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1	 In this Report, the following terms have been used to indicate the assessed likelihood of an outcome or a result: Virtually certain 99–100% probability, Very likely 90–100%, 
Likely 66–100%, About as likely as not 33–66%, Unlikely 0–33%, Very unlikely 0–10%, Exceptionally unlikely 0–1%. Additional terms (Extremely likely: 95–100%, More likely 
than not >50–100%, and Extremely unlikely 0–5%) may also be used when appropriate. Assessed likelihood is typeset in italics, e.g., very likely (see Section 1.4 and Box TS.1 
for more details).

2	 In this Report, the following summary terms are used to describe the available evidence: limited, medium, or robust; and for the degree of agreement: low, medium, or high. 
A level of confidence is expressed using five qualifiers: very low, low, medium, high, and very high, and typeset in italics, e.g., medium confidence. For a given evidence and 
agreement statement, different confidence levels can be assigned, but increasing levels of evidence and degrees of agreement are correlated with increasing confidence (see 
Section 1.4 and Box TS.1 for more details).

Executive Summary

The cryosphere, comprising snow, river and lake ice, sea ice, glaciers, 
ice shelves and ice sheets, and frozen ground, plays a major role in 
the Earth’s climate system through its impact on the surface energy 
budget, the water cycle, primary productivity, surface gas exchange 
and sea level. The cryosphere is thus a fundamental control on the 
physical, biological and social environment over a large part of the 
Earth’s surface. Given that all of its components are inherently sen-
sitive to temperature change over a wide range of time scales, the 
cryosphere is a natural integrator of climate variability and provides 
some of the most visible signatures of climate change. 

Since AR4, observational technology has improved and key time series 
of measurements have been lengthened, such that our identification 
and measurement of changes and trends in all components of the 
cryosphere has been substantially improved, and our understanding 
of the specific processes governing their responses has been refined. 
Since the AR4, observations show that there has been a continued net 
loss of ice from the cryosphere, although there are significant differ-
ences in the rate of loss between cryospheric components and regions. 
The major changes occurring to the cryosphere are as follows. 

Sea Ice

Continuing the trends reported in AR4, the annual Arctic sea 
ice extent decreased over the period 1979–2012. The rate of 
this decrease was very likely1 between 3.5 and 4.1% per decade 
(0.45 to 0.51 million km2 per decade). The average decrease in 
decadal extent of Arctic sea ice has been most rapid in summer and 
autumn (high confidence2), but the extent has decreased in every 
season, and in every successive decade since 1979 (high confidence). 
{4.2.2, Figure 4.2} 

The extent of Arctic perennial and multi-year sea ice decreased 
between 1979 and 2012 (very high confidence). The perennial sea 
ice extent (summer minimum) decreased between 1979 and 2012 at 
11.5 ± 2.1% per decade (0.73 to 1.07 million km2 per decade) (very 
likely) and the multi-year ice (that has survived two or more summers) 
decreased at a rate of 13.5 ± 2.5% per decade (0.66 to 0.98 million 
km2 per decade) (very likely). {4.2.2, Figures 4.4, 4.6}

The average winter sea ice thickness within the Arctic Basin 
decreased between 1980 and 2008 (high confidence). The aver-
age decrease was likely between 1.3 and 2.3 m. High confidence in this 
assessment is based on observations from multiple sources: submarine, 
electro-magnetic (EM) probes, and satellite altimetry, and is consistent 
with the decline in multi-year and perennial ice extent {4.2.2, Figures 

4.5, 4.6} Satellite measurements made in the period 2010–2012 show 
a decrease in sea ice volume compared to those made over the period 
2003–2008 (medium confidence). There is high confidence that in the 
Arctic, where the sea ice thickness has decreased, the sea ice drift 
speed has increased. {4.2.2, Figure 4.6} 

It is likely that the annual period of surface melt on Arctic per-
ennial sea ice lengthened by 5.7 ± 0.9 days per decade over the 
period 1979–2012. Over this period, in the region between the East 
Siberian Sea and the western Beaufort Sea, the duration of ice-free 
conditions increased by nearly 3 months. {4.2.2, Figure 4.6}

It is very likely that the annual Antarctic sea ice extent increased 
at a rate of between 1.2 and 1.8% per decade (0.13 to 0.20 
million km2 per decade) between 1979 and 2012. There was a 
greater increase in sea ice area, due to a decrease in the percentage 
of open water within the ice pack. There is high confidence that there 
are strong regional differences in this annual rate, with some regions 
increasing in extent/area and some decreasing {4.2.3, Figure 4.7}

Glaciers

Since AR4, almost all glaciers worldwide have continued to 
shrink as revealed by the time series of measured changes in 
glacier length, area, volume and mass (very high confidence). 
Measurements of glacier change have increased substantially in 
number since AR4. Most of the new data sets, along with a globally 
complete glacier inventory, have been derived from satellite remote 
sensing. {4.3.1, 4.3.3, Figures 4.9, 4.10, 4.11} 

Between 2003 and 2009, most of the ice lost was from glaciers 
in Alaska, the Canadian Arctic, the periphery of the Greenland 
ice sheet, the Southern Andes and the Asian Mountains (very 
high confidence). Together these regions account for more than 80% 
of the total ice loss. {4.3.3, Figure 4.11, Table 4.4}

Total mass loss from all glaciers in the world, excluding those 
on the periphery of the ice sheets, was very likely 226 ± 135 
Gt yr–1 (sea level equivalent, 0.62 ± 0.37 mm yr–1) in the period 
1971–2009, 275 ± 135 Gt yr–1 (0.76 ± 0.37 mm yr–1) in the period 
1993–2009, and 301 ± 135 Gt yr–1 (0.83 ± 0.37 mm yr–1) between 
2005 and 2009. {4.3.3, Figure 4.12, Table 4.5}

