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[1] We examine equilibrium climate responses to the shortwave and/or longwave direct
radiative effect of mineral dust aerosol using the Global transport Model of Dust (GMOD)
embedded within a general circulation model (GCM). The presence of mineral dust
aerosol in the atmosphere is estimated to exert global mean shortwave and longwave
radiative forcings (RF) of —0.25 W m™ % and +0.27 W m ™2, respectively, at the top of the
atmosphere (TOA) and —1.95 W m™Z and +0.61 W m™? at the surface. Climatic effect of
dust is simulated using two different approaches. In the first approach, monthly mean
fields of dust simulated a priori are used in the radiative transfer module of the GCM to
drive climate change, with levels of dust fixed during the climate integration (denoted
as simulation FIXDST). In the second approach, dust aerosol interacts online with
meteorology through the dust cycle and its direct radiative effect (denoted as simulation
CPLD). With both longwave and shortwave RF of dust, predicted changes in global and
annual mean surface air temperature and air temperature at 200 hPa are zero and +0.12 K,
respectively, in FIXDST, and —0.06 K and +0.05 K in the CPLD simulation. The stronger

cooling in CPLD than in FIXDST is a result of a 13% higher dust burden in CPLD
with dust-climate interactions. Although dust longwave radiative effect is predicted to
offset a large portion of its shortwave effect on a global and annual mean basis, dust
shortwave effect dominates during the daytime, and the longwave effect prevails at night,
which is found to be very important for predictions of temperature. For example, over
the Sahara Desert, the changes in annual mean, annual mean daytime, and annual mean
nighttime surface air temperature are predicted to be +0.32 K, —0.11 K, and +0.68 K,
respectively, in the FIXDST simulation. The longwave and shortwave radiative effects of
dust are predicted to have different impacts on the dust cycle in CPLD simulation; the solar
radiative effect reduces dust emissions by increasing surface humidity and by reducing
surface wind speed, while the thermal effect increases dust uplift through opposite changes

in the meteorological parameters.

Citation: Yue, X., H. Wang, H. Liao, and K. Fan (2010), Simulation of dust aerosol radiative feedback using the GMOD:
2. Dust-climate interactions, J. Geophys. Res., 115, D04201, doi:10.1029/2009JD012063.

1. Introduction

[2] Mineral dust aerosol can influence climate directly by
scattering and absorption of solar and/or longwave radiation
[Carlson and Benjamin, 1980; Sokolik and Toon, 1996;
Miller and Tegen, 1998] and indirectly by changing the
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optical properties and lifetime of clouds [Sassen, 2002;
Lohmann and Diehl, 2006]. Radiative forcing (RF) of dust
aerosol is sensitive to a number of key variables such as the
imaginary part of the refractive index, particle size, vertical
profile of dust, surface albedo, presence of clouds, and
atmospheric temperature [Tegen and Lacis, 1996; Claquin
etal., 1998; Liao and Seinfeld, 1998; Sokolik and Toon, 1999;
Harrison et al., 2001; Shi et al., 2005]. The lack of global
constraints of these variables by observations leads to great
uncertainties in simulations of climatic impacts of mineral
dust aerosol.

[3] Mineral dust aerosol exerts RF in both shortwave and
longwave spectral regions. The shortwave radiative effect,
the scattering and absorption of solar radiation, has been
found to reduce the downward shortwave radiation that
reaches the Earth’s surface, leading to a cooling at the surface
and in the lower troposphere [Miller and Tegen, 1998; Ahn
et al., 2007; Shell and Somerville, 2007]. A cooling of
0.1-0.5 K at the surface and the 850 hPa altitude was
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simulated in East Asia during an Asian dust event [4hn et al.,
2007]. In the upper troposphere, the absorption of both
incoming and reflected solar radiation by dust particles
increases the air temperature [Alpert et al., 1998; Miller
and Tegen, 1998; Satheesh et al., 2007]. In a case study, a
heating rate of ~0.2 K d~' between 850 and 650 hPa was
estimated over the eastern tropical North Atlantic Ocean
[Alpert et al., 1998].

[4] Measurements and models have shown that the
absorption and emission of infrared radiation by mineral
dust have a large impact on the longwave radiative balance.
Dust particles increase the downward longwave radiation
at the surface [Cautenet et al., 1991; Markowicz et al.,
2003] while reducing outgoing longwave radiation at the top
of the atmosphere (TOA) [Ackerman and Chung, 1992;
Haywood et al., 2005]. The longwave RF of dust at the sur-
face was found to be larger than that at the TOA [Markowicz
et al., 2003], which can greatly offset the shortwave RF of
dust found at the surface [Lubin et al., 2002; Zhang and
Christopher, 2003; Christopher and Jones, 2007]. Ackerman
and Chung [1992] reported, by using model calculations
and measurements from the Earth Radiation Budget Exper-
iment (ERBE), that mineral dust aerosol led to reductions
of TOA outgoing longwave radiation by 5—20 W m ™2 over
the oceans and by 20—50 W m 2 over the deserts during a
dust outbreak that occurred over the Saudi Arabian peninsula
in July 1985.

[s] The radiative effect of mineral dust aerosol leads to
changes in meteorological parameters. The surface cooling
by dust shortwave RF results in large reductions in latent
and sensible heat fluxes from the surface to the atmosphere
[Miller et al., 2004b; Shell and Somerville, 2007], which, to
some extent, helps to compensate the surface cooling and
atmosphere warming. The changes in surface latent heat flux
correlate with surface evaporation, causing a reduction in
total precipitation [Miller and Tegen, 1998]. Furthermore, the
reduction in sensible heat flux reduces the turbulent energy
within the planetary boundary layer (PBL) and the downward
transport of momentum to the surface, which has an effect
of reducing surface wind speed [Miller et al., 2004a]. Among
previous studies that examined climate responses to dust RF,
most simulations considered either the shortwave effect of
dust alone [Yoon et al., 2005; Bar-Or et al., 2008] or the net
effect of both shortwave and longwave dust forcing [Miller
and Tegen, 1998; Heinold et al., 2007]. Few studies have
quantified the climatic impact of dust longwave radiative
effects.

