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ABSTRACT: Desertification is an international environmental challenge which poses a risk to portions of over 100 countries.
Research into desertification and climate change has the potential to contribute to natural resources management and adaptation
to climatic and other changes in Earth systems. An Earth system model of intermediate complexity (EMIC), the McGill
Paleoclimate Model-2 (MPM-2) was used to explore the climatic biogeophysical effects of desertification in different latitude
bands from 1700 to 2000 AD. It was found that latitudinal-band desertification attributable to forest and grass removal caused
global cooling, land surface albedo increasing and precipitation reduction in the Northern Hemisphere as well as heat transport
increasing in global ocean. These results highlighted global climate reaction to local desertification and demonstrated that the
location of the desertification projected a potentially differential impact on local and global climate. That was, desertification
in 0∘–15∘N gave a somewhat minor effect on global and local climate; desertification in 45∘–60∘N caused a significant
reduction in global temperature while desertification in 15∘–30∘N induced a prominent reduction in local temperature. In
response to desertification, surface albedo change as a forcing was the dominant biogeophysical driver of climate over the
Northern Hemisphere while precipitation change as a response was probably the primary driver of climate over the Southern
Hemisphere. Overall, the regional desertification may cause a global climatic effect, especially concerning desert expansion
along the 15∘–30∘N and 45∘–60∘N latitude bands, which led to a more prominent effect on the Earth’s climate and even
oceanic circulation. The results of this study provide useful information when comparing the effects of desertification in
different latitude bands on climate.
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1. Introduction

As a world-wide phenomenon, desertification affects about
two-thirds of the countries of the world, and one-third
of the earth’s surface, on which millions of people live
(Reynolds and Stafford Smith, 2002; United Nations
Sudano-Sahelian Office, 2002). It also causes the earth’s
ecosystems to deteriorate. Definitions of desertification
are usually broad; in this article it is presented as the loss
of vegetation or replacement of forest or/and grassland
with desert (Hill et al., 1995; Ash et al., 2002). This
desertification affects global climate via biogeochemical
and biogeophysical processes.

Biogeophysical consequences of desertification include
its effects on changes in albedo, transpiration and sur-
face roughness. In general, replacing forest and grass-
land with desert leads to an increase in land surface
albedo and a decrease in transpiration. Such expansion of
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desert decreases surface roughness affecting the energy
and momentum balances in the boundary layer by decreas-
ing the ability of air to mix. Desertification and its influ-
ence on climate change have become the research focus
of many scholars in the past few decades (Li et al., 2000).
Proposing a biogeophysical feedback mechanism linking
vegetation, albedo and precipitation as a partial explana-
tion for recurrent drought in desert border areas, Charney
et al. (1975) show that the radiative heat loss caused by the
high albedo of a desert contributes significantly to the sink-
ing and drying of the air aloft and therefore to the reduc-
tion of precipitation. Zheng and Eltahir (1997) suggest that
the potential impact of desertification on regional climate
depends critically on its location. That is, desertification
near the southern edge of the Sahara reduces the rainfall
within the perturbation region but enhances rainfall south
of it. Furthermore, desertification appears to be linked to
a shift in seasonal precipitation use by vegetation from
mainly summer to winter inputs, resulting in an apparent
decoupling of vegetation responses to inter-annual mon-
soonal variation (Asner and Heidebrecht, 2005). Souza
and Oyama (2011) find that a pronounced and significant
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precipitation reduction in large parts of semi-arid area of
Northeast Brazil (SANEB) is resulted from total deserti-
fication. In addition, Alkama et al. (2012) show that the
main impact of replacing the vegetation by bare soil on the
energy budget is a large reduction in upward latent heat
transfer and a warming over tropical forests and a slight
cooling over semi-arid and arid areas in south of 20∘N.
However, most of these studies focus on desertification
on a small scale. Relative little attention has been given
to the impact of desertification in different latitude bands
on the regional and global climate because of its different
climate background of the atmospheric and (wind driven)
ocean circulation caused by the differential solar heating
over latitudinal bands.

Furthermore, various studies have simulated vegetation
loss effects from the standpoint of land cover changes. His-
torical forest removal at mid-latitudes has increased land
surface albedo which has cooled the Northern Hemisphere
(NH) climate (Bonan, 1997; Brovkin et al., 1999; Betts,
2001; Govindasamy et al., 2001; Bounoua et al., 2002;
Brovkin et al., 2006; Pitman et al., 2009; Lee et al., 2011).
On the other hand, although the climate response to tropi-
cal deforestation is more equivocal, some previous studies
suggest that large-scale removal of tropical forests could
reduce evapotranspiration rates, leading to decreased latent
heat fluxes. This causes a higher Bowen ratio and thus an
increase in land surface temperature (Henderson-Sellers
et al., 1993; Lean and Rowntree, 1997; De Fries et al.,
2002; Feddema et al., 2005; Brovkin et al., 2009). So it has
been suggested that the effects of forest removal are differ-
ent in the tropics and at mid-high latitudes (Claussen et al.,
2001; Pielke et al., 2002; Bala et al., 2007; Betts et al.,
2007; Bonan, 2008). However, the relative importance of
vegetation loss in different latitudes has never been quan-
tified (Davin and Noblet-Ducoudré, 2010).

