
Atmos. Chem. Phys., 11, 6049–6062, 2011
www.atmos-chem-phys.net/11/6049/2011/
doi:10.5194/acp-11-6049-2011
© Author(s) 2011. CC Attribution 3.0 License.

Atmospheric
Chemistry

and Physics

Role of sea surface temperature responses in simulation of the
climatic effect of mineral dust aerosol

X. Yue1,2,*, H. Liao3,1, H. J. Wang1,2, S. L. Li2, and J. P. Tang4,5

1Climate Change Research Center, Chinese Academy of Sciences (CAS), Beijing, China
2Nansen-Zhu International Research Center, Institute of Atmospheric Physics, CAS, Beijing, China
3State Key Laboratory of Atmospheric Boundary Layer Physics and Atmospheric Chemistry (LAPC), Institute of
Atmospheric Physics, CAS, Beijing, China
4Key Laboratory of Middle Atmosphere and Global Environment Observation, Institute of Atmospheric Physics, CAS,
Beijing, China
5Graduate University of CAS, Beijing, China
* now at: School of Engineering and Applied Sciences, Harvard University, Cambridge, Massachusetts, USA

Received: 23 November 2010 – Published in Atmos. Chem. Phys. Discuss.: 17 January 2011
Revised: 16 May 2011 – Accepted: 15 June 2011 – Published: 28 June 2011

Abstract. Mineral dust aerosol can be transported over
the nearby oceans and influence the energy balance at the
sea surface. The role of dust-induced sea surface tempera-
ture (SST) responses in simulations of the climatic effect of
dust is examined by using a general circulation model with
online simulation of mineral dust and a coupled mixed-layer
ocean model. Both the longwave and shortwave radiative
effects of mineral dust aerosol are considered in climate sim-
ulations. The SST responses are found to be very influential
on simulated dust-induced climate change, especially when
climate simulations consider the two-way dust-climate cou-
pling to account for the feedbacks. With prescribed SSTs
and dust concentrations, we obtain an increase of 0.02 K in
the global and annual mean surface air temperature (SAT) in
response to dust radiative effects. In contrast, when SSTs
are allowed to respond to radiative forcing of dust in the
presence of the dust cycle-climate interactions, we obtain a
global and annual mean cooling of 0.09 K in SAT by dust.
The extra cooling simulated with the SST responses can
be attributed to the following two factors: (1) The negative
net (shortwave plus longwave) radiative forcing of dust at the
surface reduces SST, which decreases latent heat fluxes and
upward transport of water vapor, resulting in less warming
in the atmosphere; (2) The positive feedback between SST
responses and dust cycle. The dust-induced reductions in
SST lead to reductions in precipitation (or wet deposition of
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dust) and hence increase the global burden of small dust par-
ticles. These small particles have strong scattering effects,
which enhance the dust cooling at the surface and further
reduce SSTs.

1 Introduction

Mineral dust aerosol is one of the major aerosol species in the
atmosphere. While dust aerosol influences the Earth’s energy
balance through scattering and absorbing shortwave (SW)
and longwave (LW) radiation (Carlson and Benjamin, 1980;
Sokolik and Toon, 1996), dust-induced changes in meteo-
rological parameters can feed back into dust cycle by alter-
ing emissions, transport, and deposition of dust (Miller et
al., 2004a; Heinold et al., 2007). Such dust-climate inter-
actions have been found to be important for simulations of
dust-induced climate change (Yue et al., 2010).

When mineral particles are transported over the nearby
oceans, they can influence the energy balance at the sea sur-
face. Observational studies have shown that changes in dust
concentrations correlate with those in sea surface tempera-
ture (SST). Lau and Kim (2007) found a significant nega-
tive correlation between the in situ measured dust concen-
trations in Barbados and SSTs over the Atlantic for the pe-
riod of 1980–1999. Foltz and Mcphaden (2008), based on
the measurements from the Moderate Resolution Imaging
Spectroradiometer (MODIS), reported a significant decreas-
ing trend in aerosol optical depth (AOD) over the tropical
North Atlantic Ocean between 1980 and 2006, and found
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Table 1. Simulations of climatic effect of dust in previous studies.

References SST responses On-line dust global
simulation

Miller et al. (2004a) yes (SW + LW)∗ yes yes
Mahowald et al. (2006) yes (SW + LW) yes yes
Miller et al. (2004b) yes (SW + LW) yes no
Yoshioka et al. (2007) yes (SW + LW) yes no
Miller and Tegen (1998) yes (SW + LW) no yes
Shell and Somerville (2007) yes (SW + LW) no yes
Perlwitz and Miller (2010) yes (SW + LW) no yes
Evan et al. (2008) yes (SW)∗∗ no no
Perlwitz et al. (2001) no (SW + LW) yes yes
Heinold et al. (2007) no (SW + LW) yes no
Ahn et al. (2007) no (SW) yes no
Helmert et al. (2007) no (SW + LW) yes no
Konare et al. (2008) no (SW) yes no
Solmon et al. (2008) no (SW + LW) yes no
Zhang et al. (2009) no (SW + LW) yes no
Lau et al. (2006) no (SW + LW) no no
Collier and Zhang (2009) no (SW) no no

∗ SW + LW means the study considers both SW and LW RF of dust.
∗∗SW means the study considers only SW RF of dust.

