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[1] Many subtropical regions are expected to become drier
due to climate change. This will lead to reduced vegetation
which may in turn amplify the initial drying. Using a
coupled atmosphere-ocean-land model with a dynamic
vegetation component that predicts surface albedo change,
here we simulate the climate change from 1901 to 2099
with CO, and other forcings. In a standard IPCC-style
simulation, the model simulated an increase in the world’s
‘warm desert’ area of 2.5 million km?® or 10% at the end of
the 21st century. In a more realistic simulation where the
vegetation-albedo feedback was allowed to interact, the
‘warm desert’ area expands by 8.5 million km? or 34%. This
occurs mostly as an expansion of the world’s major
subtropical deserts such as the Sahara, the Kalahari, the
Gobi, and the Great Sandy Desert. It is suggested that
vegetation-albedo feedback should be fully included in
IPCC future climate projections. Citation: Zeng, N., and
J. Yoon (2009), Expansion of the world’s deserts due to vegetation-
albedo feedback under global warming, Geophys. Res. Lett., 36,
L17401, doi:10.1029/2009GL039699.

1. Introduction

[2] A consensus has emerged in recent climate projec-
tions from the Intergovernmental Panel on Climate Change
(IPCC) that rainfall in the sub-tropical regions of the world
may become scarcer [Burke et al., 2006; Meehl et al., 2007;
Neelin et al., 2006] driven by atmospheric circulation
changes in response to greenhouse warming [Held and
Soden, 2006]. Signs of such changes have already emerged
in recent decades in regions such as the Mediterranean,
southwestern US and other northern subtropical regions
[Mariotti et al., 2008; Seager et al., 2007; Zhang et al.,
2007]. These changes will lead to major changes in vege-
tation and ecosystems which could in turn have significant
feedback to climate. For instance, the recent Coupled-
Carbon-Cycle-Climate Model Intercomparison Project
[Friedlingstein et al., 2006] (C4MIP) has demonstrated
the importance as well as the large uncertainties in the
carbon aspect of biosphere-climate interaction. In compar-
ison, the role of some important biophysical feedbacks such
as the albedo feedback has been rarely addressed in future
climate change.

[3] The key factors of physical land-atmosphere interac-
tion include surface albedo, evapotranspiration, and surface
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roughness [Bonan, 2008]. Although these changes are often
related to each other [Hales et al., 2004], albedo is a leading
component in terms of climate impact. Theoretical estimates
suggest that an albedo increase of 0.1, typical for the
conversion of forest to savanna (even larger for savanna
to desert) in the tropical and subtropical regions, will lead to
a decrease of about 20 W m™~ in surface absorbed solar
energy. Although acting on regional scale, such a large
negative radiative forcing can significantly reduce upward
motion, resulting in less moisture convergence and a reduc-
tion in rainfall of approximately 1 mm d~' in a convective
atmospheric environment [Zeng and Neelin, 1999]. Model-
ing has demonstrated this ‘Charney-mechanism’ to be
particularly effective in semi-arid regions such as the Sahel
[Charney, 1975; Dirmeyer and Shukla, 1996; Zeng et al.,
1999]. Vegetation feedback has also been shown to be of
key importance in the drying of North Africa during the
Holocene [Claussen et al., 1999]. In cold regions, vegetation
reduces albedo by masking bright snow. This may have
played an important role in early Holocene boreal warming
[Foley et al., 1994]. Vegetation change due to anthropogenic
land-use also impacts climate during the industrial time, a
factor often under-appreciated compared to fossil fuel CO,
[Kalnay and Cai, 2003; Pielke, 2005]. In this study, we
explore the role of vegetation-albedo feedback in future
climate change using a fully coupled Earth system model. In
addition, we analyze the results from 15 of the IPCC AR4
models with a particular focus on the vulnerable subtropical
semi-arid regions.

