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ABSTRACT

A unified chemistry-aerosol-climate model is applied in this work to compare climate responses to chang-
ing concentrations of long-lived greenhouse gases (GHGs, CO2, CH4, N2O), tropospheric O3, and aerosols
during the years 1951–2000. Concentrations of sulfate, nitrate, primary organic carbon (POA), secondary
organic carbon (SOA), black carbon (BC) aerosols, and tropospheric O3 for the years 1950 and 2000 are
obtained a priori by coupled chemistry-aerosol-GCM simulations, and then monthly concentrations are in-
terpolated linearly between 1951 and 2000. The annual concentrations of GHGs are taken from the IPCC
Third Assessment Report. BC aerosol is internally mixed with other aerosols. Model results indicate that the
simulated climate change over 1951–2000 is sensitive to anthropogenic changes in atmospheric components.
The predicted year 2000 global mean surface air temperature can differ by 0.8◦C with different forcings.
Relative to the climate simulation without changes in GHGs, O3, and aerosols, anthropogenic forcings of
SO2−

4 , BC, BC+SO2−
4 , BC+SO2−

4 +POA, BC+SO2−
4 +POA+SOA+NO−

3 , O3, and GHGs are predicted to
change the surface air temperature averaged over 1971–2000 in eastern China, respectively, by −0.40◦C,
+0.62◦C, +0.18◦C, +0.15◦C, −0.78◦C, +0.43◦C, and +0.85◦C, and to change the precipitation, respec-
tively, by −0.21, +0.07, −0.03, +0.02, −0.24, −0.08, and +0.10 mm d−1. The authors conclude that all
major aerosols are as important as GHGs in influencing climate change in eastern China, and tropospheric
O3 also needs to be included in studies of regional climate change in China.
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1. Introduction

The long-lived greenhouse gases (CO2, CH4, and
N2O), tropospheric O3, and aerosols have made sig-
nificant contributions to global radiative forcing of
the climate since preindustrial times (IPCC, 2007).
GHGs and tropospheric O3 lead to global warming,
and aerosols influence the climate through absorption

and scattering of radiation (the so-called direct effect)
and through their influence on cloud properties (the
so-called indirect effect).

There have been numerous assessments of climate
change driven by GHGs (e.g., Keen and Murphy, 1997;
Trenberth, 1999; Hansen et al., 2005; Levy et al., 2008;
Shindell et al., 2008), tropospheric ozone (e.g., Ra-
maswamy and Bowen, 1994; Hansen et al., 1997; Stu-
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ber et al., 2001; Mickley et al., 2004; Shindell et al.,
2006; Chen et al., 2007), and aerosols (Hansen et al.,
1997; Boer et al., 2000; Menon et al., 2002; Jacobson,
2004; Wang, 2004; Chung and Seinfeld, 2005; Hansen
et al., 2005; Ramanathan et al., 2005; Takemura et al.,
2005; Stier et al., 2006; Roeckner et al., 2006; Wang,
2007; Chen et al., 2007; Shindell et al., 2008). Be-
cause of the coexistence of GHGs, tropospheric O3,
and multiple aerosol species in the atmosphere, all an-
thropogenic changes in the atmospheric components
need to be considered in order to accurately simulate
climate change. Most of the previous climate simula-
tions only accounted for a fraction of anthropogenic
changes in GHGs, tropospheric O3, and aerosols. Sev-
eral recent studies have compared the roles of forcings
by different atmospheric species in climate change on
a global scale (Hansen et al., 2005; Chen et al., 2007;
Shindell et al., 2008; Levy et al., 2008), but none of
these studies have focused on regional climate change
in eastern China over the past decades.

China has been undergoing rapid industrial and
economic development over the past two decades with
increasing emissions of aerosols and gaseous pollu-
tants. The concentrations of NO2, one of the most
important precursors of O3, have been shown to in-
crease largely over the past decade and are now among
the highest values based on satellite retrieval (Zhang
et al., 2007). Surface ozone data from the Linan Re-
gional Background Station in eastern China showed
that the monthly highest 5% ozone concentrations
have been increasing over 1991–2006 (Xu et al., 2008).
The measured PM2.5 concentrations are within 72.6–
129.9 µg m−3 in the winter and 49.1–107.5 µg m−3 in
the summer in southern China (Cao et al., 2003, 2004;
Duan et al., 2007); and about 78.0–208.4 µg m−3 in
the winter and 80.3–121.7 µg m−3 in the summer in
northern China (Dan et al., 2004; Yang et al., 2005; Yu
et al., 2006). High concentrations of O3 and aerosols
suggest that it may be essential to consider both of
them in the climate simulations for China.

