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ABSTRACT: This work uses an aerosol—climate coupled system to study the direct climatic effects of dust aerosol on
global arid (including hyper-arid) and semi-arid regions. Results show that dust aerosol can cause surface cooling over these
regions. The cooling effects of dust aerosol are larger in the Northern Hemisphere (NH) than in the Southern Hemisphere
(SH). This asymmetric cooling leads to a severer reduction in evaporation over the low latitudes of the NH compared with
their counterpart areas in the SH. In addition, air descent is enhanced (or ascent is weakened) by dust aerosol over the low
latitudes of the NH, whereas the reverse happens in the SH. With the anomalous in evaporation and circulation, precipitation is
decreased (increased) over the arid and semi-arid areas in the NH (SH) by dust aerosol. Dust aerosol can decrease the potential
evapotranspiration in arid and semi-arid regions mainly by decreasing the net radiation flux at the top of the atmosphere,
which compensates for the decrease in precipitation caused by dust aerosol. Therefore, as the dominant aerosol in the arid
and semi-arid regions, dust aerosol does not exacerbate the aridity over most of these regions. The effects of dust aerosol are
indiscernible in the expansion of arid and semi-arid areas on a global scale.
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1. Introduction

Dust aerosol, as an abundant type of aerosol in the
atmosphere, can scatter and absorb solar and terrestrial
radiation, influencing the regional and global climate
(Foster et al., 2007). Miller et al. (2004) pointed out
that dust aerosol could reduce global evaporation and
precipitation by reducing surface temperature, but overall
acts as a negative feedback to desertification. Through
its effect on atmospheric circulation, dust aerosol can
also influence the activity of monsoon. For instance, Lau
et al. (2006) and Lau and Kim (2006) suggested that the
absorption of elevated dust aerosol accompanied with
black carbon led to an earlier onset and intensification of
the Indian Monsoon, through an ‘elevated heating pump’
mechanism. This ‘elevated heating pump’ mechanism of
dust aerosol also enhanced the West African Monsoon in
boreal summer, leading to an increase of rainfall over the
West Africa/Eastern Atlantic inter-tropical convergence
zone (ITCZ) and a decrease of rainfall over the Western
Atlantic and Caribbean regions (Lau et al., 2009). Zhao
et al. (2012) found that dust aerosol from Western America
may cause an eastward migration of moisture convergence
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driven by North America Monsoon and a sequent increase
in precipitation over Arizona-New Mexico-Texas regions.

Some studies specially investigated the impact of dust
aerosol on arid and semi-arid regions, where surface is
bare or poorly vegetated (Islam and Almazroui, 2012;
Sun et al., 2012). Since dust aerosol originated mainly in
these regions (Marticorena and Bergametti, 1995; Zen-
der et al., 2003), it might exert more influence on the cli-
mate in these regions than in other regions. Arid (including
hyper-arid) and semi-arid areas account for about one-third
of the earth’s land surface and are an important part
of the earth’s major ecosystems (Reynolds et al., 2007).
Owing to excessive grazing/deforestation (Schlesinger
et al., 1990), ecosystems over these regions are vulner-
able and sensitive to climate changes (Emanuel et al.,
1985). Islam and Almazroui (2012) suggested that dust
aerosol might increase the wet season precipitation in Ara-
bian Peninsula based on the simulation of ICTP-RegCM4.
Using the same model as Islam and Almazroui (2012), Sun
et al. (2012) suggested that dust aerosol tends to increase
summer precipitation around its source areas but suppress
summer precipitation in its downward areas in East Asia.
However, the study of dust aerosol on the climate change
in the arid and semi-arid regions is still rare, and most
previous studies are focused on its climatic effects over a
specific arid or semi-arid region. No attempts have been
made to investigate the effects of dust aerosol on arid and
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semi-arid areas over the entire globe, as well as their effects
on the aridity and areal extent of arid and semi-arid regions.

By using an aerosol-climate coupled system
BCC_AGCM2.0.1_CAM (Zhang etal., 2012), this
study evaluated the effects of dust aerosol on arid and
semi-arid regions by examining their direct interaction
with radiation from a global perspective. Special attention
was paid to the influence of dust aerosol on the aridity
and spatial distribution of arid and semi-arid areas, by
examining the anomaly in aridity index (AI; UNEP, 1992)
induced by dust aerosol. The UNEP (1992) Al was defined
as the ratio of precipitation to potential evapotranspiration
(PET), which is a quantitative indicator of the degree of
water scarcity at a given region. Thus, gaining knowledge
on the changes in aridity may lead to better understanding
of the impact of climate change and human activities on
arid and semi-arid regions.

