic state, 655,

656-658
climate projections, 150, 151, 656-657
coastal zone and small islands, 92, 320, 672
current sensitivity/vulnerability, 656-661
economies/socio-economic systems, 56, 655, 657, 661,

665-666, 668, 676
ecosystems, 56, 665-671 (See also Sea-ice biome)
feedbacks to global climate systems, 655, 660, 661-662,

667-668
fish/fisheries, 49, 291, 655, 665, 669, 676
freshwater systems, 655, 660, 663-666
future impacts and vulnerabilities, 56, 62-63, 663-672,

788, 791, 792, 829
glaciers, 656, 657, 661, 674
“greening of,” 88, 655
human health, 414-415, 657, 671-672
human population, 657, 661
human settlement, 56, 376, 656, 657, 661, 791
hydrology, 655, 662, 664-665
ice habitats, 96
ice sheets, 64, 73, 655, 656, 661-662, 663, 781, 789,

793-794, 800
ice shelves, 86, 674-675
indigenous peoples, 31, 56, 82, 657, 659, 661, 673-675,

730-731
infrastructure, 376, 655, 661, 675
introduction, 655-656
marine ecosystems and services, 56, 655, 658-660,

668-671
Marion Island, 230
megadeltas, 674
observed changes, 30, 56, 96, 115-116
permafrost, 655, 656, 657, 660-661, 662, 663, 675
precipitation, 151, 657, 662
projected changes, 62-63, 150, 151, 656-657, 662-663
sea ice, 56, 655-656, 657, 658, 659, 662, 668-669, 792
sustainable development, 675-676
temperature, 150, 230, 656, 656-658, 662, 674
terrestrial ecosystems and services, 655, 656, 658-660,

666-668
tourism, 673, 676
traditional ecological knowledge (TEK), 666, 673-674
traditional economies/livelihoods, 655, 661, 665-666, 668
transportation/navigation, 88, 676

uncertainties and research priorities, 676-677
vegetation, 231, 657, 658-660, 666-668
vulnerability/risk, 64, 230, 658-661, 663-672, 788, 791,

792
wetlands, 88, 655, 665
See also Permafrost; Tundra

Policy-base adaptation. See Planned adaptation
Policy-based assessment, 136
Policy, climate. See Climate policy
Pollen, 31, 103, 108, 109, 393, 558, 619, 632

ragweed (Ambrosia artemisiifolia), 402-403
See also Human health; Phenology

Pollock (Theragra chalcogramma), 669
Pollution

direct and indirect effects of, 84
in Latin America, 587-588
See alsoAir pollution; Water pollution

Polynyas*, 669
Population. See Human population
Population systems*, 242-245
Portfolio, 749
Post-traumatic stress disorder, 399
Potential production*, 297
Poverty, 364, 494

adaptation measures for, 275, 299
adaptive capacity and, 492, 720
in Africa, 48-49
in Asia, 489, 492, 494
disproportionate impacts associated with, 55, 359, 362,

363, 373-374, 399, 625, 720
extreme event impacts, 585, 625-626
human health and, 43, 393, 406, 478
informal settlements, 373-374
sustainable development and, 494
vulnerability and, 74, 399, 489

Prairies. See Grasslands
Pre-industrial temperatures, 783

probability of exceeding 2°C above, 801
Precipitation

extremes, 187, 547
observed trends, 177
projected impacts and interactions, 42, 375, 795
projections, regional worldwide, 33, 149, 151
See also Droughts; Floods; specific regions and countries

Primary production*, 288, 291-292
carbon dioxide effects on, 282, 284-285
in lakes, 97
in oceans, 94, 234
See also Net primary production (NPP)

Probabilistic analyses, 141, 799, 800-801, 803
Probabilistic futures, 35, 135, 145, 160-161
Projections*

climate projection, 31-35, 133-171
climate variability and extremes, 152
definition, 145
temperature and precipitation, regionally, 149-150

Property rights, 816
Protozoan parasites, 292, 487
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Psychological research, 735-736
Pteropods*, 213, 234, 658
Pure rate of time preference*, 822, 823

Q
Qinghai-Tibet Railway, 724

R
Rabies, 671
Radiation. See Ultraviolet (UV)-B radiation
Radiative forcing*

methane emissions and, 662, 667
scenario analysis and stabilisation targets, 799-802

Ragweed (Ambrosia artemisiifolia), 402-403
Rainfall. See Precipitation
Range shifts of vegetation and wildlife, 28, 213, 216, 217,

229, 232, 237, 546, 553, 622
in Africa, 449
in Asia, 471, 478
observed changes, 56, 81, 83, 102
in pelagic communities, 659
in polar regions, 56, 667
See also Extinction; Vulnerability hotspots

Rangelands*, 285-288
in Asia, 486
in Australia/New Zealand region, 513, 519-520
See also Grasslands; Savannas; Tundra

‘Reasons for concern’. See Climate change
Recalcitrant* carbon stocks, 221
Recreation

in Australia/New Zealand region, 523
in Europe, 336, 556-557, 561
fisheries, 624
in North America, 626, 634
See also Tourism

Red tides, 485
Reference scenario. See Baseline/reference climate
Reforestation*, 491, 758, 759, 769
Regional climate change

distribution of impacts, 796
key vulnerabilities, 788, 791-792
observed changes related to, 85-116
projected impacts, 48-63, 824, 825, 829
synthesis of changes and temperatures, 114-116
temperature and precipitation, 33, 783
See also specific regions