2. Methodology

[4] We conducted a coupled atmosphere-ocean-land-
vegetation model study using the UMD Earth system
model [Zeng et al., 2004]. The physical components of
the model are simpler than GCMs so that it may be
classified as an Earth system model of intermediate com-
plexity. The description of the model and the IPCC models
are in the auxiliary material.® Briefly, the physical climate
components of our model consist of a global version of the
atmospheric model QTCMg [Neelin and Zeng, 2000], the
physical land-surface model SLand [Zeng et al., 2000], and
a slab mixed layer ocean model with Q-flux to represent the
effects of ocean dynamics. The dynamic vegetation and
carbon model VEGAS [Zeng, 2003; Zeng et al., 2005] is
coupled to SLand, mainly through soil moisture and photo-
synthesis control on evapotranspiration. All model compo-
nents were run at a resolution of 5.625° x 3.75°, a limitation
set by the atmospheric model. The atmospheric component

3Auxiliary materials are available in the HTML. doi:10.1029/
2009GL039699.
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Figure 1. Area of the world’s ‘warm deserts’ in million km? from 1901 to 2099 as simulated by the fully coupled
atmosphere-ocean-land-vegetation model in response to greenhouse gas and other forcings. Desert is defined as leaf area
index (LAI) less than 1. The difference between the AOLV run (red line) and the AOL run (brown) is that AOLV has
vegetation-albedo feedback, which leads to much larger expansion in the desert area. Also plotted is the land-vegetation
model forced by observed climate (Obs-LV; black) for 1951-2005, and its result has a vertical offset to match the AOLV

run in the 1950s.

was run at 20 minute time step while all other components
were run once a day.

[s] Our model was a participant of the C4MIP project
and it simulates changes in vegetation functional types
under climate change such as degradation of savanna to
desert or replacement of tundra by forest. One important
consequence of such changes is the modification of surface
albedo. However, this feedback was not typically included
in the C4MIP simulations even though some models had
dynamic vegetation and were potentially capable of study-
ing this effect.

[6] To study the role of vegetation-albedo feedback, we
‘turned on’ the vegetation albedo feedback in our model by
allowing the atmospheric radiation module to ‘see’ the
surface albedo A, predicted by the vegetation model as a
function of leaf area index (L):

Av - Amin + (Amax - Amin) exp(_k L)7 (1)

where A, = 0.1 and A« = 0.45 are the minimum and
maximum albedo, respectively, and k = 0.5 is the light
extinction coefficient. This simple empirical formula is not
sufficient at capturing all the possible processes responsible
for the observed albedo, many of which are difficult to
model mechanistically at present. For instance, bright
deserts with high albedo values often correspond to sand
dunes or dry lake beds whose formations are also related to
other hydrogeological processes [Knorr and Schnitzler,
2006]. To minimize potential climate drift due to full
coupling, only the anomalies A’, (changes in A, relative to
a control run) are used by the atmospheric radiation module,
i.e., the changes in A, was added onto the observed surface
albedo climatology in order to capture the first-order effects
due to vegetation change:

A= Agys + AL (2)

The fully coupled atmosphere-ocean-land-vegetation model
was spun up to steady state with repetitive 1870 forcings and
then run to 2099. The model was forced from 1870 to 2000 by
observed CO,, variabilities in solar irradiance (to 2000),
direct anthropogenic (to 1990) and volcanic aerosol forcings

(to 1999), and set to constant afterwards, and by a CO,
scenario A1B after 2000.

[7] We used the criterion of LAI less than one to define
desert [Mahowald, 2007], which leads to a current desert
distribution largely in agreement with a more common
definition of annual rainfall less than 250 mm. While these
two criteria are well correlated in a stable climate regime,
the vegetation based definition also captures other effects
such as changes in soil moisture due to warming even if
precipitation stays fixed, as demonstrated in our results
below. To exclude polar and mountain deserts which are
expected to shrink under warming as vegetation growth
there is limited by temperature, not by rainfall, we used a
criterion of observed annual mean temperature of 0°C to
mask out cold regions, notably the polar regions and the
Tibetan Plateau. Thus our study is on the ‘warm deserts’
inside the masked region which has a total area of 115 Mkm?
(million km?).

