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[1] We present here a first global modeling study on the influence of gas-phase chemistry/
aerosol interactions on estimates of anthropogenic forcing by tropospheric O3 and
aerosols. Concentrations of gas-phase species and sulfate, nitrate, ammonium, black
carbon, primary organic carbon, secondary organic carbon, sea salt, and mineral dust
aerosols in the preindustrial, present-day, and year 2100 (IPCC SRES A2) atmospheres are
simulated online in the Goddard Institute for Space Studies general circulation model II’
(GISS GCM II’). With fully coupled chemistry and aerosols, the preindustrial, present-
day, and year 2100 global burdens of tropospheric ozone are predicted to be 190, 319, and
519 Tg, respectively. The burdens of sulfate, nitrate, black carbon, and organic carbon are
predicted respectively to be 0.32. 0.18, 0.01, 0.33 Tg in preindustrial time, 1.40, 0.48,
0.23, 1.60 Tg in present-day, and 1.37, 1.97, 0.54, 3.31 Tg in year 2100. Anthropogenic
O3 is predicted to have a globally and annually averaged present-day forcing of +0.22 W
m�2 and year 2100 forcing of +0.57 W m�2 at the top of the atmosphere (TOA). Net
anthropogenic TOA forcing by internally mixed sulfate, nitrate, organic carbon, and black
carbon aerosols is estimated to be virtually zero in the present-day and +0.34 W m�2

in year 2100, whereas it is predicted to be �0.39 W m�2 in present-day and �0.61 W m�2

in year 2100 if the aerosols are externally mixed. Heterogeneous reactions are shown to be
important in affecting anthropogenic forcing. When reactions of N2O5, NO3, NO2, and
HO2 on aerosols are accounted for, TOA anthropogenic O3 forcing is less by 20–45% in
present-day and by 20–32% in year 2100 at mid to high latitudes in the Northern
Hemisphere, as compared with values predicted in the absence of heterogeneous gas-
aerosol reactions. Mineral dust uptake of HNO3 and O3 is shown to have practically no
influence on anthropogenic O3 forcing. Heterogeneous reactions of N2O5, NO3, NO2, and
HO2 are predicted to have noticeable impacts on anthropogenic aerosol forcing over
industrialized areas, leading to 0–2 W m�2 more anthropogenic aerosol cooling in present-
day and 2–8 W m�2 more cooling in year 2100 in these areas as compared with forcings
calculated in the absence of heterogeneous reactions. Sea salt uptake of SO2 reduces
the magnitude of TOA aerosol cooling by 0.5–1 W m�2 over the oceans around 60�N in
the present-day and year 2100 scenarios. Near dust sources, mineral dust uptake of SO2

and HNO3 leads to less anthropogenic aerosol cooling by 0.5–1 W m�2 in the present-day
and 1–2 W m�2 in year 2100.

Citation: Liao, H., and J. H. Seinfeld (2005), Global impacts of gas-phase chemistry-aerosol interactions on direct radiative forcing

by anthropogenic aerosols and ozone, J. Geophys. Res., 110, D18208, doi:10.1029/2005JD005907.

1. Introduction

[2] Scattering and absorption of radiation by tropospheric
O3 and aerosols are key processes in influencing global
radiative forcing [Intergovernmental Panel on Climate
Change (IPCC), 2001]. Major aerosol species in the atmo-
sphere include sulfate, nitrate, black carbon (BC), organic
carbon (OC), sea salt, and mineral dust. Numerous studies
have estimated global radiative forcing by individual aerosol

components, such as sulfate [e.g., Boucher and Anderson,
1995; Feichter et al., 1997; Penner et al., 1998; Koch et al.,
1999; Kiehl et al., 2000], carbonaceous aerosols [e.g., Schult
et al., 1997; Penner et al., 1998; Cooke et al., 1999; Koch,
2001; Chung and Seinfeld, 2002], sea salt [Gong et al., 1997;
Grini et al., 2002], and mineral dust [Tegen and Lacis, 1996;
Woodward, 2001]. Multiple aerosol components have also
been simulated simultaneously in global models [Tegen et
al., 2000; Adams et al., 2001; Ghan et al., 2001; Jacobson,
2001; Wilson et al., 2001; Collins et al., 2001; Chin et al.,
2002; Metzger et al., 2002a, 2002b; Takemura et al., 2002;
Derwent et al., 2003; Liao et al., 2003, 2004]. No study has
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yet addressed how gas-phase chemistry-aerosol interactions
influence the estimates of direct radiative forcing by anthro-
pogenic O3 and aerosols in the troposphere.
[3] Atmospheric aerosols and gas-phase chemistry inter-

act. On one hand, gas-phase species govern many aspects of
the formation and growth of aerosols. For example, the
concentrations of O3 and H2O2 determine the oxidation of
SO2 to form sulfate aerosol, and the partitioning of HNO3