In addition, most of the previous desertification and
vegetation loss experiments have been performed using
Atmospheric General Circulation Models (AGCMs) with-
out interactive ocean models, while the climate changes
induced by land surface changes are affected by feed-
backs from sea surface temperature (SST) and sea ice,
including the thermohaline circulation of the ocean. There
are also suggestions that desertification may be associated
with climate change in other parts of the world, particu-
larly through changes in ocean temperatures (Warren and
Khogali, 1992; Williams and Balling, 1994). Besides, it is
the ocean that triggers climate variability in the Sahel at
interannual to interdecadal time scales (Giannini and Bia-
sutti, 2008), while the response of annual mean meridional
oceanic heat transport to desertification has never been
assessed, thus preventing a more comprehensive under-
standing of the overall biogeophysical effects of deserti-
fication. In light of the little study on desertification over
areas except Sahel and the rarely quantified desertification
effects over different latitudes as well as the importance
of interactive ocean on desertification effects, we use an
EMIC, MPM-2 (Wang and Eltahir, 2000), to address the
impact of desertification over different latitudes in a more
comprehensive manner in this study. Therefore, the main

goal of this study is to assess the biogeophysical effects
of forest and grass replacement with desert over different
latitudes on shaping the global and regional climate.

Vegetation loss or forest or/and grass replacement with
desert also alters direct emissions of CO2 into the atmo-
sphere which modifies the Earth’s energy budget and thus
climate. Such biogeochemical effect associated with deser-
tification is so significant that it may reverse the overall
climate change patterns; while because of the exclusion
of carbon cycle model within our climate system model,
we focus here on the biogeophysical effects of the deserti-
fication on climate. To allow long model integrations and
simulate the response with interactive components in Earth
system, we use an EMIC, MPM-2 (Wang and Mysak,
2000), to study biogeophysical effects of desertification on
climate and their regional effects. EMICs include all the
main components of the earth system. Although it simpli-
fies the courses and details using parameterization mod-
erately, it embodies the feedbacks and interactions among
the components in climate system. So EMICs can simu-
late all the main processes in large time scale efficiently to
investigate the influence of uncertainty in climatic forcings
and process parameterizations on model results through
many sensitivity experiments (Forest et al., 2002).

In this paper, MPM-2 is used to explore the effects
of desertification in different latitudes, and to estimate
the temperature, land surface albedo and precipitation
response to the desertification zonally. The response of
mean meridional oceanic heat transport to desert expan-
sion is also investigated. Our objective here is neither
to reconstruct the observed pattern of desertification, nor
to simulate possible scenarios for desertification vividly.
Instead, we aim at assessing the magnitude of changes in
temperature, land surface albedo and precipitation that is
possible in the climate system because of desert expan-
sion based on different latitudinal bands provided whole
latitude bands are instantaneously desertified. This con-
tributes to understand how the processes involved in the
climate response to desertification might differ between
different latitudes.

2. Experimental design

We use the MPM-2, an EMIC, to investigate the bio-
geophysical effects of desertification. This model has
successfully simulated changes in the thermohaline circu-
lation state (Wang and Mysak, 2001; Wang et al., 2002)
and the last glacial inception (Wang and Mysak, 2002).
It also has been used to study the climate changes on
1000-year scale as Holocene (Wang et al., 2005a, 2005b),
and the climatic effects of natural forcings (Shi et al.,
2007; Yin et al., 2007; Wang and Yan, 2013; Wang et al.,
2013). The atmosphere in the MPM-2 is represented by an
energy–moisture balance model in which the meridional
energy and moisture transports are parameterized by a
combination of advection and diffusion processes. In
the ocean model, zonally averaged advection–diffusion
equations for temperature and salinity are employed
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Figure 1. The forest and grass fraction in 1700 AD.

to predict their time evolutions based on vorticity
conservation. A zero-layer thermodynamic-dynamic
sea-ice model without snow and a land surface model in
which the surface temperature predicted using the energy
balance equation are used. The ice sheet model in the
MPM-2 is the vertically integrated dynamic part of the
2D ice sheet model of Marshall and Clarke (1997). The
MPM-2 is also interactively coupled to the dynamical
vegetation continuous description model (Brovkin et al.,
1997; Wang et al., 2005c). For each grid cell, the tree,
grass and desert fractions are predicted as functions of the
annual precipitation and the growing degree day index.

