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Abstract The authors examine the equilibrium climatic
response to the direct radiative effect (DRE) of mineral
dust and sea salt aerosols in a doubled-CO, climate with
two-way coupling of aerosol-climate interactions. In re-
sponse to the drier and windier conditions, dust emissions
increase by 26% in the Sahara Desert and by 18% on the
global scale relative to present day. Sea salt emissions
increase in high latitudes (>60°) but decrease in middle
latitudes (30°-60°) of both hemispheres due to the pole-
ward shift of westerlies, leading to a 3% decrease in
global emissions. The burdens of dust and sea salt in-
crease by 31% and 7% respectively, because reductions in
rainfall over the tropical oceans increase the lifetime of
particles in the warmer climate. The higher aerosol load-
ing in the doubled-CO, climate reinforces aerosol DRE by
—0.2 W m 7, leading to an additional cooling of 0.1°C at
the surface compared with the climatic effects of aerosols
in present day. The additional cooling from changes in
natural aerosols compensates for up to 15% of the re-
gional warming induced by doubled CO,.
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1 Introduction

Mineral dust and sea salt aerosols play important roles
in the Earth System. Every year, approximately 1000—
3000 teragrams (Tg, 10'? g) of dust is blown into the at-
mosphere over land surfaces (Penner et al., 2001), and
1000-10000 Tg of sea salt is emitted from the oceans
(Blanchard et al., 1985). The suspended aerosols influ-
ence climate by scattering and absorbing both shortwave
and longwave radiation (Miller and Tegen, 1998; Ayash et
al., 2008), and the altered climate can in turn influences
the emission, transport, and deposition of the aerosols
(Miller et al., 2004; Yue et al., 2010).
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Modeling studies have simulated the direct radiative
effects (DRE) of mineral dust and sea salt in the pre-
sent-day atmosphere. More than 10 studies, summarized
in Yue et al. (2010), have estimated that the net (short-
wave plus longwave) DRE of dust at the top of atmos-
phere (TOA) is in the range of —0.5 to approximately +0.4
W m ™. The high sensitivity of DRE to the parameters of
the aerosol itself and to atmospheric conditions makes the
sign of dust effects uncertain (Liao and Seinfeld, 1998).
In response to DRE of dust, the global mean surface air
temperature is predicted to decrease by 0.1°C, with re-
gional cooling of up to 1°C (Miller and Tegen, 1998). On
the other hand, a number of studies have estimated a
global average shortwave DRE from —0.3 to —1.1 W m
for sea salt, resulting in a decrease of 0.5°C in the global
mean surface air temperature (Yue et al., 2012). Mineral
dust and sea salt aerosols were found to contribute to
aridity during glacial periods, when aerosol loading was
much higher relative to present day (DeAngelis et al.,
1997). However, few studies have quantified the impacts
of these natural aerosols in the global warming back-
ground, especially when the warming trend has been ac-
celerating in recent decades (Trenberth et al., 2007).

In this study, we investigate the climatic response to
the DRE of mineral dust and sea salt aerosols in a dou-
bled-CO, climate using a general circulation model
(GCM) with two-way aerosol-climate coupling. We pay
particular attention to (1) the changes in aerosol cycles
that result from changes in meteorological fields, and (2)
the direct radiative feedback of such changes on mineral
dust and sea salt in the future climate.

2 Model and simulations

We use the AP grid-point nine-layer atmospheric gen-
eral circulation model (IAP9L-AGCM) to perform the
numerical simulations. The model has a horizontal resolu-
tion of 4° latitude by 5° longitude, with nine vertical lay-
ers up to 10 hPa (Zhang, 1990). The GCM is coupled with
a mixed layer ocean model from Hansen et al. (1984) and
utilizes an annual mean mixed layer depth derived from
Levitus et al. (2000). We estimate Q flux based on the
energy balance between the predicted net atmosphere-to-
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ocean heat flux and the water heat content within the
oceanic mixed layer, calculated with observed sea surface
temperature (SST). We assume that the Q flux remains
constant for the present day and doubled-CO, climate.
The online simulation of mineral dust aerosol was inte-
grated into the GCM by Yue et al. (2009) and further up-
dated to simulate sea salt aerosol in Yue et al. (2012). The
model simulates four size bins of dust and six size bins of
sea salt with dry radii of both aerosols ranging from 0.1 to
10 pm. The dust emission scheme follows Wang et al.
(2000), which calculates dust uplift flux as a function of
friction velocity and relative humidity of surface air. The
generation of sea salt is parameterized as a function of
wind speed at 10 m, following the schemes of Monahan et
al. (1986), Smith et al. (1993), and Gong (2003) for dif-
ferent size bins. Dry deposition of particles is dependent
on both gravity and turbulent mixing. For wet deposition,
we consider rainfall scavenging, which is determined by
precipitation rate and size-dependent empirical constants.
The simulated cycles of dust and sea salt, including sur-
face concentrations and optical depths, have been evalu-
ated in Yue (2009) and Yue and Liao (2012).