3. Results

[s] Our model simulates a ‘warm desert’ area of 25 Mkm?
in the early 20th century (Figure 1), comparable to the
observed 23 Mkm? using observed precipitation less than
250 mm y ' (Figure S1). In the simulation without
vegetation-albedo feedback, but including land soil-moisture
feedback in addition to interactive atmosphere and ocean
(thus the name AOL), the subtropical desert expands contin-
uously from the 20th to the 21st century with substantial
interannual to interdecadal variability. By the end of the 21st
century the desert has increased by about 2.5 Mkm?, a 10%
change.

[9] When vegetation-albedo feedback is included (AOLV),
the desert area expands at a faster pace starting in the latter
half of the 20th century. By 2000, the increase in desert area
in the AOLV run is nearly twice as much as in the AOL run.
This difference deepens further into the 21st century so
that the increase in the desert area is three times more than
in AOL, an 8.5 Mkm? or a 34% increase at the end of the
21st century.

[10] We conducted an additional experiment (Obs-LV)
where the land-vegetation model was run ‘offline’, driven
by observed 20th century precipitation and temperature. The
interannual variability in this run is somewhat larger than in
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Figure 2. Marginal land projected to change from non-desert in the 20th century to desert in the 21st century in the AOLV
run with albedo feedback, shown in brown color as the difference between the average of 2070—2099 and that of 1961—
1990. Stippled region is the model’s 20th century desert area (LAI less than 1 during 1961—-1990).

the two coupled model runs which have less internal
variability than Nature and are not expected to match the
interannual changes event by event. Interestingly, the AOLV
run with vegetation feedback also has larger interannual
variability than AOL, suggesting that vegetation-albedo
feedback also acts on these shorter timescales. The trend
during 1951—2005 is an increase of approximately 2.5 Mkm?
in both AOLV and Obs-LV, while the AOL run changed by
only 1.4 Mkm? (Figure 1). This similarity between AOLV
and Obs-LV is in part fortuitous as the observed climate
contains major multi-decadal variabilities such as the
drought in the Sahel [Folland et al., 1986] arising from
atmosphere-ocean interaction that coupled models can not
reproduce on their own, especially our mixed-layer ocean
model. Such agreement in model and ‘observation’ for the
instrumental period suggests that the drying in the later half
of the 20th century was largely caused by external forcings,
not internal variability of the coupled atmosphere-ocean-
land system.

[11] The spatial pattern of the changes (Figure 2) indi-
cates that the regions subject to desert expansion are the
Sahel, the Mediterranean region, southwest and central
Asia, southern Africa and Australia. These correspond to
an expansion of most ‘warm deserts’ of the world today: the
Sahara, the Arabian, the Gobi, the Kalahari and the Great
Sandy Desert. However, we caution that, given the coarse
resolution and possible biases in our model, the exact
location and extent of desert expansion may be model
sensitive. For instance, we also noticed transition to desert
in western US in the AOL run, but it is not seen in the AOLV
run in Figure 2. Higher-resolution models will be needed for
better assessment. Nonetheless, these regions coincide
broadly with the regions known to be sensitive to land-
surface-vegetation processes [Alessandri and Navarra,
2008; Koster et al., 2004], lending qualitative confidence
to our model results.

[12] We also conducted experiments in which projected
precipitation and temperature from 15 IPCC models were
used to drive VEGAS. The projected changes in desert area,
similarly defined as LAI less than one, show that the desert
area indeed increases (Figure S2). These IPCC models all
include interactive land-surface model that dynamically
predicts soil moisture and its feedback through evapotrans-
piration, and is similar to our AOL run. The IPCC model
average predicts somewhat smaller desert expansion in the

decades around year 2000 compared to our AOL run, but
quickly catches up in the 21st century and have slightly
larger increase (over 3 Mkm? more desert) by the end of the
21st century. Although all the IPCC models exhibit an
expansion of deserts, there are large differences in magni-
tude, ranging from negligible change in some models to 7—
9 Mkm? increase in some other models, approaching the
projection of our AOLV simulation.