[6] While mineral dust aerosol influences climate, dust-
induced changes in meteorological fields feed back to the
dust cycle. Dust emissions decrease by 15—50% as a result
of the reductions in surface wind speed associated with dust
shortwave effect [Periwitz et al., 2001; Miller et al., 2004a;
Perez et al., 2006; Heinold et al., 2007]. Dust-induced
changes in precipitation and turbulent mixing influence the
deposition processes of dust aerosol, leading to changes in the
lifetime of dust particles [Miller et al., 2004a; Ramanathan
and Ramana, 2005]. These studies underscored the impor-
tance of dust-climate coupling in simulations of the dust cycle
and raised a question as to how the full dust-climate coupling
influences simulated ultimate climate responses to dust
radiative effects.
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[7] The goal of this study is to examine the climate
responses to shortwave and/or thermal radiative effects of dust
aerosol using the Global transport Model of Dust (GMOD)
embedded within a general circulation model. The model was
developed and evaluated in the first part of this study [Yue
et al., 2009]. We focus especially on (1) longwave radiative
effects of mineral dust and (2) climate responses to dust
RF with two-way dust-climate coupling. The dust simula-
tion and radiative transfer scheme will be described briefly
in section 2. In section 3, the simulated annual mean, sea-
sonal variation, and diurnal variation of the RF of dust are
presented. Section 4 presents the climate responses to short-
wave and/or longwave dust RF. Section 5 examines the
effects of dust-climate coupling on the dust cycle and,
consequently, on simulated climate responses.

2. Model Description and Numerical Experiments
2.1. Dust Simulation in the GMOD

[8] The GMOD is a global three-dimensional transport
model of mineral dust aerosol embedded within the general
circulation model IAP9L-AGCM [Zeng et al., 1989; Zhang,
1990; Liang, 1996]. It has a horizontal resolution of 4° x 5°
and nine vertical levels and is coupled with a mixed layer
ocean model [Hansen et al., 1984]. The development of the
GMOD is described and evaluated in part 1 of this work
[Yue et al., 2009]; we summarize here only the major
features of the dust simulation in the GMOD.

[¢] The whole dust size spectrum is divided into four bins
(0.1-1.0, 1.0-2.0, 2.0-5.0, and 5.0—10.0 um dry radius).
A power law relation n(r) o r~2 is used to describe the
emitted dust size distribution, where r is radius of dust
particle and n(r) is the number density function. The uplift
flux of dust is calculated as [Wang et al., 2000]

) Ux RH
Qp: {CICZSI,M* (177; liRil'[, Uk le*t
0

otherwise

and RH < RH,

(1)

where Q,, is the uplift flux of particle size class p. Cj is the
potential emission coefficient of the soil, which does not
incorporate the preferential sources but depends only on the
vegetation types accounted for in the general circulation
model (GCM), similar to the treatment by Tegen and Fung
[1994]. C, is an empirical constant set to 2.9 x 101!
obtained by the wind tunnel experiment [Hu and Qu, 1997],
and s, represents the fraction of dust mass in size bin p to
total dust mass emitted. Meteorological factors that constrain
dust emission in the GMOD are surface wind friction velocity
u+ and relative humidity RH. Comparison using the National
Centers for Environmental Prediction/National Center for
Atmospheric Research (NECP/NCAR) reanalyses data
[Kalnay et al., 1996] shows that surface RH is closely
related to soil moisture. Simulations by the GCM also show
that the changes in surface RH are consistent with those in
soil moisture. In this case, we use RH as a constraint for dust
uplift instead of soil moisture which is widely used in other
parameterizations [e.g., Fécan et al., 1999; Ginoux et al.,
2001; Lunt and Valdes, 2002; Zender et al., 2003]. RH, and
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ux, are the threshold values for RH and u+, respectively; dust
particles can be blown into the atmosphere only when the
surface wind speed u« exceeds u«, and relative humidity RH
is smaller than RH,. The threshold value u, has been reported
to depend on soil particle size [Iversen and White, 1982; Batt
and Peabody, 1999] and soil moisture [Fécan et al., 1999;
Ginoux et al., 2001; Woodward, 2001; Zender et al., 2003].
However, observations on a global scale are not available to
evaluate our assumed thresholds. As a result, both u«, and
RH, are set to globally uniform constants, similar to that
given by Lunt and Valdes [2002] and Ginoux et al. [2001].

[10] Dry deposition of dust is determined by the settling
velocity, which considers the effects of both gravity and
turbulence. Large particles generally have a large dry depo-
sition velocity and cannot be transported far away from
sources [Tegen and Fung, 1994]. The wet scavenging of dust
is proportional to the precipitation rate, accounting for
precipitation from both large-scale and convective clouds
[Woodward, 2001; Lunt and Valdes, 2002].

[11] When driven by a mixed layer ocean model, the
GMOD predicts a global dust emission of 1900 trillion gram
(Tg) yr ', which is within the range of 200—5000 Tg yr'
estimated in previous studies [Tegen and Fung, 1994; Ginoux
et al., 2001; Zender et al., 2003; Liao et al., 2004; Cakmur
et al., 2006]. The global and annual dry and wet depositions
of dust are predicted to be 1279 Tg and 621 Tg, respectively.
The predicted global dust burden is 27.0 Tg, and the average
lifetime of dust particles is 5.2 days, which is comparable to
results from other dust models [Tegen and Lacis, 1996;
Luo et al., 2003; Zender et al., 2003].

2.2. Radiative Transfer Scheme

[12] The radiative transfer scheme in the GMOD follows
that in the Community Climate Model 3 (CCM3) of the
National Center for Atmospheric Research (NCAR) [Yue
and Wang, 2009]. It uses a 6-Eddington approximation with
18 spectral intervals ranging from 0.2 to 5.0 um [Briegleb,
1992] to calculate the shortwave radiation at each model hour.
The scheme for longwave radiative transfer accounts for the
absorptivity/emissivity of water vapor, carbon dioxide, ozone,
and trace gases [Ramanathan and Downey, 1986].