In the simulation of desert expansion, the global land
cover dataset in 1700 AD are derived from Pongratz et al.
(2008) at a resolution of 30 min. This dataset specifies
14 land cover classes including three human use types
(crop, C3 and C4 pasture) and 11 natural vegetation types
in global coverage. For each year, a map that contains
14 fields is provided. Each field holds the fraction the
respective vegetation type covers in the total grid cell
(0–1). Its 30′ resolution of the dataset is aggregated to the
coarse spatial resolution of the model. As for one grid cell,
the grass fraction is the sum of crop, grass and pasture;
whereas forest fraction is determined by the sum of the
remaining types of vegetation, and desert is the percentage
of soil that is covered by no vegetation types. The forest
and grass fraction in 1700 AD is given in Figure 1. The
forest and grass as well as surface land area in different
latitude bands are shown in Table 1. A largest vegetation
area of 13.89 million km2 occurs in latitude 45∘–60∘N and
a small vegetation area arises in 0∘–15∘N.

To investigate the climate in response to land cover
variations, two types of numerical experiments are car-
ried out: control and desertification runs. The equilibrium
state is reached after a 5300-year integration in order to
obtain the same initial conditions. In control experiment
(EC), we have chosen to start the runs with ‘true world’
land cover representations in 1700 AD. In desertifica-
tion experiment (ED), simulations with global, 0∘–15∘N,

Table 1. The forest, grass and the surface land area (million km2)
in latitudinal band.

0∘–15∘N 15∘–30∘N 30∘–45∘N 45∘–60∘N

Land area 16.73 18.55 26.12 25.60
Forest 7.34 4.98 5.28 8.53
Grass 1.22 5.37 4.46 5.36

15∘–30∘N, 30∘–45∘N and 45∘–60∘N land latitude grids
replacement of forest and grass with desert in 1700 AD
are performed respectively. The potential impact of lat-
itudinal desertification on regional and global climate is
derived by subtracting EC from ED; that is Dall, D0015,
D1530, D3045 and D4560, respectively. So Dall, D0015,
D1530, D3045 and D4560 denote the subtraction of simu-
lation with ‘true world’ land cover representation from the
simulation with global and latitudinal band replacement
of forest and grass with desert in 1700 AD, respectively.
These runs are carried out with earth orbital parameters
keeping constant at present-day values. Atmospheric CO2
concentration in simulations EC and ED is fixed at a con-
stant level of 280 ppm. In all simulations, atmospheric,
oceanic and sea-ice components of EMICs are interactive.
Although these extreme designs do not intent to manifest
realistic land cover disturbances, they give us a contrast
with the global and regional effects of desertification over
different latitudes. Desertification can lead to very dif-
ferent impacts depending on whether vegetation is kept
at static or dynamic (Wang and Mysak, 2000). After the
test of simulations it was found that if the land cover was
not static, the simulated dynamic land cover would not be
desert and the final results were no longer the effects of
desertification. For example, the simulated global tempera-
ture was −0.04 ∘C under static desertification in 0∘–15∘N,
while it was 0.11 ∘C when the land cover was as an initial
condition. So this idealized setting instead of the actual
pattern of desertification is a fixed land cover for each
simulation.
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To assess the regional and seasonal temperature, albedo,
precipitation and the mean meridional oceanic heat trans-
port response to desertification, the last 30 years’ results
of the runs are averaged. Following Pitman et al. (2009)
and Findell et al. (2007) using the modified Student’s t-test
(Zwiers and von Storch, 1995) at the 0.05 level signifi-
cance, we compare 30-year climatologies at each model
grid cell in order to isolate the signal of desert expan-
sion from the model inherent noise. At 95% confidence
level, the probabilities that the simulated changes due com-
pletely to the variability of the model could be only about
5% (Bounoua et al., 2002). This test is more rigorous than
the standard t-test because it accounts for autocorrela-
tion within time series, reducing the rate of false positives
(Pitman et al., 2009).

3. Results

Desertification alters the surface energy fluxes through
a complex interplay of morphological and physiological
effects, thus influencing global climate. The overall impact
of NH desertification is first investigated to reveal its
total biogeophysical effects. In order to assess the relative
importance of the desert expansion in different latitudes,
the changes in monthly temperature, albedo and precip-
itation are evaluated on latitude band basis. Analysis for
the differences in the surface albedo change which per-
turbs the radiation budget and precipitation change which
affects Bowen ratio will help to understand how the pro-
cesses involved in the climate response to desertification
might differ between different locations. Last, the effects
of the NH desertification on mean meridional oceanic heat
transport in different latitudes are estimated to obtain a
better understanding of the response of earth system to
desertification to improve the assessment and monitoring
of desertification.