Reid’s paradox*, 229
Reindeer, 666, 667, 668
Reinsurance*, 110, 369, 370, 376
Relative sea level. See Sea-level rise
Reproduction, terrestrial organisms, 103
Reptiles, 52, 224, 243, 543, 554, 565
Research priorities/needs,

adaptation practices, options, constraints and capacity, 737
Africa, 458
Asia, 497
Australia/New Zealand, 529-531
CCIAV assessment, 161

climate change and sustainability, 836
coastal systems and low-lying areas, 345-346
ecosystems, their properties, goods and services, 249
Europe, 564-565
food, fibre and forest products, 301-302
freshwater resources and their management, 201
human health, 419
industry, settlement and society, 385
inter-relationships between adaptation and mitigation, 770
key vulnerabilities and the risk from climate change, 804
Latin America, 607
North America, 639
observed changes and responses, 117
Polar regions, 676
Small islands, 711

Reservoirs*
of carbon, 220, 234
of disease, 401, 403, 404, 405, 413
microbial load in, 401
sedimentation of, 179
water storage, 90, 176, 179, 180, 326, 401

Resilience*, 76, 673, 674
adaptation and, 721, 733-734
in Africa, 48-49, 452, 453
of Arctic indigenous peoples, 655, 673, 674
of ecosystems, exceedence projections, 37
seasonal forecasts and, 416
in small islands, 698
of subsistence/smallholder livelihood systems, 281-282
thresholds, 733-734

Resource-dependent communities, 625
Respiration*, 220, 221, 225, 226
Respiratory disorders, 372, 393, 400, 402, 523

in Asia, 487
in Latin America, 588, 600
in North America, 55, 619, 620, 632
in polar regions, 671
in small islands, 689, 701
See also Air pollution; Pollen

Response capacity, 747, 763-766, 767
Response strategies, 69, 70, 781-782, 797-804
Retail and commercial services, 368
Rhine River, 184, 193, 198-199
Rice

observed crop yields, 106, 475
projected crop yields, 54, 297, 480, 481, 583
temperature and, 286

Rift Valley Fever, 447
Riparian* systems, 56, 178, 234, 491
Risk, 753, 781

adaptation and, 781
assessment (See Risk assessment)
climate change, compendium of projected risks, 37, 240
communication, 143-144, 380, 735
criteria, 141, 785-786
definition, 753, 782, 786
high-risk regions, vulnerability of, 781
high-risk settlements, 359, 364
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perceptions of, 735-736, 737
risk-sharing, 707, 813
temperature and, 787-789
timing and, 345, 785, 801-802
uncertainty and, 781
See also Insurance; Vulnerabilities

Risk assessment, 771, 779-810
health and disease, 407-412
tools, 723
use of vulnerability assessment framework, 782
See also Vulnerability assessment

Risk management, 31, 53, 135, 139-141, 361, 724
disaster risk management/reduction, 820-821
global warming approaches, synthesis, 140
sustainable development and, 384, 819-820
Tsho Rolpa project, Nepal, 719, 721, 723
for water sector, 36

River basins
in Africa, 48
in Asia, 471, 483, 493
human population in, 35
in Latin America, 586, 592-593
in North America, 193-194, 197, 627, 628, 633, 634,

818-819
trans-boundary, 767-769
water stress, 36, 179, 193-194

River discharge*, 28, 182-184, 183-184
See also Runoff

Rivers, 233-234
acidification, 189
Arctic, 663-665
dams on (See Dams)
extreme floods, 109
observed changes, 28, 81, 91
river ice, 83, 88-89, 664
trans-basin diversions, 193-194, 197, 602
See also Freshwater resources and management; Runoff;

specific rivers
Runoff*, 175, 177, 182-184

in Africa, 446
in Asia, 49, 472, 483
in Europe, 52, 549-550, 554
in Latin America, 596, 598-599
observed changes, 81, 83, 89, 90
in polar regions, 655, 663-665
projected changes, 36, 280, 792
relation to temperature rise, 90

Rural settlements
adaptive capacity, 383
agriculture, 282
development, 492
human health, 413
in North America, 625
rural-urban migration, 491-492

Russia–East of the Urals
glacial melt impacts, 484
Lena delta, 496
permafrost degradation, 487

See alsoAsia

S
Salinisation*, 35, 186, 189

in coastal regions, 35, 179, 599
of groundwater, 35, 175, 179, 189, 483, 693
of inland waters, 553, 558
secondary, 189

Salmon, 192-193, 275, 291, 624
Salmonella, 487

See also Food poisoning
Salmonellosis, 108, 400, 557, 701
Salps, 56, 88, 660, 675
Saltmarshes, 317, 329

biodiversity in, 630
in United States, 619, 623, 630

Saltwater intrusion/encroachment*, 35, 175, 179, 186, 189
adaptation, 722
in Asia, 49, 471, 477, 483
in Australia/New Zealand region, 512, 517
projected impacts and interactions, 375
See also Freshwater resources and management;

Groundwater
Sanitation and urban drainage, 371

See also Wastewater
Savannas*, 214, 224-226

in Africa, 451
forest replacement by, 583, 596
in Latin America, 596
See also Grasslands; Rangelands

