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[1] A unified tropospheric chemistry-aerosol model within the Goddard Institute for
Space Studies general circulation model II0 is applied to simulate an equilibrium CO2-
forced climate in the year 2100 to examine the effects of climate change on global
distributions of tropospheric ozone and sulfate, nitrate, ammonium, black carbon, primary
organic carbon, secondary organic carbon, sea salt, and mineral dust aerosols. The year
2100 CO2 concentration as well as the anthropogenic emissions of ozone precursors
and aerosols/aerosol precursors are based on the Intergovernmental Panel on Climate
Change Special Report on Emissions Scenarios (SRES) A2. Year 2100 global O3 and
aerosol burdens predicted with changes in both climate and emissions are generally 5–
20% lower than those simulated with changes in emissions alone; as exceptions, the nitrate
burden is 38% lower, and the secondary organic aerosol burden is 17% higher. Although
the CO2-driven climate change alone is predicted to reduce the global O3 burden as a
result of faster removal of O3 in a warmer climate, it is predicted to increase surface layer
O3 concentrations over or near populated and biomass burning areas because of slower
transport, enhanced biogenic hydrocarbon emissions, decomposition of peroxyacetyl
nitrate at higher temperatures, and the increase of O3 production by increased water
vapor at high NOx levels. The warmer climate influences aerosol burdens by increasing
aerosol wet deposition, altering climate-sensitive emissions, and shifting aerosol
thermodynamic equilibrium. Climate change affects the estimates of the year 2100 direct
radiative forcing as a result of the climate-induced changes in burdens and different
climatological conditions; with full gas-aerosol coupling and accounting for ozone and
aerosols from both natural and anthropogenic sources, year 2100 global mean top of the
atmosphere direct radiative forcings by O3, sulfate, nitrate, black carbon, and organic carbon
are predicted to be +0.93, �0.72, �1.0, +1.26, and �0.56 W m�2, respectively, using
present-day climate and year 2100 emissions, while they are predicted to be +0.76, �0.72,
�0.74, +0.97, and �0.58 W m�2, respectively, with year 2100 climate and emissions.
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1. Introduction

[2] Tropospheric O3 and aerosols have made important
contributions to radiative forcing since preindustrial times
[Intergovernmental Panel on Climate Change (IPCC),
2001] and are predicted to do so in the future. Their
abundances are controlled by a combination of direct and
precursor emissions, chemical reactions in the atmosphere,
and meteorological processes, all of which can be signifi-
cantly affected by climate change with resulting feedbacks.
Tropospheric O3 and aerosols have relatively short atmo-
spheric lifetimes (days to weeks) and hence inhomogeneous

atmospheric distributions, complicating the link between
radiative forcing and climate response [Hansen et al., 1997].
[3] Climate change influences tropospheric ozone and

aerosols through effects on emissions, transport, and atmo-
spheric chemistry. Biogenic emissions of NOx and hydro-
carbons [Atherton et al., 1995; Yienger and Levy, 1995;
Guenther et al., 1995; Constable et al., 1999] are sensitive
to temperature. Increasing deep convection enhances the
lightning NOx source [Toumi et al., 1996; Sinha and Toumi,
1997]. Changes in surface winds have impacts on emissions
of dimethylsulfide (DMS) [Bopp et al., 2004], sea salt, and
mineral dust. The potential impacts of climate change on
transport of ozone and aerosols have been demonstrated by
general circulation model (GCM) studies. Rind et al. [2001]
predicted that increased convection in a doubled-CO2 at-
mosphere leads to improved ventilation of the lowest layers
of the atmosphere, reducing boundary layer concentrations
of tracers. Holzer and Boer [2001] reported that if a warmer
climate leads to weaker winds, higher tracer concentrations
will exist in the vicinity of sources. Changes in boundary
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layer conditions and hydrological cycle influence overall
dry and wet deposition. Furthermore, chemical reaction
rates are influenced by changes in atmospheric water vapor
and temperature.
[4] The effects of climate change on tropospheric ozone

