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Abstract. Mineral dust aerosol can be transported overdust) and hence increase the global burden of small dust par-
the nearby oceans and influence the energy balance at thiles. These small particles have strong scattering effects,
sea surface. The role of dust-induced sea surface temperahich enhance the dust cooling at the surface and further
ture (SST) responses in simulations of the climatic effect ofreduce SSTs.

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; |ntroduction

effects of mineral dust aerosol are considered in climate sim-

ulations. The SST responses are found to be very influentiaMineral dust aerosol is one of the major aerosol species in the
on simulated dust-induced climate change, especially whemtmosphere. While dust aerosol influences the Earth’s energy
climate simulations consider the two-way dust-climate cou-palance through scattering and absorbing shortwave (SW)
pling to account for the feedbacks. With prescribed SSTsand longwave (LW) radiation (Carlson and Benjamin, 1980;
and dust concentrations, we obtain an increase of 0.02K irsokolik and Toon, 1996), dust-induced changes in meteo-
the global and annual mean surface air temperature (SAT) imological parameters can feed back into dust cycle by alter-
response to dust radiative effects. In contrast, when SSTig emissions, transport, and deposition of dust (Miller et
are allowed to respond to radiative forcing of dust in the al., 2004a; Heinold et al., 2007). Such dust-climate inter-
presence of the dust cycle-climate interactions, we obtain actions have been found to be important for simulations of
global and annual mean cooling of 0.09K in SAT by dust. dust-induced climate change (Yue et al., 2010).

The extra cooling simulated with the SST responses can When mineral particles are transported over the nearby
be attributed to the following two factors: (1) The negative oceans, they can influence the energy balance at the sea sur-
net (shortwave plus longwave) radiative forcing of dust at theface. Observational studies have shown that changes in dust
surface reduces SST, which decreases latent heat fluxes agdncentrations correlate with those in sea surface tempera-
upward transport of water vapor, resulting in less warmingture (SST). Lau and Kim (2007) found a significant nega-

in the atmosphere; (2) The positive feedback between SSTive correlation between the in situ measured dust concen-
responses and dust cycle. The dust-induced reductions itrations in Barbados and SSTs over the Atlantic for the pe-
SST lead to reductions in precipitation (or wet deposition of riod of 1980-1999. Foltz and Mcphaden (2008), based on
the measurements from the Moderate Resolution Imaging
Spectroradiometer (MODIS), reported a significant decreas-
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Table 1. Simulations of climatic effect of dust in previous studies. tions with and With,OUt SST responses. Miller et al. (20(,)4b)
reported that dust-induced SST responses have a large impact

References SSTresponses  Ondine dust _global O evaporation at thg surfage and con;equently on dust emis-
simulation sions over the Arabian Peninsula during the Asian summer
Miller et al. (2004a) ves (SW+LW) yes ves monsoon using a general circulation model (GCM). No pre-
Mahowald et al. (2006) yes (SW+LW)  yes yes vious studies, to our knowledge, have investigated the role of
Miller et al. (2004b) yes (SW+LW)  yes no dust-induced SST responses in simulated climatic effect of
Yoshioka et al. (2007) yes (SW +LW) yes no : ~ _nli f ;
Miller and Tegen (1998) yes (SW+LW) o yes dust with the two-way dust cycle-climate |nt§ract|ons.
Shell and Somerville (2007)  yes (SW+LW)  no ves We seek to understand the role of dust-induced SST re-
Perlwitz and Miller (2010)  yes (SW+LW)  no yes sponses in simulation of the climatic effect of dust using a
Evan etal. (2008) yes (SW) no no GCM with/without the two-way dust-climate coupling, fo-
Perlwitz et al. (2001) no (SW+ LW) yes yes . he diff . . | dd ind d ch
Heinold et al. (2007) o (SW+LW)  yes no cusing on the differences in simulated dust-induced changes
Ahn et al. (2007) no (SW) yes no in temperature and precipitation in the presence and absence
Helmert et al. (2007) no (SW+LW)  yes no of SST responses. The two-way dust-climate coupling is
Konare et al. (2008) no (SW) yes no emphasized here because the feedbacks among dust-climate-
Solmon et al. (2008) no (SW+LW) yes no . .
Zhang et al. (2009) no (SW+LW)  ves no SST are the keys fqr understaqdlng model results. This study
Lau et al. (2006) no (SW+LW)  no no builds on our previous work, in which a Global Transport
Collier and Zhang (2009) no (SW) no no 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
that this trend was correlated with the increases in SST ovegg are shown in Sect. 3. The simulated climatic effects are

the same region in the same time pgriod. Sim_ilarly, Luo presented and discussed in Sect. 4.

