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[1] Long-lived greenhouse gases (GHGs) are the most important driver of climate change
over the next century. Aerosols and tropospheric ozone (O3) are expected to induce
significant perturbations to the GHG-forced climate. To distinguish the equilibrium
climate responses to changes in direct radiative forcing of anthropogenic aerosols,
tropospheric ozone, and GHG between present day and year 2100, four 80-year
equilibrium climates are simulated using a unified tropospheric chemistry-aerosol
model within the Goddard Institute for Space Studies (GISS) general circulation
model (GCM) II0. Concentrations of sulfate, nitrate, primary organic (POA) carbon,
secondary organic (SOA) carbon, black carbon (BC) aerosols, and tropospheric ozone
for present day and year 2100 are obtained a priori by coupled chemistry-aerosol
GCM simulations, with emissions of aerosols, ozone, and precursors based on the
Intergovernmental Panel on Climate Change (IPCC) Special Report on Emissions
Scenario (SRES) A2. Changing anthropogenic aerosols, tropospheric ozone, and GHG
from present day to year 2100 is predicted to perturb the global annual mean
radiative forcing by +0.18 (considering aerosol direct effects only), +0.65, and
+6.54 W m�2 at the tropopause, and to induce an equilibrium global annual mean
surface temperature change of +0.14, +0.32, and +5.31 K, respectively, with the
largest temperature response occurring at northern high latitudes. Anthropogenic
aerosols, through their direct effect, are predicted to alter the Hadley circulation owing
to an increasing interhemispheric temperature gradient, leading to changes in
tropical precipitation. When changes in both aerosols and tropospheric ozone are
considered, the predicted patterns of change in global circulation and the hydrological
cycle are similar to those induced by aerosols alone. GHG-induced climate changes,
such as amplified warming over high latitudes, weakened Hadley circulation, and
increasing precipitation over the Tropics and high latitudes, are consistent with
predictions of a number of previous GCM studies. Finally, direct radiative forcing of
anthropogenic aerosols is predicted to induce strong regional cooling over East and
South Asia. Wintertime rainfall over southeastern China and the Indian subcontinent is
predicted to decrease because of the increased atmospheric stability and decreased
surface evaporation, while the geographic distribution of precipitation is also predicted
to be altered as a result of aerosol-induced changes in wind flow.
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1. Introduction

[2] Growth in well-mixed, long-lived greenhouse gas
(GHG, including CO2, CH4, N2O, and halocarbons) levels
in the atmosphere is the dominant contributor to future
climate change [Intergovernmental Panel on Climate
Change (IPCC), 2001]. Against GHG-dominated climate
change, radiative forcing from changing aerosols and tropo-
spheric ozone (O3) has the potential to modify GHG-induced
climate effects, especially regionally. Moreover, ozone and
aerosols interact tightly through tropospheric chemical pro-
cesses, which themselves will be affected by future climate
change [Liao and Seinfeld, 2005; Liao et al., 2006]. An
important issue, and that to which the present work is
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directed, concerns the extent to which aerosols and tropo-
spheric ozone will modify future climate change from that
predicted to occur solely based on greenhouse gases.
[3] Scattering and absorption of solar radiation by aero-

sols cool the surface by reducing incident solar radiation on
it. Absorbing aerosols, such as black carbon and mineral
dust, can heat the atmosphere. Ozone traps outgoing long-
wave (LW) radiation, thereby warming the atmosphere and
surface. These effects alter the energy balance of the earth-
atmosphere system beyond that arising from GHG alone
and induce responses in atmospheric circulations, clouds,
and precipitation; for aerosols, see, e.g., Hansen et al.
[1997], Boer et al. [2000], Chung et al. [2002], Menon
et al. [2002], Jacobson [2004], Wang [2004], Chung and
Seinfeld [2005], Ramanathan et al. [2005], Stier et al.
[2005], Takemura et al. [2005], Roeckner et al. [2006],
and Wang [2007]; and for ozone: Ramaswamy and Bowen
[1994], Hansen et al. [1997], Stuber et al. [2001], Mickley
et al. [2004], and Shindell et al. [2006].
[4] The goal of the present study is to investigate future

climatic impacts from direct aerosol radiative forcing and
tropospheric ozone as compared to those predicted to occur
from greenhouse gases alone. In this study, we consider
only direct radiative effects; indirect radiative effects of
aerosols, namely effects of changes in anthropogenic aero-
sols on cloud processes, are not considered. In that regard,
the current study does not present an entire picture of
aerosol effects on climate relative to those of greenhouse
gases. Nonetheless, it is important to understand the direct
aerosol radiative effects on climate so that these may be
contrasted in future work with those arising from effects
resulting from perturbations in cloud processes. We use the
unified Goddard Institute for Space Studies (GISS) general
circulation model (GCM) II0 with fully coupled simulations
of tropospheric chemistry and aerosols [Liao et al., 2003,
2004; Liao and Seinfeld, 2005] to calculate concentrations
of aerosols and tropospheric ozone for present day and year
2100, based on the IPCC Special Report on Emissions
Scenario (SRES) [Nakićenović et al., 2000] A2 anthropo-
genic emissions of aerosols/aerosol precursors and ozone
precursors. Prediction of both present-day and year 2100
levels of aerosols and ozone is carried out under present-day
climate conditions. We then apply the GCM to study
climate responses to the changes in ozone and aerosols
from present day to 2100, using saved monthly mean fields
of ozone and aerosols. We should note that Liao et al.
[2006] have used the same version of the model and shown
that CO2-driven climate change can influence the predic-
tions of year 2100 concentrations of ozone and aerosols.
The fully coupled impacts of chemistry-aerosol-climate
interactions on future climate will be reported subsequently.
[5] A description of model and experimental design is

given in section 2. We examine global climate impacts
resulting from aerosols, ozone, and greenhouse gases in
section 3. Predicted regional climate changes in southeast-
ern Asia and India are addressed in section 4.