Current glacier extents are out of balance with current climatic 
conditions, indicating that glaciers will continue to shrink in the 
future even without further temperature increase (high confi-
dence). {4.3.3}
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Ice Sheets

The Greenland ice sheet has lost ice during the last two decades 
(very high confidence). Combinations of satellite and airborne 
remote sensing together with field data indicate with high 
confidence that the ice loss has occurred in several sectors and 
that large rates of mass loss have spread to wider regions than 
reported in AR4. {4.4.2, 4.4.3, Figures 4.13, 4.15, 4.17}

The rate of ice loss from the Greenland ice sheet has accelerated 
since 1992. The average rate has very likely increased from 
34 [–6 to 74] Gt yr–1 over the period 1992–2001 (sea level 
equivalent, 0.09 [–0.02 to 0.20] mm yr–1), to 215 [157 to 274] 
Gt yr–1 over the period 2002–2011 (0.59 [0.43 to 0.76] mm yr–1). 
{4.4.3, Figures 4.15, 4.17}

Ice loss from Greenland is partitioned in approximately similar 
amounts between surface melt and outlet glacier discharge 
(medium confidence), and both components have increased 
(high confidence). The area subject to summer melt has 
increased over the last two decades (high confidence). {4.4.2} 

The Antarctic ice sheet has been losing ice during the last two 
decades (high confidence). There is very high confidence that 
these losses are mainly from the northern Antarctic Peninsula 
and the Amundsen Sea sector of West Antarctica, and high 
confidence that they result from the acceleration of outlet 
glaciers. {4.4.2, 4.4.3, Figures 4.14, 4.16, 4.17}

The average rate of ice loss from Antarctica likely increased 
from 30 [–37 to 97] Gt yr–1 (sea level equivalent, 0.08 [–0.10 to 
0.27] mm yr–1) over the period 1992–2001, to 147 [72 to 221] 
Gt yr–1 over the period 2002–2011 (0.40 [0.20 to 0.61] mm yr–1). 
{4.4.3, Figures 4.16, 4.17}

In parts of Antarctica, floating ice shelves are undergoing 
substantial changes (high confidence). There is medium confidence 
that ice shelves are thinning in the Amundsen Sea region of West 
Antarctica, and medium confidence that this is due to high ocean 
heat flux. There is high confidence that ice shelves round the Antarctic 
Peninsula continue a long-term trend of retreat and partial collapse 
that began decades ago. {4.4.2, 4.4.5} 

Snow Cover

Snow cover extent has decreased in the Northern Hemisphere, 
especially in spring (very high confidence). Satellite records indi-
cate that over the period 1967–2012, annual mean snow cover extent 
decreased with statistical significance; the largest change, –53% [very 
likely, –40% to –66%], occurred in June. No months had statistically 
significant increases. Over the longer period, 1922–2012, data are 
available only for March and April, but these show a 7% [very likely, 
4.5% to 9.5%] decline and a strong negative [–0.76] correlation with 
March–April 40°N to 60°N land temperature. {4.5.2, 4.5.3}

Station observations of snow, nearly all of which are in the 
Northern Hemisphere, generally indicate decreases in spring, 
especially at warmer locations (medium confidence). Results 
depend on station elevation, period of record, and variable measured 
(e.g., snow depth or duration of snow season), but in almost every 
study surveyed, a majority of stations showed decreasing trends, and 
stations at lower elevation or higher average temperature were the 
most liable to show decreases. In the Southern Hemisphere, evidence is 
too limited to conclude whether changes have occurred. {4.5.2, 4.5.3, 
Figures 4.19, 4.20, 4.21}

Freshwater Ice

The limited evidence available for freshwater (lake and river) ice 
indicates that ice duration is decreasing and average seasonal 
ice cover shrinking (low confidence). For 75 Northern Hemisphere 
lakes, for which trends were available for 150-, 100- and 30-year peri-
ods ending in 2005, the most rapid changes were in the most recent 
period (medium confidence), with freeze-up occurring later (1.6 days 
per decade) and breakup earlier (1.9 days per decade). In the North 
American Great Lakes, the average duration of ice cover declined 71% 
over the period 1973–2010. {4.6}

Frozen Ground

Permafrost temperatures have increased in most regions since 
the early 1980s (high confidence) although the rate of increase 
has varied regionally. The temperature increase for colder perma-
frost was generally greater than for warmer permafrost (high confi-
dence). {4.7.2, Table 4.8, Figure 4.24}

Significant permafrost degradation has occurred in the Russian 
European North (medium confidence). There is medium confidence 
that, in this area, over the period 1975–2005, warm permafrost up to 
15 m thick completely thawed, the southern limit of discontinuous per-
mafrost moved north by up to 80 km and the boundary of continuous 
permafrost moved north by up to 50 km. {4.7.2} 

In situ measurements and satellite data show that surface sub-
sidence associated with degradation of ice-rich permafrost 
occurred at many locations over the past two to three decades 
(medium confidence). {4.7.4} 

In many regions, the depth of seasonally frozen ground has 
changed in recent decades (high confidence). In many areas since 
the 1990s, active layer thicknesses increased by a few centimetres to 
tens of centimetres (medium confidence). In other areas, especially in 
northern North America, there were large interannual variations but 
few significant trends (high confidence). The thickness of the season-
ally frozen ground in some non-permafrost parts of the Eurasian conti-
nent likely decreased, in places by more than 30 cm from 1930 to 2000 
(high confidence) {4.7.4}
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4.1	 Introduction

The cryosphere is the collective term for the components of the Earth 
system that contain a substantial fraction of water in the frozen state 
(Table 4.1). The cryosphere comprises several components: snow, river 
and lake ice; sea ice; ice sheets, ice shelves, glaciers and ice caps; and 
frozen ground which exist, both on land and beneath the oceans (see 
Glossary and Figure 4.1). The lifespan of each component is very differ-
ent. River and lake ice, for example, are transient features that general-
ly do not survive from winter to summer; sea ice advances and retreats 
with the seasons but especially in the Arctic can survive to become 
multi-year ice lasting several years. The East Antarctic ice sheet, on the 
other hand, is believed to have become relatively stable around 14 
million years ago (Barrett, 2013). Nevertheless, all components of the 
cryosphere are inherently sensitive to changes in air temperature and 
precipitation, and hence to a changing climate (see Chapter 2).