that this trend was correlated with the increases in SST over
the same region in the same time period. Similarly, Luo
et al. (2009) found that the observed increases in SST over
the subtropical Atlantic were correlated to the satellite re-
trieved declines in AOD over the same region during 1985–
2006. Evan et al. (2009) used 26-year of satellite data of
AOD as the input of a climate model and found that the re-
gional variation of aerosols can account for 69 % of the re-
cent upward trend in SST over the northern tropical Atlantic
Ocean. Avellaneda et al. (2010) analyzed the retrievals of
AOD from MODIS and of SST from the Tropical Rainfall
Measuring Mission (TRMM) satellite, and found a decrease
of 0.2–0.4 K in SST over the eastern subtropical North At-
lantic shortly after the outbreak of a strong dust storm in the
Sahara Desert. These studies underscore the importance of
considering SST responses in simulations of the climatic ef-
fect of dust.

Previous global or regional modeling studies on the cli-
matic effect of dust, as summarized in Table 1, include cli-
mate simulations with fixed SSTs (Perlwitz et al., 2001; Lau
et al., 2006; Ahn et al., 2007; Heinold et al., 2007; Helmert
et al., 2007; Konare et al., 2008; Solmon et al., 2008; Collier
and Zhang, 2009; Zhang et al., 2009) and those that consid-
ered the SST responses to radiative forcing (RF) of dust using
a mixed-layer or a dynamic ocean model (Miller and Tegen,
1998; Miller et al., 2004a,b; Mahowald et al., 2006; Shell and
Somerville, 2007; Yoshioka et al., 2007; Evan et al., 2008;
Perlwitz and Miller, 2010). Among the seven studies with
SST responses, Miller and Tegen (1998) examined the role
of SST responses in simulated dust-induced climate change
using prescribed dust concentrations and found moderate dif-
ferences in simulated climatic effect of dust between simula-

tions with and without SST responses. Miller et al. (2004b)
reported that dust-induced SST responses have a large impact
on evaporation at the surface and consequently on dust emis-
sions over the Arabian Peninsula during the Asian summer
monsoon using a general circulation model (GCM). No pre-
vious studies, to our knowledge, have investigated the role of
dust-induced SST responses in simulated climatic effect of
dust with the two-way dust cycle-climate interactions.

We seek to understand the role of dust-induced SST re-
sponses in simulation of the climatic effect of dust using a
GCM with/without the two-way dust-climate coupling, fo-
cusing on the differences in simulated dust-induced changes
in temperature and precipitation in the presence and absence
of SST responses. The two-way dust-climate coupling is
emphasized here because the feedbacks among dust-climate-
SST are the keys for understanding model results. This study
builds on our previous work, in which a Global Transport
Model of Dust (GMOD) was developed (Yue et al., 2009)
and climate responses to both the SW and LW radiative ef-
fects of dust were examined (Yue et al., 2010). In the follow-
ing section, we present a brief description of the GCM, dust
simulation, the consideration of dust radiative effects, and
our numerical experiments. The simulated dust cycle and its
RF are shown in Sect. 3. The simulated climatic effects are
presented and discussed in Sect. 4.

2 The model and numerical experiments

2.1 The models

The climate model IAP9L-AGCM has a horizontal resolu-
tion of 4◦

×5◦ with nine vertical levels up to 10 hPa (Zeng et
al., 1989; Zhang, 1990; Liang, 1996). It is coupled with a
mixed-layer ocean model from Hansen et al. (1984) and uti-
lizes an annual mean mixed-layer depth derived from Levi-
tus et al. (2000). The GCM has been used in simulations of
global monsoon systems (Chidiezie et al., 1997; Xue et al.,
2001), interannual and decadal climatic dynamics (Mu and
Li, 1999; Zhu et al., 2010), and paleoclimate (Jiang et al.,
2003; Zhang et al., 2007; Yue et al., 2011).

The dust model GMOD was integrated into the GCM
to simulate the global transport of dust aerosol in Yue et
al. (2009). The GMOD simulates four dust bins with dry
radii covering 0.1–1.0, 1.0–2.0, 2.0–5.0, and 5.0–10.0 µm.
The dust emission scheme follows that in Wang et al. (2000),
with dust uplift flux calculated as a function of meteorolog-
ical parameters such as friction velocity and relative humid-
ity (RH) of the air near surface. The dependence of dust
emission on RH is a unique feature of the GMOD (Yue et al.,
2010). Dust sources are determined by land surface types in
the GCM; deserts, scrubland, and short grassland are allowed
to have dust emissions.

We further updated the radiative scheme in IAP9L-AGCM
to consider the radiative effects of dust aerosol (Yue and
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Wang, 2009; Yue et al., 2010). The scheme utilizes
the δ-Eddington approximation in solar spectra (Briegleb,
1992) and the parameterizations of Ramanathan and
Downey (1986) for absorptivity and emissivity of the atmo-
spheric trace gases in the thermal spectra. We utilize an
exponential transmission approximation (Carlson and Ben-
jamin, 1980) to consider the impact of dust on the atmo-
spheric transmission in the LW region (Yue et al., 2010). The
refractive indices of dust follow those in Woodward (2001),
which were compiled based on measurements at different lo-
cations of the world. The optical properties of dust are cal-
culated using the Mie Theory.