We utilize in this work a unified tropospheric
chemistry-aerosol model within the Goddard Institute
for Space Studies general circulation model II’ (GISS
GCM II’) (Liao et al., 2003, 2004; Liao and Sein-
feld, 2005; Liao et al., 2006) to compare climate re-
sponses to forcings by GHGs, tropospheric O3, and
different combinations of aerosol species over 1951–
2000, with a focus on the magnitude of changes in
meteorological parameters in eastern China. Section 2
describes the model and experimental design. Section
3 presents simulated concentrations of tropospheric
O3 and aerosols for the years 1950 and 2000 as well
as transient climate change simulated in the designed
climate simulations. Climate responses including the

changes in surface air temperature, precipitation, and
surface energy balance will be discussed.

2. Model description and experimental design

2.1 The unified model

The unified tropospheric chemistry-aerosol model
within the GISS GCM II’ is described in detail in pre-
vious studies (Liao et al., 2003, 2004; Liao and Sein-
feld, 2005; Liao et al., 2006). The GISS GCM II’ has
a horizontal resolution of 4◦ (lat) by 5◦ (lon), with
9 σ vertical layers from the surface to 10 hPa (Rind
and Lerner, 1996; Rind et al., 1999) and is coupled
with a “Q-flux” ocean (Hansen et al., 1984). In the
Q-flux ocean, the monthly horizontal heat transport
fluxes are held constant as in Mickley et al. (2004),
while changes in the sea surface temperatures and sea
ice are calculated based on the energy exchange with
the atmosphere, ocean heat transport, and the ocean
mixed layer heat capacity (Hansen et al., 1984; Russell
et al., 1984). The GISS model has been used exten-
sively to probe the climate’s response to perturbations
in GHG concentrations, solar luminosity, and tropo-
spheric O3 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;
Chen et al., 2007).

The model includes a detailed simulation of tro-
pospheric O3-NOx-hydrocarbon chemistry, as well as
sulfate, nitrate, ammonium, BC, POA, SOA, sea salt,
and mineral dust aerosols. The chemical mechanism
includes 225 chemical species and 346 reactions for
simulating gas-phase species and aerosols. The par-
titioning of ammonia and nitrate between the gas and
aerosol phases is determined by the on-line thermody-
namic equilibrium model ISORROPIA (Nenes et al.,
1998), and the formation of secondary organic aerosols
from monoterpenes is based on equilibrium partition-
ing and experimentally determined yield parameters
(Griffin et al., 1999a,b; Chung and Seinfeld, 2002).
Two-way coupling between the aerosols and gas-phase
chemistry provides consistent chemical fields for the
aerosol dynamics and the aerosol mass for heteroge-
neous processes and calculations of gas-phase photol-
ysis rates.

The radiative effects of GHGs, O3, and aerosols are
fed back into the GISS GCM in climate simulations.
BC aerosols are assumed to be internally mixed with
other aerosol species in the simulations with mixed
aerosols. The refractive index of the internally mixed
aerosols is calculated by the volume-weighting of the
refractive index of each aerosol species and associated
water (Sloane, 1984, 1986; Sloane and Wolff, 1985;
Sloane et al., 1991).
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where Vi is the volume of the species i including am-
monium sulfate, nitrate, organic carbon, black car-
bon, and the water content of the aerosols. ni and
ki are the real and imaginary parts of the refrac-
tive index of species i, respectively. The refractive
index for each aerosol species follows that listed in
Liao et al. (2004). The aerosol optical properties (ex-
tinction cross section, single-scattering albedo, and
asymmetry factor) are calculated by the Mie theory
based on wavelength-dependent refractive indices and
aerosol size distributions. Assumptions and parame-
ters used for the calculations of aerosol optical prop-
erties are given in Liao et al. (2004). Water uptake
by sulfate/nitrate/ammonium aerosols is determined
by the aerosol thermodynamic equilibrium module,
ISORROPIA (Nenes et al., 1998). Water uptake by or-
ganic carbon aerosols follows the treatment of Chung
and Seinfeld (2002). We only consider the aerosols’
direct radiative effect in this work.

2.2 Simulations of concentrations of O3 and
aerosols in years 1950 and 2000

Concentrations of sulfate, nitrate, primary or-
ganic carbon, secondary organic carbon, black car-
bon, and tropospheric O3 in the years 1950 and
2000 are obtained a priori by two fully coupled
chemistry-aerosol-climate simulations, each integrat-
ing the unified model for 4 years. Present-day
global anthropogenic emissions follow those listed
in detail in Liao et al. (2006), except that an-
thropogenic emissions in Asia have been updated
to use David Streets 2006 emissions inventories
(http://www.cgrer.uiowa.edu/EMISSION DATA new/
index 16.html). Natural emissions, including light-

ning NOx, NOx from soil, biogenic hydrocarbons, and
dimethyl sulfide (DMS), are estimated based on sim-
ulated meteorological conditions (Liao et al., 2006).
In the year 1950, all anthropogenic emissions in the
model are set to zero. Monthly concentrations aver-
aged over the final two months of the year 1950 (or
year 2000) simulation are used to represent the con-
centrations and distributions of ozone and aerosols for
year 1950 (or year 2000). These concentrations are
then interpolated linearly between 1950 and 2000 for
the transient climate simulations over 1951–2000.