This article is organized as follows. Models and model
experiments as well as the methods to define arid and
semi-arid areas are described in Section 2. Changes in tem-
perature, precipitation, and aridity caused by dust aerosol
over arid and semi-arid regions are investigated in Section
3, followed by conclusions and discussion in Section 4.

2. Models and methods
2.1.

We use the general circulation model developed at the
National Climate Centre of the Chinese Meteorological
Administration (BCC_AGCM2.0.1; Wu etal., 2010).
The model is based on Community Atmospheric Model
version 3.0 from the National Centre for Atmospheric
Research (NCAR). The model was further developed to be
coupled online with the Canadian Aerosol Model (CAM,;
Gong et al., 2002, 2003a), with updated aerosol emission
sources (Zhou et al., 2012), as described by Zhang et al.
(2012). In addition, a new method of Monte Carlo Inde-
pendent column approximation (McICA) dealing with
the cloud overlapping was introduced by Jing and Zhang
(2012) and Zhang et al. (2014), and the radiation scheme
BCC-RAD developed by Zhang et al. (2003a, 2006a,
2006b) was adopted.

The CAM is a size-segregated aerosol model that
includes the processes for the emission, transport, chem-
ical transformation, cloud interaction, and deposition of
five typical aerosols, sulfate, black carbon, organic carbon,
dust, and sea salt. The radii of aerosols fall into 12 bins:
0.005-0.01, 0.01-0.02, 0.02-0.04, 0.04-0.08, 0.08-0.16,
0.16-0.32, 0.32-0.64, 0.64-1.28, 1.28-2.56, 2.56-5.12,
5.12-10.24, and 10.24-20.48 pm. The emission data were
primarily from AeroCom, which includes the surface
emission rate of black and organic carbon (Bond ef al.,
2004; Van der Werf et al., 2004), SO, and sulfate (Van der
Werf et al., 2004; Cofala et al., 2005), and DMS (Kettle
and Andreae, 2000; Nightingale et al., 2000). Other emis-
sion data were from the Emission Database for Global
Atmospheric Research (EDGAR) version 3.2, 1995,
database (Olivier et al., 2002; http://www.mnp.nl/edgar).

Models and model experiments
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The sea-salt module was developed by Gong et al. (2002).
An online sulfur chemistry module was included in CAM,
in which H,S, DMS, SO,, and H,SO, are prognostic
variables, whereas OH, O5, H,0O,, and NO; are prescribed
offline from the MOZART/NCAR model (Brasseur et al.,
1998; Hauglustaine et al., 1998). The soil dust emission
scheme was developed by Marticorena and Bergametti
(1995), in which the surface velocity and roughness were
the main factors that determined the vertical flux of dust
aerosol. Three lognormal population distributions for
dust in China were used, and the mass median diameters
and standard deviations of these three populations were
determined by considering the soil features in China and
source region dust size-distribution measurements (Gong
etal., 2003b; Zhang et al., 2003b). Out of China, the
two-mode size distribution for dust from the observation
by Chatenet et al. (1996) was used.

To couple aerosols with atmospheric radiative processes,
the optical properties of the aerosols (e.g. extinction coef-
ficient, single scattering albedo, and asymmetry parame-
ter) were calculated according to the band division of the
BCC-RAD based on Mie theory. The refractive indices of
dry aerosols were adopted from D’ Almeida et al. (1991),
and the Mie scattering code of Wiscombe (1980) was used.
The effects of water vapour on the size distributions and
optical properties of three hygroscopic aerosols, sulfate,
organic carbon, and sea salt, have been considered. In this
study, 10 relative humidities were considered: 0.0, 0.45,
0.5, 0.6, 0.7, 0.8, 0.9, 0.95, 0.98, and 0.99. In the calcula-
tions, first, the radii of the 12-size bins of wet particles for
each relative humidity were obtained. The effective refrac-
tive indices of the wet particles were then computed using
a volume-weighted method. The optical properties of the
aerosols were obtained for the 12-size bins with 10 rela-
tive humidities in 17 spectral bands, and these properties
were used to form the look-up tables (Wei and Zhang,
2011; Wang et al., 2013). The optical properties of the
aerosols for any relative humidity could therefore be eas-
ily obtained using linear interpolation in the climate model.
It has been noted that the non-sphericity of dust aerosols
has little effect on their radiative forcing (Fu et al., 2009;
Wang et al., 2013), and the optical properties can therefore
be derived from the Mie theory.

