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ABSTRACT

Direct climate responses to dust shortwave and longwave radiative forcing (RF) are studied using the
NCAR Community Atmosphere Model Version 3 (CAM3). The simulated RF at the top of the atmosphere
(TOA) is —0.45 W m~? in the solar spectrum and +0.09 W m~2 in the thermal spectrum on a global
average. The magnitude of surface RF is larger than the TOA forcing, with global mean shortwave forcing
of —1.76 W m™2 and longwave forcing of +0.31 W m™2. As a result, dust aerosol causes the absorption of
1.1 W m~2 in the atmosphere. The RF of dust aerosol is predicted to lead to a surface cooling of 0.5 K over
the Sahara Desert and Arabian Peninsula. In the meantime, the upper troposphere is predicted to become
warmer because of the absorption by dust. These changes in temperature lead to a more stable atmosphere,
which results in increases in surface humidity. The upward sensible and latent heat fluxes at the surface
are reduced, largely balancing the surface energy loss caused by the backscattering and absorption of dust
aerosol. Precipitation is predicted to decrease moderately on a global scale.
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1. Introduction

As one of the major aerosol species in the tropo-
sphere, mineral dust plays an important role in the
climate system. Every year, about 1000 to 3000 tril-
lion grams (Tg) of dust mass are entrained into the
atmosphere from arid and semiarid areas (Penner et
al., 2001). The dust storms influence air quality, re-
duce visibility, and pose risks to human health. In
addition, dust aerosol can alter the earth radiation
budget directly by scattering and absorption (Sokolik
and Toon, 1996; Shi et al., 2005) or indirectly by influ-
encing the formation and properties of clouds (Sassen,
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2002). These environmental and climatic influences
make the study of dust aerosol one of the most impor-
tant topics at this time.

Unlike sulfate aerosol which only scatters solar ra-
diation, dust aerosol influences radiative balance in
both the shortwave and longwave spectra. Dust ab-
sorbs and scatters both solar and thermal radiation,
and meanwhile emits thermal radiation. At the sur-
face, radiative forcing (RF, solar plus infrared) is neg-
ative during daytime because of the loss of sunlight
by the absorption and back-scattering of dust. How-
ever, RF becomes positive during nighttime as a result
of the continuous longwave heating by the emission of
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dust (Cautenet et al., 1991; Claquin et al., 1998). At
the top of the atmosphere (TOA), the cooling by the
scattering of solar flux is greatly offset by the warming
caused by the absorption of solar and thermal radia-
tion, leading to a weak perturbation to net radiation as
compared with that at the surface (Miller and Tegen,
1998; Shi et al., 2008).

General circulation models (GCM) coupled with
the dust cycle are widely used in the study of the
climatic effects of dust (e.g., Miller and Tegen, 1998;
Woodward, 2001; Liao et al., 2004). Miller and Tegen
(1998) utilized the Goddard Institute for Space Stud-
ies (GISS) model to simulate climatic responses to dust
aerosol. They found that the radiative effect of dust
aerosol is to redistribute heating from the surface to
within the dust layer. Consequently, the general cir-
culation shows corresponding adjustment both region-
ally and globally. Perlwitz et al. (2001) further re-
vealed that the interaction between the dust cycle and
the atmosphere reduces dust emission and dust load-
ing on a global scale. These findings improved the
understanding of the role of dust in the whole climate
system.

The simulated climatic impacts of dust aerosol are
highly uncertain. Generally, the RF by dust aerosol is
sensitive to the imaginary part of the refractive index
(k), particle size distribution, the presence of clouds,
the vertical profile of dust, the composition of parti-
cles, and so on (Tegen and Lacis, 1996; Liao and Se-
infeld, 1998; Claquin et al., 1998; Sokolik and Toon,
1999). The current level of knowledge about the direct
radiative effect (DRE) of mineral dust is low as com-
pared to that of other atmospheric aerosols (Penner et
al., 2001); more studies on dust DRE are needed to
better quantify the climatic effects of dust.

In this study, the DRE of dust aerosol is studied
with the NCAR Community Atmosphere Model Ver-
sion 3 (CAMS3, Collins et al., 2004). With the default
optical properties, dust distribution, and parameter-
izations in dynamical processes in CAM3, how does
the climate respond to the dust aerosol radiative ef-
fect? In addition, we compare results from this work
with those obtained in previous studies to see some
common features. In the next section, dust simula-
tion and the radiative transfer scheme will be briefly
described. Section 3 presents the dust RF and the cor-
responding responses in meteorological fields. In the
last section, the findings of this study are summarized
and discussed.