2.3 Transient climate simulations

Table 1 lists all experiments performed to exam-
ine the climate responses to forcings by GHGs, tro-
pospheric O3, and different combinations of aerosol
species over 1951–2000. The control run, denoted
as CTRL1950, is the climate simulation with con-
centrations of GHGs, tropospheric O3, and aerosols
fixed at year 1950 levels. Simulation ∆GHG is per-
formed with interpolated annual changes in concen-
trations of GHGs over the years 1951–2000, but con-
centrations of tropospheric O3 and aerosols are fixed
at year 1950 levels. Additional experiments are de-
signed as ∆GHG+∆XX, where ∆XX represents one
of the cases of ∆BC, ∆SO4, ∆BCSO4,∆BCSO4POA,
∆AER, and ∆AERO3, with, respectively, chang-
ing concentrations of BC, SO2−

4 , BC+SO2−
4 , BC+

SO2−
4 +POA, BC+SO2−

4 +POA+NO−
3 +SOA, and

BC+SO2−
4 +POA+NO−

3 +SOA+O3 over 1951–2000.
The difference between simulations ∆GHG and
CTRL1950 represents climate change over 1951–2000
driven by anthropogenic changes in GHGs, while
the difference between simulations ∆GHG+∆XX and
∆GHG assesses climate change over 1951–2000 driven
by anthropogenic changes in aerosol (or a combination
of aerosols) XX.

All the simulations in Table 1 are initialized us-

Table 1. Summary of transient climate simulations.

Experiment Period of Period of Period of
long-lived aerosols tropospheric
greenhouse ozone

gases

1 CTRL1950 1950 1950 1950
2 ∆GHG 1951–2000 1950 1950
3∗ ∆GHG+∆BC 1951–2000 BC changes over 1951–2000 1950

∆GHG+∆SO4 SO2−
4 changes over 1951–2000 1950

∆GHG+∆BCSO4 BC and SO2−
4 change over 1951–2000 1950

∆GHG+∆BCSO4POA BC, SO2−
4 , and POA change over 1951–2000 1950

∆GHG+∆AER BC, SO2−
4 , POA, NO−

3 , and SOA change over 1951–2000 1950
∆GHG+∆AERO3 BC, SO2−

4 , POA, NO−
3 , and SOA change over 1951–2000 1951–2000

∗Concentrations of aerosol species that are not allowed to change over 1951–2000 are kept at 1950 levels.
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Table 2. Predicted annual mean global burdens (Tg) of aerosols and ozone.

SO2−
4 NO−

3 BC POA SOA O3

1950 0.63 0.30 0.007 0.07 0.26 229.36
2000 2.30 0.52 0.14 0.79 0.33 364.11
2000–1950 1.67 0.22 0.13 0.72 0.07 134.75

Table 3. Predicted mean tropopause anthropogenic radiative forcing (W m−2) by the changes in greenhouse gases,
tropospheric ozone, and aerosols (SO2−

4 , NO−
3 , POA, SOA, and BC) over 1950–2000.

Region DJF JJA Annual mean

GHG Global 1.93 1.94 1.94
Eastern China 1.86 1.73 1.79

O3 Global 0.41 0.58 0.51
Eastern China 0.57 1.16 0.87

Aerosol Global −0.58 −0.56 −0.57
Eastern China −5.39 −6.49 −6.08

ing meteorological fields archived at the end of a 30-
year spin-up simulation with year 1950 concentrations
of GHGs, tropospheric O3, and aerosols. Each tran-
sient climate simulation is integrated from 1951 to
2000. Concentrations of GHGs over 1950–2000 are
obtained by spline interpolation from those reported
in the IPCC Third Assessment Report (IPCC, 2001);
concentrations of CO2, CH4, and N2O are, respec-
tively, 320.18, 1.1063, and 0.2919 ppm in the year 1951,
and 369.01, 1.7500, and 0.3152 ppm in the year 2000.