Scale, 359, 360, 366
of adaptation and mitigation, 749
ecosystem responses, 214, 215, 547
human health, adaptation approaches, 416-417
Large Scale Biosphere-Atmosphere Experiment, 604
in mitigation, 747, 749, 753-754, 767-769

Scenarios*, 31, 76, 77, 146-160
adaptation, 156-158, 719, 724
analysis, 799-802
atmospheric composition, 152-153
baseline, 782
carbon dioxide concentration, 34-35
climate, 32-33, 148-152, 149-151, 155
climate change, global-scale impacts, 821-825
climate scenarios assumed in this report, 149-151
definition, 145
emissions, 155, 529, 758
extreme weather events, 148-152
geographical resolution, 135
global and aggregate impacts, 821-825
Global Scenarios Group set of, 364
governance, 364
integration, 160
land use, 155-156
mitigation, 35, 139-141, 158-160, 799-803, 813, 830-831
non-climate, 34-35
overshoot, 801-802, 804
sea-level, 153-154
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socio-economic, 154, 155
stabilisation, 35, 71, 529, 758, 765, 799-802, 828
statistical downscaling, 148
“Techno Garden,” 818
technology, 156, 364
See also SRES scenarios

Schistosomiasis, 405, 487, 689, 701
Sea grasses, 328-330
Sea ice, 56, 655, 668-669, 734

Antarctic, 658
Arctic, 56, 655, 658, 659, 668
ecosystem impacts of decrease in, 88, 213, 231, 236,

668-669
observed changes, 28, 81, 83, 88, 657, 658, 659
projected changes, 40, 236, 656, 659, 662, 792

Sea-ice biome*, 56, 81, 231, 236, 655, 668-669, 792
Sea-level rise*, 40, 41, 49

adaptation, 798
adaptation costs and benefits, 345, 435, 724-725
adaptation examples, 722
adaptation limits, 734
coastal area impacts, 40, 41, 49, 317, 322-324, 325, 326,

336, 339
costs for developing vs. developed countries, 339, 339
extreme water levels and, 93, 325
geographic variability in, 484
glacial melt and, 663
ice sheet deglaciation and, 64, 75, 317, 346, 793, 793-794
inertia of, 41, 317, 346
long-term impacts (beyond 2100), 346
observed changes, 92, 479 (See also specific regions and

countries)
projected changes, 40, 41 (See also specific regions and

countries)
projected impacts, 42, 51, 54, 346, 375, 484-485, 793, 828
rapid, 734
regional scenarios, 154, 346
salt water intrusion and, 175, 186, 189
scenarios, 35, 153-154, 154, 322-324, 346, 696
storm surge scenarios/interactions, 154, 725
timing and risk, 345, 798
unavoidability of, 41, 317
See also specific regions and countries

Sea surface temperature (SST)
in Australia/New Zealand region, 510, 512, 522, 527
coral bleaching and, 320, 321-322
cyclones and, 479, 795
marine ecosystems and, 236
phytoplankton blooms and, 487

Sea turtles, 236, 449, 696
Sea urchins, 730
Sea wall*, 343
Seabirds, 95-96, 521, 527, 696
Seals, 96, 236, 660, 668, 669, 671
Seasonal climate forecasting, 416, 721, 727-728
Seasons. See Phenology
Sediment transport, 179, 189-190, 320, 485

dams and, 319, 326

deltas and, 493
Semi-arid regions*

afforestation in, 758
in Africa, 435, 439
freshwater resources and management, 36, 175, 176,

193-194, 331
replacement with arid vegetation, 54, 583

Sensitivity*
in Africa, 435, 436-443, 451
in Asia, 472-478
in Australia/New Zealand region, 510-514, 525
coastal systems, 318-322
ecosystems, 215-218
energy production systems, 362
in Europe, 544, 545-547
food, fibre and forest products, 277-280
freshwater resources, 176-180
human health, 396-405
industry, settlement and society, 361-363, 375
in Latin America, 584-593
in North America, 620-626, 627
in polar regions, 656-661
in small islands, 690-694
See also Climate sensitivity

Sensitivity analysis, 32, 145, 146
Sequestration. See Carbon sequestration
Services

adaptation, 379-381
ecosystem goods and services, 213, 215, 245-246
future impacts and vulnerabilities, 367

Settlement. See Human settlements
See also Industry, settlement and society; Urban

settlements
Shellfish poisoning, 400

See also Food poisoning
Shrimp, 669
Shrublands, 238, 552-553, 565
Silviculture*. See Forestry
Sinks*. See Carbon sinks
Ski industry, 28, 557, 558, 561, 634, 636, 734, 790

adaptation, 492, 721
in Asia, 489
effects of decreased snow, 86
snow-making, 557, 719, 721, 734
See also Europe, European Alps

Skin cancer, 601
Small islands, 57-58, 63, 687-716

adaptation, 694, 703-709, 728
adaptive capacity, 706-709
agriculture, fisheries and food security, 57-58, 689,

698-700
assumptions about future trends, 694-695
atolls, 40, 697-698, 705, 707
biodiversity, 58, 689, 700
capacity building, 708-709, 710
characteristics of, 57, 690-691
climate and weather, 691-692, 694
coastal systems and resources, 690, 693, 697-698
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coral reefs, 57-58, 330, 699
current sensitivity/vulnerability, 690-694
drivers of change, 704
economic, financial and socio-cultural impacts, 57, 695,