have been simulated in several global studies. On the basis
of the doubled CO2 climate predicted by the NCAR CCM
and projected year 2050 ozone precursor emissions from the
IS92a scenario, Brasseur et al. [1998] predicted a 7%
increase in the global mean OH abundance and a 5%
decrease in O3 in the tropical upper troposphere relative
to current climate. In offline chemistry simulations, Johnson
et al. [1999] predicted that a doubled CO2 climate with
precursor emissions kept at present-day levels would reduce
the tropospheric ozone burden by about 10%. Coupled
chemistry-GCM simulations by Johnson et al. [2001] pre-
dicted that with projected precursor emissions over 1990–
2100, the global burden of O3 calculated with simulated
2100 climate would be lower than that predicted with
present-day climate. These studies concluded that higher
temperature and water vapor content in a warmer climate
would lead to the reduction in global O3.
[5] No study has systematically addressed the effect of

climate change on future global aerosol concentrations.
Previous global projections of future aerosol levels have
generally simulated concentrations on the basis of present-
day climate and accounted only for projected changes in
emissions [Adams et al., 2001; Koch, 2001; Iversen and
Seland, 2002; Liao and Seinfeld, 2005]; also, present-day
gas-phase oxidant concentrations were used for future
aerosol simulations [Adams et al., 2001; Koch, 2001;
Iversen and Seland, 2002].
[6] We examine here the changes in global concentrations

of ozone, sulfate, nitrate, ammonium, black carbon, primary
organic carbon, secondary organic carbon, sea salt, and
mineral dust aerosols over the period 2000–2100 using a
unified tropospheric chemistry-aerosol model within the
Goddard Institute for Space Studies (GISS) GCM II0. We
first predict equilibrium climate change resulting from
projected changes in CO2 over 2000–2100, then examine
the effect of CO2-induced climate change on abundances of
ozone and aerosols at present-day anthropogenic emissions
levels, and finally estimate the O3 and aerosol levels in 2100
corresponding to the combined effects of both climate
change and changes in emissions. The ozone and aerosol
simulations account for the coupling between aerosols and
gas-phase chemistry. Heterogeneous reactions on aerosols
affect the concentrations of HOx, NOx, and O3. In addition,
aerosols affect gas-phase photolysis rates, and climate
change influences natural emissions of NOx, hydrocarbons,
DMS, sea salt, and mineral dust. Full simulation of gas-
phase chemistry and aerosols provides consistent chemical
species for both present-day and future scenarios.
[7] Liao and Seinfeld [2005] estimated year 2100 radia-

tive forcing by tropospheric ozone and aerosols based on
present-day climate. With coupled climate, chemistry, and
aerosols, we also examine here the effect of climate change
on estimates of future radiative forcing. The model descrip-
tion and experimental design are given in section 2. Section 3
presents the simulated climate change over 2000–2100.
The impact of climate change alone on the predictions of
O3 and aerosols is then examined in section 4. Section 5

presents the changes in ozone and aerosol concentrations
over 2000–2100 simulated with both predicted climate
change and projected emissions. In section 6, we examine
the effect of climate change on estimates of year 2100 direct
radiative forcing by O3 and aerosols.

2. Model Description and Experimental Design

2.1. Unified Model

[8] The simulations in this work are performed using the
unified model reported by Liao et al. [2003, 2004] and Liao
and Seinfeld [2005], which is a fully coupled chemistry-
aerosol-climate GCM with tropospheric O3-NOx-hydrocar-
bon chemistry and sulfate/nitrate/ammonium/sea-salt/water,
black carbon, primary organic carbon, secondary organic
carbon, and mineral dust aerosols within the Goddard Insti-
tute for Space Studies (GISS) GCM II0 [Rind and Lerner,
1996; Rind et al., 1999]. The GCM has a resolution of 4�
latitude by 5� longitude, with 9 vertical layers in a s-
coordinate system extending from the surface to 10 mbar.
The chemical mechanism includes 225 chemical species and
346 reactions for simulating gas-phase species and aerosols.
Tracers that describe O3-NOx-hydrocarbon chemistry
include odd oxygen (Ox = O3 + O + NO2 + 2NO3), NOx