2. Model Description and Experimental Design

2.1. The Unified Model

[6] The unified tropospheric chemistry-aerosol model
within the GISS GCM II0 [Liao et al., 2003, 2004; Liao

and Seinfeld, 2005] is used in this work. The GISS GCM II0

is described by Rind and Lerner [1996] and Rind et al.
[1999] and is coupled with a ‘‘Q-flux’’ ocean [Hansen et al.,
1984]. The GISS model has been used extensively to probe
the climate response to perturbations in greenhouse gas
concentrations, solar luminosity, and tropospheric ozone
and aerosol burdens [e.g., Grenfell et al., 2001; Rind et al.,
2001; Shindell et al., 2001; Menon, 2004; Mickley et al.,
2004; Chung and Seinfeld, 2005]. The version used has a
horizontal resolution of 4� latitude by 5� longitude, with
9 vertical s layers from surface to 10 hPa, centered at
959, 894, 786, 634, 468, 321, 201, 103, and 27 hPa. The
dynamical time step is 1 h. In the Q-flux ocean, monthly
horizontal heat transport fluxes are held constant as in
Mickley et al. [2004], while changes in the sea surface
temperature and sea ice are calculated based on energy
exchange with the atmosphere, ocean heat transport, and
the ocean mixed layer heat capacity [Hansen et al., 1984;
Russell et al., 1985].
[7] Present-day and year 2100 concentrations of sulfate,

nitrate, ammonium, primary organic (POA) carbon, second-
ary organic (SOA) carbon, black carbon (BC) aerosols, and
tropospheric ozone are obtained a priori by two separate
simulations, each integrating the unified model for 5 years
in present-day climate with present-day or year 2100
emissions of aerosols/aerosol precursors and ozone precur-
sors, based on the IPCC SRES A2 emission scenarios (in
which heterogeneous world, no emphasis on sustainability,
and slow technology development is assumed, and the
highest year 2100 CO2 and SO2 emissions of all SRES
are predicted); these two simulations are similar to those
denoted CL2000EM2000 and CL2000EM2100 in Liao et
al. [2006] with the difference that heterogeneous reactions
on mineral dust and sea salt are neglected here because we
focus here on the effects of anthropogenic aerosol compo-
nents. Hydrolysis of N2O5 and irreversible absorption of
NO3, NO2, and HO2 on wetted surfaces of SO4

2�, NO3
�,

NH4
+, and OC aerosols are accounted for. The differences

between the calculated present-day and year 2100 aerosol/
O3 concentrations, as discussed later in section 2.3, result
entirely from future emission changes, since present-day
climate is used in both simulations.

2.2. Climate Simulations

[8] To study the climate change resulting from direct
radiative forcing of anthropogenic aerosols, tropospheric
ozone, and GHG, four equilibrium climate experiments, as
summarized in Table 1, were carried out to study the climatic
effects of aerosol/O3/GHG changes from present day to year
2100. The GCM is integrated in each case for 80 years, with
the first 50 years used as spin-up to reach equilibrium, and
the results over the last 30 years of each simulation analyzed
and compared. The first simulation, denoted PD, is the
baseline, present-day climate with aerosol, O3, and GHG
at year 2000 levels. The second simulation, 21A, uses year
2100 anthropogenic aerosols but present-day tropospheric
O3 and GHG concentrations. The difference between the
equilibrium states (the last 30 years in the simulation) of PD
and 21A, referred to as DAER in subsequent discussion,
represents the climatic influence of the change in anthropo-
genic aerosols from present day to year 2100. In the third
experiment, 21AO, both anthropogenic aerosols and tropo-
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spheric O3 are set at year 2100 levels with GHG levels at
present day; the difference between simulations PD and
21AO, referred to as DAERO3, assesses the combined
climate effect of changes in both aerosols and tropospheric
O3. Lastly, the simulation 21G, which uses present-day
aerosol/O3 but year 2100 GHG, is compared to PD to
evaluate the climate effect of GHG changes only (DGHG).
In these equilibrium climate simulations, GHG mixing ratios
are taken from the IPCC SRES A2 and grid-by-grid aerosol/
O3 concentrations in present-day (year 2000) or year 2100
levels (see section 2.3) are imported into the model on
monthly basis (a 12-month cycle is repeated every simulated
year).
[9] We have chosen to simulate equilibrium climate be-

cause the focus of this study is on the relative impacts of
anthropogenic aerosol direct effect, tropospheric O3, and
GHG on climate, and an equilibrium climate is able to
clearly delineate this. Note that the equilibrium climate
generally results in more pronounced responses than the
transient climate [e.g., IPCC, 1995; Kiehl et al., 2006], in
which emissions (and forcing) change year by year.

2.3. Present-Day and Year 2100 Anthropogenic
Aerosols, Tropospheric Ozone, and Greenhouse Gases

[10] Table 2 lists present-day and year 2100 global mixing
ratios of long-lived greenhouse gases and global burdens of
tropospheric ozone and aerosols. Present-day and year 2100
GHG levels are derived based on the SRES A2 scenarios.
Atmospheric CO2 increases from 367 ppmv in present day to
836 ppmv in year 2100 and remains the single most
important contributor to GHG radiative forcing in year 2100.
[11] Figure 1 shows annual and seasonal mean (DJF =

December-January-February, JJA = June-July-August)
latitude-longitude differences in column burdens between
present day and year 2100 for anthropogenic aerosols and
O3. All anthropogenic aerosol species are predicted to
increase between 2000 and 2100 except for sulfate. Global
burdens of POA, nitrate, and BC are predicted to exhibit
substantial growth. East Asia, India, Europe, and the eastern
United States are the regions in which the largest increases in
aerosol concentrations are predicted. In response to the rising
anthropogenic emissions of O3 precursors over 2000–2100,
the global O3 burden is predicted to increase by around
200 Tg with the increase higher in the net heat (NH),
especially in the vicinity of India, the Near East, southern
Africa, and the western United States.
[12] Calculation of aerosol optical properties follows the

work of Liao et al. [2004]. We assume that sulfate, nitrate,
black carbon, organic carbon (OC; primary organic carbon
plus secondary organic carbon) and aerosol water associated
with SO4