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—>  The model and numerical experiments

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-2.1  The models

gional variation of aerosols can account for 69 % of the re-

cent upward trend in SST over the northern tropical Atlantic The climate model IAP9L-AGCM has a horizontal resolu-

Ocean. Avellaneda et al. (2010) analyzed the retrievals otjon of 4°x5° with nine vertical levels up to 10 hPa (Zeng et

AOD from MODIS and of SST from the Tropical Rainfall al., 1989; Zhang, 1990; Liang, 1996). It is coupled with a

Measuring Mission (TRMM) satellite, and found a decreasemixed-layer ocean model from Hansen et al. (1984) and uti-

of 0.2-0.4K in SST over the eastern subtropical North At- |izes an annual mean mixed-layer depth derived from Levi-

lantic shortly after the outbreak of a strong dust storm in thetus et al. (2000). The GCM has been used in simulations of

Sahara Desert. These studies underscore the importance gfobal monsoon systems (Chidiezie et al., 1997; Xue et al.,

considering SST responses in simulations of the climatic ef2001), interannual and decadal climatic dynamics (Mu and

fect of dust. Li, 1999; Zhu et al., 2010), and paleoclimate (Jiang et al.,
Previous global or regional modeling studies on the cli- 2003; Zhang et al., 2007; Yue et al., 2011).

matic effect of dust, as summarized in Table 1, include cli- The dust model GMOD was integrated into the GCM

mate simulations with fixed SSTs (Perlwitz et al., 2001; Lauto simulate the global transport of dust aerosol in Yue et

et al., 2006; Ahn et al., 2007; Heinold et al., 2007; Helmertal. (2009). The GMOD simulates four dust bins with dry

etal., 2007; Konare et al., 2008; Solmon et al., 2008; Collierradii covering 0.1-1.0, 1.0-2.0, 2.0-5.0, and 5.0-10.0 um.

and Zhang, 2009; Zhang et al., 2009) and those that considFhe dust emission scheme follows that in Wang et al. (2000),

ered the SST responses to radiative forcing (RF) of dust usingvith dust uplift flux calculated as a function of meteorolog-

a mixed-layer or a dynamic ocean model (Miller and Tegen,ical parameters such as friction velocity and relative humid-

1998; Miller et al., 2004a,b; Mahowald et al., 2006; Shell andity (RH) of the air near surface. The dependence of dust

Somerville, 2007; Yoshioka et al., 2007; Evan et al., 2008;emission on RH is a unique feature of the GMOD (Yue et al.,

Perlwitz and Miller, 2010). Among the seven studies with 2010). Dust sources are determined by land surface types in

SST responses, Miller and Tegen (1998) examined the roléhe GCM; deserts, scrubland, and short grassland are allowed

of SST responses in simulated dust-induced climate changt® have dust emissions.

using prescribed dust concentrations and found moderate dif- We further updated the radiative scheme in IAP9L-AGCM

ferences in simulated climatic effect of dust between simula-to consider the radiative effects of dust aerosol (Yue and

* SW + LW means the study considers both SW and LW RF of dust.
**SW means the study considers only SW RF of dust.
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Wang, 2009; Yue et al., 2010). The scheme utilizes
the §-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

} 20 . . considering FIXSST_FD MXLSST_FD Whether
exponential transmission approximation (Carlson and Ben- | ™™™ (dust & climate) (dust B climate) on-line
. . . . N Yes one - Taken fi <t cone.: Taker No simulatin,
jamin, 1980) to c.ons_|der the impact of dust on the atmo- v ”"”“”""'Tr“lkxl"-sf}ﬁ"ém ”""‘““‘--Trjﬁ(“;;;i“(‘m ;{ustiy‘dj
spheric transmission in the LW region (Yue et al., 2010). The | ™ DustRF: - Allowed to foodback | DustRF: Allowed to foedback

refractive indices of dust follow those in Woodward (2001), FIXSST_CD MXLSST_CD

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.

6051

Whether

No

FIXSST_CTRL
(dust « climate)
Dust conc.: Simulated on-line

Dust RF:  Not allowed to
feedback into GCM
climate

MXLSST_CTRL
(dust « climate)
Dust conc.: Simulated on-line

Dust RF:  Not allowed to
feedback into GCM
climate

(dust <P climate)
Dust conc.: Simulated on-line

Dust RF:  Allowed to feedback
into GCM climate

(dust < climate)
Dust conc.: Simulated on-line

Dust RF:  Allowed to feedback
into GCM climate

No

Yes

‘Whether considering SST responses?