2.2 Numerical experiments

We perform two groups of simulations to investigate the im-
pacts of the SST responses on the simulated climatic ef-
fects of dust. The first group of simulations have fixed
monthly SSTs (denoted as FIXSST) during the simulation.
These experiments lack a surface energy constraint, hence
the surface forcing by dust is nearly uncompensated by the
surface energy exchanges, and the sensible and latent heat
fluxes vary following the changes in air temperature, wind
speed, and air humidity. In the other group of simulations,
the SSTs are allowed to respond to the energy exchanges at
the surface by using a mixed-layer ocean model (denoted as
MXLSST). In each group, three separate sensitivity experi-
ments are carried out to further explore the impact of SST re-
sponses with or without the interactions between dust cycle
and climate (Fig. 1): (1) The control (CTRL) experiment that
simulates both dust cycle and climate, with dust radiative ef-
fects not allowed to feed back into the GCM climate, (2) the
fixed dust (FD) experiment that simulates climate responses
to the RF of prescribed monthly mean concentrations of dust,
which are obtained from the CTRL run, and (3) the coupled
dust (CD) experiment with the two-way coupling between
dust cycle and climate.

In each group of simulations, the differences in climate be-
tween the FD and CTRL experiments represent the climatic
effects of dust with prescribed concentrations, and the differ-
ences between CD and CTRL represent climate responses to
RF of the interactive dust. With the two groups of simula-
tions, we can examine (FD – CTRL) and (CD – CTRL) with
or without SST responses.

To reduce the model sensitivity to initial conditions, each
experiment in either FIXSST or MXLSST group is an en-
semble of three climate simulations; the ensemble means
of the simulated climatology of dust cycle and meteoro-
logical parameters are presented. While the simulated an-
nual and global mean surface air temperature (SAT) reaches
equilibrium very fast for each run in FIXSST group, the
slow responses of the oceans lead to a longer time for cli-
mate to reach equilibrium in the MXLSST group of simu-
lations. As a result, the ensemble runs for FIXSSTCTRL,
FIXSST FD, and FIXSSTCD are integrated for 25 years,
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Fig. 1. Summary of numerical experiments.

respectively, with the first 5 model years used as spin-up.
The ensemble runs for MXLSSTCTRL, MXLSST FD, and
MXLSST CD are integrated for 50 years, respectively, with
the first 20 model years used as the spin-up period. Such
approach of having different years of integration for sim-
ulations with/without SST responses was also used in the
study of Miller and Tegen (1998). In the following dis-
cussions, we rule out the spin-up period for each run to
analyze the equilibrium climate responses to the dust ra-
diative effects. The Student-t test is used to examine the
significance level of the differences between different ex-
periments. In reference to seasonality, four boreal sea-
sons from spring to winter are denoted as MAM (March–
May), JJA (June–August), SON (September–November),
and DJF (December–February).

3 Simulated dust cycle and radiative forcing

3.1 Dust cycle

On a global scale, experiment FIXSSTCTRL predicts an an-
nual dust emission of 2005 trillion gram (Tg, 1 Tg = 1012 g)
for four dust bins, in which 1354 Tg is dry deposited and
650 Tg is wet deposited (Table 2). The simulated annual
mean dust burden of 28.8 Tg is within the range of 12.1–
35.8 Tg estimated by previous studies (e.g., Ginoux et al.,
2001; Zender et al., 2003; Liao et al., 2004; Reddy et al.,
2005). The average lifetime of dust particles is simulated to
be 5.2 days; small particles (radiusr < 1.0 µm) can stay in
the atmosphere for about 21 days, while large particles (ra-
dius r ≥ 5.0 µm) are removed from the atmosphere within
about 1 day (Yue et al., 2009).

Simulated column burdens of dust in FIXSSTCTRL are
shown in Fig. 2. Dust aerosol has high concentrations over
source regions, such as the Sahara Desert, Central Asia, and
the Australian deserts. Vertically, dust particles of differ-
ent size extend to different heights (Fig. 3). The smallest
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Table 2. Simulated dust climatology in different numerical experiments∗.

Dry Wet
Experiments Uplift deposition deposition Burden Lifetime

(Tg yr−1) (Tg yr−1) (Tg yr−1) (Tg) (days)

FIXSST CTRL 2005± 45 1354± 30 650± 15 28.8± 0.9 5.2± 0.1
FIXSST CD 1931± 47 1301± 32 629± 16 31.8± 1.1 6.0± 0.1
MXLSST CTRL 1915± 76 1290± 51 625± 25 27.4± 1.3 5.2± 0.1
MXLSST CD 1869± 72 1259± 49 610± 24 30.7± 1.5 6.0± 0.1

∗ Results are shown as̄x ±σ , wherex̄ andσ are, respectively, the mean value and the standard deviation in 20 years of FIXSST experiments and 30 years of MXLSST simulations.
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Fig. 2. Annual mean column burden of dust aerosol simulated
in the control experiment with fixed SST (FIXSSTCTRL). Unit:
mg m−2.

particles can reach stratosphere and travel far away from the
source regions (Fig. 3a). The largest particles are constrained
at the low levels near the sources because of their large grav-
itational settling velocity (Fig. 3d). The simulated vertical
profiles are qualitatively consistent with the model results in
Tegen and Fung (1994) and the observations in Ginoux et
al. (2001) and Huang et al. (2008).