2�, NO3
�, and OC are internally mixed. Densities

for dry sulfate, nitrate, OC, and BC are assumed to be 1.8,

1.7, 1.8, and 1.0 g cm�3, respectively, and the particle
density of the internal mixture is computed as the mass-
averaged density of water and all dry aerosols. A volume-
weighted mixing rule is applied to derive the composite,
wavelength-dependent refractive indices. The spectral re-
fractive index of dry nitrate is assumed the same as that of
dry sulfate [Toon et al., 1976], while the refractive indices
for water, OC, and BC are from d’Almeida et al. [1991] (OC
as ‘‘water-soluble’’ and BC as ‘‘soot’’). A standard gamma
size distribution is assumed for the aerosol with a surface
area-weighted dry radius = 0.3 mm and variance = 0.2. Mie
theory is then applied to determine the optical properties
(extinction efficiency, single-scattering albedo, and asym-
metry parameter) based on the refractive indices and size
distribution.
[13] Figures 2a and 2b show the global distributions of

the annual mean instantaneous direct radiative forcing at the
tropopause (here defined at the bottom of GCM layer 8) and
the surface, respectively, owing to changes in anthropogenic
aerosols, tropospheric O3, and GHG between present day
and 2100. The instantaneous direct radiative forcing is
calculated as the difference in net (solar plus thermal)
irradiance at each model layer corresponding to a change
in aerosol, O3, or GHG concentration. Aerosols, depending
on their optical properties and the albedo of the underlying
surface, produce either a positive or a negative forcing at the
tropopause, but always result in a negative surface forcing
by virtue of reduction of the incident solar radiation at the
surface. The overall change of anthropogenic aerosols
between present day and year 2100 is predicted to lead to
a global annual mean direct forcing of +0.18 W m�2 at the
tropopause and �3.02 W m�2 at the surface. Since internal
mixing of all anthropogenic aerosol components is as-
sumed, the strong heating at middle to high latitudes in

Table 1. Summary of Climate Experiments

Experiments
Anthropogenic Aerosol

Concentration
Tropospheric O3

Concentration GHG Levels Perturbation

PD Year 2000 Year 2000 Year 2000 Present-day climate
21A Year 2100 Year 2000 Year 2000 21A � PD = DAER
21AO Year 2100 Year 2100 Year 2000 21AO � PD = DAERO3

21G Year 2000 Year 2000 Year 2100 21G � PD = DGHG

Table 2. Present-Day (Year 2000) and Year 2100 Annual Mean

Global Burdens of Anthropogenic Aerosols, Tropospheric Ozone,

and Greenhouse Gas Mixing Ratios Used in This Studya

Year 2000 Year 2100

Ammonium Sulfate, Tg 2.83 2.70
Ammonium Nitrate, Tg 0.66 2.82
POA, Tg 1.25 2.90
SOA, Tg 0.28 0.39
BC, Tg 0.23 0.53
Tropospheric O3, Tg 327 520
CO2, ppmv 367 836
CH4, ppbv 1760 3731
N2O, ppbv 316 447
Chlorofluorocarbon (CFC)-11, pptv 267 45
CFC-12, pptv 535 222

aEmissions are based on SRES A2 scenario; see Liao et al. [2006] for
details of anthropogenic aerosol and tropospheric O3 concentrations.
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the Northern Hemisphere as a result of increasing BC over
highly reflective surfaces of snow, sea ice, and desert leads
to an overall positive forcing at the tropopause. However,
negative aerosol forcing is predicted over eastern China,
India, and Western Europe because of the predicted large
increase in scattering (NO3

�, POA, and SO4
2� in India and

southern China) aerosols, although BC also increases in
these regions. The predicted global annual mean forcing

attributed to changes in tropospheric ozone from present
day to year 2100 is +0.65 W m�2 at the tropopause and
+0.02 W m�2 at the surface, with the maximum forcing
changes concentrated in the areas of largest increases of
tropospheric ozone. Increasing GHG levels from present
day to year 2100 according to scenario A2 results in a
forcing at the tropopause of +6.54 W m�2 and at surface of
+1.37 W m�2.

Figure 1. Annual and seasonal differences in column concentrations between present day and year 2100
for anthropogenic aerosols (mg m�2) and tropospheric ozone (Dobson Units): (a) ammonium sulfate,
(b) ammonium nitrate, (c) POA, (d) SOA, (e) BC, and (f) O3. ANN = annual mean, DJF = seasonal
mean over December-January-February, and JJA = seasonal mean over June-July-August.
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[14] Figure 3 shows the vertical distribution of the zonal
mean atmospheric forcing, calculated by differencing the
instantaneous forcing between top and bottom of each layer,
imposed by changes in anthropogenic aerosols, tropospheric
ozone, and GHG between present day and year 2100. The
enhanced shortwave (SW) absorption by internally mixed,

BC-containing aerosols is predicted to lead to positive
atmospheric forcing immediately above the surface. The
positive atmospheric forcing is most pronounced in NH
where the aerosol concentration increase is largest. In DJF,
the positive forcing peaks between 0� and 45�N, associated
with the large increase in wintertime fossil fuel emissions in

Figure 2. Annual mean change in instantaneous forcing (W m�2) (a) at tropopause and (b) at surface
imposed by changes of anthropogenic aerosol (left column), tropospheric ozone (middle column), and
greenhouse gases (right column) between present day and year 2100.

Figure 3. Latitude-pressure distribution of changes in atmospheric forcing (W m�2) in (a) DJF and
(b) JJA imposed by changes of anthropogenic aerosol, tropospheric ozone, and GHG between present
day and year 2100.
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NH midlatitudes and higher biomass burning emissions
over the Sahel region. In JJA, the large aerosol-induced
forcing (1–2 W m�2) at 30�–60�N in the low- to the
midtroposphere can be explained by stronger solar insola-
tion, while the increasing biomass burning over the Amazon
and southern Africa is responsible for the increase in the
lower atmosphere between 0� and 30�S. A maximum
atmospheric forcing of 2–3 W m�2 is predicted in the
middle to high troposphere (around 350 hPa, approximately
at an altitude of 8–9 km) in the northern high latitudes,
which can be explained by the stronger convection in NH in
JJA than in DJF; strongly absorbing BC and slightly
absorbing OC are transported to high latitudes while being
transported to middle to high troposphere, leading to the
maximum forcing over the high-albedo surface of snow and
low-level cloud deck. When compared to the AeroCom
model simulations [Schulz et al., 2006], stronger polar
transport of black carbon is predicted in this study than
other AeroCom models besides GISS model E, indicating
less efficient washout processes or more efficient vertical
transport in GISS GCM [Schulz et al., 2006]. Therefore the
predicted positive atmospheric aerosol forcing (and hence
the predicted tropospheric warming in section 3) in the
northern polar region in this study should be considered as a
higher-end estimate, owing to the higher loads of internally
mixed black carbon predicted in northern high latitudes.
[15] The change of tropospheric O3 is predicted to in-