2.2 Numerical experiments

Fig. 1. Summary of 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 respectively, with the first 5 model years used as spin-up.
monthly SSTs (denoted as FIXSST) during the simulation.The ensemble runs for MXLSSTTRL, MXLSST._FD, and
These experiments lack a surface energy constraint, henddXLSST_CD are integrated for 50 years, respectively, with
the surface forcing by dust is nearly uncompensated by thehe first 20 model years used as the spin-up period. Such
surface energy exchanges, and the sensible and latent heapproach of having different years of integration for sim-
fluxes vary following the changes in air temperature, wind ulations with/without SST responses was also used in the
speed, and air humidity. In the other group of simulations,study of Miller and Tegen (1998). In the following dis-
the SSTs are allowed to respond to the energy exchanges atissions, we rule out the spin-up period for each run to
the surface by using a mixed-layer ocean model (denoted asnalyze the equilibrium climate responses to the dust ra-
MXLSST). In each group, three separate sensitivity experi-diative effects. The Student-t test is used to examine the
ments are carried out to further explore the impact of SST ressignificance level of the differences between different ex-
sponses with or without the interactions between dust cyclgeriments. In reference to seasonality, four boreal sea-
and climate (Fig. 1): (1) The control (CTRL) experiment that sons from spring to winter are denoted as MAM (March—
simulates both dust cycle and climate, with dust radiative ef-May), JJA (June-August), SON (September—November),
fects not allowed to feed back into the GCM climate, (2) the and DJF (December—February).
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 coupled3 Simulated dust cycle and radiative forcing
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 climatidOn a global scale, experiment FIXSEITRL predicts an an-
effects of dust with prescribed concentrations, and the differnual dust emission of 2005 trillion gram (Tg, 1 Tg ='£@)
ences between CD and CTRL represent climate responses for four dust bins, in which 1354 Tg is dry deposited and
RF of the interactive dust. With the two groups of simula- 650 Tg is wet deposited (Table 2). The simulated annual
tions, we can examine (FD — CTRL) and (CD — CTRL) with mean dust burden of 28.8 Tg is within the range of 12.1—
or without SST responses. 35.8 Tg estimated by previous studies (e.g., Ginoux et al.,

To reduce the model sensitivity to initial conditions, each 2001; Zender et al., 2003; Liao et al., 2004; Reddy et al.,
experiment in either FIXSST or MXLSST group is an en- 2005). The average lifetime of dust particles is simulated to
semble of three climate simulations; the ensemble meanbe 5.2 days; small particles (radins< 1.0 um) can stay in
of the simulated climatology of dust cycle and meteoro-the atmosphere for about 21 days, while large particles (ra-
logical parameters are presented. While the simulated andius r > 5.0 um) are removed from the atmosphere within
nual and global mean surface air temperature (SAT) reachegbout 1 day (Yue et al., 2009).
equilibrium very fast for each run in FIXSST group, the  Simulated column burdens of dust in FIXSEITTRL are
slow responses of the oceans lead to a longer time for clishown in Fig. 2. Dust aerosol has high concentrations over
mate to reach equilibrium in the MXLSST group of simu- source regions, such as the Sahara Desert, Central Asia, and
lations. As a result, the ensemble runs for FIXSSTRL, the Australian deserts. Vertically, dust particles of differ-
FIXSSTFD, and FIXSSTCD are integrated for 25 years, ent size extend to different heights (Fig. 3). The smallest

3.1 Dustcycle
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Table 2. Simulated dust climatology in different numerical experiments

Dry Wet
Experiments Uplift deposition  deposition Burden Lifetime
(Tgyrh  (Tgyr™h  (Tgyrh  (Tg) (days)
FIXSST.CTRL 2005t+45 1354+30 650+15 28.8£0.9 5.2+0.1
FIXSST.CD 1931+47 1301£32 629+16 31.8+11 6.0£0.1

MXLSST.CTRL 1915476 1290+£51 625+25 274+13 5.2+0.1
MXLSST_CD 1869+ 72 1259+49 610+24 30.7£15 6.0£0.1

* Results are shown asto, wherex ando are, respectively, the mean value and the standard deviation in 20 years of FIXSST experiments and 30 years of MXLSST simulations.

trations from FIXSSTCTRL. Since the estimated RF val-

SN ! ues have been presented in detail in Yue et al. (2010), we
60N 77 summarize our RF values here for understanding the sim-
30N - ulated climate responses to dust RF. The simulated sin-
EQ - gle scattering albedo (SSA) of the dust particles is 0.94
- at 0.63pum on a global mean basis, using the imaginary
3081 parts of the refractive indices of dust compiled by Wood-
60S 4 ward (2001). As a result, dust aerosol is estimated to ex-
ert global and annual mean SW and LW RFs of, respec-
O T 120w 0w 5 6OE  120E 180 tively, —0.34 W nt2and +0.31 W m?at the top of the at-
mosphere (TOA) and-2.20 W m2 and +0.70 W m? at the
50 100 150 200 300 400 500 650 800 surface. The net (SW+LW) TOA RFs are positive over the