[13] The radiative transfer scheme is updated to consider
the radiative effect of dust. Dust optical thickness 7, single
scattering albedo (SSA) w, and asymmetry factor g are
calculated using the Mie theory [de Rooij and van der Stap,
1984; Mishchenko et al., 1999]. The dust refractive indices
used in the GMOD are taken from the work of Woodward
[2001] (cf. their Table 2), which were compiled on the basis
of measurements at different locations. For longwave radi-
ation, we employ an exponential transmission approxima-
tion for mineral dust aerosol [Carlson and Benjamin, 1980]

Ta),‘ = exp [—D . T‘ﬂ 2)

where D is a diffusivity factor that is set to 1.66, and 7, is
the optical depth of dust at a specific thermal wavelength A.
Since the thermal spectral interval is larger than the short-
wave interval, each thermal wavelength band is divided into
small subintervals, whose extinction coefficients are then
weighted by the spectral intensity denoted as Planck function
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B(T, v). The extinction coefficient over the whole wave
band A can be calculated by Zhang and Modest [2002]

S kB(T,v;)Av
A i

Koy = W (3)

where k; and v; are the extinction coefficient and the median
wave number at each subinterval, respectively. The atmo-
spheric transmission in the original scheme is then multiplied
by the dust transmission to represent the perturbation of air
transmission by dust.

2.3. Numerical Experiments

[14] To simulate the RF of mineral dust aerosols, we
utilize the “double radiation call” method as described by
Woodward [2001]. This method calls the radiation module
twice in every radiation integration interval. In the first call,
the dust radiative effects are considered, and the simulated
radiative fluxes are output rather than progressed into the
model. The radiation module is then called for the second
time without the dust effects, and the results of this call are
used as the updated atmospheric radiative state of the GCM.
The climatology of the GCM is not perturbed by dust. The
RF of dust is obtained by the differences in radiative fluxes
of the two calls.

[15] Next, new climate simulations are conducted to
examine the climatic effect of mineral dust aerosol:

[16] 1. The CTRL run gives the simulation of present-day
climate and dust cycle. Simulated climate is one-way coupled
with the simulation of dust cycle; meteorological fields are
used to drive the simulation of dust cycle, but the radiative
effect of dust is not allowed to feedback into the GCM
climate. Simulated dust cycle quite resembles that given by
Yue et al. [2009], which is obtained by driving the climate
model with fixed sea surface temperature (SST).

[17] 2. The simulation FIXDST gives the simulation of the
effect of dust on present-day climate. Optical properties of
dust are calculated based on offline monthly concentrations
of dust from the CTRL simulation and fed back into the
GCM climate. Dust concentrations do not vary with simu-
lated climate.

[18] 3. The simulation CPLD gives the simulation of
present-day climate and dust cycle. Simulated climate is
two-way coupled with the simulation of dust cycle; meteo-
rological fields are used to drive the simulation of dust cycle,
and the radiative effect of dust is fed back into the GCM
climate.

[19] Differences in climate between FIXDST and CTRL
represent climatic effect of dust with noninteractive dust
cycle. The differences between CPLD and CTRL show the
effect of full climate-dust coupling on simulated dust cycle,
and those between CPLD and FIXDST assess the effect of
climate-dust coupling on simulated climate. To quantify the
roles of the shortwave and longwave direct radiative effect
(DRE) of dust, each of FIXDST and CPLD includes three
simulations. In experiments with the subscript “SW” (such
as FIXDSTgw and CPLDgy), only the shortwave DRE of
the dust aerosols is considered in the radiative transfer
scheme of the GCM. Similarly, only the thermal effect of
dust is considered in FIXDST;w and CPLDyy. Both long-
wave and shortwave effects of dust are considered in
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Table 1. Summary of Numerical Experiments®

Simulation Dust Shortwave Dust Longwave

of Dust DRE in GCM DRE in GCM Interactive
Experiments  Cycle Climate Climate Dust-Climate
CTRL 4
FIXDSTar L 4 4
FIXDSTsw V4
FIXDSTw V4
CPLDar 4 4 4 Vv
CPLDsw v v i
CPLDrw v v v

“DRE, direct radiative effect; GCM, general circulation model.

FIXDSTarr and CPLDypp. All the simulations are sum-
marized in Table 1.

[20] Simulations FIXDST and CPLD are equilibrium cli-
mate simulations; each simulation is integrated for 50 years.
The mean values of the last 30 years from these simulations
are analyzed and discussed in the following sections.

3. Radiative Forcing of Dust
3.1. Dust Optical Thickness

[21] The predicted seasonal mean dust optical thickness
(DOT) values at 0.55 pm are shown in Figure 1. The values
of exceeding 0.05 are found over northern Africa through-
out the year and over almost entire Asia in June—July—
August (JJA). DOT values are predicted to be the lowest in
December—January—February (DJF). Such seasonal varia-
tion of DOT is associated with that of predicted dust burden,
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which has been evaluated by Yue et al. [2009]. The GMOD
generally captures the seasonal variation of global dust
transport, except that the model underestimates dust concen-
trations in Asia in March—April—-May (MAM) [Yue et al.,
2009]. The simulated annual and global mean DOT is 0.032;
this value is close to 0.030 estimated by Tegen and Lacis
[1996] and 0.037 by Liao et al. [2004], both of which were
obtained using global models.

3.2. Dust Radiative Forcing

[22] Predicted global distributions of solar, thermal, and
net RF (shortwave plus longwave) of mineral dust aerosol
are shown in Figure 2. The solar RF is negative at the sur-
face because of the scattering and absorption of sunlight by
dust particles and positive at the top of the atmosphere (TOA)
over the high-albedo Sahara Desert (Figures 2a and 2b).
The longwave RF is positive throughout the atmosphere
(Figures 2c and 2d), with maximum forcing at the surface.
The net RF is a cooling at the surface, while at the TOA, it
is warming over land but cooling over oceans (Figures 2e
and 2f). Such pattern in net RF agrees with that found by
Ackerman and Chung [1992], Woodward [2001], and Liao
et al. [2004]. The vertical distribution of RF over the Sahara
Desert can be seen in Figure 3, which is a cross section along
22°N. The shortwave RF changes sign at about 550 hPa
altitude. Since radiative heating rate is determined by the
vertical gradient of radiative fluxes in the atmosphere, the
increase of net RF with the increase of height in Figure 3
indicates that dust particles cause heating throughout the
entire column. Such great absorption is consistent with the
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Figure 1. Simulated seasonal mean dust optical thickness (DOT) at 0.55 um. The global mean DOT for

each season is given in brackets.
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(a) TOA SW RF (-0.25)
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(b) Surface SW RF (—1.95)
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Figure 2. Simulated annual mean all-sky radiative forcings (RF) of mineral dust aerosol. (a) Shortwave
RF at top of the atmosphere (TOA); (b) shortwave RF at the surface; (c) longwave RF at TOA; (d) longwave
RF at the surface; (e) net RF at TOA; (f) net RF at the surface. The global mean RF is indicated in brackets
for each panel. Positive values (solid contours) indicate increases of downward radiation. Units: W m 2.

low single scattering albedo (SSA) of about 0.89 at 0.55 um
for the Saharan dust in the GMOD.