The GCM simulates both shortwave and longwave ra-
diative effects of aerosols. For the shortwave spectra, we
calculate aerosol optical thickness, single scattering al-
bedo (SSA), and asymmetry factor using the Mie theory
(de Rooij and van der Stap, 1984). We use the refractive
index from Woodward (2001) for dust aerosol, and that
from Hess et al. (1998) for sea salt. The calculated dust
SSA is approximately 0.89 at 0.55 pm over the Sahara
Desert, which is much lower than the estimates of
0.95-0.97 from observations (Kauffman et al., 2001;
Dubovik et al., 2002). Although some studies found low
SSA for dust over Asia (e.g. Zhang et al., 2010), the
global average is dominated by dust emitted from the Sa-
hara Desert. As a result, we manually increase the SSA by
8% to reduce the strong absorption by dust. However, we
discuss the results with the original dust SSA as reference.
For the longwave bands, we calculate aerosol transmis-
sion using an exponential approximation scheme pro-
posed by Carlson and Benjamin (1980).

We perform four climate simulations to examine the
climatic responses to the DRE of dust and sea salt in a
doubled-CO, climate (Table 1). Simulations PRND CTRL
and PRND_AER are performed for present-day condi-
tions. The CO, concentrations in these simulations are set
to 360 ppm, which was the greenhouse gas (GHG) level
in 1995. PRND CTRL simulates aerosol cycles but omits
their DRE. The simulation PRND AER considers the
interactions between climate and aerosols; the dust and
sea salt particles influence radiative fluxes while the per-
turbed climate in turn affects the aerosol budget. The dif-
ferences between PRND AER and PRND CTRL repre-
sent the climatic responses to aerosol DRE in the present
day. Similarly, we perform simulations DCO2_ CTRL and
DCO2_AER to quantify the DRE of aerosols in an equi-
librium climate with doubled CO, concentration. The CO,
concentration for DCO2 simulations is set to 720 ppm,
which is the predicted GHG level in 2100 following the
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Table 1 Summary of climate simulations.

Simulation Description

PRND _CTRL  Present-day climate with dust and sea salt cycles;
No aerosol DRE

PRND_AER Present-day climate with dust and sea salt cycles;
Interactive aerosol DRE

DCO2 CTRL  Doubled-CO, climate with dust and sea salt cycles;
No aerosol DRE

DCO2_AER Doubled-CO, climate with dust and sea salt cycles;

Interactive aerosol DRE

A1B scenario from the Intergovernmental Panel on Cli-
mate Change (IPCC) Fourth Assessment Report (AR4)
database. In these two simulations, we use monthly sea
ice temperatures derived from the median surface tem-
peratures simulated by the 17 IPCC climate models for
the equilibrium A1B scenario. Each climate simulation
runs for 50 years, and the average values over the last 30
years are presented in the next sections.

3 Results
3.1 Simulated changes in climate

Figure 1 shows the simulated changes in meteorologi-
cal fields from the present day to the doubled-CO, at-
mosphere. The surface air temperature shows a general
increase, with large values exceeding 3°C over the conti-
nents. A strong warming is found at the Arctic as a result
of the reduced sea ice area. Global precipitation shows an
increase of 0.15 mm d™' with regional changes of both
signs. A significant increase in rainfall is predicted at high
latitudes, due to the strengthened moisture convergence in
these areas (Bosilovich et al., 2005). However, decreases
in precipitation are predicted over some subtropical
oceans, as a consequence of the intensified and poleward
expansion of subtropical highs (Meehl et al., 2007).
Rainfall exhibits significant decreases over northern Af-
rica and the Arabian area, following the increased mois-
ture divergence and a systematic poleward shift of storm
track, which affects moisture transport (Christensen et al.,
2007). Both the changes in temperature and precipitation
resemble those simulated with multi-model ensembles as
shown in Meehl et al. (2007).

