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[11 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) II'. 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 CO,, CHy4, N,O, 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
acrosol 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) II" 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) [Nakicenovié¢ 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 CO,-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 1l [Liao et al., 2003, 2004; Liao
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and Seinfeld, 2005] is used in this work. The GISS GCM I’
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 o 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 [PCC SRES A2 emission scenarios (in
which heterogeneous world, no emphasis on sustainability,
and slow technology development is assumed, and the
highest year 2100 CO, and SO, 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 N,Os and irreversible absorption of
NOj3, NO,, and HO, on wetted surfaces of SO%‘, NO3,
NH,, and OC aerosols are accounted for. The differences
between the calculated present-day and year 2100 aerosol/
05 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, O;, and GHG
at year 2000 levels. The second simulation, 21 A, uses year
2100 anthropogenic aerosols but present-day tropospheric
05 and GHG concentrations. The difference between the
equilibrium states (the last 30 years in the simulation) of PD
and 21A, referred to as AAER 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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Table 1. Summary of Climate Experiments
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Anthropogenic Aerosol

Tropospheric O;

Experiments Concentration Concentration GHG Levels Perturbation
PD Year 2000 Year 2000 Year 2000 Present-day climate
21A Year 2100 Year 2000 Year 2000 21A — PD = AAER
21A0 Year 2100 Year 2100 Year 2000 21A0 — PD = AAERO;
21G Year 2000 Year 2000 Year 2100 21G — PD = AGHG

spheric O3 are set at year 2100 levels with GHG levels at
present day; the difference between simulations PD and
21A0, referred to as AAERO;, assesses the combined
climate effect of changes in both aerosols and tropospheric
O;. Lastly, the simulation 21G, which uses present-day
aerosol/O; but year 2100 GHG, is compared to PD to
evaluate the climate effect of GHG changes only (AGHG).
In these equilibrium climate simulations, GHG mixing ratios
are taken from the IPCC SRES A2 and grid-by-grid aerosol/
O; 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).

[v] 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 CO, 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
O;. 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 O; 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 SOF~, 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 >, 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 um 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 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 Study”

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 Os, Tg 327 520
CO,, ppmv 367 836
CHy, ppbv 1760 3731
N,O, ppbv 316 447
Chlorofluorocarbon (CFC)-11, pptv 267 45

CFC-12, pptv 535 222

“Emissions are based on SRES A2 scenario; see Liao et al. [2006] for
details of anthropogenic aerosol and tropospheric O3 concentrations.
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