[23] The predicted contributions of different size bins to
the total dust RF are shown in Table 2. The mass percentages
of the four dust bins in the GMOD are 20%, 30%, 39%, and
11%, respectively. In the first size bin with the smallest
particles, shortwave RF values are negative at both TOA
and the surface. For particles larger than 1 pm, solar RF
values at TOA are positive. As a result, the heating over the

Sahara Desert in Figure 2a can be explained by both the high
surface albedo and the relatively large fraction of coarse
particles (» > 1.0 um) over the dust source region. At the
surface, shortwave cooling decreases with the increase in
particle radius. Although particles in the first dust bin account
for only 1/5 of total dust mass, they contribute about 1/2 of
the surface cooling. For the longwave RF, particles in the
size bin of 2—5 um are predicted to have the largest
contribution to total longwave forcing.
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(a) Dust SW RF at 22°N
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Figure 3. Vertical distributions of simulated annual mean
dust RF along 22°N. (a) Shortwave RF; (b) longwave RF.
Positive values (solid contours) indicate increases of down-

ward radiation. Units;: W m 2,

[24] The simulated annual and global mean RF of mineral
dust aerosol in this work is compared with results from
previous studies in Figure 4. The models agree with each
other that the longwave RF values are positive at both the
TOA and the surface and the shortwave RF values at the
surface are always negative. However, the sign of shortwave
RF at TOA differs in different models (Figure 4a), indicating
the large uncertainties which can be attributed to the differ-
ences in simulated dust burdens, assumed refractive indices,
air temperature profiles, and so on [Penner et al., 2001;
Forster et al., 2007]. At the TOA, the GMOD simulated
shortwave and longwave RF values are —0.25 W m 2 and
+0.27 W m ™2, respectively, which are close to the averaged
shortwave RF of —0.33 W m ™2 and the averaged longwave
RF of +0.19 W m ™2 from previous models. At the surface, the
global and annual mean RF is —1.95 W m ™2 in solar bands
and +0.61 W m ™~ in thermal bands in the GMOD, which are
comparable to the average shortwave RF of —1.60 W m >
and the average longwave RF of +0.44 W m 2 obtained in
previous studies. The simulated net RF in the GMOD is
+0.02 W m™? at the TOA and —1.33 W m ™ at the surface.

[25] Table 3 shows the seasonal variation of the global
mean dust RF in the GMOD. The RF at both the TOA and
surface are the strongest in JJA, as a result of the largest dust
burden predicted in this season. The RF of dust aerosol also
has a distinct diurnal variation, as shown in Figure 5.
Figures 5a—5d are the annual mean of the net RF at 0000,
0600, 1200, and 1800 model hours UT, respectively. The
net RF at the surface is always cooling in areas with
sunlight and warming in areas at nighttime, although the
annual mean net RF is a cooling globally (Figure 2f). Such
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diurnal variation of dust RF is a unique feature of dust
forcing.

4. Climate Responses to RF of Dust
4.1. Temperature

4.1.1. Annual Mean Responses in Air Temperature

[26] Figures 6a—6d show predicted responses of air
temperature to dust shortwave RF (differences between
FIXDSTgw and CTRL) at different vertical layers. At the
surface, the solar DRE of dust leads to reductions of surface
air temperature (SAT) over the Sahara Desert and the oceans
(Figure 6a). The largest cooling of 0.9 K is predicted over
the central desert. SAT is predicted to increase over Eurasia
and the United States, because of the dust-induced reduc-
tions in cloud cover (Figure 9b) that allow more solar
radiation to reach the ground. The global and annual mean
SAT is predicted to be reduced by 0.07 K by shortwave RF
of dust. Over the Sahara Desert, the shortwave cooling
weakens as the altitude increases. The area of cooling is
predicted to decrease at 850 mb (Figure 6b), and a large arca
of warming is predicted in the mid-high latitudes in the
Northern Hemisphere (NH) at 500 hPa (Figure 6¢). A general
warming is predicted at mid-high latitudes in both hemi-
spheres at 200 hPa, with a global and annual mean increase
in temperature of 0.03 K.

[27] The responses in temperature to the longwave RF of
dust are shown in Figures 6e—6h. Relative to the CTRL
simulation, SAT in FIXDST; w shows a maximum increase of
1.2 K over the Sahara Desert (Figure 6¢e). Over the oceans,
dust thermal RF leads to a general warming that extends from
the surface to the upper troposphere (Figures 6e—6h).

[28] The changes in temperature profiles in FIXDSTgw
and FIXDSTw are also a result of the feedback of SST. The
negative shortwave perturbation at the surface reduces SST,
which reduces evaporation and the vertical transport of water
vapor (not shown). On the other hand, dust thermal DRE
increases SST and evaporation over the oceans, increasing
atmospheric water vapor content. Since water vapor is an
important greenhouse gas, air temperature over the tropical
oceans shows reductions in Figures 6a—6d and increases in
Figures 6e—6h.

[29] Figures 6i—61 show predicted responses of air tem-
perature to net dust RF at different vertical layers. Over
continents (Figure 61), dust aerosol causes surface warming
almost everywhere in the NH except for southeastern China,
South Asia, and western Europe; maximum warming of
exceeding 0.8 K is predicted over the central Sahara Desert.
The net RF of dust aerosol is predicted to lead to cooling

Table 2. Simulated Annual Global Mean Dust RF for Different
Size Bins®

TOA Surface
Dust Radius SW LW Net SW LW Net
0.1-1.0 ym -045 +0.06 —039 —-0.97 +0.06 —091
1.0-2.0 um +0.03 +0.09 +0.12 —-0.57 +0.16 —0.41
2.0-5.0 um +0.14 +0.10 +0.24 —-0.38 +0.32  —0.06
5.0-10.0 um  +0.04 +0.01 +0.05 —0.06  +0.08 +0.02
0.1-10.0 ym  —025  +0.27 +0.02 —-1.95  +0.61 —1.34

Positive values indicate increases of downward radiation. Units: W m 2.