Sahara Desert (c.f. Fig. 2e in Yue et al., 2010), because of

Fig. 2. Annual mean column burden of dust aerosol simulatedthe LW absorption by large dust particles and the SW ab-

in the control experiment with fixed SST (FIXSSITRL). Unit: ~ Sorption over high-albedo surface (Yue et al., 2010). The net
mgm 2. 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
particles can reach stratosphere and travel far away from thenaximum cooling of 15.0 W m? over the Sahara Desert (c.f.
source regions (Fig. 3a). The largest particles are constrainellig. 2f in Yue et al., 2010). The RF values at both the TOA
at the low levels near the sources because of their large gravand surface were compared with estimates in other models in
itational settling velocity (Fig. 3d). The simulated vertical Yue et al. (2010).
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). 4 Impact of SST responses on simulated climatic
The simulated dust cycle in FIXSSTTRL has been eval- effect of dust
uated by comparing with measurements in Yue et al. (2009).
The GCM reproduces reasonably well the dust concentraln this section, the impacts of dust-induced SST responses
tions at 18 sites (mean bias (MB) 0.67 ugnt3, normal-  on simulated climatic effect of dust are presented firstly for
ized mean bias (NMB) of-8.0 %), aerosol optical depth at simulations with prescribed dust concentrations and then for
16 sites (MB 0f—0.04, NMB of —26.7 %), and deposition of those with interactive dust. The feedbacks with/without dust-
dust at 251 sites with a logarithmic correlation coefficient of climate coupling will be summarized and discussed at the
0.84 between the simulated and measured values. The singnd of this section.
ulated annual and global mean dust optical depth at 0.55 um
is 0.032, which is close to the values of 0.030 by Tegen and?.1  Climate responses with prescribed
Lacis (1996) and 0.037 by Liao et al. (2004). dust concentrations

3.2 Radiative forcing of dust 4.1.1 Temperature

The SW and LW RFs of dust aerosol are calculated of-The impact of SST responses on simulated SAT is examined
fline using the “double radiation call” method following by comparing the differences between (FIXSBD
Woodward (2001), based on the simulated dust concen— FIXSST.CTRL) (Fig. 4a) and (MXLSSTFD -

Atmos. Chem. Phys., 11, 6048862 2011 www.atmos-chem-phys.net/11/6049/2011/
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(a) Dust (r: 0.1 -1.0 um) (b) Dust (r: 1.0 - 2.0 um)
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(c) Dust (r: 2.0 - 5.0 um) (d) Dust (r: 5.0 - 10.0 um)
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Fig. 3. Annual zonal mean concentrations of dust with radiugaat0.1-1.0 um,(b) 1.0-2.0 um,(c) 2.0-5.0 um, andd) 5.0-10.0 um
simulated in the control experiment with fixed SST (FIXSSTRL). Unit: pug dust per Kg air.

MXLSST_CTRL) (Fig. 4e), which represent the simu- The simulated atmospheric temperatures also show dif-
lated responses in SAT to the net RF of prescribed dusferent responses to the net RF of prescribed dust, as the
with FIXSST and MXLSST, respectively. Over Africa, case with FIXSST is compared to that with MXLSST. In
the pattern of dust-induced changes in SAT with FIXSST FIXSST_FD, dust aerosol leads to a general warming in the
is similar to that simulated with MXLSST. A maximum middle-upper troposphere (Fig. 4b), similar to the result of
warming of 0.3-0.7 K is found over northern Africa (\y— Carlson and Benjamin (1980) that was also simulated with
30°E, 15-3C¢° N) in both cases, which can be explained prescribed SSTs. In MXLSSFD, dust-induced warming

by the SW absorption of dust over high-albedo surfaceis weakened in the middle-upper troposphere and a cooling
and LW absorption by large dust particles over this areais simulated to stretch from the surface to the middle tropo-
Our simulated warming in northern Africa agrees with the sphere over 90S-30 N (Fig. 4f).

simulations by Carlson and Benjamin (1980) and Weaver et The different responses in atmospheric temperature to

al. (2002). , . , about the same net RF of dust in FIXSST and MXLSST
Over the tropical oceans, simulated dust-induced Ch"’mgeéan be attributed to the differences in SST responses. In

in SAT with FIXSST are quite different from those with |y gqTFp, SSTs are fixed during the climate simulation:
MXLSST. With FIXSST, SAT responses are positive OVer pance the changes in latent and sensible heat fluxes be-

the Atlantic and the Indian Ocean (Fig. 4a) where dust Paween the oceans and the atmosphere are dependent on the

ticle; transported.from the Sahgra Desc_art and the Arabiar&hanges in meteorological parameters of the surface air. In
Peninsula have high concentrations. With MXLSST, how- MXLSST FD, however, energy fluxes between the oceans

ever, SSTs respond to negative dust RF at the surface, Ieadir}:gnd the atmosphere are determined by the changes in both the

to statistically significant negative SAT responses of abo“toceans and the atmosphere. As shown in Fig. 5, the pattern of
—0.1K over the tropical oceans (Fig. 4e). On a global and