Changes in the longer-lived components of the cryosphere (e.g., glaciers) 
are the result of an integrated response to climate, and the cryosphere is 
often referred to as a ‘natural thermometer’. But as our understanding 
of the complexity of this response has grown, it is increasingly clear that 
elements of the cryosphere should rather be considered as a ‘natural 

Ice on Land Percent of Global Land Surfacea Sea Level Equivalentb (metres)

Antarctic ice sheetc 8.3 58.3

Greenland ice sheetd 1.2 7.36

Glacierse 0.5 0.41

Terrestrial permafrostf 9–12 0.02–0.10g

Seasonally frozen groundh 33 Not applicable

Seasonal snow cover
(seasonally variable)i 1.3–30.6 0.001–0.01

Northern Hemisphere freshwater (lake and river) icej 1.1 Not applicable

Totalk 52.0–55.0% ~66.1

Ice in the Ocean Percent of Global Ocean Areaa Volumel (103 km3)

Antarctic ice shelves 0.45m ~380

Antarctic sea ice, austral summer (spring)n 0.8 (5.2) 3.4 (11.1)

Arctic sea ice, boreal autumn (winter/spring)n 1.7 (3.9) 13.0 (16.5) 

Sub-sea permafrosto ~0.8 Not available

Totalp 5.3–7.3 

climate-meter’, responsive not only to temperature but also to other 
climate variables (e.g., precipitation). However, it remains the case that 
the conspicuous and widespread nature of changes in the cryosphere 
(in particular, sea ice, glaciers and ice sheets) means these changes are 
frequently used emblems of the impact of changing climate. It is thus 
imperative that we understand the context of current change within the 
framework of past changes and natural variability.

The cryosphere is, however, not simply a passive indicator of climate 
change; changes in each component of the cryosphere have a signifi-
cant and lasting impact on physical, biological and social systems. Ice 
sheets and glaciers exert a major control on global sea level (see Chap-
ters 5 and 13), ice loss from these systems may affect global ocean 
circulation and marine ecosystems, and the loss of glaciers near popu-
lated areas as well as changing seasonal snow cover may have direct 
impacts on water resources and tourism (see WGII Chapters 3 and 24). 
Similarly, reduced sea ice extent has altered, and in the future may 
continue to alter, ocean circulation, ocean productivity and regional 
climate and will have direct impacts on shipping and mineral and oil 
exploration (see WGII, Chapter 28). Furthermore, decline in snow cover 
and sea ice will tend to amplify regional warming through snow and 
ice-albedo feedback effects (see Glossary and Chapter 9). In addition, 

Table 4.1 | Representative statistics for cryospheric components indicating their general significance.

Notes:
a	 Assuming a global land area of 147.6 Mkm2 and ocean area of 362.5 Mkm2.
b	 See Glossary. Assuming an ice density of 917 kg m–3, a seawater density of 1028 kg m–3, with seawater replacing ice currently below sea level.
c	 Area of grounded ice sheet not including ice shelves is 12.295 Mkm2 (Fretwell et al., 2013).
d	 Area of ice sheet and peripheral glaciers is 1.801 Mkm2 (Kargel et al., 2012). SLE (Bamber et al., 2013).
e	 Calculated from glacier outlines (Arendt et al., 2012), includes glaciers around Greenland and Antarctica. For sources of SLE see Table 4.2. 
f	 Area of permafrost excluding permafrost beneath the ice sheets is 13.2 to 18.0 Mkm2 (Gruber, 2012). 
g	 Value indicates the full range of estimated excess water content of Northern Hemisphere permafrost (Zhang et al., 1999). 
h	 Long-term average maximum of seasonally frozen ground is 48.1 Mkm2 (Zhang et al., 2003); excludes Southern Hemisphere.
i	 Northern Hemisphere only (Lemke et al., 2007).
j	 Areas and volume of freshwater (lake and river ice) were derived from modelled estimates of maximum seasonal extent (Brooks et al., 2012).
k	 To allow for areas of permafrost and seasonally frozen ground that are also covered by seasonal snow, total area excludes seasonal snow cover.
l	 Antarctic austral autumn (spring) (Kurtz and Markus, 2012); and Arctic boreal autumn (winter) (Kwok et al., 2009). For the Arctic, volume includes only sea ice in the Arctic Basin. 
m	 Area is 1.617 Mkm2 (Griggs and Bamber, 2011). 
n	 Maximum and minimum areas taken from this assessment, Sections 4.2.2 and 4.2.3.
o	 Few estimates of the area of sub-sea permafrost exist in the literature. The estimate shown, 2.8 Mkm2, has significant uncertainty attached and was assembled from other publications by Gruber 