TOA, top of the atmosphere; SW, shortwave; LW, longwave.
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Figure 4. Comparison of annual and global mean radiative forcing of mineral dust estimated in different
studies. (a) Shortwave and longwave RF at TOA; (b) net RF at TOA; (c) shortwave and longwave RF at
surface; (d) net RF at surface. Positive values indicate increases of downward radiation. Units: W m ™2,
Symbols in the horizontal axis refer to previous studies as follows: A, Miller and Tegen [1998]; B, Jacobson
[2001]; C, Myhre and Stordal [2001]; D, Perlwitz et al. [2001]; E, Woodward [2001]; F, Takemura et
al. [2002]; G, Liao et al. [2004]; H, Miller et al. [2004b] (0.9 x w); I, Miller et al. [2004b]; J, Miller et
al. [2004b] (1.1 x w); K, Reddy et al. [2005]; L, Yoshioka et al. [2007]; M, Shell and Somerville
[2007] (w=0.97); N, Shell and Somerville [2007] (w = 0.85); O, Tanaka et al. [2007] (ADEC-1); P, Tanaka
et al. [2007] (ADEC-2); Q, Tanaka et al. [2007] (OPAC-MD); R, Tanaka et al. [2007] (dust-like); Ave,

average of above; T, this study.

over oceans. Since the warming effect in some areas offsets
cooling in other places, the net RF leads to no change in
global mean SAT (Figure 6i). At 850 hPa (Figure 6j), the
area of warming extends to oceans in the midlatitudes and
high latitudes in the NH. The net effect of warming is the
most significant at higher layers; a global and annual mean
warming of 0.12 K is predicted at 200 hPa (Figure 61).
[30] In comparison to the SAT responses to the net RF
simulated in other studies, there are both similarities and
differences. Both Miller and Tegen [1998] and Shell and
Somerville [2007] predicted a small reduction in the global
mean SAT in the presence of dust aerosol. However, Weaver
et al. [2002] showed that SAT increases by about 1 K over
the Sahara Desert when considering the dust RF. Outside
the source regions, we predict increases in SAT over North
America and central Asia, which agrees with the results of
Overpeck et al. [1996]. The differences in SAT response
among different studies can be attributed to the differences
in dust size distribution, vertical profile, and refractive
index. However, the dust-induced increases in air tempera-
ture at high levels (above 850 hPa) have been found by both
observations [Alpert et al., 1998; Satheesh et al., 2007] and
simulations [Carilson and Benjamin, 1980; Weaver et al.,
2002; Kim et al., 2006].
4.1.2. Diurnal Responses in Surface Air Temperature
[31] As aresult of the diurnal variation in dust RF shown
in Figure 5, responses in SAT at different model hours
(Figure 7) also exhibit diurnal changes. Because the thermal
RF of dust exists throughout a day while the solar RF works
only in the presence of sunlight, SAT shows reductions in
the daytime (Figures 7c and 7d), and the positive net DRE

at night leads to an increase in SAT over the Sahara Desert
(Figures 7a and 7b). One interesting feature is the cooling of
about —0.14 K over the Sahara Desert at 1200 UT. It is a
cooling there even with longwave RF, a feature that cannot
be seen in the annual mean plot with net forcing (Figure 6i).
At local 0000 (Figure 7a), heating over the Sahara Desert is
0.44 K stronger than the annual mean. On an annual mean
basis, the changes in diurnal, daytime (local 0900—1600),
and nighttime (local 2100—0400) mean surface air temper-
ature are predicted to be +0.32 K, —0.11 K, and +0.68 K,
respectively, in the FIXDST simulation. This simulated
diurnal variation of the dust-induced changes in SAT is
consistent with the cooling by day and warming by night
measured by Washington et al. [2006] (cf. their Figure 6).

4.2. Surface Energy Balance

[32] Figure 8 presents the changes in the surface latent
and sensible heat fluxes in the presence of dust (differences

Table 3. Simulated Seasonal Global Mean RF of Dust Aerosol®

DJF MAM JIA SON
TOA:
SW  —0.13 (—4.4) —0.24 (—12.6) —0.36 (—13.8) —0.26 (—5.7)
LW  +0.10 (1.1) 4033 (4.5)  +0.46(6.1)  +0.20 (2.4)
Surface:
SW  —0.87 (—10.0) —2.28 (—32.7) —3.13 (—38.1) —1.52 (—16.8)
LW 4029 (6.6)  +0.79 (18.3)  +0.92 (24.5)  +0.45 (11.2)

#Positive values indicate increases of downward radiation. For the
positive (negative) values, the regional maximum (minimum) is shown in
brackets. Units: W m 2. DIJF, December—January —February; MAM,
March—April—May; JJA, June—July—August; SON, September—October—
November.
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Figure 5. Simulated annual mean net surface RF (shortwave plus longwave) of dust aerosols at model
hours of (a) 0000, (b) 0600, (c) 1200, and (d) 1800 UT. The red circle represents the domain with
insolation in the general circulation model (GCM). Positive values (solid contours) indicate increases of

downward radiation. Units: W m™—2.

between FIXDST4pp and CTRL). The latent heat flux
increases over central Africa (Figure 8a) by anomalous
increase in local precipitation (Figure 9c), similar to the
results given by Miller et al. [2004b]. On the other side, the
latent heat decreases over the oceans near the Sahara Desert,
reflecting the decreases in SST and corresponding reduc-
tions in evaporation. The distribution of the changes in
surface latent heat flux in Figure 8a is quite similar to the
prediction by Miller et al. [2004b] (cf. their Figure 14a).
The global and annual mean latent heat flux decreases by
0.59 W m 2 in the presence of dust aerosol.

[33] Dust aerosol also decreases the sensible heat flux
from the surface to the atmosphere, especially over the
Sahara Desert (Figure 8b). The sensible heat depends both
on the contrast of ground-air temperature and the turbulent
energy [Liu et al., 2004]. The daytime cooling at the surface
leads to reductions in the upward transport of heat from the
surface to the atmosphere. On the other side, the warming at
night increases the upward transport of sensible heat. Since
the turbulence is much more active in the daytime than in
the nighttime [Liu et al., 2004], the daytime decrease
exceeds the nighttime increase of sensible heat from surface
to atmosphere, leading to a net decrease in the global annual
mean sensible heat flux of 0.52 W m 2.