2. Model description and experiments

2.1 Dust stmulation
CAM Version 3 (CAM3) is an atmospheric GCM
that includes the Community Land Model (CLM3), an
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optional slab ocean model, and a thermodynamic sea
ice model. The dynamics and physics in CAM3 have
been updated substantially as compared to the imple-
mentations in previous versions (Collins et al., 2004).
Of the three kinds of horizontal resolutions available
for CAM3, the T42 resolution (about 2.8°x2.8°) op-
tion is used in our simulation. The model has 26 ver-
tical layers, the top of which is located at 3.5 hPa.
There are four size bins of dust spanning diameters
from 0.01 to 10 gm. The dust climatology is produced
offline using an aerosol assimilation system (Collins et
al., 2001) integrated for present-day conditions. The
system consists of the Model for Atmospheric Chem-
istry and Transport (MATCH) (Rasch et al., 1997)
and an assimilation of satellite retrieval of aerosol op-
tical depth. The MATCH is driven by the National
Centers for Environmental Prediction (NCEP) mete-
orological reanalysis data with a horizontal resolution
of 1.875°x1.875°. Dust mobilization is mainly deter-
mined by the wind friction speed and surface and geo-
graphic conditions, such as fractions of land covered by
lakes, wetland, snow, and vegetation. Dry deposition
processes consider both gravitational settling and tur-
bulent mix-out. Wet deposition includes nucleation
scavenging and size-resolved washout in both strati-
form and convective clouds (Zender et al., 2003).

2.2 Radiative transfer scheme

In the shortwave radiation calculation, the model
uses a -Eddington approximation with 18 spectral in-
tervals spanning the solar spectrum from 0.12 to 5.0
pm (Collins et al., 2004). The optical parameters
for dust, including the specific extinction coefficient
(SEC), single scattering albedo (SSA), and asymme-
try parameter (AP) are derived from Mie calculations
for each size bin (Zender et al., 2003). These param-
eters are calculated offline and kept constant in the
simulations.

With the prescribed K., the dust optical thickness
(DOT) is calculated as follows (Ginoux et al., 2001):

Tig (V) =Y Ke(\), Mijn, (1)
n=1

where n denotes the four dust bins in the CAM3, and
M; jn is the dust burden of the nth bin over the grid
cell (i, 7).

The original longwave radiative scheme of the
CAM3 does not consider the longwave radiative ef-
fect of dust. Because of the importance of the dust
thermal effect (Carlson and Benjamin, 1980; Reddy
et al., 2005b; Christopher and Jones, 2007; Huang et
al., 2009), we employ an exponential transmission ap-
proximation for dust aerosol (Carlson and Benjamin,
1980):

Ty =exp[-D7\] , (2)
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Fig. 1. Simulated annual mean dust column burden in
CAMS3. Units: mg m™ 2.

where D is a diffusivity factor set to 1.66, and 7) is
the total dust optical depth at a specific thermal spec-
trum A. Since the spectral intervals in the thermal
domain are much larger than those in solar region,
each longwave band is divided into small subintervals
whose extinction coefficients are then weighted by the
spectral intensity denoted as Planck function B(T, v).
As a result, the SEC K, over the whole wave band A
could be calculated by (Zhang and Modest, 2002) as

Z k‘zB (T, I/i) Av
- ZZ: B(T,v;)Av (3)

Ke (A)

where k; and v; are the SEC and the medium
wavenumber at subinterval ¢, respectively. Based on
the K, at the thermal wavelength band calculated by
Eq. (3), the DOT at the infrared spectrum can be cal-
culated with Eq. (1). For example, the global mean
DOT at 10 pm in the CAM3 is 0.005, which is about
16% of that at the visible band. This result is close to
the estimation of the 10% in Cautenet et al. (1991)
and the 20% in Markowicz et al. (2003).

After obtaining the DOT at infrared bands, we cal-
culate the dust transmissivity with Eq. (2). The at-
mospheric transmissivity is then multiplied by the dust
transmissivity to represent the disturbed air transmis-
sion. Scattering of longwave radiation by mineral dust
aerosol is neglected, though it may lead to an under-
estimation of the longwave RF of up to 50% at the
TOA and up to 15% at the surface in cloudy condi-
tions (Dufresne et al., 2002).