(2012).
p	 Summer and winter totals assessed separately.
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Figure 4.1 | The cryosphere in the Northern and Southern Hemispheres in polar projection. The map of the Northern Hemisphere shows the sea ice cover during minimum summer 
extent (13 September 2012). The yellow line is the average location of the ice edge (15% ice concentration) for the yearly minima from 1979 to 2012. Areas of continuous perma-
frost (see Glossary) are shown in dark pink, discontinuous permafrost in light pink. The green line along the southern border of the map shows the maximum snow extent while 
the black line across North America, Europe and Asia shows the 50% contour for frequency of snow occurrence. The Greenland ice sheet (blue/grey) and locations of glaciers (small 
gold circles) are also shown. The map of the Southern Hemisphere shows approximately the maximum sea ice cover during an austral winter (13 September 2012). The yellow line 
shows the average ice edge (15% ice concentration) during maximum extent of the sea ice cover from 1979 to 2012. Some of the elements (e.g., some glaciers and snow) located 
at low latitudes are not visible in this projection (see Figure 4.8). The source of the data for sea ice, permafrost, snow and ice sheet are data sets held at the National Snow and Ice 
Data Center (NSIDC), University of Colorado, on behalf of the North American Atlas, Instituto Nacional de Estadística, Geografía e Informática (Mexico), Natural Resources Canada, 
U.S. Geological Survey, Government of Canada, Canada Centre for Remote Sensing and The Atlas of Canada. Glacier locations were derived from the multiple data sets compiled 
in the Randolph Glacier Inventory (Arendt et al., 2012).
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changes in frozen ground (in particular, ice-rich permafrost) will 
damage some vulnerable Arctic infrastructure (see WGII, Chapter 28), 
and could substantially alter the carbon budget through the release of 
methane (see Chapter 6).

Since AR4, substantial progress has been made in most types of cry-
ospheric observations. Satellite technologies now permit estimates 
of regional and temporal changes in the volume and mass of the 
ice sheets. The longer time series now available enable more accu-
rate assessments of trends and anomalies in sea ice cover and rapid 
identification of unusual events such as the dramatic decline of Arctic 
summer sea ice extent in 2007 and 2012. Similarly, Arctic sea ice thick-
ness can now be estimated using satellite altimetry, allowing pan-Arc-
tic measurements of changes in volume and mass. A new global glacier 
inventory includes nearly all glaciers (Arendt et al., 2012) (42% in AR4) 
and allows for much better estimates of the total ice volume and its 
past and future changes. Remote sensing measurements of regional 
glacier volume change are also now available widely and modelling of 
glacier mass change has improved considerably. Finally, fluctuations in 
the cryosphere in the distant and recent past have been mapped with 
increasing certainty, demonstrating the potential for rapid ice loss, 
compared to slow recovery, particularly when related to sea level rise.

This chapter describes the current state of the cryosphere and its indi-
vidual components, with a focus on recent improvements in under-
standing of the observed variability, changes and trends. Projections 
of future cryospheric changes (e.g., Chapter 13) and potential drivers 
(Chapter 10) are discussed elsewhere. Earlier IPCC reports used cry-
ospheric terms that have specific scientific meanings (see Cogley et 
al., 2011), but have rather different meanings in everyday language. 
To avoid confusion, this chapter uses the term ‘glaciers’ for what was 
previously termed ‘glaciers and ice caps’ (e.g., Lemke et al., 2007). For 
the two largest ice masses of continental size, those covering Green-
land and Antarctica, we use the term ‘ice sheets’. For simplicity, we use 
units such as gigatonnes (Gt, 109 tonnes, or 1012 kg). One gigatonne is 
approximately equal to one cubic kilometre of freshwater (1.1 km3 of 
ice), and 362.5 Gt of ice removed from the land and immersed in the 
oceans will cause roughly 1 mm of global sea level rise (Cogley, 2012).

4.2	 Sea Ice

4.2.1	 Background

Sea ice (see Glossary) is an important component of the climate 
system. A sea ice cover on the ocean changes the surface albedo, insu-
lates the ocean from heat loss, and provides a barrier to the exchange 
of momentum and gases such as water vapour and CO2 between the 
ocean and atmosphere. Salt ejected by growing sea ice alters the den-
sity structure and modifies the circulation of the ocean. Regional cli-
mate changes affect the sea ice characteristics and these changes can 
feed back on the climate system, both regionally and globally. Sea ice 
is also a major component of polar ecosystems; plants and animals at 
all trophic levels find a habitat in, or are associated with, sea ice.

Most sea ice exists as pack ice, and wind and ocean currents drive the 
drift of individual pieces of ice (called floes). Divergence and shear in 

sea ice motion create areas of open water where, during colder months, 
new ice can quickly form and grow. On the other hand, convergent ice 
motion causes the ice cover to thicken by deformation. Two relatively 
thin floes colliding with each other can ‘raft’, stacking one on top of 
the other and thickening the ice. When thicker floes collide, thick ridges 
may be built from broken pieces, with a height above the surface (ridge 
sail) of 2 m or more, and a much greater thickness (~10 m) and width 
below the ocean surface (ridge keel).

Sea ice thickness also increases by basal freezing during winter months. 
But the thicker the ice becomes the more it insulates heat loss from the 
ocean to the atmosphere and the slower the basal growth is. There is 
an equilibrium thickness for basal ice growth that is dependent on the 
surface energy balance and heat from the deep ocean below. Snow 
cover lying on the surface of sea ice provides additional insulation, and 
also alters the surface albedo and aerodynamic roughness. But also, 
and particularly in the Antarctic, a heavy snow load on thin sea ice 
can depress the ice surface and allow seawater to flood the snow. This 
saturated snow layer freezes quickly to form ‘snow ice’ (see FAQ 4.1).

Because sea ice is formed from seawater it contains sea salt, mostly 
in small pockets of concentrated brine. The total salt content in newly 
formed sea ice is only 25 to 50% of that in the parent seawater, and the 
residual salt rejected as the sea ice forms alters ocean water density 
and stability. The salinity of the ice decreases as it ages, and particu-
larly during the Arctic summer when melt water (including from melt 
ponds that form on the surface) drains through and flushes the ice. 
The salinity and porosity of sea ice affect its mechanical strength, its 
thermal properties and its electrical properties – the latter being very 
important for remote sensing.