crease atmospheric forcing through the entire troposphere
by +0.1 to +0.3 W m�2 (Figure 3), especially in the altitude
range of 150 to 300 hPa in the summer hemisphere because
of the predicted increase in O3 concentrations and the high
incoming SW radiation. In addition, the increase of tropo-
spheric O3 blocks more outgoing LW fluxes and decreases
atmospheric forcing in the stratosphere, especially over the
Tropics. The GHG-induced positive atmospheric forcing
change maximizes between 900 and 600 hPa (2–3 W m�2)
because GHG has to compete for LW absorption with water

vapor, of which the concentration is highest in the lowest
layer and decreases with altitude in the troposphere. Above
600 hPa, the GHG LW absorption saturates and the atmo-
spheric forcing shows a relatively small change. A negative
GHG atmospheric forcing between 200 and 400 hPa is
predicted because the upward LW flux entering the upper
troposphere (UT)/lower stratosphere (LS) from below is
reduced due to the stronger GHG LW absorption in the
lower troposphere, and also because more LW radiation in
the UT/LS is lost to space owing to increased GHG LW
emission. The distribution of GHG-induced atmospheric
forcing shows less latitudinal and seasonal variations when
compared to those induced by changes of aerosol and O3.

3. Estimated Changes in Global Climate

[16] Table 3 summarizes globally and hemispherically
averaged annual mean differences of selected variables in
DAER, DAERO3, and DGHG, with changes insignificant
at a 95% confidence level parenthesized. The 95% intervals
are calculated based on the two-sample ‘‘usual’’ t-test
[Zwiers and von Storch, 1995; Chung and Seinfeld, 2005]
(see footnote in Table 3).

3.1. Surface Air Temperature

[17] As shown in Table 3, the change in anthropogenic
aerosols (DAER), aerosols plus tropospheric ozone
(DAERO3), and GHG (DGHG) from present day to year
2100 is predicted to increase the global annual mean surface
air temperature by 0.14, 0.46, and 5.31 K, respectively. The
difference between DAER and DAERO3 shows that the
change in tropospheric ozone alone is predicted to lead to a
warming by 0.32 K. With the total organic aerosol (TOA)
instantaneous forcing perturbations given in section 2.3 and
the above equilibrium global annual mean surface temper-
ature responses, the predicted climate sensitivity, defined as
the ratio of equilibrium global annual mean surface air
temperature change to the global annual mean radiative

Table 3. Global and Hemispherical Annual Mean Differences of Selected Climate Parametersa

DAER DAERO3 DGHG

Global NH SH Global NH SH Global NH SH

Surface Temperature, K 0.14 0.29 (0.00) 0.46 0.71 0.22 5.31 6.21 4.40
TSS, K km�1 b 0.06 0.07 0.05 0.07 0.07 0.08 0.10 0.02 0.19
Evaporation, mm day�1 �0.03 �0.05 �0.02 �0.01 �0.03 (0.00) 0.34 0.35 0.33
SS Precipitation, mm day�1 (0.00) �0.01 (0.00) 0.01 (0.00) 0.01 0.13 0.13 0.12
MC Precipitation, mm day�1 �0.03 (0.01) �0.06 �0.02 0.03 �0.07 0.21 0.34 0.09
SS Cloud Fraction, % 0.15 0.38 (�0.09) 0.21 0.48 (�0.07) 0.66 1.19 0.11
MC Cloud Fraction, % �0.19 �0.11 �0.27 �0.24 �0.12 �0.36 �0.15 0.24 �0.54
Atmospheric Water Content, mm 0.41 0.74 0.08 0.89 1.31 0.47 8.06 8.90 7.21
TOA Net SW Flux, W m�2 0.45 0.88 (�0.02) 0.70 1.09 �0.31 0.84 1.59 0.10
TOA Net LW Flux, W m�2 �0.52 �0.43 �0.61 �0.75 �0.66 �0.84 �1.19 �1.27 �1.10
Ground Albedo, % �0.03 �0.08 0.03 �0.16 �0.33 (0.01) �1.80 �3.33 �0.28
Surface Net SW Flux, W m�2 �3.04 �4.76 �1.32 �3.27 �5.04 �1.49 �1.69 �1.01 �2.37
Surface Net LW Flux, W m�2 0.90 1.49 0.33 1.48 2.08 0.88 7.55 7.75 7.36
Surface SH Flux, W m�2 1.14 1.93 0.35 1.36 2.11 0.61 3.67 3.36 4.02
Surface LH Flux, W m�2 0.95 1.34 0.55 0.41 0.85 (�0.05) �9.79 29.21 38.71

aDifferences insignificant relative to the 95% confidence intervals are parenthesized. The usual t-test takes into account the temporal correlation in each
set of sample data (i.e., in our cases here, the global/hemispherical annual average of the climate variable of interest in the last 30 years in each simulation),
and therefore the sample size n and m is reduced to the equivalent sample size ne and me (see equation (6) in Zwiers and von Storch [1995]). The difference
in mean is significant if it exceeds the 95% confidence interval, which equals to 1.98 � s � (1/ne + 1/me)

0.5 if ne + me � 30, where s is the pooled standard
deviation or is determined by a lookup table if ne + me < 30. For more detailed explanation of the ‘‘usual’’ t-test and the lookup tables, please refer to the
work of Zwiers and von Storch [1995].

bTropospheric static stability (TSS) is defined as the slope of the vertical change of potential temperature throughout the troposphere.
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forcing, is 0.78, 0.49, and 0.81 K m2 W�1 for aerosols,
ozone, and GHG, respectively. Note that for radiative
forcing of tropospheric aerosols, the instantaneous forcing
at TOA is more often adopted in the literature, while for
GHG, the adjusted forcing, i.e., the radiative forcing at
tropopause after the stratospheric temperature adjusts to
radiative equilibrium, is normally used [e.g., IPCC, 2001].
Here we use the instantaneous forcing at the tropopause to
calculate the climate sensitivity. For GHG, the adjusted
forcing is typically 10–20% lower than the instantaneous
forcing, while for aerosols the two are approximately equal
[Hansen et al., 1997].
[18] Maps of surface air temperature change in DJF and

JJA are shown in Figure 4. The slight global warming of
0.14 K predicted for the aerosol-induced climate change
(DAER) is actually a result of regional cooling (in areas
predicted to have a substantial increase in scattering aero-
sols) offset by regional warming (due to internally mixed,
BC-containing particles over highly reflective surfaces). In
DJF, strong aerosol-induced regional cooling is predicted to
occur in eastern China, Indochina, India, the Sahel, Western