[13] The magnitude of desert expansion predicted by the
models is striking, especially the 34% increase in the AOLV
run with vegetation-albedo feedback. Our analysis suggests
that this is the result of a chain of processes and feedbacks
initiated by greenhouse warming. We identify the key steps
as following.

[14] 1. Changes in the tropical atmospheric circulation in
response to greenhouse warming lead to a broadening of the
subsidence branch of the Hadley circulation which further
suppresses rainfall in the subtropics that is already dry
(meteorological drought). This contrasts increased rainfall
in the Inter-tropical Convergence Zone and the high latitude
regions [Held and Soden, 2006; Meehl et al., 2007].

[15] 2. These dry regions further invade into adjacent area
as measured by soil moisture (hydrological drought) be-
cause global warming increases evaporative demand even if
rainfall does not change, thus leading to less soil moisture.
Indeed, using precipitation, instead of soil moisture or LAI
as criterion, both the AOL run and the IPCC model mean
exhibit little net change in desert area [Burke et al., 2006]
(not shown). Thus a region with minor increase in rainfall
can be outcompeted by increased evaporation loss, resulting
in decreased soil moisture. Because vegetation does not use
rainfall directly, soil moisture is a better measure than
precipitation for ecosystem impact.

[16] 3. The area with reduced vegetation further expands
from the area with decreased soil moisture because of heat
stress and respiration loss at higher temperature.

[17] These successive effects are summarized in Figure 3
where 41 Mkm? land (36% of the ‘warm’ region) has
reduced precipitation, but 57 Mkm? (50%) has less soil
moisture, and 60 Mkm? (52%) has less vegetation as
measured by LAI Spatially, this expansion of ‘drought’
corresponds to widespread drying in Africa, the Mediterra-
nean, Asia, and to lesser degree North America and Australia
(Figure S3).
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Figure 3. The size of the area where precipitation, soil
moisture, or LAI decreases from the 20th to the 21st century
for the AOLV run (red bars), and the size of the area with
decreasing precipitation for the AOL run (brown bar). More
land area sees reduction in soil moisture compared to
precipitation, and even more area has vegetation loss.
Approximately 9 million km® more land area has decreas-
ing precipitation in AOLV than in AOL due to a positive
vegetation-albedo feedback. The numbered processes
correspond to the description in the text.

[18] 4. A major reduction in vegetation in these regions
leads to increased surface albedo, which reduces heat input
and moist static energy. Consequently, the subsidence that is
typical of these subtropical regions intensifies, leading to
reduced moisture convergence and precipitation. This is
further amplified by the three processes discussed above.
The final effect of vegetation-albedo feedback is an addi-
tional 9 Mkm? or 8% of the ‘warm’ land area having
reduced precipitation. This chain of feedbacks is illustrated
in Figure 3.

[19] The above analysis has focused on changes in the
size of the area satisfying a preset threshold in LAI,
precipitation or soil moisture. An alternative perspective
that is particularly illuminating for understanding the feed-
back is the strength of change in a given region. We selected
the marginal zones that are not desert in the 20th century,
but become desert (LAI changes from above 1 to below 1)
in the 21st century from the AOLV run (colored regions in
Figure 2). As shown in Figure S4, the average rainfall in
these regions decreased from 1.3 mm d ™' at 1901 to about
0.1 mm d ™" at the end of the 21st century, and soil wetness
from 28% to 5%, LAI from 2.6 to 0.3, thus near-complete
desiccation. The average albedo increases from 0.26 to 0.44,
thus contributes to a large vegetation-rainfall feedback. In
contrast, in the absence of vegetation-albedo feedback
(AOL), the changes are substantially smaller (not shown).
The mechanism of such positive feedback has been high-
lighted and quantified in analytical models [Charney, 1975;
Zeng and Neelin, 1999] and supported by global climate
models [Crucifix et al., 2005; Wang et al., 2004; Zeng et al.,
1999]. In addition, the model also shows a loss in vegetation
and soil organic carbon that begins in the late 20th century
and reaches 16 GtC (gigatonne or 10'* kg carbon) at the end
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of the 21st century. Further analysis showed that it is mostly
due to the loss of vegetation biomass.