698, 701-702
ecosystems, 693, 696, 706
El Niño Southern Oscillation (ENSO), 689, 690, 691, 692
emigration and resettlement, 697, 708
energy, 702
extreme events, 695
future impacts and vulnerabilities, 57-58, 63, 689,

695-703, 696, 704, 788, 791-792, 829
globalisation, 693, 707
human health, 58, 689-690, 701
human settlement, 689, 690, 693, 695, 700-701
infrastructure and transportation, 57, 689, 690, 702-703
interactions of human and physical stresses, 693
introduction, 690
market impacts, 791
migration, 697, 708, 736
non-climate-change threats, 699
observed changes, 92, 93, 689, 691-692
precipitation, 151, 691-692, 694, 695-697
resilience in, 698
risk-sharing and insurance, 690, 707
salinisation of groundwater, 186, 189
sea level/sea-level rise, 57, 317, 689, 692, 694, 696,

705-706
socio-economic stresses, 692-693
sub-Antarctic islands, 672
sustainable development, 709-711, 791-792
temperature, 150, 691, 694
tourism, 58, 689, 690, 698, 701-702
traditional knowledge and culture, 690, 695, 728
tropical and extra-tropical cyclones, 689, 691-692, 695,

700
uncertainties and research priorities, 711-712
vulnerability/risk, 40, 57, 58, 74, 695-703, 788, 791-792
water resources, 57, 689, 693, 695-697, 703-705
See also Caribbean region; Fiji; Mediterranean islands

Snow cover, 28
albedo and, 231
in Asia, 484
in Europe, 544, 551, 558, 565
on Mt. Kilimanjaro, 48, 440
observed changes, 28, 83, 86, 88, 115, 177
projected changes, 662-663
See also Snowpack

Snow water equivalent*, 621
Snowmelt, 83, 187, 193-194, 627
Snowpack*, 39, 55, 99

in Europe, 551
in North America, 55, 619, 623, 624, 627, 628
See also Snow cover

Social capital, 453, 492, 816
Social cost of carbon (SCC)*, 65, 756, 771, 813, 821-824
Social cost of methane, 822
Social issues

adaptation, 382-383, 729, 736-737
future impacts and vulnerabilities, 373-374

Social systems
adaptive capacity, 782, 798, 804
key vulnerabilities, 74, 787, 790-791

Socio-economic factors, 26-28, 84-85
in Asia, 474
in North America, 627

Socio-economic impacts, 41-43, 46-47
in Africa, 48-49, 297, 444
in Asia, 50, 479, 487-489
in Australia/New Zealand region, 521-522
coastal systems, 317, 322, 323, 330-339, 331
in Europe, 52-53, 543-544, 545, 548
food, fibre and forest products, 291, 296-299
forestry, 291, 297
freshwater resources/management, 190-196
human health and, 394
industry, settlement and society, 362, 373-374, 376-379
in Latin America, 590-591
methods and tools for characterising, 337
net negative impact of climate change, 338-339
in North America, 55, 632-635
observed changes, 82, 84-85, 111-112
in polar regions, 56, 655, 657, 661, 665-666, 668, 676
in small islands, 57, 58, 695, 698, 701-702
See also specific systems and regions

Socio-economic scenarios*, 154, 155
Soil

carbon stocks, 221
erosion, 179, 189-190, 558
nitrogen, 221
water balance/moisture, 50, 225

Solar resources, 634
Sorghum, 49, 288, 295, 452, 482, 555
South America. See Latin America
South Atlantic Convergence Zone (SACZ), 584
South-east Asia. SeeAsia
South Pacific Convergence Zone (SPCZ), 691
Southern Annular Mode, 675, 794

See also Modes of climate variability
Southern Ocean

carbon flux, 662
ecosystems, 244, 669-671
projected circulation changes, 521
vulnerabilities, 234
warming, observed, 95-96
See also Polar regions

Southern Oscillation. See El Niño Southern Oscillation
Soybeans, 54, 106, 583, 590, 607
Spatial analysis, 29
Spatially-explicit methods, 824-825, 836
Sphagnum moss, 660
Springtails (Collembola spp.), 103
Spruce budworm, 218, 623
SRES scenarios*, 32, 147, 147

carbon dioxide stabilisation, 159
climate scenarios assumed in this report, 149-151
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climate variability/extremes, 152
downscaling methods, 135
food demand and supply, 38, 284
global economic growth projections, 364
global storylines and scenarios, 147
land-use and land-cover, 157
nutrition/hunger, 275, 298, 299, 300
sea-level, 153, 694, 696
socio-economic characterisations, 155
terrestrial ecosystem changes by 2100, 213, 238
tourism, 369
water stress, 36
See also Scenarios

Stabilisation scenarios, 35, 71, 529, 758, 765, 799-802, 828
Stakeholders*, 31, 747, 753-754, 770

assessment inputs, 31-32, 135, 141-142
participation ladder, 142
vulnerability assessment and, 782

Stegomyia aegypti (formerly Aedes aegypti), 403-404, 524
Stochastic modelling, 337
Stock. See Carbon stocks
Storm surges, 317, 319-320, 334, 398

adaptation, 722, 724
in Europe, 550-551
in Latin America, 586
in North America, 55, 630
observed changes, 92-93
projected impacts and interactions, 375, 725, 795
scenarios, 154
in small islands, 57, 695
See also Extra-tropical cyclones; Hurricanes; Tropical

cyclones; Waves
Storylines, 32, 145, 146, 147
Stratosphere*, 600-601
Streamflow*, 175, 176, 179, 189

in Africa, 446
in North America, 621-622
observed changes, 89, 114, 177
projections, 36, 185, 193-194