Europe, and eastern United States; regional warming is
predicted over midlatitude deserts and northern high lati-
tudes. In JJA, because of the larger decrease in SO4

2� and
smaller increase in NO3

� and POA, prevailing warming
appears globally except in India, southwestern Africa, and
South America where SO4

2� is still increasing from present
day to year 2100. The predicted regional cooling in DJF due
to anthropogenic aerosol direct effect over East and South
Asia is addressed in more detail in section 4. Figure 5
displays the predicted zonal mean surface air temperature
change. Aerosol-induced warming is concentrated in the NH
and is maximized in the high latitudes. The predicted annual
mean surface air temperature change in the NH is 0.29 K,
while in the sensible heat (SH) the surface air temperature
shows virtually no change. The resulting interhemispheric
temperature gradient can potentially affect the pattern of
global circulation, as will be discussed in section 3.3.
[19] When both changes in aerosols and ozone are con-

sidered (DAERO3), the ozone adds to the aerosol-induced
climate change a prevailing surface warming. Altogether,
the global annual mean surface air temperature is predicted

Figure 4. Predicted change in global surface air temperature (K) in (a) DJF and (b) JJA. Note that the
color scale for DGHG differs from the other two.

Figure 5. Predicted zonal mean changes in surface air temperature (K). Note that the vertical scale for
DGHG differs from the other two.
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to increase by 0.46 K, with local maxima located in the
urban areas of Europe, Central Asia, the Middle East, and
North America, and downwind of the biomass burning
regions in South Africa and South America. Over eastern
China and India, the O3-induced warming does not override
the strong aerosol surface cooling, and a regional temper-
ature decrease is still predicted under the scenario of
DAERO3. The geographic distribution of the predicted
O3-induced surface temperature change is consistent with
that of Mickley et al. [2004], who studied the climate
response to changes in tropospheric ozone from preindus-
trial times to present day using the same GCM as in the
present study.
[20] As a result of GHG increase from present day to

2100 (DGHG), substantial warming is predicted in the
northern high latitudes owing to ice-albedo feedback, as well
as in the desert areas of China, central Asia, Middle East, and
Northern Africa (Figure 4). The temperature responses are
always greater in the NH than the SH (Figure 5), due to heat
uptake by the Southern Ocean. The predicted hemispheric
mean surface temperature difference is about 1.81 K.

3.2. Tropospheric Temperature and Stability

[21] Figure 6 displays the zonally averaged vertical dis-
tribution of annual mean temperature change. Change in
aerosols from present day to 2100 is predicted to lead to
maximum warming in the midtroposphere north of 30�N
(DAER), corresponding to the location of maximum atmo-
spheric forcing increase (Figure 3). The pattern of maxi-
mum warming in the tropical midtroposphere owing to
GHG change (DGHG) is similar to that of other GHG-
driven GCM equilibrium [e.g., Manabe and Wetherald,
1975; Hansen et al., 1997] and transient [e.g., IPCC,
2001] simulations. This pattern can be explained by en-
hanced thermal radiative heating due to increased water
vapor, as well as by the vertical temperature convective
adjustment toward the moist adiabatic lapse rate [Manabe
and Wetherald, 1975]. The enhanced midtropospheric heat-
ing induced by GHG leads to a more stable atmosphere in
low to midlatitudes, while in high latitudes the stability
decreases owing to large surface warming. The change in
stability can affect the Tropical Hadley circulation, as will

be discussed in section 3.3. The result of DAERO3 shows
that tropospheric ozone is predicted to lead to additional
tropospheric warming and stratospheric cooling beyond that
of DAER with the pattern similar to that induced by GHG
change but of a considerably smaller magnitude.

3.3. Global Circulation

[22] Figures 7a and 7b display the zonal mean of the mass
stream function in the baseline simulation PD and its change
resulting from change in aerosols (DAER) and GHG
(DGHG). The aerosol-induced change in the stream function
has comparable magnitude to that induced by GHG, likely
owing to the larger ratio of change in interhemispheric
surface temperature gradient to change in global annual mean
temperature in the aerosol perturbation (0.29 K/0.14 K, and
for DGHG, 1.81 K/5.31 K). The change in aerosols is
predicted to impose an anomalous counterclockwise flow
located between 5�N and 5�S (DAER), which is out-of-phase
to the DJF Hadley circulation and indicates the weakening of
the Hadley cell, while during JJA, this predicted aerosol-
induced anomalous flow becomes in-phase and thus strength-
ens the Hadley circulation. This pattern of stream function
change is related to the enhanced interhemispheric tempera-
ture difference in the aerosol perturbation. In the GHG
perturbation (DGHG), the Hadley cell is weakened as a
result of the pronounced increase of static stability over the
Tropics [Knutson and Manabe, 1995; Mitas and Clement,
2006], especially in DJF; only the ascending branch in the
convection zone north of the equator is strengthened and
penetrates higher in response to temperature and moisture
increase. A similar change in Hadley circulation induced by
transient GHG warming is predicted by most of the IPCC
Fourth Assessment Report (AR4) GCMs, although not in the
reanalyses data. We refer the reader to the work ofMitas and
Clement [2006] for detailed analyses and discussion.
[23] The changes in zonal wind component are shown in

Figures 7c and 7d. The change of zonal wind due to change
in aerosols (DAER) is relatively small (within 2 m s�1).
The core of the jet stream is predicted to be slightly
strengthened in the NH in DJF and in the SH in JJA. This
can be induced by a stronger latitudinal temperature gradi-
ent in the lower troposphere between the Tropics and the

Figure 6. Latitude-pressure distribution of changes in annual mean temperature (K).
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midlatitudes, a result of surface cooling around 25�–45�N
in DJF, and cooling in the Southern Ocean in JJA. In the
GHG-induced change (DGHG), the increasing easterlies in
the midtroposphere in low and midlatitudes are a result of
decreasing latitudinal gradient of surface temperature.