2.3 Climate simulation

The CAMS3 calculates the RF of the dust aerosol
at all the model layers. The RF is obtained by a “dou-
ble radiation call” method as described in Woodward
(2001) in the CAM3. This method calls the radiation
scheme twice at each radiative time step. Dust effects
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are considered only in the first call, in which the simu-
lated radiative fields are exported rather than fed back
into the GCM. In the second call, the model is run nor-
mally without dust effects so that the GCM climate is
not disturbed. In this way, the climatology of GCM
is not affected by dust aerosol while the RF of dust is
obtained by the difference in the radiative fluxes of the
two calls. We run the CAM3 for 16 months, the first
four of which is the spin-up period of the integration.
The RF of dust aerosol at each month is obtained.

Two climate simulations are conducted to evalu-
ate the direct climatic effect of dust; the model is
run with (denoted as “FED”) and without (denoted as
“CTRL”) dust radiative effects in the radiative trans-
fer scheme of the GCM, respectively. Each experiment
is run for 15 years and the meteorological parameters
averaged over the last 10 years represent the climato-
logical state of the case. The differences in meteoro-
logical fields between these two runs (FED-CTRL) are
considered as the direct climatic effect of dust aerosol.
The student ¢-test is used to show the statistical sig-
nificance of the model results, and only the differences
that exceed the 95% confidence level are discussed.
The four boreal seasons from spring to winter are de-
noted by MAM (March-May), JJA (June-August),
SON (September—November), and DJF (December—
February).

3. Direct climatic effect of dust aerosol

3.1 Dust concentrations

Figure 1 shows the dust column density utilized
in the CAM3. As expected, the Sahara Desert has
the highest concentrations of mineral dust aerosol.
High dust concentrations are also found over the Ara-
bian Peninsula. A significant fraction of dust mass
is predicted in the Northern Hemisphere (NH); the
largest sources of dust in the Southern Hemisphere
(SH) are the deserts in Australia. Dust concentra-
tions in central Asia are underestimated. Many stud-
ies have shown that the Taklimakan Desert in central
Asia and the Gobi Desert in western China emit a
great amount of soil mass into the atmosphere, espe-
cially in the boreal spring (Wang et al., 2000; Liu et
al., 2004; Xie and Xia, 2008). Wu et al. (2005) even
obtained a dust burden of about 5000 mg m~?2 over
the Taklimakan Desert. As compared to the site-based
observations, the CAM3 underestimates dust concen-
trations over the Asian sources by about 40%, proba-
bly caused by the biased sampling of the complex ter-
rain over those regions (Zender et al., 2003). Except
for this bias, the simulated dust distribution is rea-
sonable compared with observations (Prospero et al.,
2002) and the simulated global dust burden of 15.6 Tg
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Fig. 2. Optical parameters of dust aerosol used in

CAMS3. (a) Specific extinction coefficient; (b) single scat-

tering albedo; (c) asymmetry parameter. The D in the
legend means “Diameter”.

is within the range of 12.1-35.9 Tg obtained by other
simulations (e.g., Tegen and Lacis, 1996; Ginoux et al.,
2001; Liao et al., 2004; Reddy et al., 2005a; Yue et al.,
2009)

3.2 Dust optical properties

Figure 2 shows the optical parameters of SEC,
SSA, and AP used in the CAM3. The smallest par-
ticles have the largest SEC and SSA but the smallest
AP for most of the solar wavelength bands, indicating
that small particles are efficient in back-scattering of
solar radiation. On the contrary, the largest particles
have the smallest SSA and are hence more absorptive.
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However, SEC of large particles is small, constrain-
ing the total extinction effect of these particles. As
a result, small particles play more important roles in
perturbing solar radiation (Yoshioka et al., 2007).

Figure 3 shows the predicted seasonal variation of
DOT at 0.67 ym in the CAM3. The largest optical
depths exist in boreal summer, with the maximum val-
ues located over the Sahara Desert and Arabian Penin-
sula. The values of DOT in MAM are close to those
in JJA in the CAM3. However, the springtime dust
activities in central Asia and western China are un-
derestimated as mentioned above. In boreal autumn
and winter, dust mobilization over arid and semi-arid
sources becomes inactive and the global mean DOT
drops to 0.019. The dust sources in Australia show
opposite seasonal variation; DOTs in this region are
the highest in boreal winter and the lowest in boreal
summer. The annual and global mean DOT at 0.67
pm in the CAMS3 is 0.029, which is consistent with
the value of 0.030 £ 0.004 estimated in Zender et al.
(2003) and the value of 0.029 in Tegen et al. (1997).