The aerosol—climate coupled system BCC_AGCM?2.0.1
_CAM was run for 50 years with and without considering
the radiative effect of dust aerosol, named RUN + DUST
and RUN-DUST for short, respectively. To examine the
interaction between dust aerosol and the global climate,
a slab ocean model (Hansen et al., 1984) was coupled in
both runs. The horizontal resolution of the model was set
at T42 (~2.8 x2.8°), with 26 vertical layers on the hybrid
o-pressure coordinate. All other model parameters in both
experiments were identical, meaning that any differences
between the two experiments are a result of the impact of
dust aerosol on the simulated climate.

In this study, we analysed the model results of the past
30 years using the first 20 years as the spin-up data. It is
important to evaluate a model’s capacity before using it to
perform studies. The evaluation focusing on the capability
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Figure 1. Global distributions of (a) calibrated annual mean precipitation (unit: mm yr~') and (b) aridity index, based on the model calibrated results
of RUN + DUST (unit: 1).

of BCC_AGCM2.0.1 to reproduce meteorological fields
had been given in detail by Wu et al. (2010), whereas
the evaluation focusing on the capability of the model to
reproduce the dust aerosol had been given in detail by
Zhang et al. (2012), Wang et al. (2013), and Zhao et al.
(2014).

2.2. Definitions of the arid and semi-arid areas

The areal extent of the arid and semi-arid areas must be
identified before examining the effects of dust aerosol on
these regions. Different criteria have been used to define
arid and semi-arid regions, including annual precipitation
(Huang et al., 2012) and a combination of annual precip-
itation and PET (UNEP, 1992; Feng and Fu, 2013). The
criteria based on merely precipitation are simple and may
reasonably define the arid and semi-arid areas in the middle
and low latitudes (e.g. Sahara Desert, Arabian Peninsula,
and Western Australia). The precipitation criteria, how-
ever, also classify the higher latitudes (north of 50°N) as
arid and semi-arid (Figure 1(a)), which is inconsistent with
Koppen—Geiger climate classification (Kottek ef al., 2006;
Feng et al., 2014)

This study defines the arid and semi-arid regions
using the (Al (UNEP, 1992), which is based on the ratio
between the annual mean precipitation (P) and annual
mean PET. The global land surface can be classified as
hyper-arid (Al <0.05), arid (0.05 <AI<0.2), semi-arid
(0.2<AI<0.5), dry sub-humid (0.5<AI<0.65),
sub-humid (0.65<AlI< 1), or humid (AI>1). In this
article, PET is calculated using the Penman—Monteith
method, as described in the Food and Agriculture Organi-
zation (FAO) Irrigation and Drainage Paper (Allen et al.,
1998). The Penman—Monteith method simultaneously
accounts for the effects of radiation, temperature, wind
speed, and humidity:

0.408A (R, = G) + 1y oty (e, — ¢,)

A+ (1+0.34u,)

PET = (D

where R, is the net radiation at the surface (MJ m~2
day™"); G, the soil heat flux density (MJ m~2 day~!); T,
the air temperature at 2-m height (°C); u,, the wind speed
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at 2-m height (m s7!); e, and e, are the saturation and
actual vapour pressure, respectively (kPa); A, the slope
vapour-pressure curve (kPa °C~!); and y, a psychromet-
ric constant (kPa °C~!). Figure 1(b) indicates the wide
distribution of arid (including hyper-arid) and semi-arid
areas around the world. Large arid and semi-arid regions
appear in North Africa, the Arabian Peninsula, Central
Asia, Northwestern China, Southwest North America, and
central and Western Australia. Arid and semi-arid regions
are also seen over the west Namibia and South Africa,
and highlands in the eastern and southern parts of South
America. Most areas north of 50°N in Figure 1(b) are
classified as sub-humid and humid regions, suggesting a
more realistic classification using Al than just using annual
precipitation.