The simulated dust cycle in FIXSSTCTRL has been eval-
uated by comparing with measurements in Yue et al. (2009).
The GCM reproduces reasonably well the dust concentra-
tions at 18 sites (mean bias (MB) of−0.67 µg m−3, normal-
ized mean bias (NMB) of−8.0 %), aerosol optical depth at
16 sites (MB of−0.04, NMB of−26.7 %), and deposition of
dust at 251 sites with a logarithmic correlation coefficient of
0.84 between the simulated and measured values. The sim-
ulated annual and global mean dust optical depth at 0.55 µm
is 0.032, which is close to the values of 0.030 by Tegen and
Lacis (1996) and 0.037 by Liao et al. (2004).

3.2 Radiative forcing of dust

The SW and LW RFs of dust aerosol are calculated of-
fline using the “double radiation call” method following
Woodward (2001), based on the simulated dust concen-

trations from FIXSSTCTRL. Since the estimated RF val-
ues have been presented in detail in Yue et al. (2010), we
summarize our RF values here for understanding the sim-
ulated climate responses to dust RF. The simulated sin-
gle scattering albedo (SSA) of the dust particles is 0.94
at 0.63 µm on a global mean basis, using the imaginary
parts of the refractive indices of dust compiled by Wood-
ward (2001). As a result, dust aerosol is estimated to ex-
ert global and annual mean SW and LW RFs of, respec-
tively, −0.34 W m−2and +0.31 W m−2at the top of the at-
mosphere (TOA) and−2.20 W m−2 and +0.70 W m−2 at the
surface. The net (SW+LW) TOA RFs are positive over the
Sahara Desert (c.f. Fig. 2e in Yue et al., 2010), because of
the LW absorption by large dust particles and the SW ab-
sorption over high-albedo surface (Yue et al., 2010). The net
TOA RFs are negative over the tropical Atlantic and the In-
dian Ocean, where the surface albedo is low. At the surface,
the particles lead to a general net negative forcing, with a
maximum cooling of 15.0 W m−2 over the Sahara Desert (c.f.
Fig. 2f in Yue et al., 2010). The RF values at both the TOA
and surface were compared with estimates in other models in
Yue et al. (2010).

4 Impact of SST responses on simulated climatic
effect of dust

In this section, the impacts of dust-induced SST responses
on simulated climatic effect of dust are presented firstly for
simulations with prescribed dust concentrations and then for
those with interactive dust. The feedbacks with/without dust-
climate coupling will be summarized and discussed at the
end of this section.

4.1 Climate responses with prescribed
dust concentrations

4.1.1 Temperature

The impact of SST responses on simulated SAT is examined
by comparing the differences between (FIXSSTFD
– FIXSSTCTRL) (Fig. 4a) and (MXLSSTFD –
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Fig. 3. Annual zonal mean concentrations of dust with radius at(a) 0.1–1.0 µm,(b) 1.0–2.0 µm,(c) 2.0–5.0 µm, and(d) 5.0–10.0 µm
simulated in the control experiment with fixed SST (FIXSSTCTRL). Unit: µg dust per Kg air.

MXLSST CTRL) (Fig. 4e), which represent the simu-
lated responses in SAT to the net RF of prescribed dust
with FIXSST and MXLSST, respectively. Over Africa,
the pattern of dust-induced changes in SAT with FIXSST
is similar to that simulated with MXLSST. A maximum
warming of 0.3–0.7 K is found over northern Africa (10◦ W–
30◦ E, 15◦–30◦ N) in both cases, which can be explained
by the SW absorption of dust over high-albedo surface
and LW absorption by large dust particles over this area.
Our simulated warming in northern Africa agrees with the
simulations by Carlson and Benjamin (1980) and Weaver et
al. (2002).

Over the tropical oceans, simulated dust-induced changes
in SAT with FIXSST are quite different from those with
MXLSST. With FIXSST, SAT responses are positive over
the Atlantic and the Indian Ocean (Fig. 4a) where dust par-
ticles transported from the Sahara Desert and the Arabian
Peninsula have high concentrations. With MXLSST, how-
ever, SSTs respond to negative dust RF at the surface, leading
to statistically significant negative SAT responses of about
−0.1 K over the tropical oceans (Fig. 4e). On a global and
annual mean basis, the net RF of prescribed dust leads to
a warming of 0.02 K in SAT with FIXSST but a cooling of
0.03 K with MXLSST. The seasonal responses in SAT to dust
radiative effect are shown in Table 3. In all seasons, dust-
induced changes in SAT are negative with SST responses
whereas positive in simulations with fixed SST, which agree
with our conclusions based on annual mean SAT. With SST
responses, the dust-induced cooling are stronger in SON and
DJF than in MAM.

The simulated atmospheric temperatures also show dif-
ferent responses to the net RF of prescribed dust, as the
case with FIXSST is compared to that with MXLSST. In
FIXSST FD, dust aerosol leads to a general warming in the
middle-upper troposphere (Fig. 4b), similar to the result of
Carlson and Benjamin (1980) that was also simulated with
prescribed SSTs. In MXLSSTFD, dust-induced warming
is weakened in the middle-upper troposphere and a cooling
is simulated to stretch from the surface to the middle tropo-
sphere over 90◦ S–30◦ N (Fig. 4f).