4. Discussion and Conclusions

[20] Our modeling shows a 10% increase in the world’s
warm desert area in the absence of vegetation-albedo
feedback, similar to the average IPCC AR4 model projec-
tion. When vegetation-albedo feedback is included in our
model, the desert area expansion becomes much larger,
reaching 34%, with major contribution from Africa. The
mechanisms include the drying of the subtropics, the
warming-induced soil moisture decrease and vegetation
loss, and the feedback to atmospheric circulation as albedo
change modifies atmospheric energy balance. While such
mechanisms are reasonably well understood individually,
our study shows how the combination of these effects could
lead to dramatic change in the desert area. On the other
hand, our quantitative conclusions may be subject to uncer-
tainty, which could be dependent on model resolution and
the albedo parameterization which is a poorly studied aspect
in global climate models. Another uncertainty is related to
the CO, fertilization effect as high CO, concentration in the
future may stimulate vegetation growth at higher water use
efficiency, thus countering the climate and biophysical
feedback effects [Mahowald, 2007]. Nevertheless, the
VEGAS model does include the CO, fertilization effect,
but with a weaker strength compared to many current
models [Friedlingstein et al., 2006]. Clearly, studies with
other models and observations will be essential in quanti-
fying and narrowing these uncertainties.

[21] The IPCC models have traditionally focused on one
aspect of anthropogenic impact on the climate system,
namely, warming due to increase in atmospheric greenhouse
gases and related feedbacks in the atmosphere and ocean.
Although a sensible approach initially, it misses many other
important direct or feedback effects. Our modeling results
suggest that one such process, vegetation-albedo feedback
may accelerate the expansion of the world’s major subtrop-
ical deserts under global warming, thus adding pressure to
these marginal zones that are already vulnerable to natural
and human-induced changes. Clearly, our results are subject
to quantitative uncertainties especially from model resolu-
tion and albedo parameterization. We suggest the IPCC
modeling groups to clarify and validate the details of the
representation of vegetation albedo in the context of other
biophysical processes, and ultimately fully include such
feedbacks in future climate projections.
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Auxiliary Materials

1. IPCC models and VEGAS

The IPCC models are multi-model ensembles, run with radiative forcings estimated for
the twentieth century and the SRES A1B scenario for twenty-first century change. The
models included are listed in the table below. Details of the model can be found at
http://www-pcmdi.lInl.gov/ipcc/model_documentation/ipcc_model_documentation.php.

Model Name Institution Country

CSIRO-MK3 Commonwealth  Scientific | Australia
and Industrial Research
Organization

ECHAMS Max Planck Institute Germany

GFDL-CM2.0 NOAA/Geophysical Fluid | USA
Dynamics Laboratory

GFDL-CM2.1 NOAA/Geophysical Fluid | USA
Dynamics Laboratory

HadCM3 UKMO/Hadley Centre UK

HadGEM1 UKMO/Hadley Centre UK

GISS-EH NASA/Goddard  Institute | USA
for Space Studies

GISS-ER NASA/Goddard  Institute | USA
for Space Studies

INGV Istituto Nazionale di | Italy
Geofisica e Vulcanologia

IPSL-CM4 Institut ~ Pierre  Simon | France
Laplace

MIROC-3.2-medres Center for Climate System | Japan
Research, University of
Tokyo

MIROC-3.2-hires Center for Climate System | Japan
Research, University of
Tokyo




MRI-CGCM2 Meteorological ~ Research | Japan
Institute

NCAR-CCSM3 National Center for | USA
Atmospheric Research

NCAR-PCM1 National Center for | USA
Atmospheric Research

Model variables from these 15 models were interpolated onto a common 2.5°x2.5°grid.
The change from late 21% century (2070-2099 average) relative to a base period
climatology (1961-1990 average) was computed for all 15 models. The offline VEGAS
model was forced individually by the 15 IPCC model climates for variables such as
precipitation and temperature for 1901-2099, and then the results are analyzed for their
changes (Fig. S2)