Based on the calculated DOT and the prescribed
SSA for each dust bins, the annual mean SSA of dust
at 0.67 pm is obtained and shown in Fig. 4. SSA
values are low over the dust source regions. The mini-
mum value over the Sahara Desert is about 0.94, which
is consistent with the observations (e.g., Kaufman et
al., 2001; Haywood et al., 2003).

3.3 The RF of dust aerosol

The shortwave and longwave RFs of dust aerosol
are shown in Fig. 5. The largest forcing values are
located over or near dust sources, especially over the
Sahara Desert. On a global mean basis, the shortwave
forcings at both the TOA and surface are negative,
caused by the back-scattering of sunlight by dust parti-
cles. However, the magnitude of cooling at the TOA is
smaller than that at the surface, because an additional
fraction of solar energy is absorbed by dust before so-
lar radiation reaches the surface (Shi et al., 2008). The
longwave forcings at both the TOA and surface are
positive, which results from the absorption and emis-
sion of longwave radiation by dust aerosol (Markowicz
et al., 2003).

The simulated global mean dust RFs in the CAM3
are compared with values from other studies in Table
1. All the studies obtained positive thermal RFs, with
an average value of +0.19 W m~2 at the TOA and
of +0.44 W m~? at the surface. The longwave forc-
ings in the CAM3 are +0.09 W m~2 at the TOA and
+0.31 W m~2 at the surface, which are slightly smaller
than the averaged values based on previous estimates.
The TOA forcings simulated in previous studies were
generally negative, except for two cases, the “0.9xw”
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Fig. 3. Seasonal variation of the dust optical depth at 0.67 pm in CAM3. (a) Boreal spring
(MAM, March—April-May); (b) boreal summer (JJA, June-July—August); (c) boreal au-
tumn (SON, September—October—November); (d) boreal winter (DJF, December—January—

February). The global averages are denoted in the parentheses.
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Fig. 4. Simulated distribution of the annual mean single
scattering albedo in CAMS3.

case in Miller et al. (2004a) and the “Dust-Like” case
in Tanaka et al. (2007). Dust particles were more
absorptive in these two studies because the SSA was
lower or the imaginary part of the refractive index was
higher. The average shortwave RF based on previous
studies is —0.33 W m~2 at the TOA and —1.60 W
m~2 at the surface, while the values are —0.45 W m™2
at the TOA and —1.76 W m~2 at the surface in the
CAMS.

The above comparison shows that the simulated
RF of dust aerosol in the CAMS3 is reasonable. The
dust-induced change in net radiative fluxes is —0.36
W m~2 at the TOA and —1.45 W m~? at the sur-
face; hence 1.1 W m~2 (TOA-surface) of energy is

absorbed by dust particles in the atmosphere. This
result is quite different from that for sulfate aerosol,
which only scatters shortwave radiation and leads to a
comparatively negative forcing at both the TOA and
the surface (Shi et al., 2008). Forster et al. (2007) es-
timated a sulfate direct RF of —0.41 W m~?2 based on
a number of modeling studies. The TOA RF of dust
estimated in our study is comparable to the forcing
by sulfate at the TOA. However, the RF of dust is
stronger than that of sulfate at the surface.

Dust RF is stronger regionally. As shown in Fig.
5, the strongest shortwave RF at the surface can reach
—37.0 W m~2, and the maximum surface-layer long-
wave RF is 13.2 W m~2. These changes account for
15%—40% of the local total radiative fluxes, indicating
the large impacts of dust aerosol.

The seasonal variation of the simulated dust RF is
shown in Table 2. Generally, the RF values in MAM
and JJA are larger than those in SON and DJF, as a
result of the higher dust burdens in MAM and JJA. On
the regional scale, the dust RF shows largest response
in JJA, when sunlight perpendicularly irradiates the
subtropical belt of dust sources. As a result, the local
RFs become the largest in this season.

The RF shows the direct impact of dust aerosol on
the atmospheric circulation, which has been demon-
strated by observations. Ackerman and Chung (1992)
used the observations from the Earth Radiation Bud-
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Table 1. Annual and global mean dust RF from different models. Units: W m™2.