3. Model results

3.1 Global concentrations of O3 and aerosols
in years 1950 and 2000

Figure 1 shows the simulated annual mean column
concentrations of aerosols and tropospheric O3 in 1950
and 2000. As expected, concentrations in 1950 are gen-
erally small in the absence of anthropogenic emissions.
Sulfate and SOA have relatively higher concentrations
as compared to other aerosol species in 1950; sulfate
formation is mostly from natural DMS emissions over
the oceans, and SOA formation is from the biogenic
emissions of hydrocarbons. In 2000, column burdens
of all aerosol species and O3 show high values over
populated areas.

Predicted annual and global mean burdens of
aerosols and O3 in the years 1950 and 2000 are given
in Table 2. Sulfate is the most abundant aerosol in
the atmosphere in both time periods. The sulfate bur-
den of 0.63 Tg is about twice the nitrate burden of
0.30 Tg or the SOA burden of 0.26 Tg in 1950. In the
year 2000, the global burdens of sulfate and POA show
large increases relative to those in 1950; sulfate and
POA increase by 1.67 Tg and 0.72 Tg, respectively.

The increase in the BC burden of 0.13 Tg over 1950–
2000 is relatively small as compared with the changes
in the burdens of sulfate and POA, but it can have a
large impact on the climate because of its unique op-
tical properties. The tropospheric O3 burden in 2000
is 1.6 times the value in 1950.
3.2 Anthropogenic radiative forcing by

GHGs, O3, and aerosols over 1950–2000

We compute the direct radiative effect (DRE) of
a species as the difference in the net flux with and
without the species, and then calculate anthropogenic
forcing as the change in DRE from 1950 to 2000. Fig-
ure 2 shows the horizontal distributions of anthro-
pogenic radiative forcing at the tropopause in 2000
relative to 1950. Radiative forcing by GHGs is rel-
atively uniform as compared to that of O3 or other
aerosols. Tropospheric O3 forcing is significant in the
Northern Hemisphere and larger in JJA (June–July–
August) than in DJF (December–January–February),
because of the strong photochemical reactions in JJA.
The warming by O3 over eastern China (20◦–50◦N,
100◦–130◦E) is 1.16 W m−2 in JJA (Table 3). Large
cooling by all aerosol species (SO2−

4 , NO−
3 , POA, SOA,

and BC) is predicted over the industrialized areas and
over Central Africa and South America where biomass
burning is significant. We also compare in Table 3
the forcings by GHGs, O3, and aerosols in eastern
China. The slightly stronger cooling exists in eastern
China in JJA than in DJF despite of the lower an-
thropogenic emissions (Streets et al., 2003), stronger
diffusion/convection, shifting of the aerosol thermo-
dynamic equilibrium to a gas-phase at warmer temper-
atures (Dawson et al., 2007), and the larger wet depo-
sition associated with the Asian summer monsoona.

aZhang, L., H. Liao, and J. P. Li, 2009: Impacts of Asian Summer Monsoon on Seasonal and Interannual Variations of Aerosols
over Eastern China, submitted to J. Geophys. Res.



752 RADIATIVE FORCING OF AEROSOLS OZONE GREENHOUSE GASES VOL. 26

 

Fig. 1. Predicted annual mean column of burdens of the aerosols (mg m−2) and tropospheric
ozone (DU) in 1950 and 2000.
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Fig. 2. Predicted seasonal mean tropopause anthropogenic radiative forcing (W m−2) by green-
house gases, tropospheric ozone, and all aerosols (SO2−

4 , NO−
3 , POA, SOA, and BC) from 1950 to

2000. Negative values indicate cooling. DJF represents December–January–February and JJA for
June–July–August.

3.3 Climate responses to direct radiative forc-
ing of anthropogenic aerosols, tropo-
spheric O3, and GHGs

3.3.1 Responses in surface air temperature (SAT)

Figure 3 shows predicted changes in the global an-
nual mean SAT over 1951–2000 from all the simula-
tions described in section 2.3. GHGs are the most
important factors that lead to the increases in SAT;
a warming trend is predicted in all simulations with
increases in GHGs. Consideration of aerosols and
O3 in climate simulations does not change the gen-
eral warming trend in the simulated global mean
SAT, but does cause a 0.8◦C difference in the simu-
lated year 2000 global mean SAT between simulations
∆BC and ∆AER. The simulations ∆BC, ∆BCSO4,
∆BCSO4POA (note changes in GHGs are included in
all the simulations except CTRL1950) predict a higher
year 2000 SAT than the simulation ∆GHG, because of
the absorption by BC and the assumed internal mix-
ing of BC with scattering species. Relative to the year
2000 global mean SAT of 15.1◦C simulated in ∆GHG,
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Fig. 3. Predicted changes in the global annual mean sur-
face air temperature (◦C) over 1951–2000 from all the
simulations listed in Table 1.