[24] Note that the change in global circulation is influ-
enced heavily by the predicted change in the thermodyna-
mic structure of the atmosphere and the convective cumulus
parameterization; we note that these predictions can be quite
model-dependent. Since there is only one vertical strato-

Figure 7. Latitude-pressure distribution of stream function (1010 kg s�1, positive values indicate
counterclockwise flow) in (a) DJF and (b) JJA, and zonal wind (m s�1, positive values indicate
westerlies) in (c) DJF and (d) JJA. Left: seasonal mean in simulation PD; middle: DAER; right: DGHG.
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spheric layer in the 9-layer GISS GCM II0, we do not
analyze the changes in stratospheric winds. The changes
of stream function and zonal wind induced by aerosol plus
ozone (DAERO3) are similar to those induced by aerosols
only, and therefore are not shown here.

3.4. Hydrological Cycle

[25] Changes in temperature and global circulation have
important effects on the global hydrological cycle, including
the distribution of water vapor, evaporation, precipitation,
strength and frequency of moist convection, and cloud
coverage. On the other hand, the increase of water vapor
creates a positive feedback on warming.
[26] Figure 8 shows the latitude-pressure distribution of

the annual mean difference in specific humidity. The abso-
lute increase of water vapor (Figure 8a) always maximizes
in the tropical lower troposphere; perturbations from chang-
ing aerosols from present day to 2100 (DAER) is predicted
to be around 0.2–0.8 g-H2O kg-air�1, and from changing
GHG (DGHG), around 3–4 g-H2O kg-air�1. On the other
hand, the pattern of the relative change in specific humidity
(Figure 8b) is controlled largely by the pattern of temper-
ature change through the Clausius-Clapeyron relationship.
A relative increase in water vapor in the case of DAER
concentrates in high latitudes in the NH (around 10–30%)
because of the predicted warming, whereas in SH, the
relative change is insignificant (<5%). The pattern predicted

with GHG perturbation (DGHG) shows a doubling to
tripling of water vapor in the Tropical upper troposphere
(because of the strong water vapor feedback) and low to
midtroposphere in the northern high latitudes (owing to
amplified warming in the Arctic region); the minimum of
the relative increase in humidity (around 15%) appears in
the Tropics near surface (location of maximum absolute
increase) because humidity here is already much higher and
the predicted warming is as significant as near the Tropical
tropopause.
[27] As given in Table 3, globally the aerosol perturbation

DAER produces a slight decrease in total precipitation
(0.03 mm day�1), most of which is related to lower convec-
tive precipitation. The change in global mean precipitation is
controlled by the change in global evaporation rate, which
also decreases by around 0.03 mm day�1 due to surface
cooling. The decrease in the global annual mean of moist
convective (MC) cloud cover (0.19%) is balanced by the
increase in large-scale supersaturation (SS) cloud cover
(0.15%), and therefore the total cloud cover remains essen-
tially unchanged. Note that the above changes are due only
to aerosol direct forcing; aerosol indirect effects are not
considered. The results in DAERO3 show that the inclusion
of ozone change is predicted to lead to, in addition to the
aerosol-induced change, a slight increase in total precipita-
tion and SS cloud, but a small decrease in MC cloud. The
climate effect of increasing GHG on the hydrological cycle
is similar, but with much more pronounced magnitude, to
that of tropospheric ozone, as revealed byDGHG. The GHG
perturbation leads to a predicted increase in annual mean
total precipitation as a result of increasing evaporation
(0.34 mm day�1). The SS cloud cover increases (0.66%)
owing to increasing humidity, whereas MC cloud cover
decreases (0.15%) because of the enhanced tropospheric
static stability over the Tropics, especially over the southern
equatorial convection zone, which we will return to later.
[28] The zonal mean change in excess precipitation (total

precipitation minus evaporation) and MC precipitation is
shown in Figure 9, while the zonal mean change in MC and
high cloud cover are shown in Figure 10. The predicted
DAER excess precipitation change is confined mainly to
the Tropics. The ascending/descending branch of the anom-
alous flow in DAER (Figures 7a and 7b) results in an
increase/decrease in MC precipitation (�0.2 mm day�1),
MC cloud fraction (�0.01), and high cloud fraction
(�0.01–0.02) in the northern/southern equatorial region.
The small dip of MC cloud around 30�N (0.4%) may be
related to the increase in atmospheric stability associated
with surface cooling. In DGHG, precipitation significantly
exceeds evaporation between 0� and 10�N by as much as
1 mm day�1, mostly related to the large predicted increase in
MC precipitation as a result of stronger penetrating convec-
tion and additional moisture convergence, as indicated by
the large increase in high cloud (6%) over the same region.
In the remainder of the Hadley cell, the circulation is
weakened (Figures 7a and 7b) and therefore the MC cloud
cover is predicted to decrease in response to weaker updraft
velocity, especially in the southern equatorial zone; however,
the MC precipitation shows very little change between 0�
and 15�S. Outside the Tropics, the increased moisture is
transported by the midlatitude eddies away from the Sub-
tropics to middle and high latitudes. The predicted moisture

Figure 8. Latitude-pressure distribution of changes in
annual mean specific humidity: (a) absolute change (g-H2O
kg-air�1) and (b) relative change (%). Note that the color
scale in Figure 8b differs between DAER and DGHG.
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divergence associated with eddy activities explains the
precipitation deficit (excess evaporation) of 0.3–0.5 mm
day�1 over 30�N/S and the precipitation residue of 0.5 mm
day�1 around 60�N/S. The predicted response of the hydro-
logical cycle to increased GHG is generally in agreement
with previous modeling studies for the equilibrium response
[e.g., Dai et al., 2001; Liepert et al., 2004] (a coupled

dynamic ocean is used in Dai et al. [2001]) and for the
transient response [e.g., IPCC, 2001; Watterson and Dix,
2003; Held and Soden, 2006]. Note that change in aerosols
(DAER) does not produce the secondary peak of excess
precipitation increase in high latitudes because of the relative
small change in specific humidity. The pattern of precipita-
tion and cloud cover change predicted for DAERO3 is
primarily the same as that for DAER, only of slightly larger
magnitude, and is therefore not shown.