TOA Surface

References shortwave longwave Net shotwave longwave Net
Miller and Tegen (1998) —0.07 —2.08
Jacobson (2001) —0.20 +0.07 —0.14 —0.85
Myhre and Stordal (2001) —0.02 +0.41 +0.39

Perlwitz et al. (2001) —0.50 +0.10 —0.40 —2.10 +0.40 —1.70
Woodward (2001) —0.16 +0.23 +0.07 —1.22 +0.40 —0.82
Liao et al. (2004) —0.21 +0.31 +0.10 —1.06 +0.53 —0.53
Miller et al. (2004a)(0.9%w) +0.61 +0.15 +0.76 —2.65 +0.18 —2.47
Miller et al. (2004a) —0.33 +0.15 —0.18 —1.82 +0.18 —1.64
Miller et al. (2004a) (1.1xw) —0.96 +0.14 —0.82 —1.24 +0.17 —1.07
Reddy et al. (2005b) —0.28 +0.14 —0.14

Yoshioka et al. (2007) —0.92 +0.32 —0.60 —1.59 +1.13 —0.46
Shell and Somerville (2007) (w=0.97) —0.73 +0.23 —0.49 —1.34 +0.37 —-0.97
Shell and Somerville (2007) (w=0.85) —0.31 +0.23 —0.07 —2.70 +0.37 —2.33
Tanaka et al. (2007) (ADEC-1) —0.68 +0.16 —0.52 —0.84 +0.57 —-0.27
Tanaka et al. (2007) (ADEC-2) —0.38 +0.16 —0.22 —1.22 +0.57 —0.65
Tanaka et al. (2007) (OPAC-MD) —0.17 +0.16 —0.01 —1.49 +0.57 —0.92
Tanaka et al. (2007) (Dust-Like) +0.03 +0.08 +0.11 —1.54 +0.29 —1.25
Average of above —-0.33 +0.19 -0.13 —1.60 +0.44 —1.20
This study —0.45 —+0.09 —0.36 —1.76 +0.31 —1.45

get Experiment (ERBE) to estimate the RF of dust
aerosol. In their estimation, the presence of dust
causes between —40 to —90 W m~2 of shortwave RF
at the TOA around the coast of North Africa. In
contrast, dust events are found to increase the net
longwave radiation at the TOA by 520 W m~2 over
the oceans and by up to 50 W m~2 over the deserts.
Haywood et al. (2003) observed a local instantaneous
shortwave RF of up to 129 W m~2 off the coast of
West Africa by aircraft-based measurements. These
findings are higher than the annual mean RF values
obtained in this work, indicating dust aerosol can have
strong radiative impacts during dust events.

We can further examine dust RF during dust
events. We use the in situ dust event records and
aerosol optical depth (AOD) data from the Total
Ozone Mapping Spectrometer (TOMS, Torres et al.,
2002) to quantify the perturbations of radiative fluxes
during dust storms. The ground-based observations
are the historical dust event records at 753 stations in
China from 1954 to 2007 (Zhou et al., 2002). Based
on this dataset, we select the most severe dust event

on 12 April 1979 (Zhou and Zhang, 2003); 79 stations
over the Loess Plateau reported a “dust storm case” on
this day, as shown in Fig. 6a. The TOMS AOD on the
same day shows high values over northern China (Fig.
6¢). Relative to 9 April 1979, an ordinary weather
day has “dust storm case” indications at only 9 sta-
tions (Fig. 6b), and the differences in radiative fluxes
between 9 and 12 April 1979 assess the RF of dust
aerosol.

The daily radiation fields are taken from the Eu-
ropean Center for Medium range Weather Forecasting
(ECMWF) 40 Years Re-Analysis (ERA-40) data. The
dust-induced changes in radiative fluxes are shown in
Fig. 7. Both shortwave and longwave radiation show
large perturbations to the east of the observed dust
events (Figs. 6a, 6¢). Such misalignment is caused
by the time difference between satellite retrieval and
observation at the stations. The pattern of the ob-
served changes in radiative fluxes is similar to that of
the simulated dust RFs in the CAM3 (Fig. 5). At
both the TOA and the surface, the solar RF's are neg-
ative and the thermal RF's are positive. The shortwave

Table 2. Seasonal variation of the global mean dust RF. If the value is positive (negative), the corresponding regional
maximum (minimum) is denoted in parentheses. Units: W m™2.