(NO + NO2 + NO3 + HNO2), N2O5, HNO3, HNO4,
peroxyacetyl nitrate, H2O2, CO, C3H8, C2H6, (�C4) alka-
nes, (�C3) alkenes, isoprene, acetone, CH2O, CH3CHO,
CH3OOH, (�C3) aldehydes, (�C4) ketones, methyl vinyl
ketone, methacrolein, peroxymethacryloyl nitrate, lumped
peroxyacyl nitrates, and lumped alkyl nitrates. Aerosol
related tracers include SO2, SO4

2�, dimethyl sulfide
(DMS), NH3, NH4

+, NO3
�, sea salt in 11 size bins (0.031–

0.063, 0.063–0.13, 0.13–0.25, 0.25–0.5, 0.5–1, 1–2, 2–4,
4–8, 8–16, 16–32, 32–64 mm dry radius), mineral dust in 6
size bins (0.0316–0.1, 0.1–0.316, 0.316–1.0, 1.0–3.16,
3.16–10, and 10–31.6 mm dry radius), black carbon (BC),
primary organic aerosol (POA), aswell as 5 classes of reactive
hydrocarbons and 28 organic oxidation products involved in
secondary organic aerosol (SOA) formation. The partitioning
of ammonia and nitrate between gas and aerosol phases is
determined by the on-line thermodynamic equilibriummodel
ISORROPIA [Nenes et al., 1998], and the formation of
secondary organic aerosol is based on equilibrium partition-
ing and experimentally determined yield parameters [Griffin
et al., 1999a, 1999b; Chung and Seinfeld, 2002]. Two-way
coupling between aerosols and gas-phase chemistry provides
consistent chemical fields for aerosol dynamics and aerosol
mass for heterogeneous processes and calculations of gas-
phase photolysis rates. Heterogeneous reactions considered
in the model include those of N2O5, NO3, NO2, and HO2 on
wet aerosols, uptake of SO2 by sea salt, and uptake of SO2,
HNO3 and O3 by mineral dust; the uptake coefficients are
taken to depend on atmospheric temperature and relative
humidity, as described by Liao and Seinfeld [2005].
[9] Dry and wet deposition schemes for tracers are

described by Liao et al. [2003, 2004]. For the purpose of
this study, we have updated the dry deposition velocities
used for carbonaceous aerosols. In the studies of Liao et al.
[2003, 2004] and Liao and Seinfeld [2005], a fixed depo-
sition velocity of 0.1 cm s�1 was used for black carbon,
primary organic carbon, and secondary organic carbon
aerosols following the studies of Liousse et al. [1996],
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Kanakidou et al. [2000], and Chung and Seinfeld [2002]. To
account for possible effects of climate change on dry
deposition, dry deposition velocities of carbonaceous aero-
sols are determined using the resistance-in-series scheme of
Wesely [1989], which has been used for dry deposition of
other aerosol species [Liao et al., 2003].

2.2. Climate Simulations

[10] We perform two simulations of equilibrium climate
using the unified model, one for year 2000 with a CO2

concentration of 368 ppmv and the other for year 2100 with
a CO2 concentration of 836 ppmv, based on IPCC Special
Report on Emissions Scenarios (SRES) A2 [IPCC, 2001].
Of the IPCC scenarios characterized by different socioeco-
nomic assumptions, the SRES A2 has the highest growth of
emissions. The settings of these two simulations, except for
the CO2 concentration, are identical, each with a q-flux
ocean [Hansen et al., 1984; Russell et al., 1984]. In the q-
flux ocean, ocean heat transport is held constant but sea
surface temperatures and ocean ice respond to changes in
climate. The monthly mean ocean heat transport fluxes are
from the work ofMickley et al. [2004], which used the same
version of the GCM as here to generate observed, present-
day sea surface temperatures. In these two climate simu-
lations, present-day climatological aerosol and ozone con-
centrations are used in the GCM radiative calculations to
isolate the climate change driven by the change in CO2

concentration. Each climate simulation is integrated for 50
years to allow the climate to reach an equilibrium state, and
the simulated climate over years 50–55 is used to drive the
chemistry simulations described in section 2.3.
[11] Because future emissions scenarios are, of course,