[34] The decreases in global and annual mean surface
latent heat and sensible heat fluxes by dust aerosol have
been found in previous studies which account for both
shortwave and longwave RF [Miller et al., 2004b; Shell
and Somerville, 2007]. Such changes help to constrain the

dust-induced surface cooling to a certain level. With short-
wave RF alone (FIXDSTgw-CTRL), the global and annual
mean latent and sensible heat fluxes are predicted to
decrease by 0.76 W m > and 0.70 W m ™2, respectively
(Table 5). The magnitude of these changes is larger than that
in FIXDST4p . On the other side, in FIXDSTyy, the global
annual mean latent and sensible heat increase by 0.29 W m ™2
and 0.17 W m ™2, respectively, relative to CTRL simulation
(Table 5). These results indicate that the thermal DRE of
dust partly offsets the changes in surface energy induced by
the solar DRE.

4.3. Hydrological Cycle

[35] Figure 9 shows the responses of hydrological cycle
to the DRE of dust (differences between FIXDST4;; and
CTRL). At the surface, the specific humidity of the surface
air (QAS) has a widespread increase over the Sahara Desert,
the Arabian Peninsula, eastern China, and the United States
(Figure 9a). QAS over the central Atlantic and the Indian
Ocean is predicted to decrease. On a global and annual mean
basis, the DRE of dust causes an increase of 0.01g kg™ ' in
surface humidity. Such changes in QAS are closely related to
the changes in SAT. Generally, the increases in SAT increase
evaporation, leading to increases in QAS and vice versa.
As a result, the pattern of the changes in QAS (Figure 9a)
is quite similar to that of the changes in SAT (Figure 6i).

[36] Figure 9b shows the predicted changes in middle
cloud amount (MCA). The MCA decreases over Northern
Africa, central Asia, and eastern China. Such reductions are
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Figure 7. Simulated annual mean changes in surface air temperature (SAT) in the presence of dust at
(a) 0000, (b) 0600, (c) 1200, and (d) 1800 model hours UT (FIXDSTar 1 -CTRL). The red circle represents
the domain with insolation in the GCM. The differences that pass the 95% significance level are denoted

with dots. Units: K.

closely related to the changes in air temperature by dust
DRE. As the dust-induced warming becomes stronger in the
upper layers (Figures 6i—61), atmospheric stability increases,
and fewer clouds can form. On a global scale, MCA and total
cloud amount (TCA) (not shown) reduce by 0.13% and
0.08%, respectively. Our results agree with those by Perlwitz
et al. [2001], which predicted a decrease in the total cloud
amount in a dust-climate interactive model with both long-
wave and shortwave RF of dust.

[37] The changes in surface latent heat flux and cloud
amount result in the changes in rainfall. Figure 9c shows
that precipitation decreases in most places, especially over
the Atlantic Ocean. However, in central Africa, dust leads to
an anomalous increase in local precipitation. Such anomaly
is probably attributed to the radiation absorption by dust,
which may be large enough to change the sign of diabatic
heating within the atmospheric column and lead to increase
in precipitation [Menon et al., 2002]. The pattern of the rain-
fall anomaly is similar to the results of Miller et al. [2004b]
(cf. their Figure 16). On a global scale, dust leads to a
reduction of 0.02 mm d~' in precipitation. Note that the
indirect effect of dust is not considered in this work; the
indirect effect may affect precipitation more significantly
[Kaufman et al., 2005].

[38] The hydrological cycle shows different responses to
the solar and thermal DRE of dust. In FIXDSTgy, the cloud
amount and the precipitation exhibit reductions similar to
those in FIXDS T4y 1. However, in FIXDST; w, both the MCA
and TCA show modest changes (Table 5). The columnar

warming (Figures 6e—6h) in FIXDST_yw causes small
changes in the atmospheric stability, leading to small changes
in the middle and total cloud amount as a result.

4.4. Surface Wind Speed

[39] Figure 10 shows the dust-induced changes in friction
velocity (differences between FIXDST4p 1 and CTRL). The
wind speed is predicted to increase over northern Africa and
the Arabian Peninsula. The increases in SAT in these areas
(Figure 6i) enhance air temperature lapse rate (not shown),
decrease air stability, and facilitate anomalous vertical uplift
as a result. On the basis of mass continuity, the surface
horizontal wind velocity is then reinforced. These predictions
in our work are different from results of Miller et al. [2004a],
which simulated reductions in surface wind speed with both
longwave and shortwave RF. The reason for the difference is
that surface temperature was predicted to decrease by Miller
et al. [2004a], which reduces the turbulent flux of sensible
heat back into the atmosphere. However, Heinold et al.
[2007] simulated both increase and decrease of surface wind
speed in response to dust net RF at different locations. Such
results show the complexity of dust climatic effect.

5. Importance of Dust-Climate Interactions

5.1. Effects of Dust-Climate Two-Way Coupling
on Simulated Dust Cycle

[40] The dust-induced changes in meteorological fields
will influence the emission and transport of dust particles in
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Figure 8. Predicted annual mean changes in (a) latent heat
flux and (b) sensible heat flux in the presence of dust aerosol
(FIXDST4y 1 -CTRL). Positive values indicate increases of
upward flux. The differences that pass the 95% significance
level are denoted with dots. Units: W m 2.

return. Effects of dust-climate two-way coupling on simu-
lated dust cycle are estimated as the differences in simulated
dust cycle between CPLD simulations and the CTRL run.
Table 4 summarizes emission, dry/wet deposition, burden,
average lifetime, and DOT obtained in different experi-
ments. The dust cycle in the CPLD,rp run differs from
that simulated in the CTRL simulation in the following
aspects. First, the dust uplift in CPLDyr; is lower by
approximately 2%, as a result of the increases in humidity
in dust source region (Figure 9a). The responses in mete-
orological fields to dust RF lead to smaller changes in dust
emissions in our work than in other studies. Periwitz et al.
[2001] estimated a 15% reduction in annual dust emission
with an interactive model, and Heinold et al. [2007]
reported a reduction in dust emission of up to 50% during
a dust event. The modest change in dust uplift in our
simulation can be explained by the predicted increases in
the surface wind speed over dust source regions (Figure 10),
which partly counteract the effect of increased surface
humidity. Second, predicted dust burden is higher by 13%
in CPLDyy 1, although the changes in dust uplift are very
small relative to the CTRL run. Wet deposition of dust
becomes less effective when precipitation decreases in
CPLDg4pr. Third, the average dust lifetime increases by
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about 15%. The reduction in rainfall (or wet deposition of
dust) mainly occurs outside source regions (Figure 9c),
where small particles dominate. Small particles contribute
greatly to shortwave RF; the elongation of their lifetime will
enhance dust shortwave DRE.