BC aerosols lead to an additional warming of 0.5◦C
in ∆BC. In ∆BCSO4POA, the addition of the scat-
tering aerosol of sulfate and POA cannot offset all of
the warming by BC. Simulations ∆SO4 and ∆AER
predict a lower year 2000 SAT than ∆GHG. When all
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aerosol species are considered in ∆AER, the predicted
global mean year 2000 SAT differs from that in ∆BC
by 0.8◦C, indicating the importance of the inclusion of
all major aerosol species in climate simulations. The
net effect of O3 and all the aerosols is a cooling of
the climate relative to simulation ∆GHG. The mod-
eled global mean temperatures in ∆AERO3 during
1971–2000 are generally warmer than those in ∆AER.
The global mean temperatures simulated in ∆AER are
closer to the ERA40 reanalysis data than those sim-
ulated in ∆AERO3 after the 1990s, which might be
caused by the uncertainty in simulating aerosol cool-
ing.

Climate response to forcings by different atmo-
spheric components can be further examined by com-
paring averaged meteorological parameters over 1971–
2000 in the sensitivity studies with those from ∆GHG
run for O3 and aerosols (or the CTRL1950 for green
house gases). The geographical distributions of SAT
responses obtained from each of the sensitivity runs
are shown in Fig. 4. There are two major features
in the simulated SAT responses. The first is that the
SAT responses are the largest in the high latitudes in-
dependent of the type of forcing (i.e., GHGs, O3, or
different aerosol species), because of the sea-ice cli-
mate feedbacks. For example, the surface cooling by
aerosols can lead to an extension of sea-ice coverage
in the high latitudes, increasing surface albedo and
hence further reducing solar radiation and tempera-
ture at the surface. The reverse is true if there is a
positive forcing (warming) in the high latitudes. Such
sea-ice climate feedbacks agree with results in previ-
ous studies (Hansen et al., 1997; Forster et al., 2000;
Boer and Yu, 2003; Joshi et al., 2003; Mickley et al.,
2004; Chung and Seinfeld, 2005). As a result, the dis-
tribution of SAT responses does not necessarily follow
that of the direct radiative forcing and the maximum
response does not occur over regions with the largest
forcing. The second feature is that, for short-lived
species (O3 and aerosols), responses in SAT are large
over or in the downwind regions of populated areas
where anthropogenic emissions are the highest.

It can be seen clearly from the case of ∆BCSO4
in Fig. 4 that the cooling induced by sulfate aerosols

can only partly offset the warming by black carbon
on a global mean basis. This result is different from
the work of Jones et al. (2007) who found that the
cooling by sulfate is larger than the warming by black
carbon in equilibrium climate simulations. The differ-
ence arises because BC and sulfate are assumed to be
mixed externally in Jones et al. (2007), whereas they
are assumed to be an internal mixture in our study.
An internal mixture has been shown to have stronger
warming than an external mixture (Chung and Sein-
feld, 2002). Over eastern China, the internal mixing
of BC and sulfate leads to weak cooling in DJF and
statistically significant warming in JJA.

The pattern of responses in SAT in simulation
∆BCSO4POA is similar to that obtained in ∆BCSO4,
because POA is a weak absorbing species with a single-
scattering albedo of 0.96 (Liao et al., 2004). The in-
troduction of POA to the simulation reduces the sta-
tistical significance of the warming but cannot offset
the warming. In simulation ∆AER, with all of BC,
SO2−

4 , POA, SOA, and NO−
3 aerosols considered, a

general global cooling is predicted; the average reduc-
tion in the global annual mean SAT is −0.26◦C, which
is 1.7 times of the cooling by sulfate alone (Fig. 4).
The maximum cooling exceeding 1.5◦C in DJF and
0.5◦C−1.0◦C in JJA are predicted in eastern China in
∆AER. Besides that, aerosol concentrations over east-
ern China are lower in JJA than in DJF as a result
of the large wet deposition associated with the Asian
summer monsoon, more stable lapse rates in DJF than
in JJA confines the temperature responses closer to the
surface in DJF.

Tropospheric O3 and GHGs lead to general warm-
ing. While both GHGs and O3 lead to strong warming
over the high latitudes, tropospheric O3 also largely in-
creases the SAT over populated areas. The predicted
change in the global and annual mean SAT by tropo-
spheric O3 is 0.16◦C, which is slightly lower than the
global annual mean warming of 0.22◦C by BC and is
about 21% of the 0.77◦C global warming by GHGs.

It is of interest to compare the magnitude of
changes in SAT over eastern China (Table 4). Only
two of all the simulations predict a cooling over east-
ern China; ∆SO4 and ∆AER predict a cooling of

Table 4. Summary of the averaged changes of selected climate variables over 1971–2000 in eastern China (20◦–50◦N,
100◦–130◦E).