Sturgeon, 275, 291
Sub-alpine* regions

forests, 232, 620, 624
lakes, 91
vegetation and mammals, 512

Sub-Antarctic islands, 50, 672
See also Small islands

Sub-arctic regions
in Europe, 543, 551-552, 559, 565
productivity, 659

Sub-tropical regions
ecosystems, 213-214, 229, 236
human health, 689, 701
See also Tropical regions

Subsistence livelihoods, 43, 49, 248-249, 275, 279, 281-282,
293-294, 657

Succulents*, 223, 243, 449, 792
Sulfur dioxide, 153
Surface air temperature

in Asian regions, 480
in polar regions, 230, 656-657
in small islands, 694

Surface runoff*, 90
See also Runoff

Surprises, ecological, 38, 242
Sustainable development*, 55, 75-76, 384, 811-841

adaptation and development communities, bringing
together, 76, 834-836

adaptation and mitigation links, 747, 751, 765-766,
827-832

adaptive capacity and, 76, 817-819
in Africa, 457
in Asia, 494-495
in Australia/New Zealand region, 528-529
barriers to, 299
coastal systems, 345
definition, 494, 814
ecosystems, 248-249
environmental quality, 819-820, 835
equity issues, 813, 826-827, 835
in Europe, 546-547, 563-564
food, fibre, forestry and fisheries, 276, 299
freshwater resources, 36, 200-201
global and aggregate impacts, 821-825
indigenous knowledge and, 832, 833
industry, settlement and society, 380, 384
introduction, 814
in Latin America, 55, 299, 584, 606-607
linkages with climate change/adaptation, 817-819
multiple stresses and, 359, 384, 813, 816-819
in North America, 639
opportunities, co-benefits and challenges for adaptation,

832-836
overview schematic, 815
participatory processes, 813, 832-834
pillars of, 814, 815
in polar regions, 675-676
regional, sub-regional, local and sectoral development,

826-832
risk, hazard and disaster management and, 820-821
in small islands, 709-711, 791-792
supporting factors, 813, 816-817, 836
synergies in, 813, 827-832, 835, 836, 837
synthesis of new knowledge, 814-816
‘three pillars’ of, 766
thresholds, 361
uncertainties, unknowns and priorities for research, 78,

836-837
See also Development; Millennium Development Goals

Switchgrass (Panicum virgatum L.), 288
Synergies, 72, 747, 754-756, 762-763, 813, 835

definition, 749
geographic distribution of, 827, 830-831
of mitigation and enhanced adaptive capacity, 72, 827-832,

837

T
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Taiga*, 229, 230, 485
Tajikistan, hydropower generation, 483
Technology

access to, 441, 791, 813, 816, 826-827
adaptation and, 554-555, 727-728, 734
biotechnology, 296, 452, 555-556
limits, 734
scenarios, 156, 364

Temperature
adaptation examples, 721, 722
agricultural impacts, 275, 282-283, 284-285, 286, 287-288,

300, 301
alert plans/early warning systems, 53, 417, 491, 544, 563,

721
attribution of observed changes to, 81, 112-116
in Australia/New Zealand region, 509, 510-511
extreme events, 789, 795 (See also Heatwaves)
fisheries and, 291
impacts (See Temperature impacts)
observed changes correlated with, 85-112, 114-116 (See

also Observed changes and responses)
observed changes in, 81, 115-116 (See also specific regions

and countries)
projected impacts (See Temperature impacts)
reference for temperature levels, 783
regional changes in, attribution for, 112-113
relationship with vulnerability/risk, 787-789
sea surface (SST) (See Sea surface temperature)
surface air (See Surface air temperature)
thresholds, 802, 803
See also Heatwaves; Temperature impacts; Temperature

projections; specific regions and countries
Temperature impacts, 31, 37, 42, 73

compendium of risks for additional degrees of warming, 37
damage estimates for additional degrees of warming, 822
global/aggregate impacts, 64, 66, 73, 821-825, 827,

828-829
key vulnerabilities exacerbated by, 73, 781, 786-797,

803-804
linking of observed effects with temperature, 29
potential vulnerabilities with additional degrees or

warming, 787-789, 792, 804
projected global impacts with additional degrees of

warming, 828-829
projected impacts of 2-3°C rise, 38, 65, 781, 792
projected impacts of 4°C rise, 65, 781, 822
regional impacts, 33, 67, 827, 829
See also Extreme weather events; Temperature

Temperature projections
carbon dioxide stabilisation and, 158-159
global, by 2080, 824
global damage estimates, 822
global, mean change above 1990-2000 levels, 781, 783,

792, 804
impacts of delay in addressing, 782, 802, 804
overshoot scenarios, 801-802, 804
probability of exceeding 2°C above pre-industrial level, 801
regional, summarised, 33, 149-150

Terrestrial ecosystems, 38
adaptive capacity, 658-660
carbon exchange, 38, 222, 792
as carbon source in future, 38, 213, 222, 792
climate-linked extinctions and invasions, 103
in coastal areas, 319-320
morphology/reproduction changes, 103
observed changes, 28-31, 81, 98-104, 115-116
phenology, 28, 99-101
in polar regions, 655, 656, 658-660, 666-668
projected changes, 38, 213, 238, 792
species community changes, 103-104
species distribution/abundance, 101-103
species evolutionary processes, 104
vulnerability/risk, 74, 788