Relative humidity of surface air exhibits uniform in-
creases over open oceans, because the more-abundant
rainfall outweighs the increased evaporation by strong
surface warming (Fig. la). However, over Africa, the
combined effects of reduced precipitation (Fig. 1b) and
enhanced evaporation result in a widespread decrease in
relative humidity. A similar drought tendency over North
Africa is also reported in Meehl et al. (2007) based on the
multi-model ensemble. Wind speed increases in Africa,
South Asia, and South America but decreases over other
continents. Over the oceans, the wind intensifies in the
tropical Atlantic but weakens over the Pacific. A poleward
shift of westerlies is predicted over the Southern Oceans,
which can be explained by the expansion of meridional
circulations (Yin, 2005) and is consistent with the
multi-model projections by Mclnnes et al. (2011).
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3.2 Simulated changes in aerosol cycles

Most dust emissions are confined to arid and semi-arid
regions in the Northern Hemisphere, with the maximum
emissions over the Sahara Desert (Fig. 2a). In a dou-
bled-CO, climate, the Saharan source is intensified by
26% (Fig. 2b), due to the drier (Fig. 1c) and windier (Fig.
1d) conditions. On the other hand, dust emissions in cen-
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tral Asia are weakened by 12% (Fig. 2b), as a result of
increased precipitation (Fig. 1b) and decreased wind
speed (Fig. 1d). On a global scale, annual dust emissions
increase by 18% in the doubled-CO, climate (Table 2). In
addition, the decrease in rainfall over North Africa re-
duces wet scavenging of dust particles, resulting in an
increase in aerosol loading and lifetime (Table 2).
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Figure 1 Simulated changes in (a) surface air temperature, (b) precipitation, (c) surface relative humidity, and (d) surface wind speed in the dou-
bled-CO, climate relative to present day. Results are calculated as the differences between simulations DCO2_CTRL and PRND_CTRL. Differences
that pass the 95% confidence level test are denoted with dots. No dots are indicated for (a) because the changes are significant over every grid box.

The globally averaged changes are shown in brackets.
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Figure 2 Simulated (a) dust and (c) sea salt aerosol emissions in present day, and (b, d) their changes in a doubled-CO, climate. Results for (a) and
(c) are from simulation PRND_CTRL. Results for (b) and (d) are calculated as the differences between simulations DCO2_CTRL and PRND_CTRL.

The globally averaged values are shown in brackets. Units: g m 2 yr ",
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Table 2 Comparison of aerosol budgets in the present day and dou-

bled-CO, climates.

PRND CTRL DCO2 CTRL
Dust emission (Tg yr™) 1925 2264
Dust burden (Tg) 27.7 36.4
Dust lifetime (days) 53 5.9
Sea salt emission (Tg yr™) 4249 4143
Sea salt burden (Tg) 8.1 8.7
Sea salt lifetime (days) 0.7 0.8

Sea salt emission is efficient at high latitudes of both
hemispheres (Fig. 2c). In the doubled-CO, climate, the
poleward shift of westerlies enhances sea salt emissions
over the Southern Ocean and the Arctic Ocean but re-
duces the emissions at mid-high latitudes (Fig. 2d). In
addition, the melting of sea ice partly contributes to the
increase of aerosol emissions at high latitudes. In tropical
regions, sea salt aerosol emissions increase in the Atlantic
but decrease in the Pacific, following changes in wind
speed (Fig. 1d). On a global scale, a 3% decrease in sea
salt emission is predicted in the warmer climate relative to
present day (Table 2), similar to the 4% decrease esti-
mated by Mahowald et al. (2006a). However, the sea salt
burden increases by 7% because most floating particles
locate at tropical areas where precipitation is projected to
decline (Fig. 1b). As a result, the global mean lifetime of
sea salt aerosol increases by 9%.