Geographical constraints play a dominant but not an exclusive role in 
determining the quite different characteristics of sea ice in the Arctic 
and the Antarctic (see FAQ 4.1). This is one of the reasons why changes 
in sea ice extent and thickness are very different in the north and the 
south. We also have much more information on Arctic sea ice thickness 
than we do on Antarctic sea ice thickness, and so discuss Arctic and 
Antarctic separately in this assessment.

4.2.2	 Arctic Sea Ice

Regional sea ice observations, which span more than a century, have 
revealed significant interannual changes in sea ice coverage (Walsh 
and Chapman, 2001). Since the advent of satellite multichannel pas-
sive microwave imaging systems in 1979, which now provide more 
than 34 years of continuous coverage, it has been possible to monitor 
the entire extent of sea ice with a temporal resolution of less than a 
day. A number of procedures have been used to convert the observed 
microwave brightness temperature into sea ice concentration— the 
fractional area of the ocean covered by ice—and thence to derive sea 
ice extent and area (Markus and Cavalieri, 2000; Comiso and Nishio, 
2008). Sea ice extent is defined as the sum of ice covered areas with 
concentrations of at least 15%, while ice area is the product of the ice 
concentration and area of each data element within the ice extent. A 
brief description of the different techniques for deriving sea ice con-
centration is provided in the Supplementary Material. The trends in the 
sea ice concentration, ice extent and ice area, as inferred from data 
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derived from the different techniques, are generally compatible. A com-
parison of derived ice extents from different sources is presented in the 
next section and in the Supplementary Material. Results presented in 
this assessment are based primarily on a single technique (Comiso and 
Nishio, 2008) but the use of data from other techniques would provide 
generally the same conclusions.

Arctic sea ice cover varies seasonally, with average ice extent varying 
between about 6 × 106 km2 in the summer and about 15 × 106 km2 in 
the winter (Comiso and Nishio, 2008; Cavalieri and Parkinson, 2012; 
Meier et al., 2012). The summer ice cover is confined to mainly the 
Arctic Ocean basin and the Canadian Arctic Archipelago, while winter 
sea ice reaches as far south as 44°N, into the peripheral seas. At the 
end of summer, the Arctic sea ice cover consists primarily of the pre-
viously thick, old and ridged ice types that survived the melt period. 
Interannual variability is largely determined by the extent of the ice 
cover in the peripheral seas in winter and by the ice cover that survives 
the summer melt in the Arctic Basin.

4.2.2.1	 Total Arctic Sea Ice Extent and Concentration

Figure 4.2 (derived from passive microwave data) shows both the sea-
sonality of the Arctic sea ice cover and the large decadal changes that 
have occurred over the last 34 years. Typically, Arctic sea ice reaches 
its maximum seasonal extent in February or March whereas the min-
imum occurs in September at the end of summer melt. Changes in 
decadal averages in Arctic ice extent are more pronounced in summer 
than in winter. The change in winter extent between 1979–1988 and 
1989–1998 was negligible. Between 1989–1998 and 1999–2008, 
there was a decrease in winter extent of around 0.6 × 106 km2. This 
can be contrasted to a decrease in ice extent at the end of the summer 
(September) of 0.5 × 106 km2 between 1979–1988 and 1989–1998, 
followed by a further decrease of 1.2 × 106 km2 between 1989–1998 
and 1999–2008. Figure 4.2 also shows that the change in extent from 
1979–1988 to 1989–1998 was statistically significant mainly in spring 
and summer while the change from 1989–1998 to 1999–2008 was 
statistically significant during winter and summer. The largest inter-
annual changes occur during the end of summer when only the thick 
components of the winter ice cover survive the summer melt (Comiso 
et al., 2008; Comiso, 2012). 

For comparison, the average extents during the 2009–2012 period are 
also presented: the extent during this period was considerably less 
than in earlier periods in all seasons, except spring. The summer min-
imum extent was at a record low in 2012 following an earlier record 
set in 2007 (Stroeve et al., 2007; Comiso et al., 2008). The minimum 
ice extent in 2012 was 3.44 × 106 km2 while the low in 2007 was 4.22 
× 106 km2. For comparison, the record high value was 7.86 × 106 km2 
in 1980. The low extent in 2012 (which is 18.5% lower than in 2007) 
was probably caused in part by an unusually strong storm in the Cen-
tral Arctic Basin on 4 to 8 August 2012 (Parkinson and Comiso, 2013). 
The extents for 2007 and 2012 were almost the same from June until 
the storm period in 2012, after which the extent in 2012 started to 
trend considerably lower than in 2007. The error bars, which represent 
1 standard deviation (1σ) of samples used to estimate each data point, 
are smallest in the first decade and get larger with subsequent decades 
indicating much higher interannual variability in recent years. The error 

bars are also comparable in summer and winter during the first decade 
but become progressively larger for summer compared to winter in 
subsequent decades. These results indicate that the largest interannual 
variability has occurred in the summer and in the recent decade. 

Although relatively short as a climate record, the 34-year satellite 
record is long enough to allow determination of significant and con-
sistent trends of the time series of monthly anomalies (i.e., difference 
between the monthly and the averages over the 34-year record) of ice 
extent, area and concentration. The trends in ice concentration for the 
winter, spring, summer and autumn for the period November 1978 to 
December 2012 are shown in Figure 4.2 (b, c, d and e). The seasonal 
trends for different regions, except the Bering Sea, are negative. Ice 
cover changes are relatively large in the eastern Arctic Basin and most 
peripheral seas in winter and spring, while changes are pronounced 
almost everywhere in the Arctic Basin, except at greater than 82°N, in 
summer and autumn. In connection with a comprehensive observation-
al research program during the International Polar Year 2007–2008, 
regional studies primarily on the Canadian side of the Arctic revealed 
very similar patterns of spatial and interannual variability of the sea ice 
cover (Derksen et al., 2012).