MAM JJA SON DJF
TOA: shortwave —0.60 (—17.0) —0.49 (—21.9) —0.34 (—11.4) —0.38 (—11.6)
longwave 0.13 (3.4) 0.13 (6.3) 0.05 (1.5) 0.04 (0.8)
Surface: shortwave —2.32 (—43.2) —2.35 (—65.9) —1.19 (—25.9) —1.17 (—24.3)
longwave 0.46 (17.2) 0.34 (19.9) 0.20 (8.4) 0.22 (9.6)
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Fig. 5. Radiative forcing (RF) of dust aerosol in CAM3. (a) Shortwave RF at TOA; (b) longwave
RF at TOA; (c) shortwave RF at surface; (d) longwave RF at surface. Positive values denote
downward fluxes. The global averages are denoted in parentheses. Units: W m™2.

and longwave RF's are generally stronger at the surface
compared to that at the TOA.

3.4 The climatic impact of dust aerosol

Figure 8a shows the changes in the surface air tem-
perature (TAS) in the presence of dust aerosol (FED-
CTRL). Dust leads to a large decrease in TAS over
the Sahara Desert and Arabian Peninsula. Such a re-
duction is attributed to the negative dust solar RF
at the surface, which surpasses the warming by the
thermal RF. However, the reductions in the surface
temperature are not limited to dust source regions.
Figure 8a shows a planetary teleconnection stretching
from North Africa, across Eurasia, to North America.
The surface cooling exists in northern and eastern Asia
and over almost all of North America, while the sur-
face warming is found in the Eastern Plains and at
the northern edge of the Pacific Ocean. The dust-
induced teleconnection pattern shown in Fig. 8a is
quite similar to that reported by Kim et al. (2006) (cf.
their Fig. 6a). Results indicate that dust RF leads to
global responses by changing the regional atmospheric
circulation.

On a global mean basis, dust leads to a surface
cooling of 0.05 K. This reduction of TAS has a strong

diurnal variation. Figures 8b and 8c show the dust-
induced changes in daily maximum and minimum of
TAS. The reductions in the averaged TAS are similar
to those in the daily maximum TAS (TASMAX). TAS-
MAX usually occurs in mid-late afternoon, while the
daily minimum TAS (TASMIN) occurs after sunset.
The attenuation of the solar energy by dust aerosol
leads to a decrease in the daytime average TAS and in
TASMAX as well. The net dust RF becomes positive
at night because the solar RF is zero but the thermal
component is still active. As a result, dust aerosol has
a warming effect at midnight and TASMIN increases.

The reduction of TAS by dust has been reported in
previous literature (e.g., Miller and Tegen, 1998; Shell
and Somerville, 2007). Dust is predicted to lead to ei-
ther a warming or a cooling at the surface depending
on the characteristics of dust and the underlying sur-
face conditions such as albedo and temperature (Tegen
and Lacis, 1996; Liao and Seinfeld, 1998) and on the
simulated relative importance of the solar and ther-
mal effects of dust aerosol. For example, Weaver et al.
(2002) obtained an increase of TAS in the presence of
dust aerosol (cf. their Fig. 11b). In the CAM3, pre-
dicted dust particles are smaller compared with those
in Tegen and Lacis (1996) and Weaver et al. (2002),
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(b) Stations on April 9, 1979
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Fig. 6. Stations that reported “dust storm event” conditions on (a) 12 April 1979 and (b) 9 April
1979. The corresponding distributions of the TOMS AOD are shown in (c) and (d).
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Fig. 7. Dust-induced changes in (a) shortwave radiation at the TOA; (b) longwave radiation at
the TOA; (c) shortwave radiation at surface; (d) longwave radiation at surface during the severe
dust storm period (12 April 1979), relative to a normal case (9 April 1979). Positive values denote
downward fluxes. Units: W m~2.
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Fig. 8. Changes in (a) TAS; (b) daily maximum of TAS;
(¢) daily minimum of TAS in the presence of dust aerosol
(FED-CTRL). Results that exceed the 0.005 significance
level are denoted with dots. The global averages are de-
noted in parentheses. Units: K.

leading to a cooling effect by dust aerosol in the CAM3
which is stronger than that in other studies.
Although predicted changes in TAS differ in differ-
ent models, the predicted dust-induced changes in air
temperature at higher layers are generally consistent in
different studies. Figure 9 shows the predicted changes
in temperature at different vertical levels. The mag-
nitudes of the changes in air temperature are smaller
than that in the TAS. Over the Sahara Desert and
Arabian Peninsula, reductions in temperature are pre-
dicted at 850 hPa (Fig. 9a) and increases are found
above 500 hPa (Fig. 9b, 9¢). The warming is caused by
the absorption of solar energy by dust aerosol, (Alpert
et al., 1998; Miller and Tegen, 1998; Weaver et al.,
2002; Ramanathan and Ramana, 2005; Satheesh et
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al., 2007).