Thailand, flooding in, 484
Thermal expansion*, 41, 318, 324, 346, 484

See also Lakes
Thermal stratification, 81, 91, 234, 235

See also Lakes
Thermal stress. See Heat stress
Thermocline*, 91, 553

See also Thermal stratification
Thermohaline circulation (THC; also called Meridional

Overturning Circulation)*, 275, 292, 563, 655, 664
impacts of potential changes in, 64, 563, 794, 802-803
observed condition of, 88
vulnerability/risk, 74, 789, 794, 802

Thermokarst*, 88, 89, 231, 486
Thresholds*, 78, 141, 359, 361, 365

adaptation limits, 733-734
climate, 781, 784-785, 802-803
coastal systems, 320, 321-322
coral bleaching, 321-322
crop responses, 277
dangerous anthropogenic interference (DAI), 801-802
ecosystems, 215
ice sheet deglaciation, 73, 793, 797, 800
temperature, 802

Tibetan Plateau, 106, 472, 724
glaciers, 477, 481, 487, 493, 494
vegetation changes, 486
See alsoAsia

Tick-borne diseases, 108, 403, 557, 619, 620, 671
Lyme disease, 557, 619, 625, 632
tick-borne encephalitis (TBE), 108, 403, 410, 487, 671

Ticks
in Australia/New Zealand region, 283, 520
cattle tick (Boophilus microplus), 283, 520
in Europe, 403, 410, 557
Ixodes scapularis, 625, 632
in North America, 620, 632

Timber industry. See Forestry
Timor Lest (East Timor), 706
Tolerable Windows Approach (TWA), 754-755, 802
Top-down assessment approaches, 136, 748-749
Top-down risk reduction approach, 820
Tourism
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adaptation, 380
in Africa, 435, 439, 449, 450, 459
in Asia, 489, 492
in Australia/New Zealand region, 523, 527, 529
coastal area impacts, 320, 335-336
direct and indirect effects, 368-369
in Europe, 53, 336, 543-544, 556-557, 561, 565
future impacts and vulnerabilities, 362, 368-369, 790
infrastructures to protect tourists, 492
in Latin America, 587, 599
in North America, 626, 634
observed changes, 111
in polar regions, 673, 676
sensitivity to climate effects, 363
in small islands, 58, 689, 690, 698, 701-702
vulnerability/risk, 362, 368-369, 790
See also Recreation

Toxic algal blooms. See Harmful algal blooms (HABs)
Trade

adaptation, 379, 730
agreements, 731
food, fibre and forest products, 40, 276, 284, 297, 300
future impacts and vulnerabilities, 367-368
international, climate change effects on, 368
See also Globalisation

Trade-offs, 72, 747, 749, 751, 754-756, 762, 771
in coastal systems, 342-344, 795

Traditional ecological knowledge, 456-457, 523, 605, 666,
673-674, 833

Transpiration*, 220
See also Evapotranspiration

Transportation
adaptation costs and benefits, 725, 726
in Europe, 556, 561, 565
extreme weather events and, 362, 366
future impacts and vulnerabilities, 368
linkage systems, 362
in North America, 627, 628, 630, 635, 636
in polar regions, 88, 676
in small islands, 689, 702-703
See also Infrastructure

Tree line*, 229, 232, 233, 546, 551, 565
polar and altitudinal changes, 666
in polar regions, 655, 666

Trophic level*, 96-97
Trophic relationships*, 56, 667
Tropical cyclones, 317, 338

in Africa, 444
in Asia, 473, 476, 479, 489
in Australia/New Zealand region, 511
cost of damage, Asia, 489
deaths, worldwide, 40, 338
observed changes, 110
projected impacts/vulnerabilities, 42, 74, 317, 375, 781,

789, 795
range of impacts, 338
in small islands, 689, 691-692, 695, 700
wind speed projections, 695

See also Extra-tropical cyclones; Hurricanes
Tropical forests, 54, 106, 220-221, 584, 596

deforestation, 53, 583, 594-595
replacement by savanna, 583, 596

Tropical regions
fires in, 218
forest replacement by savanna, 583, 596
See also specific regions and countries

Troposphere*, ozone in, 153, 480
Trout, 291, 665

See also Fisheries
Trypanosomiasis, 447
Tsetse fly, 447
Tsho Rolpa project, Nepal, 719, 721, 723

See also Adaptation
Tsunamis*, 319-320
Tularemia, 671
Tuna, 292, 482, 700
Tundra*, 38, 214, 230-232, 485, 666-668

adaptation limits/limitations, 52, 543
“greening” trend, 88
projected changes, 52, 792
See also Permafrost; Polar regions

Typhoid, 398, 701

U
Ultraviolet (UV)-B radiation, 234, 278, 405, 558, 600-601
Uncertainty*, 27, 143-144, 799

adaptation procedures planned for, 201-202
in future projections, 378
managing, 141
multiple stresses/factors and, 783
See also Risk; specific systems and regions