uncertain, we have chosen here to consider a future green-
house climate as driven by CO2 only and, as noted, have
applied IPCC SRES A2. Future climate will be influenced
in addition by changes in CH4, N2O, and CFCs, but these
species need not be included here, as CO2 under SRES A2
provides ample climate change to examine the effects of
climate-chemistry-aerosol coupling.
[12] Traditionally, climate simulations take one of two

forms: (1) equilibrium climate, in which the long-term
climate that would result from a fixed greenhouse gas
concentration is computed; and (2) transient climate, in
which climate is simulated from a starting point, say
preindustrial, with specified annual emissions changes.
Predicted changes from an equilibrium climate simulation
generally exceed those from a transient climate simula-
tion. For example, the ratio of transient climate response
(the change in surface air temperature at the time of
doubled CO2) to the equilibrium response (the equilibrium
change in surface air temperature from doubled CO2) lies
in the range of 0.47–0.68 [IPCC, 1995; Kiehl et al.,
2006]. Although non-CO2 greenhouse gases are not
included in the present year 2100 equilibrium climate
simulation, the predicted climate responses are compara-
ble to or slightly larger than those predicted from a
transient climate simulation driven by the changes in all
greenhouse gases over 2000–2100. Hereafter for conve-
nience we refer to the simulated CO2-driven equilibrium
climate as year 2000 or 2100 climate, but we note that
the CO2-driven equilibrium climate differs from a tran-

sient climate including all greenhouse gases and aerosols,
as discussed above.

2.3. Chemistry Simulations

[13] Chemistry simulations are performed when the cli-
mate simulations reach equilibrium states. The simulated
climates over years 50–55 drive the chemistry simulations,
with the first year of each chemistry simulation considered
spin up. Four chemistry simulations are designed to identify
the effects of climate change on levels of tropospheric
ozone and aerosols (Table 1):
[14] 1. CL2000EM2000 is the control simulation with the

year 2000 climate and present-day (approximately year 2000)
anthropogenic emissions of ozone precursors and aerosols/
aerosol precursors (non-CO2 anthropogenic emissions).
[15] 2. CL2100EM2000 is the simulation with year 2100

CO2-driven climate and present-day non-CO2 anthropogenic
emissions.
[16] 3. CL2000EM2100 is the simulation with year 2000

climate and year 2100 non-CO2 anthropogenic emissions.
[17] 4. CL2100EM2100 uses year 2100 CO2-driven cli-

mate and year 2100 non-CO2 anthropogenic emissions.
[18] Climate-sensitive natural emissions are calculated on

the basis of predicted climate in all the simulations
(section 2.4). By holding non-CO2 anthropogenic emissions
atpresent-day levels, thedifferencebetweenCL2100EM2000
and CL2000EM2000 reflects the effects of CO2-driven cli-
mate change alone on concentrations of O3 and aerosols. The
difference between CL2100EM2100 and CL2000EM2000
represents the impacts of both climate and emission changes
on O3 and aerosol levels. CL2000EM2100 uses present-day
climate and year 2100 anthropogenic emissions, in a manner
used in a number of previous studies, to predict future O3 and
aerosols. Wewill compare the radiative forcings calculated in
CL2000EM2100 and CL2100EM2100 to examine the effect
of climate change on radiative forcing.
[19] Heterogeneous reactions have been shown to be po-

tentially influential in coupling processes involving O3 and
aerosols [Liao and Seinfeld, 2005]. In the present study we
perform each of the four chemistry simulations,
CL2100EM2000, CL2000EM2000, CL2000EM2100, and
CL2100EM2100, in the absence and presence of heteroge-
neous reactions of N2O5, NO3, NO2, and HO2 on wet
aerosols, uptake of SO2 by sea salt, and the uptake of SO2,
HNO3 and O3 by mineral dust. The simulations that
include heterogeneous reactions will be designated as
CL2100EM2000h, CL2000EM2000h, CL2000EM2100h,
and CL2100EM2100h. Uptake coefficients for heteroge-
neous reactions are given by Liao and Seinfeld [2005].
The chemistry simulations performed are summarized in
Table 1.
[20] Unless otherwise noted, the annual, seasonal, or

monthly chemical fields presented in this work are
averaged over the last 5 years of each chemistry simula-
tion, and the meteorological fields are averaged over
years 51–55 of each climate simulation. The climate-
chemistry coupling is one-way; simulated O3 and aerosols
do not feed back into the GCM.