The different responses in atmospheric temperature to
about the same net RF of dust in FIXSST and MXLSST
can be attributed to the differences in SST responses. In
FIXSST FD, SSTs are fixed during the climate simulation;
hence the changes in latent and sensible heat fluxes be-
tween the oceans and the atmosphere are dependent on the
changes in meteorological parameters of the surface air. In
MXLSST FD, however, energy fluxes between the oceans
and the atmosphere are determined by the changes in both the
oceans and the atmosphere. As shown in Fig. 5, the pattern of
the changes in sensible heat flux in FIXSSTFD is similar to
that in MXLSSTFD. Over the oceans, while the reductions
in the upward sensible heat flux in FIXSSTFD (Fig. 5a)
result from the dust-induced increases in SAT (Fig. 4a),
the reductions in MXLSSTFD (Fig. 5c) are a result of the
changes in both SST and SAT (the reductions in SST are
larger than the reductions in SAT). The changes in latent
heat flux from the ocean to the atmosphere are dependent
on the differences between saturated humidity at the ocean
surface and surface air humidity. Over the oceans, the re-
ductions in latent heat flux in FIXSSTFD (Fig. 5b) result
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Fig. 4. Simulated dust-induced changes in annual mean surface air temperature (K, top row), annual and zonal mean air temperature (K,
second row), annual and zonal mean specific humidity (g kg−1, third row), annual mean precipitation (mm day−1, bottom row). Left panels:
Dust-induced changes in meteorological fields with fixed dust density and fixed SST (FIXSSTFD – FIXSSTCTRL). Right panels: dust-
induced changes with the mixed-layer ocean and fixed dust density (MXLSSTFD – MXLSST CTRL). The global mean values are shown
in the brackets. Differences that pass the 95 % significance level are denoted with dots.

from the dust-induced increases in SAT which allow the air
to hold more water, whereas the reductions in latent heat flux
in MXLSST FD (Fig. 5d) are mainly caused by the dust-
induced reductions in SSTs and hence in saturated humidity
at the ocean surface. For both sensible and latent heat fluxes,
the negative changes over the tropical oceans are more sig-
nificant in MXLSSTFD than in FIXSSTFD (Fig. 5). As a
result, in the case of MIXSSTFD, the atmospheric cooling
by the reduced water vapor content (Fig. 4g) and the reduced

upward sensible heat fluxes exceeds the atmospheric heating
by LW and SW effect of dust, leading to a net cooling over
the tropical oceans.

4.1.2 Hydrological cycle

As mentioned above, the dust-induced increases in air tem-
perature strengthen the capability of the atmosphere to
hold water vapor, leading to a large increase in air hu-
midity in FIXSST FD (Fig. 4c). In MXLSSTFD, air
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Fig. 5. Simulated dust-induced changes in annual mean sensible heat flux (W m-2, top 785 
row) and latent heat flux (W m-2, bottom row). Left panels: Dust-induced changes in 786 
heat fluxes with fixed dust density and fixed SST (FIXSST_FD - FIXSST_CTRL). 787 
Right panels: Dust-induced changes with the mixed-layer ocean and fixed dust density 788 
(MXLSST_FD - MXLSST_CTRL). The global mean values are shown in the 789 
brackets. Differences that pass the 95% significance level are denoted with dots. 790 
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Fig. 5. Simulated dust-induced changes in annual mean sensible heat flux (W m−2, top row) and latent heat flux (W m−2, bottom row).
Left panels: Dust-induced changes in heat fluxes with fixed dust density and fixed SST (FIXSSTFD - FIXSSTCTRL). Right panels: Dust-
induced changes with the mixed-layer ocean and fixed dust density (MXLSSTFD – MXLSST CTRL). The global mean values are shown
in the brackets. Differences that pass the 95 % significance level are denoted with dots.

humidity exhibits a widespread decrease over the tropical
oceans (Fig. 4g) because of the reductions in evaporation and
in air temperature (Fig. 4f).

The dust-induced changes in clouds are associated with
the dust-induced changes in temperature and atmospheric
circulation (Rodwell and Jung, 2008), especially on a re-
gional scale. The strong surface warming over the Sahara
Desert (0◦–30◦ E, 18◦–30◦ N) increases temperature lapse
rate and reduces atmospheric stability, leading to an in-
crease in vertical velocity (Fig. 6a). On the other hand,
the dust-induced increases in air temperature at high alti-
tudes (Fig. 4b) enhance atmospheric stability between 30◦–
45◦ N, leading to a regional anomalous subsidence (Fig. 6a).
In response to such changes in the regional Hadley circu-
lation, in the simulation of FIXSSTFD, the middle cloud
amount (MCA) shows decreases over the regions north of the
Sahara Desert (Fig. 6b), and the high cloud amount (HCA)
exhibits increases in the central Sahara Desert and the Ara-
bian Desert (Fig. 6c). The low cloud amount is predicted
to have practically no change over the northern Africa (not
shown). On a global scale, the atmospheric stability is in-
creased by the dominant warming at high levels (Fig. 4b),
resulting in annual mean decreases in MCA and HCA by
0.08 % and 0.02 %, respectively, in FIXSSTFD. In the
case of MXLSSTFD, similar changes in MCA and HCA
are found with similar changes in regional Hadley circula-
tion (Fig. 6d–f). Our model results of the regional changes in
HCA agree with those reported in Perlwitz and Miller (2010).