3.5. Energy Budgets

[29] Figure 11a displays the latitudinal distribution of the
net shortwave radiative fluxes at TOA. The change of TOA
SW flux is affected mainly by changes in cloud cover
(Figure 10) as well as by changes in surface albedo. The
decrease of surface albedo in NH owing to the melting of
sea ice and snow leads to a large increase in downward SW
flux at TOA in all three perturbations. Change in SW flux at
TOA is small elsewhere in the aerosol- and aerosol-plus-O3-
induced climate change, while in the GHG perturbation, the
increased cloud cover in the Tropics results in increased
outgoing TOA SW flux. The change of the net longwave
(LW) radiative flux at TOA is shown in Figure 11b.
Changes due only to aerosols (DAER) and aerosol plus
O3 (DAERO3) are small at all latitudes. In the GHG-
induced change DGHG, the strongly increased water vapor
and high cloud over the Tropics blocks more outgoing LW
radiation below TOA, while the amplified surface warming
is responsible for the increased outgoing LW flux at high
latitudes.
[30] Figure 12 shows the zonal annual mean change of

absorbed SW flux, sensible heat (SH) flux, and latent heat
(LH) flux at the surface. Scattering and absorption of solar
radiation by aerosols is predicted to decrease the absorbed

Figure 9. Predicted zonal mean changes in (a) excess pre-
cipitation (total precipitation minus evaporation, mm day�1)
and (b) moist-convective (MC) precipitation (mm day�1).
Note that the vertical scales differ between DAER and
DGHG.

Figure 10. Predicted zonal mean changes in (a) moist-
convective (MC) cloud cover (%) and (b) high cloud cover
(%). Note that the vertical scales differ between DAER and
DGHG.

Figure 11. Predicted zonal mean changes in (a) net short-
wave (SW) flux and (b) net longwave (LW) flux (W m�2) at
TOA. Positive values correspond to downward fluxes. Note
that the vertical scales differ between DAER and DGHG.
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SW flux at the surface in most latitudes (DAER), especially
between 0� and 60�N (�7 W m�2) where the highest
aerosol burden is located. This reduction of surface SW
radiation is compensated primarily by the increase of
atmosphere-to-surface SH flux and also the small decrease
in surface-leaving LH flux due to evaporation suppression.
The GHG-induced latitudinal distribution of the absorbed
SW flux change at the surface is similar to that of the SW
flux change at TOA; the increased cloud cover (Figure 10)
reduces the incident solar radiation at the surface in the
Tropics and in the Southern Ocean by about 10 W m�2,
while in the NH subpolar and polar regions, the surface
receives more SW radiation because of the decreased
surface albedo. On the other hand, the GHG perturbation
is predicted to increase downward LW flux at all latitudes
(not shown) because of higher atmospheric temperature and
enhanced water vapor greenhouse effect and higher down-
ward SH flux due to higher atmospheric temperature. The
changes in surface SW, LW and SH is balanced by the
increased upward LH flux, especially over the middle and
high latitudes, where evaporation is enhanced due to surface

warming and additional exposure of water surface owing to
melting of sea ice.

4. Estimated Regional Climate Changes in Asia in
Winter

[31] The inhomogeneous geographical distribution of di-
rect radiative forcing of anthropogenic aerosols (Figure 2)
leads to potential impacts on regional climate, one example
of which is the significant regional cooling in East and South
Asia, especially in DJF (Figure 4a, DAER). In this section,
the predicted regional climate change in East and South Asia
in DJF is analyzed (see Figure 13 for locations of grid cells
selected for statistical calculation). Detailed analyses of
regional-scale climate changes is limited by the coarse
horizontal resolution of the GISS GCM II0 and the q-flux
ocean in this study, particularly in regions influenced by
complicated monsoon systems, such as Asia. Presented here
are only the most significant and spatially extensive changes
of regional temperature, precipitation, and synoptic winds
directly attributable to aerosol surface cooling predicted in
the equilibrium simulations with a mixed layer ocean model.
Responses associated with changes in monsoon dynamics
and sea surface temperature (SST) are beyond the scope of
the current study.
[32] If only perturbed by the significant regional increases

in aerosol burden from 2000 to 2100 (DAER), the East and
South Asia continent is predicted to undergo substantial
cooling by aerosol direct effect. Table 4 summarizes the
DJF mean changes of key parameters (DAER, DAERO3,
and DGHG) over these regions. In DJF when the aerosol
burden increase is largest due to enhanced emissions from
biofuel burning and decreased wet removal in the dry
season, anthropogenic aerosols (see DAER), through only
their direct effect, are predicted to reduce the regional mean
SW flux absorbed at the surface in DJF by 22.2 W m�2 in
East Asia and 18.9 W m�2 in South Asia. The reduction in
surface SW flux, though balanced by increased atmosphere-
to-surface SH and/or LW fluxes, still leads to a strong
decrease in mean surface temperature (2.5 K in East Asia
and 1.9 K in South Asia). In East Asia, the cooler surface
results in less evaporation (0.3 mm day�1) and higher
tropospheric stability (0.3 K km�1), which effectively slows
down the local hydrological cycle and leads to a significant
decrease in total precipitation by 0.7 mm day�1. In South

Figure 12. Predicted zonal mean changes in surface fluxes
(W m�2) of (a) absorbed (abs.) shortwave radiation (SW,
negative values indicate surface solar dimming), (b) sensible
heat (SH, positive values indicate flux from atmosphere into
surface), and (c) latent heat (LH, positive values indicate
decreased evaporation). Note that the vertical scales differ
between DAER and DGHG.

Figure 13. Regions (shaded) for calculating the statistics
of regional climate change presented in Table 4: (1) East
Asia and (2) South Asia.
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Asia, however, the predicted regional mean precipitation
only decreases slightly by 0.1 mm day�1 because of the
smaller change in evaporation rate (0.1 mm day�1). If the
combined aerosol-ozone climate effect (DAERO3) is con-
sidered, themean surface temperature is predicted to decrease
by 2.1 and 1.1 K over East and South Asia, respectively. The
regional mean changes in precipitation and surface energy
fluxes are similar to those predicted for the aerosol-only
perturbation (DAER).
[33] The direct cooling resulting from changes in aerosol

from 2000 to 2100 over East and South Asia affects preci-
pitation as well as the synoptic-scale wind flow. The geo-
graphic distribution of predicted changes in DJF precipitation,
sea level pressure, and surface wind field over East and
South Asia are displayed in Figure 15. The aerosol-induced
surface cooling is predicted to induce an anomalous high
pressure (2–4 hPa) over the continental area of East and South