Together with the changes in temperature, other
physical fields exhibit alterations (Fig. 10). The sur-
face sensible heat flux shows a large reduction over the
dust source regions (Fig. 10a). On a global average,
the sensible heat flux is reduced by 0.53 W m~2, re-
sulting from the decreases in TAS shown in Fig. 8a.
SST is kept constant in our simulations, leading to
small changes in sensible heat flux between oceans and
the atmosphere even after considering dust feedback.
The latent heat flux also shows a global decrease (Fig.
10b). However, unlike the sensible heat fluxes, which
are reduced mostly over the source regions, the reduc-
tions in the latent heat flux occur mostly over the

(a) T850 variation (—0.04)

MIN = —1.2

-1 -0.5-0.83-0.1 0
(b) T500 variation (0.019)

0.1 0.3 0.5 1

-1 —-0.5-0.3-0.1 0O

(¢) T200 variation (0.062)

0.1 0.3 0.5 1

-1 -0.5-0.3-0.1 O

Fig. 9. Changes in air temperature at (a) 850 hPa; (b)
500 hPa; (c) 200 hPa in the presence of dust aerosol
(FED-CTRL). Results that exceed the 95% confidence
level are denoted with dots. The global averages are de-
noted in parentheses. Units: K.
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Fig. 10. Changes in meteorological fields in the presence of dust aerosol (FED-CTRL): (a)

Sensible heat flux, units: W m™?;

(b) latent heat flux, units: W m™?2; (c) surface relative hu-

midity, units: %; (d) precipitation, units: mm d~*. Results that exceed the 95% confidence
level are denoted with dots. The global averages are denoted in parentheses.

oceans. To compensate the surface radiation reduc-
tions caused by dust aerosol, the latent heat fluxes
over the oceans are reduced (Miller and Tegen, 1998;
Ramanathan and Ramana, 2005; Shell and Somerville,
2007).

Figure 10c shows the dust-induced changes in sur-
face relative humidity (RHS). A widespread increase
of RHS is predicted over North Africa and the Ara-
bian Peninsula, which can be attributed to two factors.
First, the increase in RHS corresponds to the increase
in specific humidity over the same regions (not shown).
Dust leads to surface cooling and a warming in the
lower layers (1-3 km) (Fig. 8 and Fig. 9), increas-
ing the stability of the atmosphere and hence reducing
the vertical transport of moisture from the boundary
layer (Ramanathan and Ramana, 2005). This effect
surpasses the reduction in surface evaporation caused
by the simulated reduction in surface temperature in
the CAM3. Second, the saturated specific humidity
decreases because of the reduction in TAS in the pres-
ence of dust aerosol. Consequently, the RHS show
increases when considering the dust feedback.

Figure 10d shows the dust-induced changes in pre-
cipitation. Large areas of reductions in rainfall are
predicted over dust sources and oceans, caused by the
decreases in surface latent heat flux shown in Fig. 10b.
On a global scale, dust leads to a reduction of 0.01
mm d~! in precipitation, consistent with the results

in Miller and Tegen (1998).
4. Summary and discussion

Direct climatic effects of dust aerosol are simulated
with the CAM3 in this study. The GCM considers four
dust size bins whose diameters range from 0.01 to 10
pm. The annual mean dust burden is 15.6 Tg, with
the four dust bins accounting for 17%, 48%, 26%, and
9% of the burden, respectively. The seasonal varia-
tion of the DOT at 0.67 um shows a maximum in the
boreal summer (JJA) and a minimum in the boreal
winter (DJF).