From the monthly anomaly data, the trend in sea ice extent in the 
Northern Hemisphere (NH) for the period from November 1978 to 
December 2012 is –3.8 ± 0.3% per decade (very likely) (see FAQ 4.1). 
The error quoted is calculated from the standard deviation of the slope 
of the regression line. The baseline for the monthly anomalies is the 
average of all data for each month from November 1978 to December 
2012. The trends for different regions vary greatly, ranging from +7.3% 
per decade in the Bering Sea to –13.8% per decade in the Gulf of St. 
Lawrence. This large spatial variability is associated with the complex-
ity of the atmospheric and oceanic circulation system as manifested in 
the Arctic Oscillation (Thompson and Wallace, 1998). The trends also 
differ with season (Comiso and Nishio, 2008; Comiso et al., 2011). For 
the entire NH, the trends in ice extent are –2.3 ± 0.5%, –1.8 ± 0.5%, 
–6.1 ± 0.8% and –7.0 ± 1.5% per decade (very likely) in winter, spring, 
summer and autumn, respectively. The corresponding trends in ice area 
are –2.8 ± 0.5%, –2.2 ± 0.5%, –7.2 ± 1.0%, and –7.8 ± 1.3% per 
decade (very likely). Similar results were obtained by (Cavalieri and 
Parkinson, 2012) but cannot be compared directly since their data are 
for the period from 1979 to 2010 (see Supplementary Material). The 
trends for ice extent and ice area are comparable except in the summer 
and autumn, when the trend in ice area is significantly more than that 
in ice extent. This is due in part to increasing open water areas within 
the pack that may be caused by more frequent storms and more diver-
gence in the summer (Simmonds et al., 2008). The trends are larger in 
the summer and autumn mainly because of the rapid decline in the 
multi-year ice cover (Comiso, 2012), as discussed in Section 4.2.2.3. 
The trends in km2 yr–1 were estimated as in Comiso and Nishio (2008) 
and Comiso (2012) but the percentage trends presented in this chapter 
were calculated differently. Here the percentage is calculated as a dif-
ference from the first data point on the trend line whereas the earlier 
estimations used the difference from the mean value. The new percent-
age trends are only slightly different from the previous ones and the 
conclusions about changes are the same. 
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terrestrial proxies (e.g., Macias Fauria et al., 2010; Kinnard et al., 2011). 
The records constructed by Kinnard et al. (2011) and Macias Fauria et 
al. (2010) suggest that the decline of sea ice over the last few decades 
has been unprecedented over the past 1450 years (see Section 5.5.2). 
In a study of the marginal seas near the Russian coastline using ice 
extent data from 1900 to 2000, Polyakov et al. (2003) found a low 
frequency multi-decadal oscillation near the Kara Sea that shifted to a 
dominant decadal oscillation in the Chukchi Sea.

A more comprehensive basin-wide record, compiled by Walsh and 
Chapman (2001), showed very little interannual variability until the 
last three to four decades. For the period 1901 to 1998, their results 
show a summer mode that includes an anomaly of the same sign over 
nearly the entire Arctic and that captures the sea-ice trend from recent 
satellite data. Figure 4.3 shows an updated record of the Walsh and 
Chapman data set with longer time coverage (1870 to 1978) that is 
more robust because it includes additional historical sea ice observa-
tions (e.g., from Danish meteorological stations). A comparison of this 
updated data set with that originally reported by Walsh and Chapman 
(2001) shows similar interannual variability that is dominated by a 
nearly constant extent of the winter (January–February–March) and 
autumn (October–November–December) ice cover from 1870 to the 
1950s. The absence of interannual variability during that period is due 
to the use of climatology to fill gaps, potentially masking the natural 
signal. Sea ice data from 1900–2011 as compiled by Met Office Hadley 
Centre are also plotted for comparison. In this data set, the 1979–2011 
values were derived from various sources, including satellite data, as 
described by Rayner et al. (2003). Since the 1950s, more in situ data are 
available and have been homogenized with the satellite record (Meier 
et al., 2012). These data show a consistent decline in the sea ice cover 
that is relatively moderate during the winter but more dramatic during 
the summer months. Satellite data from other sources are also plotted 
in Figure 4.3, including Scanning Multichannel Microwave Radiome-
ter (SMMR) and Special Sensor Microwave/Imager (SSM/I) data using 
the Bootstrap Algorithm (SBA) as described by Comiso and Nishio 
(2008) and National Aeronautics and Space Administration (NASA) 
Team Algorithm (NT1) as described by Cavalieri et al. (1984) (see Sup-
plementary Material). Data from the Advanced Microwave Scanning 
Radiometer - Earth Observing System (AMSR-E) using the Bootstrap 
Algorithm (ABA) and the NASA Team Algorithm Version 2 (NT2) are 
also presented. The error bars represent one standard deviation of the 
interannual variability during the satellite period. Because of the use of 
climatology to fill data gaps from 1870 to 1953, the error bars in the 
Walsh and Chapman data were set to twice that of the satellite period 
and 1.5 times higher for 1954 to 1978. The apparent reduction of the 
sea ice extent from 1978 to 1979 is in part due to the change from 
surface observations to satellite data. Generally, the temporal distri-
butions from the various sources are consistent with some exceptions 
that may be attributed to possible errors in the data (e.g., Screen, 2011 
and Supplementary Material). Taking this into account, the various 
sources provide similar basic information and conclusions about the 
changing extent and variability of the Arctic sea ice cover.