3.1. Overall biogeophysical effects of desertification

As the consequences of latitudinal desertification could
extend to the whole planet, the overall biogeophysical
effects of the NH desertification are assessed. The impacts
of NH desertification on global surface air temperature
and sea ice area are summarized in Table 2. The deserti-
fication causes a decrease in global, NH and the Southern
Hemisphere (SH) temperature with a global average cool-
ing in the range 0.04–1.76 ∘C based on different desert
expansions in this study. The forest and grass removal
in 45∘–60∘N leads to a large decrease in global mean
annual temperature which is caused by the largest vegeta-
tion removal area (Table 1). The desertification in 0∘–15∘N
has a least overall impact. The cooling in 15∘–30∘N and
45∘–60∘N accounts for up to about 43% of the global cool-
ing (1.76 ∘C) in response to desertification. Owing to the
more landmasses and forcing originating in the NH there
is a more prominent decrease in the NH temperature in
response to replacements of tree and grass with desert. The
decrease in temperature because of desertification leads
to an increase in sea ice area. Although the replacement

Table 2. The differences in annual mean global, NH, SH surface
air temperature and sea ice area of the last year of simulation.

Dall D0015 D1530 D3045 D4560

Global-sata (∘C) −1.76 −0.04 −0.37 −0.22 −0.39
Sat-northb (∘C) −2.19 −0.05 −0.55 −0.34 −0.59
Sat-southc (∘C) −1.33 −0.03 −0.19 −0.11 −0.19
NHameand

(106 km2)
0.44 0.01 0.13 0.13 0.29

SHameane

(106 km2)
5.17 0.03 0.4 0.17 0.44

aGlobal surface air temperature. bNorthern Hemisphere surface air
temperature. cSouthern Hemisphere surface air temperature. dNorthern
Hemisphere sea ice area. eSouthern Hemisphere sea ice area.

of tree and grass with desert leads to a less prominent
decrease in the SH temperature, there are more increases
in sea ice area in the SH which is because of the larger sea
area comparing with that in the NH. Such increases in sea
ice area reflect more solar energy and reduce the heat sup-
ply from the ocean, which in turn amplifies the decrease of
the SH temperature through the sea ice-albedo feedback.
Therefore, through these mechanisms, the cooling effects
of the reduced solar radiation are amplified by the internal
processes in the climate system (Wang and Mysak, 2000).

3.2. Effects of desertification on zonal and monthly
temperature, albedo and precipitation

The pronounced local and seasonal effects of desertifica-
tion on temperature are revealed. The impacts of deser-
tification on temperature are illustrated in Figure 2 and
red dotted areas where changes are significant at the 95%
confidence level using the modified t-test are indicated.
Zonally, these averaged changes in seasonal surface air
temperature over different latitude bands are statistically
significant over 45, 64, 61 and 61% of the grid points as
for the simulation of D0015, D1530, D3045 and D4560,
respectively. Results from every scenario simulation show
a statistically significant impact of latitudinal desertifi-
cation on the near surface temperature over the regions
of desert expansion, which is considerably greater than
global effects. However, the magnitude and pattern of local
change differs depending on location of desertification.
Extensive statistically significant decreases of tempera-
ture are mainly in the NH where vegetated surfaces have
been changed to desertification. In point of seasonal dif-
ferences in surface temperature, a maximum cooling of
0.38 ∘C arises over this latitude during the snow thaw-
ing season(spring) (see Figure 2(a)) in response to desert
expansion in 0∘–15∘N, when the vegetation-snow-albedo
feedback is most pronounced. This result is in agree-
ment with Bonan et al. (1992). The D1530 represents a
large vegetation removal area of 10.35 million km2 over
this latitude band, and hence simulated cooling is the
most prominent with local temperature decreases typically
between 0.4 and 2.5 ∘C in the NH (Figure 2(b)). This max-
imum cooling during JJA is in line with Brovkin et al.
(1999). In D3045 there is a local cooling in the range
of 0.2–1.1 ∘C in the NH which is smaller than that in
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(b)

(d)(c)

(a)

Figure 2. The differences in monthly surface air temperature (∘C), the last 30-year averages in desertification simulation from year 1700–2000.
(a) D0015; (b) D1530; (c) D3045; (d) D4560. Areas where changes are significant at the 95% confidence level using the modified t-test are shown

in red dots.