) i the changes in sensible heat flux in FIXSED is similar to
annual mean basis, the net RF of prescribed dust leads tf,. in Mx_SSTFD. Over the oceans, while the reductions

a warmipg of 0.02K in SAT with FIXSST but a cooling of i, e upward sensible heat flux in FIXS$D (Fig. 5a)
O'OT‘J’K_W'th MXLSST. The s_easonal responses in SAT 1o dustas 1t from the dust-induced increases in SAT (Fig. 4a),
radiative effect are shown in Table 3. In all seasons, dusty, o reductions in MXLSSTED (Fig. 5¢) are a result of the

induced Cha’.“?’es. in ,SAT are negati\(e with SST reSPONS€Ehanges in both SST and SAT (the reductions in SST are
whereas posmve_ in simulations with fixed SST, wh|ch agreeIarger than the reductions in SAT). The changes in latent
with our conclusions based on annual mean SAT. With SST, .2 flux from the ocean to the atmosphere are dependent

responses, the dust-induced cooling are stronger in SON angn the differences between saturated humidity at the ocean
DJF than in MAM. surface and surface air humidity. Over the oceans, the re-

ductions in latent heat flux in FIXSSKFD (Fig. 5b) result

www.atmos-chem-phys.net/11/6049/2011/ Atmos. Chem. Phys., 11, 60492011
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(a) ASAT FIXSST_FD (0.02) (e) ASAT MXLSST_FD (-0.03)
90N — - 0.30
N IS o sl 0.15
30N 0.02
EQm -0.02
308 A
-0.15
60S o e im:
90S . . . : : | — : = . . 030
180  120W 60W 0 60E 120E 180 180 120W 60W O 60E  120E 180
o (b) AT FIXSST_FD (0.09) () AT MXLSST_FD (0.02)
103 E S — 0.30
200 A 0.15
300 A
400 1 0.02
500 A
600 1 -0.02
700 1 -0.15
800 1
900 A ' ' _al -0.30
90S 60S 30S EQ 30N 60N 90N 90S 60S 30S EQ 30N 60N 90N
HPa (c) AQ FIXSST_FD (0.017) () AQ MXLSST_FD (-0.002)
100 - 0.05
200 A 0.02
300
400 A 0.01
500 A
600 A -0.01
700 A . -0.02
800 1
900 A -0.05
90S 60S 30S EQ 30N 60N 90N 90S 60S 30S EQ 30N 60N 90N
(h) APrec MXLSST_FD (-0.02)
i - 0.20
= ; ﬁv i 0.10
\ 0.05
-0.05
-0.10
........... -0.20
90S

180 120W  60W 0 60E 120E 180 180 120W 60W 0 60E 120E 180

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 (gkthird row), annual mean precipitation (mm day bottom row). Left panels:
Dust-induced changes in meteorological fields with fixed dust density and fixed SST (FIRBSTFIXSSTCTRL). Right panels: dust-

induced changes with the mixed-layer ocean and fixed dust density (MXIEEST 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 upward sensible heat fluxes exceeds the atmospheric heating

to hold more water, whereas the reductions in latent heat flusby LW and SW effect of dust, leading to a net cooling over

in MXLSST_FD (Fig. 5d) are mainly caused by the dust- the tropical oceans.

induced reductions in SSTs and hence in saturated humidity

at the ocean surface. For both sensible and latent heat fluxed4,1.2 Hydrological cycle

the negative changes over the tropical oceans are more sig-

nificant in MXLSST.FD than in FIXSSTFD (Fig. 5). Asa  As mentioned above, the dust-induced increases in air tem-

result, in the case of MIXSSFD, the atmospheric cooling perature strengthen the capability of the atmosphere to

by the reduced water vapor content (Fig. 4g) and the reducetiold water vapor, leading to a large increase in air hu-
midity in FIXSSTFD (Fig. 4c). In MXLSSTFD, air