We updated the original radiative scheme in the
CAMS3 to consider the dust longwave effect. An ex-
ponential transmission approximation is used for min-
eral dust aerosol (Carlson and Benjamin, 1980), which
considers the alterations in atmospheric transmissivity
and emissivity by dust. With this implementation, we
can calculate both the longwave and shortwave RFs of
dust. The simulated shortwave RF is —0.45 W m™2
at the TOA and —1.76 W m~2 at the surface on a
global average. Meanwhile, the longwave RF is +0.09
W m~2at TOA and +0.31 W m~2 at surface. The
net RF at TOA is —0.36 W m~2, much smaller than
the —1.45 W m~2 at the surface, indicating that dust
aerosol causes an additional absorption of 1.1 W m~2
in the atmosphere.
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The negative dust RF at the surface causes a cool-
ing of about 0.5 K over the Sahara Desert and Arabian
Peninsula. This reduction in TAS is mainly attributed
to the decrease of TASMAX during the daytime. In
the upper troposphere, the dust absorption induces a
warming. The reduced surface temperature and the
higher air temperature increase the atmospheric sta-
bility. Consequently, the upward transport of moisture
is inhibited and the RHS shows increases. The sensi-
ble heat flux shows large reductions in dust source re-
gions, which compensates the energy loss by the back-
scattering and absorption of dust. Since the SST is
prescribed in this work, the latent heat fluxes over
the oceans decrease so as to balance the reductions of
surface radiation. As a result, precipitation decreases
when considering the dust direct climatic effect.

Our model results show some common features
when we compare them with previous studies. First,
dust causes a global mean reduction of surface solar ra-
diation of 1-2 W m~2 (Table 1), which is much larger
than the —0.4 W m~2 by sulfate aerosol (Forster et
al., 2007). Second, the solar RF at the TOA is much
smaller than the forcing at the surface, which indi-
cates the large absorption by dust aerosol (Miller and
Tegen, 1998; Shi et al., 2008). Third, the thermal effect
of dust is not negligible. The longwave effect of dust
can partly offset the shortwave effect, which leads to a
small net climatic effect of dust (Reddy et al., 2005b;
Christopher and Jones, 2007). Fourth, dust aerosol
leads to warming at the higher levels, as reported by
many studies (e.g., Alpert et al., 1998; Ramanathan
and Ramana, 2005). Finally, the decrease in radia-
tion at the surface is partly balanced by a reduction in
sensible heat flux and latent heat flux at the surface
(Miller and Tegen, 1998; Shell and Somerville, 2007).

Different studies show uncertainties in simulating
dust-induced changes in surface temperature. Dust
solar RF cools the surface during daytime, but the
thermal RF warms the surface at midnight. These
two opposite effects counteract each other and lead to
different net changes in temperature in different mod-
els. Some studies have obtained cooling at the sur-
face in the presence of dust (Miller and Tegen, 1998;
Shell and Somerville, 2007). Other studies found that
dust leads to warming throughout the whole tropo-
sphere (Weaver et al., 2002). To reduce model un-
certainties, more observations are required to accu-
rately represent the size distribution, optical param-
eters, and vertical distribution of dust particles, the
key factors that influence the radiative characteristics
of dust aerosol (Tegen and Lacis, 1996; Liao and Sein-
feld, 1998; Claquin et al., 1998).

There are also uncertainties in the simulated re-
gional and global responses to dust radiative forc-
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ing. The propagation of dust-induced perturbations
through large scale teleconnections as simulated in our
study agrees with the results reported by Kim et al.
(2006). This finding enriches our scope in understand-
ing the role of dust aerosol. However, more observa-
tions and simulations are needed to consolidate this
conclusion.

The simulation of the dust direct climatic effect in
this study can be further improved. The offline dust
model underestimates dust concentrations in Central
Asia, which may lead to an underestimate of climate
responses to the dust radiative effect over Asia. The
importance of Asian dust was recently reported by
Huang et al. (2009), who found large atmospheric
heating by dust aerosol during a dust event over
the Taklimakan region by combining Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observations
(CALIPSO) measurements and a Fu-Liou radiation
model. In addition, the dust cycle should be two-way
coupled with climate. While dust influences climate,
climate change can alter dust climatology in turn. For
example, the reductions in surface wind speed and the
increases in RHS can inhibit dust emissions (Miller et
al., 2004b), and the decreases in rainfall will reduce the
rainout of dust, increasing the lifetime of dust in the
atmosphere (Ramanathan and Ramana, 2005). Such
feedbacks will be reported subsequently in our future
studies.
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