The changes in the amount of middle cloud (typically wa-
ter cloud) and in latent heat flux contribute to the changes
in precipitation (Figs. 4d and 4h). The pattern of dust-
induced changes in precipitation in FIXSSTFD (Fig. 4d) is
generally similar to that in MXLSSTFD (Fig. 4h), but the
simulated changes over Europe, the tropical Pacific Ocean,
and the tropical Atlantic Ocean are larger in MXLSSTFD.
Our simulated strong sensitivity of precipitation to SST re-
sponses is consistent with that found in Yang et al. (2003),
who investigated the different impacts of fixed and cal-
culated SSTs on simulated changes in precipitation under
global warming scenarios. The differences in precipitation
between FIXSSTFD and MXLSSTFD are also found over
the north of the Bay of Bengal. Large increases in pre-
cipitation are predicted over the north of the Bay of Ben-
gal in FIXSSTFD (Fig. 4d), which agree with the dust-
induced anomalous increases in rainfall in this region re-
ported by Miller and Tegen (1998) and Lau et al. (2006).
These two studies used prescribed SST but different climate
models. Over the north of the Bay of Bengal, the positive
rainfall anomalies are weakened in MXLSSTFD, because
the dust-induced increases in temperature in the middle tro-
posphere (or the “heating pump” effects proposed by Lau et
al., 2006) are smaller in MXLSSTFD than in FIXSSTFD.

It should be noted that the dust-induced changes in hydro-
logical cycle feed back into simulated changes in tempera-
ture. First, because water vapor is an important greenhouse
gas in the troposphere, the changes in air humidity have a
positive feedback on air temperature. While the simulated
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Fig. 6. Simulated dust-induced changes in annual and zonal mean vertical velocity 796 
between 60°W-60°E (hPa day-1, top row), annual mean middle cloud amount (%, 797 
middle row), and annual mean high cloud amount (%, bottom row). Left panels: 798 
Dust-induced changes in meteorological fields with fixed dust density and fixed SST 799 
(FIXSST_FD - FIXSST_CTRL). Right panels: Dust-induced changes with the 800 
mixed-layer ocean and fixed dust density (MXLSST_FD - MXLSST_CTRL). 801 
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Fig. 6. Simulated dust-induced changes in annual and zonal mean vertical velocity between 60◦ W–60◦ E (hPa day−1, top row), annual
mean middle cloud amount (%, middle row), and annual mean high cloud amount (%, bottom row). Left panels: dust-induced changes in
meteorological fields with fixed dust density and fixed SST (FIXSSTFD – FIXSSTCTRL). Right panels: dust-induced changes with the
mixed-layer ocean and fixed dust density (MXLSSTFD – MXLSST CTRL).

increases in air humidity contribute to the simulated dust-
induced atmospheric warming in FIXSSTFD (Fig. 4b and
c), the reductions in air humidity enhance the atmospheric
cooling in MXLSSTFD (Fig. 4f and g). Second, the changes
in clouds contribute to the temperature responses regionally.
In both FIXSSTFD and MXLSSTFD, the dust-induced de-
creases in MCA over Asia enhance the surface warming in
that region (Fig. 4a and e). Such semi-direct effect of aerosol
increases the complexity of climate responses to aerosol forc-
ing (Gu et al., 2006).

4.2 Climate responses with two-way
dust-climate coupling

4.2.1 Temperature

With the two-way dust-climate coupling, the impact of SST
responses on simulated climatic effect of dust can be ex-
amined by comparing the differences between (FIXSSTCD
– FIXSSTCTRL) (Fig. 7a–d) and (MXLSSTCD –

Table 3. Simulated dust-induced global mean changes in SAT in
different seasons. Units: K.

Experiments MAM JJA SON DJF

FIXSST FD 0.01 0.04 0.01 0.00
FIXSST CD 0.02 0.04 0.01 0.00
MXLSST FD −0.03 −0.02 −0.03 −0.05
MXLSST CD −0.08 −0.07 −0.09 −0.11

MXLSST CTRL) (Fig. 7e–h). The dust-induced changes
in SAT in FIXSSTCD (Fig. 7a) are similar to those in
FIXSST FD (Fig. 4a), with a global and annual mean
change of +0.02 K. The simulated SAT responses to
dust RF in MXLSSTCD (Fig. 7e) differ from those in
FIXSST CD (Fig. 7a). Experiment MXLSSTCD predicts
a general surface cooling of 0.15–0.30 K over the tropical
oceans (Fig. 7e) and a zonal mean cooling extending from the
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Fig. 7. Same as Fig. 4 but for dust-induced changes in meteorological fields with 806 
fixed SST and dust-climate coupling (FIXSST_CD - FIXSST_CTRL, left panels) and 807 
with the mixed-layer ocean and dust-climate coupling (MXLSST_CD - 808 
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Fig. 7. Same as Fig. 4 but for dust-induced changes in meteorological fields with fixed SST and dust-climate coupling (FIXSSTCD –
FIXSST CTRL, left panels) and with the mixed-layer ocean and dust-climate coupling (MXLSSTCD – MXLSST CTRL, right panels).

surface to the upper troposphere over 90◦ S–30◦ N (Fig. 7f).
On an annual and global mean basis, the dust-induced change
in SAT is a cooling of 0.09 K in MXLSSTCD. Compared
to simulations FIXSSTFD, MXLSST FD, and FIXSSTCD,
the strongest cooling for each season (Table 3) is obtained in
MXLSST CD because of the dust cycle-climate interactions.