∆SO4 ∆BC ∆BCSO4 ∆BCSO4POA ∆AER ∆O3 ∆GHG

Temperature (◦C) −0.40 0.62 0.18 0.15 −0.78 0.43 0.85
Radiation (W m−2) −1.09 −0.91 −2.71 −2.98 −7.29 0.40 1.12
Latent heat (W m−2) 1.92 −0.55 1.38 1.17 5.18 −0.86 −2.26
Sensible heat (W m−2) −1.03 1.41 1.37 1.83 1.67 0.73 1.34
Precipitation (mm d−1) −0.21 0.07 −0.03 0.02 −0.24 0.08 0.10
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Fig. 4. Predicted differences in DJF, JJA, and the annual mean surface air temperature (◦C) over
1971–2000 between each of the sensitivity studies and the ∆GHG simulation for top seven rows.
The differences are between simulation ∆GHG and the CTRL1950 run for bottom row. Dotted
areas denote results that pass the t-test at the 95% confidence level. The global mean value is
indicated at the top right corner of each panel.
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0.40◦C and 0.78◦C, respectively. The largest warming
of 0.85◦C is predicted in ∆GHGs, followed by warming
of 0.62◦C in ∆BC, 0.43◦C in ∆O3, 0.18◦C in ∆BCSO4,
and 0.15◦C in ∆BCSO4POA. The aerosol direct cool-
ing of −0.78◦C is close in magnitude to the warming
of 0.85◦C by GHGs, and the warming by tropospheric
O3 is 0.43◦C in eastern China. These results indicate
that it is important to consider effects of tropospheric
O3 and all aerosols in simulations of climate change in
China.

3.3.2 Responses in precipitation
The predicted responses of precipitation to changes

in concentrations of different atmospheric components
are shown in Fig. 5. Aerosol cooling usually re-
duces SAT, convection, evaporation, and hence precip-
itable water in the air, leading to reduced precipitation
(Mitchell and Johns, 1997). On the contrary, a warm-
ing at the surface usually increases convection and
evaporation, increasing regional precipitation. Such
changes in precipitation can easily be identified in DJF
when climate responses are quite confined to the sur-
face. The presence of scattering aerosols is predicted to
reduce precipitation in DJF over eastern China in all
the cases of ∆SO4, ∆BCSO4, ∆BCSO4POA, ∆AER,
and ∆AERO3 (Fig. 5). In JJA, the presence of sulfate
aerosols in ∆SO4 is predicted to reduce precipitation
in eastern China, and BC generally increases precipita-
tion in eastern China except the Yangtze River basin.

On a global mean basis, simulations with all an-
thropogenic aerosol species (∆AER and ∆AERO3)
show statistically significant reductions in precipita-
tion over heavily polluted areas such as eastern China
and Europe. GHGs are predicted to generally in-
crease precipitation over the mid-high latitudes, which
is consistent with the multi-model predictions in IPCC
(2007).

In eastern China, the annual mean changes in pre-
cipitation of −0.21 and +0.07 mm d−1 are predicted
in ∆SO4 and ∆BC, respectively (Table 4). The re-
duction in precipitation in eastern China in ∆AER
is about the same as that simulated in ∆SO4, and
the reduction is larger than the increase in precipi-
tation in ∆GHG (Table 4), indicating that in China,
aerosols have larger impacts on the hydrological cycle
than GHGs. Note that the indirect effect of aerosols is
not considered in this work, which is expected to have
additional large impacts on the regional precipitation
in China.

It should be noted that in simulations of both ∆BC
and ∆AER, the simulated pattern of changes in pre-
cipitation in JJA does not agree with the observed
pattern of “southern flood and northern drought”. Al-
though Menon et al. (2002) reproduced the observed

changes in JJA precipitation in China by considering
the absorption of BC aerosols in their climate simu-
lation, their simulation was based on fixed SST and
an assumption of a uniform aerosol single scattering
albedo of 0.85. The responses of the oceans to exter-
nal forcing are very important to summer precipitation
in southern China, since the regional moisture conver-
gence depends on the large-scale circulation related
to SST. Menon et al. (2002) (same study) also found
that there could be less precipitation once observed
changes of SST were used in the climate simulation.
Meehl et al. (2008) studied the climatic effect of BC on
the Indian and Asian summer monsoon with dynamic
oceans and reported a reduced summer precipitation
in southern China as well. However, we cannot con-
clude that the changes in precipitation in China are
not caused by aerosols, because the indirect effect of
aerosols is not considered in this work. Recent work
by Rosenfeld et al. (2008) has shown that the indirect
effect of aerosols can increase the precipitation of deep
convective clouds, which might be very important for
southern China with strong deep convection associated
with the Asian summer monsoon.