2.4. Emission Inventories

[21] Present-day and year 2100 non-CO2 anthropogenic
emissions used in the chemistry simulations are given in
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Table 2. Year 2100 anthropogenic emissions are based on
the IPCC SRES A2 emissions scenario. Biomass burning
emissions listed in Table 2 are partly anthropogenic and
partly natural. We assume in this study that the biomass
burning emissions remain unchanged in 2000 and 2100
simulations; the effect of climate change on the occurrence
and intensity of wildfires is not considered. The seasonal
and geographical distributions of BC and POA emissions in
year 2100 are obtained by scaling year 2000 monthly
values, grid by grid, using projected changes in IPCC SRES
A2 CO emissions.
[22] Climate-sensitive natural emissions include lightning

NOx, NOx from soil, biogenic hydrocarbons, DMS, sea salt,
and mineral dust. The meteorological variables that influ-
ence these emissions and the schemes used to predict them
are listed in Table 3. Emissions of biogenic hydrocarbons
and mineral dust are calculated on the basis of fixed
distributions of land-surface type and vegetation. We cal-
culate the global monoterpene emissions as a function of
vegetation type, monthly adjusted leaf area index, and
model predicted temperature, using the base monoterpene
emission flux and the formulation of Guenther et al. [1995].
The vegetation type and the calculation of leaf area index
follow the treatment by Wang et al. [1998]. Predicted
present-day total monoterpene emissions of 117 TgC yr�1

agree reasonably well with the 127 TgC yr�1 reported by
Guenther et al. [1995]. For present-day emission inventories
of other reactive volatile organic compounds (ORVOCs),
we use the offline monthly fields from the Global Emissions
Inventory Activity (GEIA), but year 2100 emissions of
ORVOCs in a grid cell are scaled by the monthly mean
ratio of year 2100 emissions to the year 2000 values
predicted for monoterpenes. Representation of future iso-
prene emissions is similar to the approach used for future
monoterpenes and follows the algorithm of Guenther et al.
[1995], which considers immediate light and temperature
dependence but does not account for the suppression of
isoprene emissions under elevated ambient CO2 concentra-
tions [Rosenstiel et al., 2003] and the acclimation of plants
to higher temperatures [P’etron et al., 2001]. In all chem-
istry simulations, transport of ozone from the stratosphere is
held fixed at 401 Tg O3 yr

�1.

3. Predicted Climate Change

[23] In this section, we briefly summarize the changes in
meteorological fields over the period 2000–2100 based on

Table 2. Global Annual Anthropogenic Emissions for the Years

2000 and 2100

Species
Present-Day
2000 Scenario

IPCC SRES A2
2100 Scenario

NOx,
a Tg N yr�1

Fossil fuel combustion 20 96
Biomass burning 11 11
Soil (fertilizer) 0.5 0.5
Aircraft 0.5 2.2
Total 32 109.7

CO,a Tg CO yr�1

Fossil fuel combustion 390 1858
Wood fuel combustion 130 130
Biomass burning 510 510
Total 1030 2498

Ethane,a Tg C yr�1

Industrial 6.2 97.7
Biomass burning 2.4 2.4
Total 8.6 100.1

Propane,a Tg C yr�1

Industrial 6.7 28.1
� C4 alkanes,

a Tg C yr�1

Industrial 30.1 60.5
� C3 alkenes,

a Tg C yr�1

Industrial 10 29
Biomass burning 12 12
Total 22 41

Acetone,a Tg C yr�1

Biomass burning 9 9
SO2, Tg S yr�1

Industrial 69 60.3
Biomass burning 2.3 2.3
Total 71.3 62.6

NH3,
b Tg N yr�1

Agricultural 37.4 88.8
Biomass burning 6.4 6.4
Other 3.1 7.4
Total 46.9 102.6

POA, Tg OM yr�1

Biomass burning 54
Fossil fuel 28.2
Total 82.2c 189.5e

BC, Tg C yr�1

Biomass burning 5.6
Fossil fuel 6.6
Total 12.2c,d 28.8e

aMickley et al. [1999]; Gauss et al. [2003].
bBouwman et al. [1997]; Adams et al. [2001]. Natural NH3 emissions

from oceans, undisturbed soils, and wild animals are assumed to be 10.7 Tg
N yr�1 in both 2000 and 2100 simulations.

cLiousse et al. [1996].
dPenner et al. [1993].
eScaled to projected changes in CO.