Atmos. Chem. Phys., 11, 6048862 2011 www.atmos-chem-phys.net/11/6049/2011/
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(a) ASH FIXSST_FD (-0.64)
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60N - F "3 T G 2.0
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sos .
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Fig. 5. Simulated dust-induced changes in annual mean sensible heat flux fMap row) and latent heat flux (Wn?, bottom row).
Left panels: Dust-induced changes in heat fluxes with fixed dust density and fixed SST (EBLSSHIXSST.CTRL). Right panels: Dust-
induced changes with the mixed-layer ocean and fixed dust density (MXIEEST 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 The changes in the amount of middle cloud (typically wa-
oceans (Fig. 4g) because of the reductions in evaporation anigr cloud) and in latent heat flux contribute to the changes
in air temperature (Fig. 4f). in precipitation (Figs. 4d and 4h). The pattern of dust-
The dust-induced changes in clouds are associated witinduced changes in precipitation in FIXS$D (Fig. 4d) is
the dust-induced changes in temperature and atmospherigenerally similar to that in MXLSSFD (Fig. 4h), but the
circulation (Rodwell and Jung, 2008), especially on a re-simulated changes over Europe, the tropical Pacific Ocean,
gional scale. The strong surface warming over the Saharand the tropical Atlantic Ocean are larger in MXLSED.
Desert (0-3C¢° E, 18-30 N) increases temperature lapse Our simulated strong sensitivity of precipitation to SST re-
rate and reduces atmospheric stability, leading to an insponses is consistent with that found in Yang et al. (2003),
crease in vertical velocity (Fig. 6a). On the other hand,who investigated the different impacts of fixed and cal-
the dust-induced increases in air temperature at high alticulated SSTs on simulated changes in precipitation under
tudes (Fig. 4b) enhance atmospheric stability betweér 30 global warming scenarios. The differences in precipitation
45° N, leading to a regional anomalous subsidence (Fig. 6a)between FIXSSTFD and MXLSSTFD are also found over
In response to such changes in the regional Hadley circuthe north of the Bay of Bengal. Large increases in pre-
lation, in the simulation of FIXSSFD, the middle cloud cipitation are predicted over the north of the Bay of Ben-
amount (MCA) shows decreases over the regions north of thgal in FIXSSTFD (Fig. 4d), which agree with the dust-
Sahara Desert (Fig. 6b), and the high cloud amount (HCA)induced anomalous increases in rainfall in this region re-
exhibits increases in the central Sahara Desert and the Argeorted by Miller and Tegen (1998) and Lau et al. (2006).
bian Desert (Fig. 6¢). The low cloud amount is predicted These two studies used prescribed SST but different climate
to have practically no change over the northern Africa (notmodels. Over the north of the Bay of Bengal, the positive
shown). On a global scale, the atmospheric stability is in-rainfall anomalies are weakened in MXLS$D, because
creased by the dominant warming at high levels (Fig. 4b),the dust-induced increases in temperature in the middle tro-
resulting in annual mean decreases in MCA and HCA byposphere (or the “heating pump” effects proposed by Lau et
0.08% and 0.02%, respectively, in FIXSED. In the al., 2006) are smaller in MXLSSFD than in FIXSSTFD.
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).

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 betvié&re® E (hPa day?, 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 (FIX$FBI— FIXSSTCTRL). Right panels: dust-induced changes with the
mixed-layer ocean and fixed dust density (MXLSBED — MXLSST.CTRL).

?ncreases in air humidity C(_)ntri_bute to the simulated dust-raple 3. Simulated dust-induced global mean changes in SAT in
induced atmospheric warming in FIXS3D (Fig. 4b and  jiterent seasons. Units: K.

c), the reductions in air humidity enhance the atmospheric

cooling in MXLSST.FD (Fig. 4f and g). Second, the changes Experiments ~ MAM JJA  SON DJF
in clouds contribute to the temperature responses regionally.
In both FIXSSTFD and MXLSSTFD, the dust-induced de- FIXSSTFD 001 004 001 000

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

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 MXLSST_CTRL) (Fig. 7e—h). The dust-induced changes
in SAT in FIXSST.CD (Fig. 7a) are similar to those in
4.2.1 Temperature FIXSST.FD (Fig. 4a), with a global and annual mean

change of +0.02K. The simulated SAT responses to
With the two-way dust-climate coupling, the impact of SST dust RF in MXLSSTCD (Fig. 7e) differ from those in
responses on simulated climatic effect of dust can be exFIXSST.CD (Fig. 7a). Experiment MXLSSTD predicts
amined by comparing the differences between (FIXS3X  a general surface cooling of 0.15-0.30K over the tropical
— FIXSSTCTRL) (Fig. 7a—d) and (MXLSSICD - 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 fixed SST and dust-climate coupling (EDXSST
FIXSST.CTRL, left panels) and with the mixed-layer ocean and dust-climate coupling (MXLESF MXLSST.CTRL, right panels).

surface to the upper troposphere ovet 8630 N (Fig. 7f). lantic Ocean are larger in MXLSSTD (Fig. 7h) than in

On an annual and global mean basis, the dust-induced changdXSST.CD (Fig. 7d), because of the reductions in evap-
in SAT is a cooling of 0.09K in MXLSSTCD. Compared oration (not shown) and the reduced water vapor con-
to simulations FIXSSTFD, MXLSST_FD, and FIXSSTCD, tent (Fig. 7g) in MXLSSTCD. Again, the reductions in

the strongest cooling for each season (Table 3) is obtained ievaporation (or latent heat flux) in MXLSSTD are mainly
MXLSST_CD because of the dust cycle-climate interactions.caused by the dust-induced reductions in SSTs as discussed
in Sect. 4.1.1. The zonal mean specific humidity exhibits re-
ductions over 60S-15 N in MXLSST_CD (Fig. 7g), corre-
sponding to the dust-induced reductions in SST and air tem-
perature (Fig. 7f).