D1530 (Figure 2(c)). This is not surprising given that sce-
nario D3045 projects the low areas of vegetation removal
over this latitude band. The forest and grass removal in
45∘–60∘N leads to a significant cooling of 2.2 ∘C during
JJA (Figure 2(d)). A decrease in temperature to the north
of the desertification areas (above 60∘N) is not because of
direct forcing but rather because of the interaction of the
vegetation-snow-albedo effect and sea-ice-albedo effect.
Despite the fact that almost none of the temperature differ-
ences are significant in a statistical sense, there is a cool-
ing of 0.02–0.2 ∘C in the SH. The temperature changes in
regions distant from the locations where desert expansion
has actually changed are accounted for the atmospheric
circulation which advects the energy fluxes associated
with desertification (Bounoua et al., 2002). The combined
action of such atmospheric circulation and the associated
changes in SSTs and sea-ice cover propagate the local
effects to the global scale.

Any alteration of surface vegetation will have an imme-
diate effect on the albedo of the land surface. The result-
ing change in surface albedo could have been exerting a
radiative forcing of climate which perturbs the radiation
budget by modifying the absorption of shortwave radia-
tion. The prominent cooling in response to desertification

is probably accounted for changes in land surface albedo in
this study (Figure 3). Conversion from forest and/or grass
to desert in this study results in higher land surface albedo.
This increased land surface albedo sends more solar radi-
ation back into space (Zeng et al., 1999), and alters the
redistribution of solar energy on and near the Earth’s sur-
face. Such change in energy budget affects near-surface
temperature and precipitation at a local scale. Since this
changing global climate resulted from the land vegetation
alteration produces modifications in large scale precipi-
tation and temperature patterns which, in turn, modifies
the land vegetation. This vegetation modification causes
a change in the land surface albedo which thus produces
further climatic change. Red dotted areas where land sur-
face albedo changes are significant at the 95% confidence
level using the modified t-test are shown in Figure 3. Zon-
ally averaged changes in seasonal land surface albedo over
different latitude bands are statistically significant over
26, 61, 49 and 55% of the grid points with desertification
as for simulation of D0015, D1530, D3045 and D4560,
respectively. Statistically significant land surface albedo
increase is mainly confined to the forcing originating area
in NH. The desert expansion in 0∘–15∘N leads to a maxi-
mum increase of 0.06 in land surface albedo during MAM
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(a) (b)

(d)(c)

Figure 3. The differences in monthly land surface albedo, the last 30-year averages in desertification simulation from year 1700 to 2000. (a) D0015;
(b) D1530; (c) D3045; (d) D4560. Areas where changes are significant at the 95% confidence level using the modified t-test are shown in red dots.

(Figure 3(a)), which suggests that this land surface albedo
change is the main driver of the significant temperature
change (Figure 2(a)) in these regions. The forest and grass
removal in 15∘–30∘N leads to a significant increase of 0.14
in land surface albedo during DJF and MAM (Figure 3(b)).
The desert expansion in 30∘–45∘N leads to an increase of
0.08 in land surface albedo during MAM (Figure 3(c)). The
largest increases in land surface albedo of 0.2 are present
in the experiment of D4560 during MAM (Figure 3(d)) in
response to forest and grass removal.

Precipitation is an important component of the atmo-
sphere which influences climate through the changes of
hydrological cycling. There are significant localized and
seasonal changes in precipitation in response to desert
expansion (Figure 4) and red dotted areas where changes
are significant at the 95% confidence level using the
modified t-test are shown. The differences in seasonal
precipitation over different latitude bands are statistically
significant over 13, 37, 30 and 36% of the grid points with
desertification as for simulation of D0015, D1530, D3045
and D4560, respectively. Statistically significant precipita-
tion decrease is mainly confined to the NH, while the effect
of desertification on monthly precipitation differs among
scenarios locally. This is the same as the temperature

change in response to desertification. The larger local
decrease in temperature is accompanied by a larger local
decrease in precipitation in the NH. There is a maximum
reduction of 0.18 mm day−1 in precipitation over forcing
originating area during MAM in D0015 (Figure 4(a)). The
desert expansion in 15∘–30∘N leads to a most pronounced
decrease of 0.7 mm day−1 during February-March and an
increase of 0.4 mm day−1 during JJA over forcing orig-
inating area in precipitation (Figure 4(b)). There is a
maximum decrease of 0.28 mm day−1 during February in
simulation D3045 (Figure 4(c)). The desert expansion in
45∘–60∘N leads to a significant decrease with a maximum
value of 0.4 mm day−1 during February and an increas-
ing of 0.1 mm day−1 during JJA over forcing originat-
ing area in precipitation (Figure 4(d)). This significant
reduced precipitation in February is in line with the IPCC
which demonstrates that the largest precipitation changes
over northern Eurasia and North America are projected
to occur during the winter (IPCC, 2013). In the MPM-2,
precipitation is parameterized mainly based on surface air
temperature and surface specific humidity. The changes
in precipitation are not only caused by the change in
temperature and the resulting change in evaporation, but
also over the change in sea-ice area that also influences
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(a) (b)