Table 1. Summary of Chemistry Simulationsa

Experiments
CO2 Mixing
Ratio, ppmv

Nominal Year
of GCM Climate

Non-CO2

Anthropogenic Emissions
Heterogeneous

Reactions

CL2000EM2000 368 2000 present day no
CL2000EM2000h 368 2000 present day yes
CL2100EM2000 836 2100 present day no
CL2100EM2000h 836 2100 present day yes
CL2000EM2100 368 2000 2100 no
CL2000EM2100h 368 2000 2100 yes
CL2100EM2100 836 2100 2100 no
CL2100EM2100h 836 2100 2100 yes

aClimate-sensitive natural emissions depend on the simulated climate in all the simulations. See Table 3 for details.
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the two equilibrium CO2-driven climate simulations de-
scribed above.

3.1. Predicted Changes in Temperature

[24] Predicted changes in surface and zonal mean atmo-
spheric temperature over 2000–2100 as a result of the
increase in CO2 mixing ratio from 368 ppmv to 836 ppmv
are shown in Figures 1a and 1b. Annual average surface air
temperature is predicted to increase by 4.8�C. Doubling
CO2 relative to the present-day yields a climate sensitivity
of 0.8�C m2 W�1, a value that lies within the range of
sensitivity reported for current GCMs [Ramaswamy, 2001;
Hansen et al., 1997]. Predicted zonal mean changes in
atmospheric temperature exhibit the same pattern as those
summarized by IPCC [2001]. Enhanced warming in the
tropical mid to upper troposphere results from enhanced
latent heating owing to more vigorous moist convection in a
warmer climate [Hansen et al., 1984; Mitchell, 1989] and
from increased longwave radiative heating when upper
tropospheric cloudiness and water vapor increase with
temperature [Dai et al., 2001]. The strong warming pre-
dicted in the high latitudes of the Northern Hemisphere is a
result of sea-ice climate feedback.

3.2. Predicted Changes in Hydrological Cycle

[25] Figure 2a shows predicted year 2000 zonal annual
mean specific humidity (g H2O/kg air) as a function of
pressure. The predicted distribution of specific humidity is
similar to that from the NCEP–NCAR reanalysis [Kalnay et
al., 1996]. As air temperature rises over 2000–2100,
specific humidity is predicted to generally increase, with
the largest increases of 3–4.5 g H2O/kg air located in the
lower troposphere (below 800 mb) over the low latitudes
(Figure 2b), because of the nonlinear temperature depen-
dence of the Clausius–Clapeyron equation. The predicted
pattern of changes in specific humidity is similar to that
predicted in other GCM simulations [IPCC, 1995; Dai et
al., 2001].
[26] The predicted change in global mean precipitation is

+0.32 mm day�1 over 2000–2100 (Figure 2c), a 10%
increase from the global mean value predicted for year
2000. Precipitation increases over middle to high latitudes
in both hemispheres, associated with the large warming at
the surface and in the lower troposphere [Dai et al., 2001].
Reductions in precipitation are predicted over tropics and
subtropics, which are associated with the predicted weak-

ening of the Hadley circulation, as discussed below. Zonal
mean precipitation increases (Figure 2d) at all latitudes
except around 20�S, which agrees qualitatively with the
changes from the 1990s to the 2090s simulated by Dai et al.
[2001] using the NCAR GCM. Increases in precipitation are
predicted over North Africa, changes that are consistent
with the predictions of other GCMs [IPCC, 2001, chap.
9.3.2,]; these will influence mineral dust emissions, as
discussed subsequently.