[41] Table 4 also shows the changes in dust cycle in
CPLDgw and CPLD;w relative to the CTRL run. In
CPLDgy, the total dust uplift decreases by 5% while the
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Figure 9. Predicted annual mean changes in the hydro-
logical cycle in the presence of dust acrosol (FIXDSTay -
CTRL). (a) Specific humidity of the surface air (QAS), units:
g kg™"; (b) middle cloud amount, units: %; (c) precipitation,
units: mm d ', The differences that pass the 95% significance
level are denoted with dots.
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dust loading increases by 9%. As a result, the average
lifetime of dust increases to 6 days. The annual dust emission
in CPLDyy increases by 6%, and the dust burden also
increases by a similar magnitude, indicating that the increase
in dust loading in CPLDyy is mainly attributed to the
intensification of the source strength.

[42] The main factors that influence dust mobilization are
the relative humidity and the wind velocity at the surface
(equation (1)). Figure 11 compares the changes in relative
humidity at 2 m (RH2) and friction velocity (UVR) in
CPLDgw and CPLDyy relative to the CTRL simulation.
RH2 increases and UVR decreases over the Sahara Desert
in CPLDgy (Figures 11a and 11b), while RH2 decreases and
UVR increases in CPLDyy (Figures 11c and 11d) which
explains the changes in emissions in CPLDgyw and CPLDy
relative to the CTRL run.

[43] The dust-induced changes in meteorological fields
will also feed back into the diurnal cycle of dust uplift. Yue
et al. [2009] showed that dust uplift is the largest in the
daytime, and the ratio of the daily maximum emission to the
minimum can reach as high as 75 on a global and annual
basis. With dust-climate coupling, this diurnal cycle is
weakened. The surface cooling by shortwave DRE of dust
reduces dust emissions in the daytime, and the increase in
SAT by dust thermal DRE increases dust emissions at night.
As aresult, the ratio of the maximum uplift to the minimum is
predicted to decrease to 41. This result indicates that dust-
climate interaction is important in simulations of diurnal
cycle of dust.

5.2. Effects of Dust-Climate Two-Way Coupling
on Simulated Climate

[44] Effects of dust-climate two-way coupling on simu-
lated climate are estimated by the differences in simulated
climate between CPLD and FIXDST simulations. Figure 12
shows the differences in air temperature response between
CPLDy41 1 and FIXDST,; - Relative to the air temperatures
in FIXDSTA; (Figures 6i—61), the dust cooling effect is
strengthened in CPLDy4pp as a result of full dust-climate
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coupling. At each level, CPLD4y | predicts stronger cooling
of about 0.05 K than FIXDSTay 1 on a global mean basis.

[45] The differences between the noninteractive and inter-
active experiments are determined by two factors. One is the
change in dust climatology. The global dust burden increases
by approximately 13% in CPLD,yy relative to the CTRL
simulation (Table 4), with the mass in the smallest size bin
increased by 20%. The other factor is the change in diurnal
cycle of dust. As mentioned above, dust emission is the most
active during daytime and relatively inactive during night-
time [ Yue et al., 2009]. Accounting for such diurnal variation
in CPLD,; 1 enhances shortwave RF of dust. Our sensitivity
studies indicate that the former and the latter factors con-
tribute to about 80% and 20% of the differences between
CPLD 4y and FIXDST4y 1, respectively.

[46] Table 5 summarizes the dust-induced changes in
global and annual mean meteorological fields in FIXDST oy
and CPLD,;;. Compared with the noninteractive experi-
ment FIXDST4y 1, the stronger cooling in CPLD,; leads
to a larger reduction in humidity over the ocean. The global
mean QAS decreases by 0.02 g kg™ in CPLDA; ;. Addi-
tionally, the annual and global mean surface latent heat
flux and sensible heat flux decrease by 0.77 W m 2 and
0.63 W m ™2, respectively. The magnitude of both changes
is greater than that in FIXDST,; | so as to balance the larger
cooling at the surface in CPLD4yy. Precipitation shows
stronger response in CPLDypp, which contributes to the
increase of dust lifetime.

[47] Table 5 also lists global averages and the regional
averages over the Saharan region from other four sensitivity
experiments with either shortwave RF alone or longwave
RF alone. Results in Table 5 show that the thermal effect
of dust aerosol is non-negligible. No matter in the interactive
(CPLDgw/w) or noninteractive (FIXDSTgw,w) experi-
ments, the thermal dust DRE mostly causes opposite climatic
responses to that of the solar component. In some cases, the
magnitude of the former is larger than the latter. Additionally,
the climatic responses to the shortwave and longwave dust
DRE are not additive. This explains why the responses to the
net dust radiative effects shown in FIXDSTap (CPLD4y 1)
are not the sum of those in FIXDSTgw (CPLDgw) and
FIXDSTrw (CPLDrw).

[48] The climatic responses to the dust aerosols are more
regional than global (Table 5). The relatively short lifetime of
dust particles limits their global transport. As a result, more
dust mass is concentrated near source regions, leading to
much larger climatic responses there [Miller et al., 2004b].

6. Conclusions

[49] The equilibrium climate responses to the short-
wave and/or longwave direct radiative forcings of dust are

Table 4. Simulated Dust Budget in Different Numerical
Experiments®

Uplift Dry Wet Burden Lifetime
Experiments (Tg yr’l) (Tg yr’l) (Tg yr’l) (Tg) (days) DOT
CTRL 1900 1279 621 27.0 5.2 0.032
CPLDsw 1797 1209 587 29.3 6.0 0.036
CPLDw 2009 1354 654 28.8 52 0.034
CPLDar L 1853 1248 605 30.5 6.0 0.037

“DOT, dust optical thickness.
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examined in this work using the Global transport Model of
Dust (GMOD) embedded within a general circulation model.
In our control simulation without the feedback of dust
radiative forcing into the GCM, the simulated dust uplift
is 1900 Tg yr—1 for all four dust size bins ranging from
0.1 to 10 pum. Simulated global dust burden is 27.0 Tg and
global mean DOTis 0.032 at 0.55 pm. On a global and annual
mean basis, the estimated shortwave RF is —0.25 W m~2
at TOA and —1.95 W m 2 at the surface, while the long-
wave RF is +0.27 W m 2 at TOA and +0.61 W m 2 at
the surface. Climatic effect of dust is simulated using two
different approaches. In the first approach, monthly mean
fields of dust simulated a priori are used in the radiative
transfer module of the GCM to drive climate change, with
levels of dust fixed during the climate integration (FIXDST
simulations). In the second approach, dust aerosol interacts
online with meteorology through dust cycle and its direct
radiative effect (CPLD simulations).