4.2.2.3	 Multi-year/Seasonal Ice Coverage

The winter extent and area of the perennial and multi-year ice cover 
in the Central Arctic (i.e., excluding Greenland Sea multi-year ice) for 

Figure 4.2 |  (a) Plots of decadal averages of daily sea ice extent in the Arctic (1979 to 
1988 in red, 1989 to 1998 in blue, 1999 to 2008 in gold) and a 4-year average daily 
ice extent from 2009 to 2012 in black. Maps indicate ice concentration trends (1979–
2012) in (b) winter, (c) spring, (d) summer and (e) autumn (updated from Comiso, 2010).
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4.2.2.2	 Longer Records of Arctic Ice Extent

For climate analysis, the variability of the sea ice cover prior to the 
commencement of the satellite record in 1979 is also of interest. There 
are a number of pre-satellite records, some based on regional obser-
vations taken from ships or aerial reconnaissance (e.g., Walsh and 
Chapman, 2001; Polyakov et al., 2003) while others were based on 
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1979–2012 are shown in Figure 4.4. Perennial ice is that which survives 
the summer, and the ice extent at summer minimum has been used as 
a measure of its coverage (Comiso, 2002). Multi-year ice (as defined 
by World Meteorological Organization) is ice that has survived at least 
two summers. Generally, multi-year ice is less saline and has a distinct 
microwave signature that differs from the seasonal ice, and thus can 
be discriminated and monitored with satellite microwave radiometers 
(Johannessen et al., 1999; Zwally and Gloersen, 2008; Comiso, 2012).

Figure 4.4 shows similar interannual variability and large trends for 
both perennial and multi-year ice for the period 1979 to 2012. The 
extent of the perennial ice cover, which was about 7.9 × 106 km2 in 
1980, decreased to as low as 3.5 × 106 km2 in 2012. Similarly, the 
multi-year ice extent decreased from about 6.2 × 106 km2 in 1981 to 
about 2.5 × 106 km2 in 2012. The trends in perennial ice extent and 

Figure 4.3 |  Ice extent in the Arctic from 1870 to 2011. (a) Annual ice extent and (b) 
seasonal ice extent using averages of mid-month values derived from in situ and other 
sources including observations from the Danish meteorological stations from 1870 to 
1978 (updated from, Walsh and Chapman, 2001). Ice extent from a joint Hadley and 
National Oceanic and Atmospheric Administration (NOAA) project (called HADISST1_
Ice) from 1900 to 2011 is also shown. The yearly and seasonal averages for the period 
from 1979 to 2011 are shown as derived from Scanning Multichannel Microwave Radi-
ometer (SMMR) and Special Sensor Microwave/Imager (SSM/I) passive microwave data 
using the Bootstrap Algorithm (SBA) and National Aeronautics and Space Administra-
tion (NASA) Team Algorithm, Version 1 (NT1), using procedures described in Comiso and 
Nishio (2008), and Cavalieri et al. (1984), respectively; and from Advanced Microwave 
Scanning Radiometer, Version 2 (AMSR2) using algorithms called AMSR Bootstrap Algo-
rithm (ABA) and NASA Team Algorithm, Version 2 (NT2), described in Comiso and Nishio 
(2008) and Markus and Cavalieri (2000). In (b), data from the different seasons are 
shown in different colours to illustrate variation between seasons, with SBA data from 
the procedure in Comiso and Nishio (2008) shown in black.

Figure 4.4 |  Annual perennial (blue) and multi-year (green) sea ice extent (a) and sea 
ice area (b) in the Central Arctic from 1979 to 2012 as derived from satellite passive 
microwave data (updated from Comiso, 2012). Perennial ice values are derived from 
summer minimum ice extent, while the multi-year ice values are averages of those from 
December, January and February. The gold lines (after 2002) are from AMSR-E data. 
Uncertainties in the observations (very likely range) are indicated by representative error 
bars, and uncertainties in the trends are given (very likely range).

ice area were strongly negative at –11.5 ± 2.1 and –12.5 ± 2.1% per 
decade (very likely) respectively. These values indicate an increased 
rate of decline from the –6.4% and –8.5% per decade, respectively, 
reported for the 1979 to 2000 period by Comiso (2002). The trends in 
multi-year ice extent and area are even more negative, at –13.5 ± 2.5 
and –14.7 ± 3.0% per decade (very likely), respectively, as updated for 
the period 1979 to 2012 (Comiso, 2012). The more negative trend in ice 
area than in ice extent indicates that the average ice concentration of 
multi-year ice in the Central Arctic has also been declining. The rate of 
decline in the extent and area of multi-year ice cover is consistent with 
the observed decline of old ice types from the analysis of ice drift and 
ice age by Maslanik et al. (2007), confirming that older and thicker ice 
types in the Arctic have been declining significantly. The more negative 
trend for the thicker multi-year ice area than that for the perennial ice 
area implies that the average thickness of the ice, and hence the ice 
volume, has also been declining.

Drastic changes in the multi-year ice coverage from QuikScat (satellite 
radar scatterometer) data, validated using high-resolution Synthetic 
Aperture Radar data (Kwok, 2004; Nghiem et al., 2007), have also been 
reported. Some of these changes have been attributed to the near zero 
replenishment of the Arctic multi-year ice cover by ice that survives the 
summer (Kwok, 2007).



327

Observations: Cryosphere	 Chapter 4

4

4.2.2.4	 Ice Thickness and Volume

For the Arctic, there are several techniques available for estimating 
the thickness distribution of sea ice. Combined data sets of draft and 
thickness from submarine sonars, satellite altimetry and airborne elec-
tromagnetic sensing provide broadly consistent and strong evidence of 
decrease in Arctic sea ice thickness in recent years (Figure 4.6c).