(d)(c)

Figure 4. The differences in monthly precipitation (mm day–1), the last 30-year averages in desertification simulation from year 1700 to 2000.
(a) D0015; (b) D1530; (c) D3045; (d) D4560. Areas where changes are significant at the 95% confidence level using the modified t-test are shown

in red dots.

evaporation which controls surface specific humidity. In
the most parts of the NH, this decrease in precipitation
is because of the reduction of trees and grasses there
which are replaced by desert. This weakens the hydro-
logical cycle, leading to less precipitation. The signifi-
cant reduction in precipitation during February-March is
accounted for the obvious sea-ice area in this region during
this season, which leads to less evaporation. The increased
precipitations in D1530 and D4560 during JJA are prob-
ably explained by an increase in the land-ocean tempera-
ture gradient. There are increases in precipitation over the
SH in response to desert expansion in the NH, although
only a small part of the precipitation differences are sig-
nificant in a statistical sense (Figure 4). The decreases in
precipitation over the NH result in a hydrological cycle
weakening which causes a reduction of evapotranspira-
tion. This decrease in evapotranspiration is accompanied
with a decreased latent heat flux. The reduced disposi-
tion of energy from the surface by such latent heat flux
results in a warmer surface through increased Bowen ratio
(Anderson-Teixeira et al., 2012). So the net change in the
NH temperature depends on the warming resulted from the
decreases in evapotranspiration and the cooling resulted

from the increases in albedo in response to desertification.
While in response to the NH desertification the increased
precipitation over low latitudes of the SH leads to increased
evaporation. It has a cooling effect on the temperature here
via a decreased Bowen ratio, although this precipitation
trend is not as statistically significant.

3.3. The response of mean meridional heat transport in
global ocean

The climate differences in response to desertification are
influenced by reactions from SSTs, sea ice and thermo-
haline circulation of the ocean. The Atlantic overturning
thermohaline circulation (AOTHC) is one of the essen-
tial features of the global ocean circulation. The AOTHC
is a highly sensitive component of the climate system.
In this article, we restrict our attention to the maximum
value of the North Atlantic overturning streamfunction
(MAOSF). In response to desert expansion in latitudi-
nal bands there is an increase in MAOSF with a maxi-
mum value of 1.56 Sv (1Sv= 106 m3 s−1) in D4560 and
a minimum value of 0.05 Sv in D0015. This AOTHC
strengthening is accounted for the surface cooling, as it
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Figure 5. The differences in annual averaged meridional oceanic heat transport, the last 30-year averages in desertification simulation from year 1700
to 2000. 1 PW (petawatts)= 1015 W.

increases the density of the surface waters in the North
Atlantic, thus promoting deep mixing.

As an important indicator of the role the thermohaline
circulation plays in the ocean energy cycle, the meridional
heat transport in global ocean is analysed to evaluate the
oceanic response to desertification on latitudinal basis. The
feedbacks from the mean meridional oceanic heat trans-
port are mapped in Figure 5 for all desertification scenar-
ios. The overall effect of desertification is an increase in
annual mean meridional oceanic heat transport. There is a
most obvious increase in annual mean meridional oceanic
heat transport in most parts of the world as for the sim-
ulation Dall because of its associated most pronounced
cooling which affects the density of the sea surface water
through the atmosphere long-wave radiation. The increase
in annual mean meridional oceanic heat transport is largest
over the equatorial region and diminishes poleward. The
second largest increase in annual mean meridional oceanic
heat transport is for D4560 and D1530. This is accounted
for the prominent and extensive global cooling (Figure 2)
and drying (Figure 4). As for D1530, a smaller increase
in oceanic heat transport exists than that in D3045 over
low latitudes of the NH. There is a minimum increase in
D0015 because of its smaller cooling and drying glob-
ally. In fact, this increase in oceanic heat transport can be
explained by the cool and dry air in the troposphere. They
transmit less long-wave radiation from the atmosphere to
the ocean surface. Consequently, less energy is absorbed
at the ocean surface, thus leading to a decrease in SSTs
(Davin and Noblet-Ducoudré, 2010). This decreased SSTs
cause a higher density of the surface water which finally
causes increased thermohaline overturning and oceanic
heat transport. Such increased heat transport leads to a
warming in high latitudes and a retreat of sea ice. The
retreat of sea ice leads to a further warming because of
the ice-albedo feedback and the increase of the heat supply
from the ocean.