3.3.3 Changes in the surface energy budget
(1) Global changes in radiative flux
Responses in SAT and precipitation are associated

with the changes in the energy balance induced by
changing atmospheric components. Figure 6a shows
the differences in the surface-layer net radiative flux
(shortwave radiation plus longwave radiation) aver-
aged over 1971–2000 between each sensitivity study
and the ∆GHG simulation for O3 and aerosols (or the
CTRL1950 for green house gases). Negative values
represent reductions in the net radiation that reaches
the Earth’s surface. Sulfate aerosols scatter solar radi-
ation back to outer space, reducing the shortwave ra-
diation that reaches the surface. Black carbon aerosols
reduce solar radiation by both scattering and absorb-
ing solar radiation. With all the feedbacks in the at-
mosphere and the surface (for example, changes in
evaporation, ice cover, and snow cover), all simula-
tions with aerosols show reductions in the annual and
global mean surface-layer net radiation; a reduction
of 0.40 W m−2 is predicted in the presence of sulfate
aerosols in ∆SO4, and that of 0.11 W m−2 is predicted
in ∆BC. For cases with mixed aerosols, the annual and
global mean reductions are larger with more aerosol
species added in a climate simulation; the reductions
in the global and annual mean surface-layer net radi-
ation in ∆BCSO4, ∆BCSO4POA, ∆AER are, respec-
tively, −0.46, −0.60, and −1.35 W m−2 (Fig. 6a).
Although the atmosphere is absorbing solar radiation
in the presence of BC in these simulations, the reduc-
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Fig. 5. Predicted differences in DJF, JJA, and the annual mean precipitation (mm d−1) over 1971–
2000 between each of the sensitivity studies and the ∆GHG simulation for top seven rows. The
differences are between simulation ∆GHG and the CTRL1950 run for bottom row. Dotted areas
denote results that pass the t-test at the 95% confidence level. The global mean value is indicated
at the top right corner of each panel.
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 Fig. 6. Predicted differences in the energy flux (W m−2) averaged over 1971–2000 between each of
the sensitivity studies and the ∆GHG simulation for top seven rows. The differences are between
simulation ∆GHG and the CTRL1950 run for bottom row. (a) Net radiative flux (shortwave plus
longwave, LWSW). Negative values indicate reductions in the radiative flux that reach the surface.
(b) Latent heat flux (LH). Positive values denote an increase in latent heat as a result of the re-
duced evaporation. (c) Sensible heat flux (SH). Positive values represent the downward transport
of sensible heat. Dotted areas denote results that pass the t-test at the 95% confidence level. The
global mean value is indicated at the top right corner of each panel.
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tions in the net radiation indicate that the downward
longwave radiation by warmed air cannot compensate
the loss of solar radiation by aerosols, as shown by
Liepert et al. (2004) and Wild et al. (2004). On an
annual and global mean basis, tropospheric O3 and
GHGs increase the net radiative flux at the surface
by 0.22 and 0.99 W m−2, respectively, which are lower
than the reduction of 1.35 W m−2 by all aerosol species
in ∆AER.

(2) Global changes in latent heat flux
The changes in the net radiative fluxes reaching the

surface and the consequent changes in SAT (Fig. 3)
lead to changes in evaporation. Figure 6b shows the
differences in the surface-layer latent heat flux aver-
aged over 1971–2000 between each sensitivity study
and the ∆GHG simulation for O3 and aerosols (or
the CTRL1950 for green house gases). Positive val-
ues represent increases of energy at the surface as a
result of the reduced evaporation. The predicted an-
nual and global mean latent heat flux increases in all
cases with scattering aerosols. Species with a posi-
tive forcing (BC, tropospheric O3, and GHGs) lead to
increases in SAT (Fig. 3) and hence increased evap-
oration and reduced latent heat at the surface. In
simulations ∆BCSO4 and ∆BCSO4POA, the global
mean changes in latent heat flux are +0.07 and +0.16
W m−2, respectively, which are smaller in magnitude
than the +0.36 W m−2 in ∆SO4 and −0.25 W m−2

in ∆BC. With all major aerosol species in simulation
∆AER, the geographical distribution of the changes
in the latent heat flux mimics that of the changes in
the net radiative flux, although the changes in these
two fluxes have opposite signs. The reductions in the
annual and global mean latent flux by tropospheric O3

and GHGs are −0.31 and −1.36 W m−2, respectively.
Results indicate that the changes in the energy balance
are very sensitive to the atmospheric components con-
sidered in the simulations.