Undernutrition*, 38, 394, 399-400, 438
See also Hunger; Malnutrition

Ungulates*, 226
Unique and threatened systems, 73, 795-796
United Kingdom (UK)

adaptation, 381, 722, 724, 820
adaptation/mitigation inter-relationships, 769-770
Climate Change Programme, 769-770
coastal retreat, 92
energy use/demand, 111
fires, 107
flood defences, 65, 381, 722
forage quality, 287
human health, 395, 409-412
marine ecosystems, 94
opportunities from climate change, 381
participatory processes, 834
phenology, 100
water supply/management, 199-200, 371
See also Europe

United Nations Development Programme (UNDP), 732-733
United Nations Framework Convention on Climate Change

(UNFCCC)*, 383, 731, 748, 753, 766-767
Article 2, 73, 766, 781, 782, 783, 784
compliance with/governance of, 495
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Global Environmental Facility (GEF), 836
policy focus on adaptation, 817-818

United States
adaptation, 633, 722, 815, 820
agriculture, 623-624, 631
cities, climate change impacts in, 633
coastal areas, 92, 622-623, 719
Colorado River basin, 193-194, 197, 627, 634
Columbia River basin, 627, 628, 633, 818-819
costs of weather-related disasters, 332, 338, 369, 377, 621,

626
Deer Island sewage facility, 724
ecosystem impacts, 242-245
energy, 626, 634-2527, 760
fisheries, 281
forestry, 624, 630
freshwater resources, 621-622, 627-629
heatwaves, 111, 411
human health, 372, 625
hurricanes, 92, 369, 399, 621, 625-626, 627 (See also

Hurricanes, Hurricane Katrina)
Mississippi River/delta, 326, 332, 333, 377
net primary production (NPP), 622
phenology, 100, 283, 622
precipitation, 621-622
protectorates (See Small islands)
storm surges, 92-93
temperature, 620, 621
tourism and recreation, 336, 626, 634
transportation, 366
See also North America

Upwelling region*, 91, 96, 235
Urban heat islands. See Heat islands
Urban planning, 761
Urban settlements

future impacts, 372
high-risk areas, 361
sanitation and drainage, 371
summary of indicators, 363
See also Construction; Human settlements; Industry,

settlement and society; Infrastructure
Urbanisation*, 359

in Asia, 488-489, 491, 494-495
in Europe, 549, 550
human health and, 412-413
in Latin America, 587, 590

Utilities, 370, 381

V
Vagile* animals, 237
Valley Fever, 625
Vascular plants*, 667

See also Vegetation
Vector(s)*, 82, 108, 393, 400, 403, 418, 435, 599

changes in transmission seasons/areal range, 31, 43, 50,
403-405, 471, 487

possible pesticide resistance, 487
Vector-borne diseases*, 372, 394, 403-405, 418, 555

in Asia, 50, 471, 472, 487
in Europe, 51, 543, 557
in North America, 619, 620, 625, 632
observed changes, 108, 403-405
See also Diseases; specific diseases

Vegetation
Arctic region, current and projected, 57
carbon dioxide effects on, 220, 276, 282-283, 285-287,

290, 300
Dynamic Global Vegetation Models (DGVMs), 219, 220,

222
herbaceous vs. woody growth, 225-226, 552
poleward/altitudinal shift in ranges of, 57, 83, 102-103,

659
See also Ecosystems; specific systems and regions

Vernalisation*. See Phenology
Vibrio cholerae, 401
Vibrio parahaemolyticus, 400
Vibrio vulnificus, 400
Vietnam, 473, 484

See also Mekong River/delta
Visceral leishmaniasis, 403, 557, 587
Vulnerabilities*, 73-75, 117, 138-139

in Africa, 40, 48, 48-49, 64, 280, 435, 436-443, 444-450,
451, 788, 791

in Asia, 64, 472-478, 479-489
assessment of (See Vulnerability assessment)
in Australia/New Zealand region, 50-51, 242-245, 509,

510-514, 516-524, 525, 528, 529, 530
coastal systems, 40-41, 317, 318-322, 324-336
context/scale and, 43, 138-139, 359, 360, 366
definition, 27, 138, 781, 782
distribution, variations in, 781, 784, 796
ecosystems, 213-214, 219-245
in Europe, 545-547, 549-558, 565-566
food, fibre and forest products, 74, 277-280, 282-294,

297-299
freshwater resources, 176-180, 182-190, 193-194, 233-234
global distribution in 2050, 77, 830
global distribution in 2100, 831
globalisation and, 731
hotspots (See Vulnerability hotspots)
human health, 396-405, 406-415
industry, settlement and society, 41, 359, 361-363, 364-376
‘key’ vulnerabilities, 73-75, 781, 783-797 (See also

Vulnerability assessment)
in Latin America, 53-54, 584-593, 596-600
multiple stresses and, 75, 813
national vulnerability index, 827, 830-831
in North America, 242-245, 619, 620-626, 627-635
perceptions of, 735-736
in polar regions, 64, 230, 658-661, 663-672
in small islands, 57, 58, 64, 74, 689, 690-694, 695-703, 696
of special populations, 43, 64, 78, 393, 399, 557, 791, 796
See also Coping ranges; Risk; specific systems and

countries
Vulnerability assessment, 64, 73-75, 138-139, 779-810

as bottom-up approach, 136
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characteristics summarised, 137
critical levels and thresholds, 784-785
dangerous anthropogenic interference (DAI), 73, 781, 782,

784, 798, 799, 801-802, 804
distribution and aggregation of impacts, 75, 781, 784, 786,