3. Climate effects of dust aerosol on arid and
semi-arid areas

As shown in Figure 2(a), higher dust aerosol burden is dis-
tributed in the tropical and sub-tropical regions in both
hemispheres, with peaks in arid and semi-arid areas and
their downwind regions. The simulated total burden of dust
aerosol in the atmosphere is 30.8 Tg, which is slightly
larger than the simulations from the Goddard Institute for
Space Sciences (GISS) model (29.0 Tg) and the Goddard
Global Ozone Chemistry Aerosol Radiation and Transport
(GOCART) model (29.5 Tg) (Huneeus et al., 2011). These
differences are likely because only the GISS and GOCART
models consider dust aerosol with diameter smaller than 10
pm, whereas our model considers dust aerosol smaller than
20.48 pm. Of the total content of atmospheric dust aerosol,
more than 90% is located in the Northern Hemisphere,
which is mostly attributed to the dust emission from the
Sahara Desert. The climate effects of this asymmetric dis-
tribution of dust aerosol about the equator will be discussed
in the following sections. Dust aerosol can reduce the net
incoming radiation flux at the top of atmosphere (TOA)
because it reflects solar radiation, leading to a decrease in
surface temperature. The total effect of dust aerosol on the
net radiation flux (shortwave +longwave) at the TOA is

Int. J. Climatol. 35: 1858-1866 (2015)
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Figure 2. Distributions of (a) the column burden of dust aerosol (unit:
mg m~2), (b) the effects of dust acrosol on the net radiation (shortwave
+ longwave) at the TOA (unit: W m~2), and (c) the effects of dust aerosol
on the net radiation (shortwave + longwave) at the surface. White dots
indicates results below the significance cutoff of 0.05.

shown in Figure 2(b). The dust aerosol can reduce incom-
ing radiation energy in most terrestrial areas, especially
over arid and semi-arid areas and their downward regions.
The global average effect of dust aerosol on the net
radiation at the TOA is —0.62 (—0.68 ~ —0.56) W m~2, and
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—2.83 (=3.01 ~—2.65) W m~2 at the surface, respectively.
The value at the TOA is slightly larger than the adjusted
radiative forcing from spherical dust aerosol calculated by
Wang et al. (2013), which used the same model configura-
tion as in this study but used a fixed sea surface temperature
instead of the slab ocean model.

3.1.

The radiative effects of dust aerosol lead to a global
decrease in surface temperature (Figure 3(a)), except for a
small portion of the Northern Europe and Central America.
The cooling effect is especially pronounced in the arid and
semi-arid areas such as Sahara Desert, where dust aerosol
can cool the surface temperature by up to 4 K. The changes
in surface temperature in most areas can be explained by
the direct radiative effects of dust aerosol. Dust aerosol
can absorb and scatter shortwave radiation, leading to the
reduction of solar radiation reaching the surface and conse-
quently causing surface cooling. A few exceptions (e.g. the
Central America) suggest that cloud feedback to aerosol
direct effect may be important in the coastal regions of the
tropics.

The surface cooling induced by dust aerosol varies sea-
sonally (Figure 4, left panel). In North China, dry and
windy springs are in favour of dust emission and trans-
portation. The decrease of surface temperature over this
area and its downwind areas in spring is more obvious
than in other seasons (Figure 4(b)). The extensive cool-
ing around Arabian Peninsula in summer (Figure 4(c))
is consistent with the main dry season mainly from June
to September in this area (Islam and Almazroui, 2012).
In Sahara region, the band of temperature decrease shifts
north in summer and south in winter (Figure 4(a) and (c)),
mainly relate to the match of the subtropical high. The
change of surface temperature caused by dust aerosol is
—0.503 K in boreal summer and —0.475 K in winter, and
the values for spring and fall are in the between.