4.2.2 Hydrological cycle

The pattern of simulated changes in precipitation in
FIXSST CD is similar to that in MXLSSTCD. However,
simulated reductions in precipitation over the tropical At-

lantic Ocean are larger in MXLSSTCD (Fig. 7h) than in
FIXSST CD (Fig. 7d), because of the reductions in evap-
oration (not shown) and the reduced water vapor con-
tent (Fig. 7g) in MXLSSTCD. Again, the reductions in
evaporation (or latent heat flux) in MXLSSTCD are mainly
caused by the dust-induced reductions in SSTs as discussed
in Sect. 4.1.1. The zonal mean specific humidity exhibits re-
ductions over 60◦ S–15◦ N in MXLSST CD (Fig. 7g), corre-
sponding to the dust-induced reductions in SST and air tem-
perature (Fig. 7f).
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Table 4. Simulated percentage changes in annual and global
mean dust burden in each size bin with FIXSST ((FIXSSTCD-
FIXSST CTRL)/FIXSSTCTRL) and MXLSST ((MXLSSTCD-
MXLSST CTRL)/MXLSST CTRL).

FIXSST MXLSST

0.1–1.0 µm +14.5 % +16.8 %
1.0–2.0 µm +12.2 % +14.4 %
2.0–5.0 µm +8.9 % +10.9 %
5.0–10.0 µm +1.6 % +3.0 %
1.0–10.0 µm +10.4 % +12.0 %

4.2.3 The dust cycle-climate feedbacks in FIXSSTCD
and MXLSST CD

The role of SST responses has been shown to be impor-
tant aforementioned. It is also found that the role of
SST responses is enhanced with dust cycle-climate inter-
actions. The reason for the strongest cooling in SAT and
air temperature in MXLSSTCD is that the dust-induced
changes in meteorological fields can feed back into simu-
lated dust cycle and then influence the simulated ultimate
dust burden and climate. Table 2 presents the simulated
dust budget in MXLSSTCTRL and MXLSSTCD. Rela-
tive to MXLSST CTRL, MXLSST CD simulates a 2.4 %
lower global dust emission, because the dust-induced cool-
ing in Central Africa (Fig. 7e) leads to a decrease in sat-
uration specific humidity and hence an increase in surface-
layer relative humidity (not shown), which consequently re-
duces dust mobilization based on the dust generation func-
tion in Yue et al. (2009). However, simulated global dust
burden exhibits an increase of 12.0 % in MXLSSTCD rela-
tive to MXLSST CTRL, as a result of the simulated reduc-
tions in precipitation (Fig. 7h). Because wet deposition is the
only efficient way to remove small particles from the atmo-
sphere, the dust-induced reductions in precipitation increase
the burden of small particles (particles with radii<1.0 µm)
by 16.8 % in MXLSSTCD relative to MXLSSTCTRL (Ta-
ble 4). Dust particles in the size bin of 0.1–1.0 µm have a
net negative global mean forcing at TOA, whereas particles
in each of larger size bins exert a net positive global mean
TOA forcing (Yue et al., 2010). As a result, the increase
in the burden of small particles by dust cycle-climate cou-
pling contributes to the stronger global mean surface cool-
ing in MXLSST CD (Fig. 7e). Over the tropical oceans, the
strong cooling in MXLSSTCD can also be explained by the
positive feedback initialized by dust-induced cooling of SST.
Dust-induced reductions in SST lead to reductions in evapo-
ration and precipitation over the oceans, which increase col-
umn burdens of small dust particles and further reduce SSTs.

Relative to FIXSSTCTRL, the coupled dust-climate sim-
ulation FIXSSTCD also obtains an increase of 10.4 % in to-
tal dust burden (Table 4), as a result of the dust-induced re-
ductions in precipitation (Fig. 7d). However, without the pos-
itive feedback of “dust RF→SST response→climate→dust
cycle”, this increase in dust mass does not cause as strong
cooling in FIXSSTCD as in MXLSSTCD.

The feedbacks in FIXSSTCD are summarized in Fig. 8a.
The upward (or downward) arrow indicates an increase (or
decrease) of a variable on a global scale. The atmospheric
temperatures exhibit a widespread warming because of the
net absorption by dust. Since SSTs are fixed in this experi-
ment, the SAT is slightly increased by dust-induced absorp-
tion. The atmospheric warming increases the capability of
atmosphere to hold water vapor and enhances atmospheric
stability, leading to decreases in precipitation and MCA but
increases in specific humidity. Since water vapor is a green-
house gas in troposphere, the increases in water vapor con-
tent further contribute to the increases in air temperature.