796-797
equity issues, 784, 786
extreme events, 64, 68, 73-74, 781, 789, 795, 796
geophysical systems, 74, 782, 789, 792-795
global biological systems, 74, 782, 788-789, 792
global social systems, 74, 782, 787, 790-791
introduction, 782-785
key vulnerabilities, 73-75, 783-784, 786-797
key vulnerability criteria, 73, 781, 785-787
methods, 798-804
mitigation strategies, 798-803
‘reasons for concern’ update, 73-76, 781, 795-797, 800
regional systems, 74, 788, 791-792
research needs, 804
response strategies, 781-782, 797-804
scenario analysis, 799-802
scientific assessment and value judgments, 784, 786, 799
stabilisation targets, 799-802
synthesis, 803-804
uncertainties in, 782, 799
UNFCCCArticle 2, 781, 783, 784
See also CCIAV assessment

Vulnerability hotspots
in Africa, 438
Amazonia, 604
in Asia, 481
in Australia/New Zealand region, 51, 509, 529, 530
in coastal systems, 40, 41, 317, 327, 336, 337
in Latin America, 604, 606
megadeltas, 41, 64, 377

W
Walrus (Odobenus rosmarus), 669, 792
Warming. See Global warming
Wastewater

management, Australia/New Zealand region, 517
re-use for irrigation, 418, 491
sanitation and urban drainage, 371
use, 181-182, 189, 490-491

Water
chemistry, 89, 91, 658
groundwater (See Groundwater)
water-climate interface, 201-202
See also Freshwater resources and management;

Hydrological systems
Water-borne diseases, 178-179, 189, 400-401

in Asia, 50, 471, 487
in Australia/New Zealand region, 524
in Latin America, 599
in North America, 625
observed changes, 108, 109
in small islands, 701

Water consumption*, 179, 191, 200, 370

Water demand/use, 36, 175, 191-194, 196-200, 197, 816
in Asia, 284, 481, 482, 483-484
in Australia/New Zealand region, 511-512, 528
in Europe, 550

Water pollution, 36, 175, 182, 188-189
Water productivity*, 192, 194
Water quality, 178-179, 188-189, 791

in Africa, 441-442
in Asia, 483, 487
in Australia/New Zealand region, 517, 525
in Europe, 545, 549-550, 557
human health and, 400-401, 413, 487
in lakes, 233
in North America, 629
in small islands, 693, 703-705

Water resources
adaptation and mitigation decisions, 758-759
adaptation costs and benefits, 300, 725, 726, 727
in Africa, 48, 284, 370, 377, 435, 437, 441-442, 444-446,

451, 458-459
in Asia, 49, 471, 471-472, 477, 481, 483-484, 490-491
in Australia/New Zealand region, 50, 511-512, 514, 526,

528
in Europe, 52, 545, 549-550
infrastructure, 36, 175, 189, 191
in Latin America, 586, 592-593, 597-599, 602, 605
in North America, 55-56, 627-629, 633
observed changes, 90-92
projected changes, 35-37, 828
in small islands, 57, 689, 693, 695-697, 703-705
vulnerability/risk, 787, 791, 824
See also Freshwater resources and management;

Groundwater; Runoff
Water stress*, 36, 179, 193-194, 284, 365, 791

in Africa, 48, 435, 437, 444, 445, 451
in Asia, 471, 472, 484
in Europe, 52, 543, 550, 552, 559, 565
in Latin America, 54, 583, 597-598, 791
projections, 795, 813, 825
in small islands, 689, 697

Water supply
future impacts and vulnerabilities, 370-371, 726
human health and, 401
infrastructure, 36, 175, 189, 191
regional planning, 382

Water use efficiency*, 283, 284, 331, 490-491
Waves, 93, 110, 317, 319

See also Storm surges
Weeds, 103, 283, 483, 520
Welfare*, 814, 821

coast impacts and, 40
West Nile virus, 619, 625
Wetlands*, 40, 233-234

in Africa, 449
Arctic, 88, 655, 665
in Asia, 471, 478, 485
in Australia/New Zealand region, 509, 517, 530
biodiversity, 234
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coastal, 40, 92, 93, 317, 328-330
in Europe, 551, 553, 560, 565
methane emissions from, 793
in North America, 620, 630
observed changes, 92
tundra, 230-231
wastewater re-use and, 491

Whales, 236, 669, 671
Wheat, 277, 452, 480

Fusarium in, 586, 590
observed changes, 106
projected crop yields, 54, 297, 586
sensitivity to climate change, 39
temperature and, 39, 286

Wildfires. See Fires
Wildlife ranges, 83, 230-231, 622

See also Range shifts of vegetation and wildlife
Wind

adaptation options, 70
flooding and, 398 (See also Storm surge)

resources, 634
speed, in tropical cyclones, 695
windstorms in Europe, 489, 547-548, 557
See also Extra-tropical cyclones; Hurricanes; Tropical

cyclones
Wine production, 104, 105, 624, 631, 731
Women. See Gender
Woodlands. See Forests
World Bank, carbon offset funds, 753
World Trade Organization (WTO), 767
Wyeomyia smithii, 403

Y
Yedoma*, 213, 214, 221, 231
Yields. See Crop yields

Z
Zoonoses (zoonotic diseases)*, 625, 671
Zooplankton*, 28, 56, 88, 94-96, 97, 556

See also Algal blooms; Phytoplankton
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