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-
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Table 4. Simulated percentage changes in annual and global R_elative to FIXSSTCTRL, .the COL_‘p'ed dust-climate ?im'
mean dust burden in each size bin with FIXSST ((FIXSGD- ulation FIXSSTCD also obtains an increase of 10.4 % in to-

FIXSST.CTRL)/FIXSST.CTRL) and MXLSST ((MXLSSTCD- tal dust burden (Table 4), as a result of the dust-induced re-

MXLSST_CTRL)/MXLSST.CTRL). ductions in precipitation (Fig. 7d). However, without the pos-
itive feedback of “dust RFSST response climate—dust
FIXSST MXLSST cycle”, this increase in dust mass does not cause as strong

cooling in FIXSSTCD as in MXLSSTCD.

0.1-1.0pm — +14.5 %  +16.8 % The feedbacks in FIXSSTD are summarized in Fig. 8a.

1.0-2.0pym +122 % +14.4 %

2.0-5.0um +89 %  +10.9 % The upward (or downward) arrow indicates an increase (or
5.0-100um  +1.6 % +3.0 % decrease) of a variable on a global scale. The atmospheric
1.0-10.0um  +10.4%  +12.0% 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
4.2.3 The dust cycle-climate feedbacks in FIXSSTD atmosphere to hold water vapor and enhances atmospheric
and MXLSST.CD stability, leading to decreases in precipitation and MCA but
increases in specific humidity. Since water vapor is a green-
The role of SST responses has been shown to be impomouse gas in troposphere, the increases in water vapor con-
tant aforementioned. It is also found that the role of tentfurther contribute to the increases in air temperature.
SST responses is enhanced with dust cycle-climate inter- The feedbacks in simulation MXLSSTD are summa-
actions. The reason for the strongest cooling in SAT andrized in Fig. 8b. With MXLSST, SSTs decrease in response
air temperature in MXLSSID is that the dust-induced to the net negative dust RF at the surface, leading to reduc-
changes in meteorological fields can feed back into simu+ions in upward latent heat flux by decreasing the saturated
lated dust cycle and then influence the simulated ultimatehumidity at the ocean surface. Consequently, SAT, water va-
dust burden and climate. Table 2 presents the simulategor content and precipitation show decreases in the exper-
dust budget in MXLSSTCTRL and MXLSSTCD. Rela- iment. The upward sensible heat flux is also reduced as a
tive to MXLSST.CTRL, MXLSST.CD simulates a 2.4% result of the changes in both SST and SAT (the reductions in
lower global dust emission, because the dust-induced coolSST are larger than the reductions in SAT). In the lower and
ing in Central Africa (Fig. 7e) leads to a decrease in sat-middle troposphere, the reductions in both latent and sensi-
uration specific humidity and hence an increase in surfaceble heat fluxes from the ocean surface contribute to the strong
layer relative humidity (not shown), which consequently re- atmospheric cooling over the tropical oceans. In the upper
duces dust mobilization based on the dust generation functroposphere, the SW and LW absorption by dust plays the
tion in Yue et al. (2009). However, simulated global dust dominant role, resulting in a warming around 300 hPa. Such
burden exhibits an increase of 12.0% in MXLSED rela- changes in air temperature increase the atmospheric stabil-
tive to MXLSST.CTRL, as a result of the simulated reduc- ity. As a result, MCA and precipitation are reduced and dust
tions in precipitation (Fig. 7h). Because wet deposition is theburden is increased, leading to enhanced dust cycle-climate
only efficient way to remove small particles from the atmo- feedbacks.
sphere, the dust-induced reductions in precipitation increase
the burden of small particles (particles with ragil.0 pm)
by 16.8 % in MXLSSTCD relative to MXLSSTCTRL (Ta- 5 Conclusions and discussions
ble 4). Dust particles in the size bin of 0.1-1.0 um have a
net negative global mean forcing at TOA, whereas particlesThe role of dust-induced SST responses in simulations of
in each of larger size bins exert a net positive global mearthe climatic effect of dust is investigated by using a GCM
TOA forcing (Yue et al., 2010). As a result, the increase coupled with a mixed layer ocean model. With the pre-
in the burden of small particles by dust cycle-climate cou-scribed dust concentrations, the net radiative effect of dust
pling contributes to the stronger global mean surface coolds simulated to lead to similar responses in SAT over Africa
ing in MXLSST.CD (Fig. 7e). Over the tropical oceans, the With either FIXSST or MXLSST, with a maximum warm-
strong cooling in MXLSSTCD can also be explained by the ing of 0.3-0.7 K in northern Africa and a cooling of about
positive feedback initialized by dust-induced cooling of SST. 0.5K in central Africa. The simulated dust-induced changes
Dust-induced reductions in SST lead to reductions in evapoin SAT over the tropical oceans with FIXSST differ from
ration and precipitation over the oceans, which increase colthose with MXLSST; positive changes are simulated with

umn burdens of small dust particles and further reduce SSTS:IXSST, while large areas of cooling are simulated with
MXLSST. The annual and global mean SAT is simulated to

increase by 0.02K with FIXSST but to decrease by 0.03K
with MXLSST.
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(a) FIXSST (b) MXLSST
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Z N \ 7 J
S [ssT—