[s0] Dust shortwave RF is predicted to lead to a global and
annual mean cooling that decreases with altitude, whereas
dust longwave RF is predicted to lead to a global and annual
mean warming that increases with altitude. These two effects
counteract each other, leading to small changes in the annual
and global mean air temperatures. With both longwave and
shortwave RF of dust, predicted changes in global and annual
mean surface air temperature and temperature at 200 hPa

are zero and +0.12 K, respectively, in FIXDSTy;;, and
—0.06 K and +0.05 K in the CPLD 4y simulation. Despite
of the small responses in global and annual mean temper-
ature to the net RF of dust, it is important to consider both
shortwave and longwave RF in climate simulations, because
the shortwave effect dominates during the daytime and
longwave effect alone exists at night. Predicted responses
in surface air temperature show strong diurnal variation; over
the Sahara Desert, as compared to the predicted annul mean
change in surface air temperature of +0.32 K, the predicted
changes in annual mean daytime (local 0900—1600) and
nighttime (local 2100—0400) surface air temperature are
—0.11 K and +0.68 K, respectively, in the FIXDSTar
simulation. On a global and annual mean basis, dust net RF
leads to a reduction in precipitation by 0.02 mm d~' in
FIXDSTarr and by 0.03 mm d~' in CPLD4y;, with the
reductions mainly a result of dust shortwave RF. Predicted
changes in meteorological fields in all sensitivity simulations
preformed in this work (Table 5) indicate that climate
responses to shortwave and longwave RF of dust are non-
linear and are not additive.

[s1] The feedback of dust-induced changes in meteoro-
logical fields into simulation of dust cycle indicates that
dust shortwave and longwave RF play opposite roles in
changing dust emissions. The solar DRE of dust increases
surface humidity and reduces surface wind speed, leading to
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Figure 12. Differences in simulated annual mean air temperature at (a) surface, (b) 850 hPa, (c) 500 hPa,
and (d) 200 hPa between CPLDALL and FIXDSTALL (CPLDALL-FIXDSTALL). Units: K.

reduction in dust uplift. On the contrary, the thermal RF [52] As compared with climate simulation with fixed
increases dust mobilization through opposite effects. These monthly dust fields (FIXDSTay 1), dust-climate coupling in
results show that the thermal radiative effect of dust is non- CPLD4y leads to a 2% reduction in dust uplift as a result of
negligible when quantifying its climatic influences. the dust-induced increases in surface relative humidity and

Table 5. Simulated Annual Mean Changes in Meteorological Fields in Different Experiments®

FIXDSTarr FIXDSTsw FIXDSTyw CPLDAr CPLDgy CPLD;y
Global Mean
SAT (K) +0.00 —0.07 +0.15 —0.06 —0.14 +0.12
Air temperature at 850 hPa (K) +0.02 —0.03 +0.15 —0.05 —0.11 +0.11
Air temperature at 500 hPa (K) +0.07 —0.00 +0.20 —0.02 —0.11 +0.16
Air temperature at 200 hPa (K) +0.12 +0.03 +0.22 +0.05 —0.06 +0.18
Surface air humidity (g kg™") +0.01 —0.02 +0.08 —0.02 —0.06 +0.06
Latent heat flux (W m~?) —0.59 —0.76 +0.29 —0.77 —0.98 +0.29
Sensible heat flux (W m~2) —0.52 —0.70 +0.17 —0.63 —0.72 +0.16
Precipitation (mm d~) —0.02 —0.03 +0.01 —0.03 —0.03 +0.01
Total cloud amount (%) —0.08 —0.08 —0.03 —0.05 —0.10 —0.02
Middle cloud amount (%) —0.13 —0.18 —0.02 —0.11 —0.19 +0.00
Regional Mean Over Saharan Region®

SAT (K) +0.32 —0.50 +0.91 +0.23 —0.67 +0.90
Air temperature at 850 hPa (K) +0.11 —0.04 +0.32 —0.02 —0.19 +0.27
Air temperature at 500 hPa (K) +0.22 +0.13 +0.25 +0.16 +0.02 +0.21
Air temperature at 200 hPa (K) +0.05 —0.03 +0.27 —0.06 —0.16 +0.20
Surface air humidity (g kg™") +0.12 +0.01 +0.11 0.14 —0.02 +0.08
Latent heat flux (W m?) +0.28 +0.15 +0.02 +0.50 +0.28 —0.06
Sensible heat flux (W m™2) —7.57 —13.13 +5.79 —8.61 —13.4 +6.18
Precipitation (mm d~) +0.01 +0.00 —0.00 +0.02 +0.01 —0.00
Total cloud amount (%) —0.11 —0.20 +0.05 —0.33 —0.67 —0.06
Middle cloud amount (%) —0.54 —0.98 +0.02 —0.73 —1.31 —0.02

2All the changes are the differences between the specific experiment and the CTRL simulation.
®The Saharan region is [10°W to 30°E, 15—30°N]. SAT, surface air temperature.
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wind speed. However, the reduction in precipitation by dust
DRE increases dust burden by 13% (mostly the burden of
small particles). In the meantime, the diurnal cycle of the
dust transport in the interactive dust-climate simulation
enhances the daytime cooling. As a result, more solar energy
is scattered in CPLD,; than in FIXDST4y, leading to a
global mean stronger cooling of about 0.05 K from the
surface to the higher troposphere in the coupled simulation.

[53] Note that this study examines the dust-climate coupling
in the present-day atmosphere. The global climate responses
to the RF of dust are found to be smaller than those to
greenhouse gas forcing. Our subsequent study is to perform
dust-climate coupled simulations for the paleoclimatic con-
ditions, in which the dust loading shows an order of magni-
tude variation during glacial-interglacial cycles [Mahowald
et al., 2006; Fischer et al., 2007; Bar-Or et al., 2008].
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