3.3 Simulated changes in aerosol DRE

Figure 3a shows the net (shortwave plus longwave)
DRE of dust and sea salt at TOA for present day. Strong
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negative DREs are predicted over the tropical Atlantic and
the Arabian Sea, a composite result of dust and sea salt
radiative effects (Yue et al., 2010; Yue and Liao, 2012). In
other oceanic areas, sea salt aerosol exerts a uniform
cooling of approximately —1 W m % Negative DREs are
also predicted over most continents; however, the cooling
is weak over the Sahara Desert, since the absorption of
shortwave radiative fluxes by dust partly compensates for
its scattering effect. On the global scale, dust and sea salt
aerosols induce average DREs of —0.62 and —0.89 W m >
respectively, leading to a total DRE of —1.51 W m > (Fig.
3a). However, using the original SSA value, dust aerosol
leads to a positive DRE of 0.1 W m * due to high absorp-
tion over the Sahara Desert (not shown).

In the doubled-CO, climate, the negative DRE is rein-
forced in the tropical regions (Fig. 3b), due to the in-
creased aerosol burdens in these areas. However, the
cooling is weakened over central Asia as a result of de-
creases in regional dust emissions (Fig. 2b). For a similar
reason, the negative DRE is weaker over 30-60°S, fol-
lowing changes in sea salt emissions (Fig. 2d). On an an-
nual global mean basis, mineral dust and sea salt aerosols
induce an additional cooling of 0.19 W m? in the dou-
bled-CO, climate, to which changes in dust aerosol alone
contribute 0.11 W m % However, simulations using the
original SSA predict the dust-induced cooling will inten-
sify by only 0.02 W m ? (not shown).

We also investigate temperature responses to the aero-
sol DRE. In present day, natural aerosols cause an annual
and global mean cooling of 0.85°C, with the maximum
cooling of 1.5°C occurring in tropical regions (Fig. 3c).
The annual and global mean cooling by dust and sea salt
is reinforced by 0.1°C in the doubled-CO, climate, with
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Figure 3 Simulated present-day (a) direct radiative effect (DRE) of dust plus sea salt aerosol at the top of atmosphere, and (b) its change in a dou-
bled-CO, climate. The predicted temperature response to the aerosol DRE and its change in a doubled-CO, climate are shown in (c) and (d). Results
for (a) and (c) are calculated as the differences between simulations PRND AER and PRND CTRL. Results for (b) and (d) are calculated as
(DCO2_AER-DCO2_CTRL)—-(PRND_AER-PRND_CTRL). The globally averaged values are shown in brackets.
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an enhanced cooling of approximately 0.2°C in tropical
oceans (Fig. 3d). Although such cooling by dust and sea
salt only accounts for 4% of the warming caused by CO,
on a global scale (Fig. 1a), regional effects may compen-
sate the warming as much as 8%—15% over some tropical
oceans (not shown).

4 Discussion and conclusions

We investigate climatic responses to the DRE of dust
and sea salt aerosols in both present day and a doubled-
CO, climate. Relative to present day, global dust emis-
sions in the warmer climate increase by 18%, with the
largest increase (26%) over the Sahara Desert. The global
dust burden increases by 31% as a result of the enhanced
emissions and weakened precipitation. Sea salt emissions
are projected to decrease by 3% globally, as a combined
result of increased emissions in high latitudes (>60°) and
decreased emissions in middle latitudes (30°-60°) due to
the poleward shift of westerlies. However, the sea salt
burden increases by 7% because the weakened hydrologic
cycle enhances the lifetime of particles over the tropical
regions. In response to the changes in aerosol burdens
from present day to the doubled-CO, climate, the global
and annual mean DRE of dust and sea salt aerosols is re-
inforced from —1.5 to —1.7 W m?, leading to an addi-
tional cooling of 0.1°C at the surface. Such additional
cooling can compensate for up to 15% of the warming
induced by greenhouse gases over the tropical oceans.
Our simulations suggest that the DRE of natural aerosols
cannot be neglected in future climate simulations.

One of the limits of this study is that we do not account
for the impact of the changes in source area on dust emis-
sion. For example, Mahowald et al. (2006b) estimated
that global dust loading will decrease by 60% in the dou-
bled-CO, climate, due to reductions in desert area result-
ing from the CO, fertilization effect. In addition, we omit
the indirect effects of aerosols. Observations have shown
that both mineral dust and sea salt can act as cloud con-
densation nuclei (Lohmann and Feichter, 2005; Twohy et
al., 2009), leading to changes in cloud radiative forcing
and precipitation. Further consideration of both changes
in dust source and indirect effects of aerosols will better
quantify the role of these natural aerosols in a future,
warmer climate.
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