Temperature

3.2. Precipitation

Compared to temperature, the response of precipitation
to dust aerosol is more inhomogeneous (Figure 3(b) and
Figure 4, right panel), suggesting that the effects of dust
aerosol on precipitation are more complex. On a global
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Figure 3. Changes in (a) annual mean surface temperature (unit: K) and (b) annual mean precipitation (unit: mm day™') caused by soil dust, with
white dots and black dots indicating results below the significance cutoff of 0.05.
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average, the simulated change of rainfall induced by dust
aerosol is —0.075 mm day~! and —0.061 mm day~! in
boreal spring and summer, respectively. The values for
winter and fall are slightly larger than —0.05 mm day~".
Over arid and semi-arid areas, where the effects of dust
aerosol are much more important than over the rest of the
terrestrial regions, dust aerosol may either suppress (e.g.
the Sahara Desert) or enhance the precipitation (e.g. central

© 2014 Royal Meteorological Society

and Western Australia). In general, the annual precipitation
is decreased in most parts of the arid and semi-arid areas
in the Northern Hemisphere, whereas is increased in the
Southern Hemisphere (Figure 3(b)).

Compared with the cooling in the tropical Southern
Hemisphere, there is much stronger surface cooling
in the lower latitudes of the Northern Hemisphere,
which induces a strong northward temperature gradient

Int. J. Climatol. 35: 1858-1866 (2015)
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(Figure 3(a)). This is mainly caused by the asymmetric
distribution of dust aerosol about the equator (Figure 1(b)
and Figure 2(a)). Correspondingly, the evaporation is
reduced most severely over the low latitude areas of the
Northern Hemisphere than elsewhere (Figure 5(a)), with a
zonal mean reduction up to about 0.20 mm day~' between
10°N and 20°N. Owing to the heterogeneous change in
surface temperature, there is a northerly trend of wind in
the lower atmospheric levels, whereas a southerly trend
of wind in the upper atmospheric levels, between 30°S
and 30°N. In addition, air tends to ascend more strongly
(or descend more weakly) in the Southern Hemisphere
near 30°S and tends to descend more strongly (or ascend
more weakly) in the Northern Hemisphere near 30°N,
suggesting that dust aerosol can enhance the general
circulation in the Northern hemisphere and weaken it in
the Southern Hemisphere.

With these anomalous in evaporation and circulation, a
strong reduction in specific humidity is observed between
30°N and the equator than elsewhere (Figure 5(c)). In
the low levels of tropical Northern Hemisphere, the zonal
mean specific humidity is reduced as much as 0.4 g kg™'.
The northward gradient of specific humidity is enhanced
by dust aerosol above the equatorial area. It can be seen
in Figure 5(d) that the cloud is inhibited over the low
latitudes of the Northern Hemisphere and enhanced over
the low latitudes of the Southern Hemisphere. The change

© 2014 Royal Meteorological Society

in precipitation (Figure 3(b)) is consistent with that in
cloud fraction (Figure 5(d)).

In general, the enhanced cooling over the Northern
Hemisphere caused by the abundant dust aerosol load can
not only depress the evaporation, but also inhibit the cloud.
The humidity and dynamical conditions are not in favour
of the formation of precipitation over the low latitudes
of the Northern Hemisphere. Over the low latitudes of
the Southern Hemisphere, the changes in evaporation and
humidity are relatively small (Figure 5(a) and (d)), but the
weakened air descent facilitates cloud development and
precipitation. These responses of precipitation to the asym-
metric change of temperature about the equator are consis-
tent with the findings of Broccoli et al. (2006) and Wang
et al. (2013).

3.3. Aridity and areal extent of arid and semi-arid
regions

Dust aerosol leads to increased Al (reduced aridity) over
the middle of Sahara Desert, Northwestern China and
Central Asia, West North America, and most arid and
semi-arid areas in the Southern Hemisphere (Figure 6).
However, Al is decreased (increased aridity) over the west
and east coasts of North Africa, the Arabian Peninsula, and
the highlands from Iran to North India. Changes in Al can
be caused by the changes in precipitation and/or the PET.

Int. J. Climatol. 35: 1858—1866 (2015)
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Figure 6. Changes in (a) Al, with dots indicating results below the

significance level of 0.05 and (b) areas of arid and semi-arid regions (Al

< 0.5) by dust aerosol radiative effects. Different colours in (b) show the

change in areal extent of the arid and semi-arid regions caused by dust
aerosol.