Asia (Figure 14b), including southern China, Indochina, the
Tibetan Plateau, and the Indian subcontinent. Precipitation
over land in East Asia and the north and central Indian
Subcontinent decreases in response to more cold, dry air
outflow resulting from the anomalous high (Figure 14a). On
the other hand, in the western Subtropical Pacific (115�–
135�E, 20�–30�N) and in the north Indian Ocean (0�–8�N),
precipitation increases in response to the enhanced conver-
gence associatedwith the change inwind pattern. A substantial
rainfall decrease over the south Indian Ocean and western
Tropical Pacific is also predicted.
[34] It is of interest to compare the regional climate

changes in DJF owing to the direct effect of anthropogenic
aerosols to those owing to GHG warming. The predicted
change in East and South Asia predicted from GHG forcing
alone (DGHG) in this study is generally in agreement with
other simulations [Bhaskaran and Mitchell, 1998; IPCC,

Table 4. Regional Mean Differences of Selected Climate Parameters in DJF Over East and South Asiaa

(1) East Asia (2) South Asia

DAER DAERO3 D GHG DAER DAERO3 D GHG

Surface Temperature, K �2.51 �2.14 5.82 �1.85 �1.11 5.09
TSS, K km�1 b 0.26 0.28 0.26 0.16 0.18 0.47
Evaporation, mm day�1 �0.29 �0.26 0.37 0.12 0.14 0.23
SS Precipitation, mm day�1 �0.37 �0.26 0.08 �0.08 (�0.07) (�0.05)
MC Precipitation, mm day�1 �0.12 �0.07 (0.27) �0.06 �0.04 (0.03)
Ground Albedo, % 1.90 1.87 �2.59 0.27 0.26 �0.12
Surface Net SW Flux, W m�2 �22.16 �23.26 (�1.29) �18.87 �19.58 �2.83
Surface Net LW Flux, W m�2 (0.18) (0.86) 4.73 (2.33) 4.03 (1.19)
Surface SH Flux, W m�2 0.87 10.26 4.02 12.65 12.22 3.95
Surface LH Flux, W m�2 4.73 4.46 �6.97 (�0.23) (�0.70) �1.94

aFigure 13 shows the regions over which the statistics of the usual t-test are computed. Differences insignificant relative to the 95% confidence intervals
are parenthesized.

Figure 14. Predicted change over East and South Asia in DJF (a) in precipitation (mm day�1) and (b) in
sea level pressure (color shading, hPa) and surface wind field (vector, m s�1). Note that the color scale
differs between DAER and DGHG.
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2001]. GHG induce large regional mean surface tempera-
ture increases in DJF over East Asia (5.8 K) and South Asia
(5.1 K), which leads to an increase in regional mean
evaporation of 0.4 and 0.2 mm day�1, respectively. The
additional moisture from increasing evaporation causes
precipitation increase of 0.4 mm day�1 in East Asia, whereas
the DJF mean precipitation change in India in GHG pertur-
bation is small and statistically insignificant. Figure 14a also
shows a strong precipitation increase is predicted from
subtropical to the midlatitude western Pacific, likely associ-
ated with the equatorward shift of the storm track due to the
decrease of the latitudinal temperature gradient between
middle and high latitudes.

5. Summary and Conclusions

[35] The direct climatic effect of projected changes in
anthropogenic aerosols (sulfates, nitrates, OC, and BC),
tropospheric ozone, and long-lived greenhouse gases bet-
ween present day and year 2100 is investigated by means of
four equilibrium climate simulations. Concentrations of
anthropogenic aerosols and tropospheric ozone for years
2000 and 2100 are derived by the online GCM simulation of
coupled tropospheric chemistry and aerosols. Emissions of
aerosol/aerosol precursors, ozone precursors, as well as the
mixing ratios of GHG are based on the IPCC SRES A2
scenario. Aerosol indirect effects are not considered; there-
fore, the current study does not present an entire picture of
aerosol effects on climate. The resulting global annual mean
direct radiative forcing for aerosol, ozone, and GHG from
year 2000 to 2100 are predicted to be +0.18, +0.65, and
+6.54 W m�2 at the tropopause, and �3.02, +0.02, and
+1.37 W m�2 at the surface, respectively.
[36] The predicted climate effect of changing anthropo-

genic aerosol direct forcing from present day to year 2100,
DAER, shows a small increase in global annual mean
surface temperature of 0.14 K with substantial regional
cooling of around 1–2 K in East Asia, South Asia, West
Europe, and the Sahel, especially in the months DJF. The
perturbation in anthropogenic aerosols is also predicted to
change the inter-hemispheric temperature gradient, which
leads to a year-round anomalous vertical circulation over the
Tropics and slight changes in the global zonal wind field.
The predicted change in the global hydrological cycle in
DAER, following the change in circulation and water vapor
concentration, is only pronounced in the Tropical region: the

enhancement/reduction in water vapor concentration and
convective precipitation/cloud in the northern/southern
equatorial regional. Change in both aerosol and tropospheric
ozone from present day to 2100 is predicted to lead to a
global mean temperature increase of 0.48 K. Corresponding
changes in latitudinal temperature gradient, global circula-
tion, water vapor, and precipitation are similar to that
predicted in the aerosol-only perturbation but of a greater
magnitude. The predicted GHG climate effect in the present
study generally agrees with previous GCM simulations
complied in IPCC [2001], with an increase in global annual
mean surface temperature by 5.31 K, an amplified warming
in the NH polar region, maximized heating in the tropical
upper troposphere, weakening of the Hadley circulation, and
precipitation increase in the Tropics and middle to high
latitudes. The latitudinal distribution of changes in tropo-
spheric temperature, circulation, water vapor, and precipita-
tion induced by changing GHG, however, is very different
from that induced by anthropogenic aerosol direct forcing; a
summary is provided in Table 5.
[37] Analysis of regional climate change predicted over

the East and South Asia in DJF reveals that aerosol direct
effect alone (DAER) can lower the surface SW flux by as
much as 22 W m�2. The induced surface cooling predicted
with the aerosol-only perturbation (DAER) can potentially
alter the synoptic-scale wind flow and precipitation patterns:
East and South Asia is predicted to experience aerosol-
induced rainfall suppression in DJF owing to the predicted
high pressure anomaly residing over southern China, the
Tibetan Plateau, and India, together with an increase in
atmospheric stability and decrease in evaporation. On the
other hand, regional warming due to the change of GHG
(DGHG) is predicted to significantly enhance evaporation
over South and East China, and to increase precipitation over
East China and subtropical western Pacific.
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