Data collected by upward-looking sonar on submarines operating 
beneath the Arctic pack ice provided the first evidence of ‘basin-wide’ 
decreases in ice thickness (Wadhams, 1990). Sonar measurements are 
of average draft (the submerged portion of sea ice), which is converted 
to thickness by assuming an average density for the measured floe 
including its snow cover. With the then available submarine records, 
Rothrock et al. (1999) found that ice draft in the mid-1990s was less 
than that measured between 1958 and 1977 in each of six regions 
within the Arctic Basin. The change was least (–0.9 m) in the Beau-
fort and Chukchi seas and greatest (–1.7 m) in the Eurasian Basin. The 
decrease averaged about 42% of the average 1958 to 1977 thickness. 
This decrease matched the decline measured in the Eurasian Basin 
between 1976 and 1996 using UK submarine data (Wadhams and 
Davis, 2000), which was 43%.

A subsequent analysis of US Navy submarine ice draft (Rothrock et 
al., 2008) used much richer and more geographically extensive data 
from 34 cruises within a data release area that covered almost 38% 
of the area of the Arctic Ocean. These cruises were equally distributed 
in spring and autumn over a 25-year period between 1975 and 2000. 
Observational uncertainty associated with the ice draft from these is 
0.5 m (Rothrock and Wensnahan, 2007). Multiple regression analysis 
was used to separate the interannual changes (Figure 4.6c), the annual 
cycle and the spatial distribution of draft in the observations. Results of 
that analysis show that the annual mean ice thickness declined from a 
peak of 3.6 m in 1980 to 2.4 m in 2000, a decrease of 1.2 m. Over the 
period, the most rapid change was –0.08 m yr–1 in 1990. 

The most recent submarine record, Wadhams et al. (2011), found that 
tracks north of Greenland repeated between the winters of 2004 and 
2007 showed a continuing shift towards less multi-year ice.

Satellite altimetry techniques are now capable of mapping sea ice free-
board to provide relatively comprehensive pictures of the distribution 
of Arctic sea ice thickness. Similar to the estimation of sea ice thick-
ness from ice draft, satellite measured freeboard (the height of sea ice 
above the water surface) is converted to thickness, assuming an aver-
age density of ice and snow. The principal challenges to accurate thick-
ness estimation using satellite altimetry are in the discrimination of 
ice and open water, and in estimating the thickness of the snow cover.

Since 1993, radar altimeters on the European Space Agency (ESA), 
European Remote Sensing (ERS) and Envisat satellites have provided 
Arctic observations south of 81.5°N. With the limited latitudinal reach 
of these altimeters, however, it has been difficult to infer basin-wide 
changes in thickness. The ERS-1 estimates of ice thickness show a 
downward trend but, because of the high variability and short time 
series (1993–2001), Laxon et al. (2003) concluded that the trend in a 
region of mixed seasonal and multi-year ice (i.e., below 81.5°N) cannot 

be considered as significant. Envisat observations showed a large 
decrease in thickness (0.25 m) following September 2007 when ice 
extent was the second lowest on record (Giles et al., 2008b). This was 
associated with the large retreat of the summer ice cover, with thinning 
regionally confined to the Beaufort and Chukchi seas, but with no sig-
nificant changes in the eastern Arctic. These results are consistent with 
those from the NASA Ice, Cloud and land Elevation Satellite (ICESat) 
laser altimeter (see comment on ICESat data in Section 4.4.2.1), which 
show thinning in the same regions between 2007 and 2008 (Kwok, 
2009) (Figure 4.5). Large decreases in thickness due to the 2007 mini-
mum in summer ice are clearly seen in both the radar and laser altim-
eter thickness estimates.

The coverage of the laser altimeter on ICESat (which ceased opera-
tion in 2009) extended to 86°N and provided a more complete spatial 
pattern of the thickness distribution in the Arctic Basin (Figure 4.6c). 
Thickness estimates are consistently within 0.5 m of sonar measure-
ments from near-coincident submarine tracks and profiles from sonar 
moorings in the Chukchi and Beaufort seas (Kwok, 2009). Ten ICESat 
campaigns between autumn 2003 and spring 2008 showed seasonal 
differences in thickness and thinning and volume losses of the Arctic 
Ocean ice cover (Kwok, 2009). Over these campaigns, the multi-year 
sea ice thickness in spring declined by ~0.6 m (Figure 4.5), while the 
average thickness of the first-year ice (~2 m) had a negligible trend. 
The average sea ice volume inside the Arctic Basin in spring (February/
March) was ~14,000 km3. Between 2004 and 2008, the total multi-year 
ice volume in spring (February/March) experienced a net loss of 6300 
km3 (>40%). Residual differences between sonar mooring and satellite 
thicknesses suggest basin-scale volume uncertainties of approximate-
ly 700 km3. The rate of volume loss (–1237 km3 yr–1) during autumn 
(October/November), while highlighting the large changes during the 
short ICESat record compares with a more moderate loss rate (–280 
± 100 km3 yr–1) over a 31-year period (1979–2010) estimated from a 
sea ice reanalysis study using the Pan-Arctic Ice-Ocean Modelling and 
Assimilation system (Schweiger et al., 2011). 

The CryoSat-2 radar altimeter (launched in 2010), which provides cov-
erage up to 89°N, has provided new thickness and volume estimates 
of Arctic Ocean sea ice (Laxon et al., 2013). These show that the ice 
volume inside the Arctic Basin decreased by a total of 4291 km3 in 
autumn (October/November) and 1479 km3 in winter (February/March) 
between the ICESat (2003–2008) and CryoSat-2 (2010–2012) periods. 
Based on ice thickness estimates from sonar moorings, an inter-satel-
lite bias between ICESat and CryoSat-2 of 700 km3 can be expected. 
This is much less than the change in volume between the two periods. 

Airborne electro-magnetic (EM) sounding measures the distance 
between an EM instrument near the surface or on an air