The change in Al can be written as follows:

AAL, = 2 (lAP - LAPET) )
PET \'P PET
The above-mentioned equation clearly suggests that the
change in Al is dependent on the relative changes in P and
PET. Taking the middle of Sahara Desert as an example,
dust aerosol suppresses precipitation (Figure 3(b)) by
inhibiting vertical movement and cools the surface, lessen-
ing the water demand (i.e. decreasing the PET, Figure 7),
causing a collective increase in Al and a reduction in arid-
ity (Figure 6(a)). Similar changes in precipitation, PET,
and Al can be found over the Northwestern China and Cen-
tral Asia. However, in western North America and the most
arid and semi-arid areas in the Southern Hemisphere, the
change in precipitation and PET both favour increased Al.
Overall, dust aerosol does not lead to the expansion of the
total areal extent of the earth’s arid and semi-arid areas.
Dust aerosol may reduce the hyper-arid areas in the north
of Africa and arid and semi-arid areas in western North
America, Central Asia, northwestern China, and Australia
(Figure 6(b)). However, it is worth noting that dust aerosol
may degrade some arid places on both sides of the Red
Sea into hyper-arid areas and enlarge arid and semi-arid
areas in some parts of northern and western China and the
Somalia Peninsula.
Similar results are found when classifying arid and
semiarid region using the Koppen—Geiger climate
classification (not shown), which suggests that our results
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Figure 7. Change in PET caused by dust aerosol, with dots indicating
results below the significance level of 0.05; unit: mm day~'.

are robust. Although dust aerosol neither exacerbates the
dryness over arid and semi-arid areas nor leads to the
global expansion of arid and semi-arid areas, the effort
towards anti-desertification is not useless. Dust aerosol
can cause high latitudes to become drier (Fig. 6a). In
addition, dust aerosol can work as cloud condensation
nuclei and change the global microphysics of clouds
and climate (Rosenfeld et al., 2001; IPCC, Foster et al.,
2007). Because of these effects, controlling the process of
desertification is an urgent task for climate scientists.

PET is an important variable to quantify the poten-
tial water requirement for crops. As discussed previously,
changes in PET play an important role in causing changes
in Al in some places. The changes in PET caused by dust
aerosol are shown in Figure 7. PET is reduced in most parts
of arid and semi-arid areas, except for some small patches
such as the east coast of North Africa. The global average
change in PET is —0.230 mm day~'.

The change in PET is controlled by surface tempera-
ture, net radiation, humidity, and wind speed, as described
in Allen et al.,, 1998. To quantitatively understand how
dust aerosol may impact PET, we recalculated PET with
one specific variable from the RUN + DUST and the other
variables from the RUN-DUST. The difference between
this recalculated PET and the original PET from the
RUN-DUST is regarded as the contribution of the spe-
cific variable to the total change in PET caused by dust
aerosol. The average 30 model years’ annual and global
mean contributions of these variables are shown in Table 1.
Clearly, the total change in PET is not a linear combination
of the contributions of surface temperature, net radiation
flux, humidity, and wind on a global scale. In addition, the
effects of dust aerosol on PET are primarily determined by
the changes in net radiation, to a lesser extent by changes
in the surface temperature and relative humidity, and least
by changes in the surface wind.

4. Conclusion

The climate effects of dust aerosol on arid and semi-arid
areas were evaluated using the aerosol—climate coupled
system BCC_AGCM2.0.1_CAM. The arid and semi-arid
regions were defined according to the criteria by UNEP
(1992).
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Table 1. Global average PET (unit: mm day~') and PET chang-
ing one variable at a time and keeping other variables the same.

Changing variables Change of PET
Surface temperature —0.079
Net radiation flux on the surface -0.114
Relative humidity —0.068
Surface wind -0.018
Total —-0.280

Mainly due to its extinction of shortwave radiation, dust
aerosol leads to surface cooling, especially over arid and
semi-arid areas. However, the asymmetric distribution of
dust aerosol about the equator has different effects on pre-
cipitation over arid and semi-arid areas in the two hemi-
spheres, through its different effects on evaporation and
general circulation, between 30°S and 30°N. Dust aerosol
can either alleviate or exacerbate the dryness over some
arid and semi-arid areas, depending on the comparative
importance of its effects on precipitation and PET. As a
net effect, dust aerosol does not enlarge the areal extent of
arid and semi-arid regions on a global scale.

Dust aerosol both influences and responds to climate
change. This work may provide some additional informa-
tion about the role of dust aerosol on the climate change.
However, this study only considered the direct effects of
dust aerosol. Additional work is still needed to evaluate the
indirect climate effects of dust aerosol. And the effects of
anthropogenic aerosols on arid and semi-arid areas should
be investigated in future work.
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