(3) Global changes in sensible heat flux
Sensible heat fluxes (Fig. 6c) are determined by

differences in temperature between the atmosphere
and the surface. Positive values represent energy mov-
ing from the atmosphere to the surface. The scat-
tering and absorbing aerosols have different impacts
on the sensible heat flux. Sulfate aerosols lead to a
stronger reduction in SAT than in ground tempera-
tures over eastern China and the North Pole, leading
to a small negative global mean change in the sen-
sible heat flux of −0.04 W m−2. In the presence of
mixed aerosols (scattering aerosols plus BC), the ab-
sorption by aerosols increases the atmospheric temper-
ature, leading to the transport of sensible heat from
the atmosphere to the surface; the global and annual
mean sensible heat fluxes are within the range of 0.30–

0.42 W m−2 in these cases. Over areas with a high
surface albedo, such as the Sahara desert and central
Asia, BC or mixed aerosols can absorb both incoming
and reflected solar radiation, leading to large heating
in the atmosphere and large downward sensible fluxes
(Fig. 6c). Both tropospheric O3 and GHGs lead to
downward fluxes of the sensible heat. The global and
annual mean downward transport of sensible heat is
0.12 W m−2 by tropospheric O3 and 0.67 W m−2 by
GHGs.

(4) Changes in the energy balance over eastern
China

Table 4 shows the annual mean changes in energy
fluxes in the presence of different atmospheric com-
ponents in eastern China. The reduction in the net
radiative flux at the surface in ∆AER is −7.29 W
m−2, which is about 2–7 times the reductions in other
simulations with aerosols and about 5 times the to-
tal increase in the net radiative flux by tropospheric
O3 and GHGs. The positive change of latent heat of
5.18 W m−2 in ∆AER is about 5–10 times higher in
magnitude than either the positive or negative changes
in aerosol simulations, and it is about 2 times the re-
ductions by O3 and GHGs. Although a prevalent cool-
ing is simulated in both the ∆SO4 and ∆AER exper-
iments, the inclusion of black carbon in ∆AER leads
to a downward flux of sensible heat of 1.67 W m−2,
which is opposite to the upward flux of 1.03 W m−2

in ∆SO4. The magnitude of the change in the sensi-
ble heat in ∆AER is larger than that in ∆GHG. Be-
cause of the high concentrations of tropospheric O3,
changes in the energy balance by O3 are of the same
sign as those by GHGs, with the magnitude of the
changes about 30%–50% of the corresponding changes
in ∆GHG. These results indicate that it is important
to consider all major aerosol species in the examina-
tion of the energy balance at the surface in eastern
China.

4. Summary

Climate responses to changes in concentrations of
aerosols, tropospheric O3, and long-lived greenhouse
gases over 1951–2000 are compared based on a number
of transient climate simulations using the GISS GCM
II’. We considered 5 combinations of aerosols, includ-
ing cases of ∆SO4, ∆BC, ∆BCSO4, ∆BCSO4POA,
and ∆AER. The first four cases include aerosol species
that are commonly considered in previous climate sim-
ulations, while ∆AER has additional aerosol species of
nitrate and SOA.

On a global mean basis, the long-lived greenhouse
gases are predicted to dominate the increases in the
surface air temperature during the past decades. Such
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a major role of GHGs in influencing the global mean
surface air temperature was also reported in Levy et
al. (2008) and Shindell et al. (2008). Aerosols and
tropospheric O3 are also found to be very important;
with the same changes in concentrations of GHGs in
all simulations, the predicted year 2000 global mean
surface air temperature can differ by 0.8◦C with ad-
ditional forcings by tropospheric ozone and aerosols
when different combinations of aerosols are assumed.

As a result of the high concentrations of O3 and
aerosols in eastern China, O3 and aerosols play more
significant roles in regional climate change in China
than in globally averaged climate change. Averaged
over eastern China, the responses in surface air tem-
perature are +0.85◦C, +0.43◦C, and −0.78◦C, respec-
tively, to forcings of GHGs, tropospheric O3, and all
major aerosol species. In eastern China, all aerosols
have an effect of reducing precipitation by −0.24 mm
d−1, while tropospheric O3 and GHGs increase pre-
cipitation by 0.08 and 0.10 mm d−1, respectively. Re-
sults suggest that besides the commonly considered
aerosol species of sulfate, BC, and POA, nitrate and
SOA should also be considered in studies of climate
change.

There are some uncertainties associated with our
model results. First, the mixed-layer ocean may pre-
vent the heat fluxes from being transported into the
deep ocean. Second, in this work we interpolated the
concentrations of O3 and aerosols between 1950–2000;
more accurate simulations need to account for the his-
torical changes in anthropogenic emissions. Final, the
indirect effect of aerosols needs to be taken into ac-
count. All these issues will be improved in our subse-
quent studies.
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