Table 3. Climate-Sensitive Natural Emissions

Species
GCM Variables

That Influence Emissions Emission Schemes

Year 2000
Predicted
Emissions

Year 2100
Predicted
Emissions

NOx from soil temperature, precipitation Wang et al. [1998] 4.5 Tg N yr�1 5.6 Tg N yr�1

NOx from lightning frequency of convective events Wang et al. [1998] 3.3 Tg N yr�1 4.0 Tg N yr�1

Isoprene temperature, solar radiation Guenther et al. [1995]; Wang et al. [1998] 437.9 Tg C yr�1 680.4 Tg C yr�1

Biogenic acetone temperature, solar radiation Wang et al. [1998] 10.9 Tg C yr�1 17.0 Tg C yr�1

Biogenic � C3 alkenes temperature, solar radiation Wang et al. [1998] 12.5 Tg C yr�1 19.5 Tg C yr�1

Monoterpenes temperature, solar radiation Guenther et al. [1995]; Wang et al. [1998] 117 Tg C yr�1 185 Tg C yr�1

ORVOCs temperature, solar radiation see section 2.4 260 Tg C yr� 411 Tg C yr�1

DMS Surface wind, temperature Kettle et al. [1999]; Liss and Merlivat [1986] 22.5 Tg S yr�1 24.9 Tg S yr�1

Sea salt wind Monahan et al. [1986]; Smith and Harrison [1998];
Liao et al. [2004]

6314.2 Tg yr�1 5947.8 Tg yr�1

Mineral dust wind, soil moisture Gillette [1978]; Liao et al. [2004] 1816.9 Tg yr�1 1567.6 Tg yr�1

Figure 1. Temperature responses in the equilibrium
climate to the increase in CO2 concentration from
368 ppmv in year 2000 to 836 ppmv in year 2100,
including predicted changes (�C) in (a) annual mean surface
air temperature and (b) zonal annual mean atmospheric
temperature. The global mean value is indicated at the top
right corner of Figure 1a.
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3.3. Predicted Changes in Winds

[27] Enhanced warming at the high latitudes in both
hemispheres and changes in the vertical temperature profiles
(Figures 1a and 1b) lead to changes in atmospheric circu-
lation. Figures 3a and 3b show the predicted zonal and
seasonal mean distributions of the present-day vertical
velocity and the changes in vertical velocity from year
2000 to year 2100, respectively. The most obvious effect
shown in Figure 3 is the weakening of the Hadley cells in
both hemispheres. The ascending branches of the Hadley
cells are predicted to be at 25�S–12�N in DJF, and at 13�S–
28�N in JJA (Figure 3a). The upward velocities are pre-
dicted to be reduced where ascending branches are located
(Figure 3b), except that the main equatorial convection zone
(about 0–5�S in DJF and 2–8�N in JJA) is predicted to be
stronger and penetrate higher in year 2100 than in year
2000, a result that again agrees qualitatively with that of Dai

et al. [2001]. As a result, the precipitation associated with
the main equatorial convection zone is enhanced, while that
associated with the rest of the ascending branches of the
Hadley cells is reduced (Figures 2c and 2d). The changes in
the stream function relative to year 2000 (Figure 3c) also
indicate the weakening of the Hadley and Ferrell cells.
The predicted weakening in Hadley cells depends on the
changes in latitudinal temperature gradient between the
tropics and subtropics [Rind and Rossow, 1984]. In previous
studies that have examined climate change with doubled
CO2, the Hadley Cells are predicted in some studies to be
weakened [Rind et al., 1990; Dai et al., 2001; Rind et al.,
2001; Holzer and Boer, 2001] and in others to be enhanced
[Rind et al., 1998]. Hansen et al. [2005] also predicted that
the changes in greenhouse gases from the preindustrial time
to present-day have led to a strengthening of the Hadley
Cells.

Figure 2. (a) Predicted year 2000 zonal annual mean equilibrium specific humidity (g H2O/kg air) as a
function of pressure. (b) Predicted changes in zonal annual mean equilibrium specific humidity (g H2O/kg
air) relative to year 2000. (c) Predicted changes (mmd�1) relative to year 2000 in annual mean precipitation.
(d) Predicted changes (mm d�1) relative to year 2000 in zonal annual mean precipitation. The global mean
value is indicated at the top right corner of Figure 2c.
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