The feedbacks in simulation MXLSSTCD are summa-
rized in Fig. 8b. With MXLSST, SSTs decrease in response
to the net negative dust RF at the surface, leading to reduc-
tions in upward latent heat flux by decreasing the saturated
humidity at the ocean surface. Consequently, SAT, water va-
por content and precipitation show decreases in the exper-
iment. The upward sensible heat flux is also reduced as a
result of the changes in both SST and SAT (the reductions in
SST are larger than the reductions in SAT). In the lower and
middle troposphere, the reductions in both latent and sensi-
ble heat fluxes from the ocean surface contribute to the strong
atmospheric cooling over the tropical oceans. In the upper
troposphere, the SW and LW absorption by dust plays the
dominant role, resulting in a warming around 300 hPa. Such
changes in air temperature increase the atmospheric stabil-
ity. As a result, MCA and precipitation are reduced and dust
burden is increased, leading to enhanced dust cycle-climate
feedbacks.

5 Conclusions and discussions

The role of dust-induced SST responses in simulations of
the climatic effect of dust is investigated by using a GCM
coupled with a mixed layer ocean model. With the pre-
scribed dust concentrations, the net radiative effect of dust
is simulated to lead to similar responses in SAT over Africa
with either FIXSST or MXLSST, with a maximum warm-
ing of 0.3–0.7 K in northern Africa and a cooling of about
0.5 K in central Africa. The simulated dust-induced changes
in SAT over the tropical oceans with FIXSST differ from
those with MXLSST; positive changes are simulated with
FIXSST, while large areas of cooling are simulated with
MXLSST. The annual and global mean SAT is simulated to
increase by 0.02 K with FIXSST but to decrease by 0.03 K
with MXLSST.
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The role of SST responses is enhanced when dust-climate
interactions are included in climate simulations. With the
two-way dust-climate coupling and the simulated SST, the
radiative effect of dust leads to a strong annual and global
mean cooling of 0.09 K at the surface. This cooling can
be explained by the positive feedback between dust RF and
SST responses. Dust RF leads to reduced SST, evaporation,
and precipitation over the oceans, which increases the bur-
den of small dust particles and further reduces SST (Fig. 8b).
Experiments without such feedback by using prescribed
SST and/or prescribed dust concentrations (FIXSSTFD,
FIXSST CD, and MXLSSTFD) predict, on an annual and
global mean basis, a warming or a weak cooling at the sur-
face or in the atmosphere as a result of dust RF.

Simulated air temperatures are also different between sim-
ulations with prescribed SST and calculated SST. In the up-
per troposphere, dust-induced changes in zonal mean air
temperature are generally positive in simulations with ei-
ther FIXSST or MXLSST. However, in the lower and mid-
dle troposphere, a columnar cooling over the tropical oceans
is simulated with MXLSST. Although both simulations with
prescribed SST and calculated SST predict decreases in pre-
cipitation in response to dust RF, the reduction in rainfall is
larger over the tropical Atlantic Ocean in simulations with
SST responses.

Our model results indicate that using a prescribed SST is
not an adequate approach to study the climate response to
dust radiative forcing and the feedbacks. Our conclusions are
consistent with the findings in Yang et al. (2003), who carried
out two sensitivity experiments to investigate the role of SST
responses in simulating CO2-induced climate change. Yang
et al. (2003) found in one sensitivity experiment that sim-
ulations with fixed SSTs predict a decrease in precipitation
when atmospheric CO2 concentration is doubled, because of
the limited evaporation from the oceans and the increased air
stability induced by CO2 absorption in the atmosphere. This

impact of fixed SSTs on precipitation is similar to that found
out in FIXSST experiments, although we are examining ra-
diative effect of dust instead of the radiative effect of CO2.
Yang et al. (2003) found in another sensitivity experiment
that both air temperature and precipitation decrease when the
SSTs are reduced by 1◦C globally, which agree qualitatively
with our model results in MXLSST experiments. Besides
some common features in Yang et al. (2003) and this work,
we found in this study the role of SST responses is enhanced
with the two-way coupling between dust-cycle and climate.

It should be noted that in our study the dust-induced de-
creases in SST are predicted to be 0.15–0.3 K over the At-
lantic in MXLSST CD (Fig. 7e), which are lower than the
decreases of 0.2–0.5 K predicted by Mahowald et al. (2006)
and Evan et al. (2008) over the same domains. This indi-
cates that SST responses may play a more important role in
simulation of dust-climate interactions than that found in this
work.

Finally, there are some uncertainties in our simulations: (1)
The imaginary part of the refractive index of dust utilized
in this study may be larger than that inferred from observa-
tions (e.g. Kaufman et al., 2001). While the simulated SSA
in our study is 0.94 at 0.63 µm on a global mean basis, Kauf-
man et al. (2001) found that the SSA of the Saharan dust at
0.64 µm is about 0.97 based on satellite and ground-based
measurements. (2) Our simulations are carried out based on
a mixed layer ocean model, which simplifies the heat flux
exchange between atmosphere and ocean and omits the pos-
sible impacts of dust RF on the ocean circulation. A more
comprehensive investigation of the SST feedback should be
conducted by using climate models coupled with dynami-
cal ocean components. (3) The indirect effect of dust aerosol
is not considered in this work. Observations have shown
that mineral dust can interact with cloud water droplets and
influence the formation, lifetime, and optical properties of
clouds (Sassen, 2002; Lohmann and Diehl, 2006; Huang et
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al., 2006a), leading to changes in cloud RF and precipita-
tion (Huang et al., 2006b; Wang et al., 2010). Further con-
sideration of dust indirect is the subject of our future study.
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