LH |
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Fig. 8. lllustration of the interactions between dust and climate (ahFIXSST and(b) MXLSST. The abbreviations stand for following
variables: DRE: direct radiative effect; TH: air temperature at high troposphere; TL: air temperature at low troposphere; MCA: middle cloud
amount; Prec: precipitation; Q: specific humidity; SAT: surface air temperature; LH: latent heat. The upward (or downward) arrow indicates
an increase (or decrease) of a variable on a global scale.

The role of SST responses is enhanced when dust-climatenpact of fixed SSTs on precipitation is similar to that found
interactions are included in climate simulations. With the out in FIXSST experiments, although we are examining ra-
two-way dust-climate coupling and the simulated SST, thediative effect of dust instead of the radiative effect of LO
radiative effect of dust leads to a strong annual and globalvang et al. (2003) found in another sensitivity experiment
mean cooling of 0.09K at the surface. This cooling canthat both air temperature and precipitation decrease when the
be explained by the positive feedback between dust RF an&STs are reduced by’ C globally, which agree qualitatively
SST responses. Dust RF leads to reduced SST, evaporatiowjth our model results in MXLSST experiments. Besides
and precipitation over the oceans, which increases the bursome common features in Yang et al. (2003) and this work,
den of small dust particles and further reduces SST (Fig. 8b)we found in this study the role of SST responses is enhanced
Experiments without such feedback by using prescribedwith the two-way coupling between dust-cycle and climate.
SST and/or prescribed dust concentrations (FIX$T It should be noted that in our study the dust-induced de-
FIXSST.CD, and MXLSSTFD) predict, on an annual and  ¢reases in SST are predicted to be 0.15-0.3K over the At-
global mean basis, a warming or a weak cooling at the surigntic in MXLSST.CD (Fig. 7e), which are lower than the
face or in the atmosphere as a result of dust RF. decreases of 0.2-0.5K predicted by Mahowald et al. (2006)

Simulated air temperatures are also different between simand Evan et al. (2008) over the same domains. This indi-
ulations with prescribed SST and calculated SST. In the up<ates that SST responses may play a more important role in
per troposphere, dust-induced changes in zonal mean aBimulation of dust-climate interactions than that found in this
temperature are generally positive in simulations with ei-work.
ther FIXSST or MXLSST. However, in the lower and mid-  Fjna)ly, there are some uncertainties in our simulations: (1)
dle troposphere, a columnar cooling over the tropical oceanshe imaginary part of the refractive index of dust utilized
is S|mglated with MXLSST. Although both_ simulations Wlth in this study may be larger than that inferred from observa-
prescribed SST and calculated SST predict decreases in preggng (e.g. Kaufman et al., 2001). While the simulated SSA
cipitation in response to dust RF, the reduction in rainfall isj, oy study is 0.94 at 0.63 um on a global mean basis, Kauf-
larger over the tropical Atlantic Ocean in simulations with 1,21 et al. (2001) found that the SSA of the Saharan dust at
SST responses. 0.64um is about 0.97 based on satellite and ground-based

Our model results indicate that using a prescribed SST isneasurements. (2) Our simulations are carried out based on
not an adequate approach to study the climate response t mixed layer ocean model, which simplifies the heat flux
dust radiative forcing and the feedbacks. Our conclusions arexchange between atmosphere and ocean and omits the pos-
consistent with the findings in Yang et al. (2003), who carriedsible impacts of dust RF on the ocean circulation. A more
out two sensitivity experiments to investigate the role of SSTcomprehensive investigation of the SST feedback should be
responses in simulating Génduced climate change. Yang conducted by using climate models coupled with dynami-
et al. (2003) found in one sensitivity experiment that sim- cal ocean components. (3) The indirect effect of dust aerosol
ulations with fixed SSTs predict a decrease in precipitationis not considered in this work. Observations have shown
when atmospheric C£concentration is doubled, because of that mineral dust can interact with cloud water droplets and
the limited evaporation from the oceans and the increased ainfluence the formation, lifetime, and optical properties of
stability induced by C@absorption in the atmosphere. This clouds (Sassen, 2002; Lohmann and Diehl, 2006; Huang et
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al., 2006a), leading to changes in cloud RF and precipita- back mechanisms, in: Climate Processes and Climate Sensitiv-
tion (Huang et al., 2006b; Wang et al., 2010). Further con- ity, Geoph. Monog. Series., 29, 130-163 AGU, Washington, DC,
sideration of dust indirect is the subject of our future study. ~ USA, 1984.
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