The terrestrial carbon model Vegetation-Global-Atmosphere-Soil [Zeng, 2003; Zeng et
al., 2004; Zeng et al., 2005a] (VEGAS) simulates the dynamics of vegetation growth and
competition among different plant functional types (PFTs). It includes 4 PFTs: broadleaf
tree, needleleaf tree, cold grass, and warm grass. The different photosynthetic pathways
are distinguished for C3 (the first three PFTs above) and C4 (warm grass) plants.
Phenology is simulated dynamically as the balance between growth and
respiration/turnover. Competition among PFTs is determined by climatic constraints and
resource allocation strategy such as temperature tolerance and height dependent shading.
Unlike many other global dynamic vegetation models, whether a PFT is deciduous or
evergreen is not prescribed, but rather dynamically determined. The relative competitive
advantage then determines fractional coverage of each PFT with possibility of
coexistence. Accompanying the vegetation dynamics is the full terrestrial carbon cycle,
starting from photosynthetic carbon assimilation in the leaves and the allocation of this
carbon into three vegetation carbon pools: leaf, root, and wood. After accounting for
respiration, the biomass turnover from these three vegetation carbon pools cascades into a
fast soil carbon pool, an intermediate and finally a slow soil pool. Temperature and
moisture dependent decomposition of these carbon pools returns carbon back into the
atmosphere, thus closing the terrestrial carbon cycle. A fire module includes the effects of
moisture availability, fuel loading, and PFT dependent resistance and captures fire
contribution to interannual CO2 variability [Qian et al., 2008; Zeng et al., 2005b]. The
vegetation component is coupled to land and atmosphere through a soil moisture
dependence of photosynthesis and evapotranspiration, as well as dependence on
temperature, radiation, and atmospheric CO2. VEGAS has also been validated on
interannual timescales in the tropics [Zeng et al., 2005a; Zeng et al., 2005b], and for
temperate and boreal regions as a participant of the ongoing North American Carbon
Program model-data intercomparison. The other components of the UMD Earth system
model are described and referenced in [Zeng et al., 2004].




2. Figures S1-S4
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Figure S1. The world distribution of “warm deserts” with differing degree of aridity:
extremely-arid, arid and semi-arid defined using observed precipitation (0.5°%0.5°
resolution; CRU) less than 100, 250, 450 mm/y, respectively (upper panel). The ‘warm’
regions are defined as the area with annual mean observed surface air temperature greater
than 0°C which excludes notably the Polar regions and the Tibetan Plateau. The coarse
resolution of the model (5.625°%3.75°) (Fig. 2) is not able to identify many mountainous
regions such as the Andes.
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Figure S2. The expansion of deserts as in Fig. 1, but also plotted are the results from
VEGAS driven by the precipitation and temperature projected by 15 IPCC models. Thick
black line is the average while the individual IPCC-VEGAS model results are shown as
gray lines and the shading is their standard deviation.
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Figure S3. The difference between the averages of 2070-2099 and 1961-1990 for the
AOLYV run, showing successively more regions with decreasing precipitation (mm d™),
soil wetness (fraction), and LAI (m*/m?). Figure 3 is a summary of these spatial changes.
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Figure S4. Time evolution of (a) annual precipitation, (b) soil wetness, (c) LA, (d)
surface albedo and (e) total land carbon, for the marginal land area that changes from
non-desert to desert (colored area in Fig. 2).
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