4. Discussion

The climatic impact of desertification in the MPM-2 exper-
iment shows a decreased global annual mean surface air

temperature in the range of 0.04–1.76 ∘C on the basis of
latitude bands. A prominent decrease in surface tempera-
ture, an increase in land surface albedo and a decrease in
precipitation are obtained in the NH in response to vegeta-
tion removal in this paper. Also, a maximum local cooling
during MAM and JJA are found, as well as an increase in
oceanic heat transport.

A global cooling of 0.04–1.76 ∘C is obtained using the
MPM-2 because of replacement of realistic land cover rep-
resentation by desert on latitude bands basis in the frame
of the present study, which is in well agreement with the
global cooling revealed by previous simulations because
of desertification or vegetation removal. Charney et al.
(1975) find a radiative heat loss caused by the high albedo
of a desert which contributes significantly to the sinking
and drying of the air aloft and therefore to the reduc-
tion of precipitation. Davin et al. (2007) show that forest
replacement commonly decreases radiative forcing via an
increase in albedo which tends to cool the global climate
via the radiation balance. Brovkin et al. (2004) demon-
strate that biogeophysical mechanisms because of forest
removal tend to decrease global air temperature by 0.26 ∘C.
The spread between the results in this study and previous
estimates is likely caused by their different model param-
eterizations and configurations of forest removal. How-
ever, the cooling found in this article in response to forest
removal is in contradiction with some results. A net global
land temperature change of −1.2 ∘C is obtained by Klei-
don et al. (2000) with a change from a desert world to a
green planet which is because of increased evapotranspi-
ration under the tree scenario. Using a General Circulation
Model with fixed SSTs, their simulation influences feed-
backs between the land and ocean; any change in land
temperature is limited by the effects of the infinite heat
reservoir of the ocean. The simulation in this study, by
contrast, has been conducted with all the important com-
ponents (atmosphere, land, ocean, ice sheet and terrestrial
biosphere) interacting with each other, which promotes the
direct effect of desertification.

A prominent decrease in surface temperature, an
increase in land surface albedo as a forcing and a decrease
in precipitation as a response are simulated in the NH in
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Figure 6. Schematic diagram of NH desertification feedback. Full thick
lines indicate increased changes, while dash ones indicate decreased
changes. Rectangles indicate surface albedo change as a forcing and

ovals indicate precipitation change as a response.

response to vegetation removal in this article (Figure 6),
which is consistent with previous studies where the land
surface albedo change is the dominating force (Sud et al.,
1996; Costa and Foley, 2000). This decrease in surface
temperature is accounted for the albedo-change cooling
effect which dominates over the evapotranspiration warm-
ing effect in response to desertification. The impact of
the increased land surface albedo on surface temperature
is partly offset by decreased evaporation. Land surface
albedo change gives the dominant influence in middle and
high latitudes of NH with desert expansion producing net
cooling, which is in line with some previous studies. Betts
(2001) finds that the global surface temperature change
owing to vegetation changes is mainly because of the land
surface albedo changes. Betts (2000) and Govindasamy
et al. (2001) note that forest removal in northern temperate
and boreal regions leads to an increase in land surface
albedo and consequent cooling. This local cooling is
affected by the sea-ice albedo feedback. However, the
tropical cooling effects found in this work in response
to desertification contradicts results of some AGCM
simulations, which shows a net warming effect caused
by evapotranspiration (Henderson-Sellers et al., 1993;
Costa and Foley, 2000; De Fries et al., 2002). Betts et al.
(2007) even illustrate that reforestation (or avoided forest
removal) in tropical regions could exert a double cooling
effect through carbon sequestration and increased evapo-
ration and cloud cover. The spread can be that most of the
simulations are performed using AGCMs with prescribed
SSTs, which alters the global response considerably.
Prescribed SSTs neglect the water vapour response from
the sea surface and probably invert the sign of zonally
averaged temperature changes (Ganopolski et al., 2001).

Desertification generally causes a lower surface albedo,
which can therefore lead to increased shortwave reflection,
thus a cooling influence (Douville and Royer, 1997). Also,
conversion of forest, cropland or pasture to desert reduces
the aerodynamic roughness of the landscape and decreases
both the capture of precipitation on the canopy and the root
extraction of soil moisture; these changes tend to decrease
evaporation and hence reduce the fluxes of moisture and
latent heat from the surface to the atmosphere, which acts
to increase the temperature near the surface (Lean and
Rowntree, 1997; Betts et al., 2007). In the frame of the
present study the forest and grass removal in 0∘–15∘N
causes a maximum local cooling of 0.38 ∘C during MAM.
While the desert expansions in 15∘–30∘N, 30∘–45∘N
and 45∘–60∘N cause a most pronounced local cooling
of 2.5 ∘C, 1.1 ∘C, 2.2 ∘C during JJA, respectively. The
latitudinal-band desertification has prominent regional
effects which are in line with some previous simulations.
The larger local changes coincide with large-scale agricul-
tural areas which are showed by Feddema et al. (2005). In
addition, the prominent cooling during MAM in response
to desert expansions over 0∘–15∘N and the maximum JJA
cooling owing to desert expansions over 30∘–45∘N are
resulted from the cooling effects of land surface albedo
which compensate for the warming effects of precipita-
tion decrease. While the desert expansions in 15∘–30∘N
and 45∘–60∘N lead to prominent summer coolings over
forcing originating areas which are caused by the joint
cooling effects of increases in land surface albedo and
precipitation.

The simulated cooling of 0.02–0.2 ∘C in low latitudes
of the SH is because of the evapotranspiration cooling
effect in response to desertification although the temper-
ature and precipitation trends are not statistically signif-
icant in the present simulation. The desert expansion in
the NH leads to an increase in precipitation and a rarely
change in land surface albedo over low latitudes of the
SH (Figure 6). Such increase in precipitation of the SH
is a combined result of the NH desertification and asso-
ciated changes in atmospheric and oceanic meridional
transport of energy. This precipitation increase provides
more water availability to evapotranspiration thus pro-
ducing cooling effect in low latitudes of the SH. This
less-prominent feedback from SH is in line with earlier
studies. Brovkin et al. (2006) show that a less-significant
response in the SH is accounted for the geographical distri-
bution of the forcing and the much smaller land masses in
the SH.

The desertification in the NH leads to an increase in
oceanic heat transport in this paper. Decreased SSTs asso-
ciated with cooling surface air in response to forest and
grass replacement cause a higher density of the sur-
face water which leads to increased thermohaline over-
turning and oceanic heat transport. This is in consistent
with some previous studies. Brovkin et al. (2003) and
Rahmstorf et al. (1996) demonstrate that increased SSTs
result in lower density of the surface water, thus decreas-
ing thermohaline overturning and northward oceanic heat
transport.
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These results also suggest that teleconnection patterns
because of desert expansion which have already occurred
are capable of affecting the temperature, precipitation and
oceanic heat transport distributions worldwide and may
have already done so. Such teleconnection pattern is in
line with some previous studies. Souza (2006) finds that
total desertification of SANEB area would affect local
and regional climate. This teleconnected effects are tradi-
tionally unaccounted for in global climate trend analyses
(North and Stevens, 1998) but growing evidence indicates
that these effects should be emphasized in desertification
research (Verstraete et al., 2008), which necessitates fur-
ther examination of their scope and significance (Chase
et al., 2000; Findell et al., 2009).

It should be noted that the MPM-2 used in this study has
several limitations. Because of many simplifications of
the physical and dynamical processes and the low-model
resolution, it does not include certain details, such as
detailed atmospheric circulations and cloud dynamics.
So there are still some limitations about rainfall in our
simulations. As for cloud feedback which affects the cli-
mate response, some models simulate a decrease in cloud
cover which leads to increased global shortwave radiation
absorption in response to surface cooling. The effect of
such decreased cloud cover would counteract the effect of
increased surface albedo on net radiative fluxes because
of forest and grass removal. Because of the absence of
the cloud feedback, the climate response is probably to
be dampened in the simulation. Also, the desertification
experiment designed here is an extreme case, which is
probably not realistic. In further analysis of desertification
effects on climate, the challenge will be to find the key
land parameters and their relative significance as well as
the detailed interactions of these parameter changes in
response to desertification.

5. Conclusion

The future of a billion people in dry-lands whose
livelihoods depend on natural resources is at risk from
desertification exacerbated by climate change. Research
into the effects of desertification on climate contributes to
humans’ adaptation to desertification. Our study demon-
strates that desertification affects climate locally and
globally in the present simulation. There is a significant
model sensitivity to five scenarios of desertification, with
a biogeophysical cooling range of 0.04–1.76 ∘C among
the simulations at the global scale. The desertification
leads to different cooling effects on climate over forcing
originating areas. The desert expansions in 15∘–30∘N
and 45∘–60∘N cause most prominent coolings of 2.5 and
2.2 ∘C during JJA. Furthermore, the desertification leads
to an increase in annual mean meridional oceanic heat
transport with a maximum increase in desert expansion
of 45∘–60∘N over most areas. These results indicate that
desertification in 15∘–30∘N and 45∘–60∘N produces a
more prominent effect on the Earth’s climate and even
oceanic circulation which should be paid more attention to.
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