between the gas and aerosol phases governs the level of
nitrate aerosol. One the other hand, aerosols impact gas-
phase atmospheric chemistry by altering photolysis rates
[Demerjian et al., 1980; Ruggaber et al., 1994; Lantz et al.,
1996; Castro et al., 1997; Landgraf and Crutzen, 1998;
Dickerson et al., 1997; Jacobson, 1998; Liao et al., 1999;
Martin et al., 2003; Bian and Zender, 2003] and by serving
as sites for heterogeneous conversion of gas-phase species
[Dentener and Crutzen, 1993; Andreae and Crutzen, 1997;
Jacob, 2000]. The global effect of aerosols on gas-phase
chemistry through altered photolysis rates is small; Liao et
al. [2003] found that accounting for the effects of aerosols
on photolysis rates changes global O3 concentrations by less
than 1 ppbv. Fiore et al. [2003] showed that the inclusion of
aerosols in photolysis rate calculations changes monthly
mean O3 by less than 0.2 ppbv anywhere, and Bian and
Zender [2003] reported that the impact of mineral dust
aerosol on photolysis rates leads to a global increase in
predicted O3 concentrations of about 0.2% on a global and
annual mean basis.
[4] Heterogeneous processes are predicted to be important

in influencing atmospheric compositions [Dentener and
Crutzen, 1993;Dentener et al., 1996; Zhang andCarmichael,
1999; Song and Carmichael, 2001;Bauer et al., 2004; Liao et
al., 2003, 2004].Dentener and Crutzen [1993] predicted that
heterogeneous reactions of NO3 and N2O5 on sulfate aerosol
particles can reduce the global tropospheric average O3

burden by about 9%. Liao et al. [2004] showed that ignoring
heterogeneous reactions may lead to predicted increases in
burdens of tropospheric sulfate, nitrate, and O3 by 28%, 50%,
and 16%, respectively.
[5] In this study we explore the extent to which the

chemistry-aerosol interactions influence assessments of an-
thropogenic direct radiative forcing. This builds on our
previous work [Liao et al., 2003, 2004], in which we have
developed a unified tropospheric chemistry-aerosol model
within the Goddard Institute for Space Studies general
circulation model (GISS GCM); the model includes a
detailed simulation of tropospheric O3-NOx-hydrocarbon
chemistry, as well as aerosols and aerosol precursors. Pre-
dicted aerosol species include sulfate, nitrate, ammonium,
black carbon, primary organic carbon, secondary organic
carbon, sea salt, and mineral dust. Two-way coupling
between aerosols and chemistry provides on-line consistent
chemical fields for aerosol dynamics and aerosol mass for
heterogeneous processes and calculations of gas-phase
photolysis rates. Here we investigate the effect of chem-
istry-aerosol coupling on estimates of direct radiative
forcing by tropospheric O3 and aerosols for the years
1800 (preindustrial), 2000, and 2100 (IPCC SRES A2)
[Nakicenovic et al., 2000]. We choose to simulate the A2
Scenario for 2100 because it exhibits the largest changes
in emissions of precursors of O3 and aerosols; consequent-
ly, the results presented in this work can be taken to

represent an upper limit estimate of the influence of
chemistry-aerosol interactions on radiative forcing estimates
over the next century.

2. Methodology

2.1. Model Description

[6] We use the GISS GCM II’ [Rind and Lerner, 1996;
Rind et al., 1999] with online simulation of O3-NOx-
hydrocarbon chemistry and aerosols. The model 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 version of the GCM used for this study uses
monthly mean ocean temperature maps. The GISS radiation
scheme uses the single Gauss point doubling/adding radia-
tive transfer model [Lacis and Hansen, 1974; Hansen et al.,
1983; Lacis and Mishchenko, 1995] and uses the correlated
k-distribution method to compute absorption by gases for 6
solar and 25 thermal intervals [Lacis and Oinas, 1991].
Gas-phase absorbers in the longwave include H2O, CO2,
N2O, CH4, and O3, and in the shortwave H2O, CO2, NO2,
O2, and O3. Prescribed climatological distributions of O3

and aerosols are used in the radiative calculations that drive
the GCM meteorology. The radiative forcing calculation
does not feed back into the GCM climate; the simulations
for the years 1800, 2000, and 2100 use exactly the same
meteorological fields.
[7] The model includes a detailed simulation of tropo-

spheric O3-NOx-hydrocarbon chemistry and the prediction
of sulfate/nitrate/ammonium/sea salt/water, black carbon,
primary organic carbon, secondary organic carbon, and
mineral dust aerosols. The chemistry scheme includes 225
chemical species and 346 reactions. We use 24 tracers in the
model to describe O3-NOx-hydrocarbon chemistry, includ-
ing odd oxygen (Ox = O3 + O + NO2 + 2NO3), NOx (NO +
NO2 + NO3 + HNO2), N2O5, HNO3, HNO4, peroxyacetyl
nitrate, H2O2, CO, C3H8, C2H6, (�C4) alkanes, (�C3)
alkenes, isoprene, acetone, CH2O, CH3CHO, CH3OOH,
(�C3) aldehydes, (�C4) ketones, methyl vinyl ketone,
methacrolein, peroxymethacryloyl nitrate, lumped perox-
yacyl nitrates, and lumped alkyl nitrates. Aerosol related
mass concentrations 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), BC, primary organic
carbon, as well as 5 classes of reactive hydrocarbons and
28 organic oxidation products for secondary organic
carbon aerosol (SOA) formation. The chemistry scheme
and 88 tracers transported in the GCM are given in Liao
et al. [2003, 2004].
[8] Aerosol dynamics and composition are treated with a

simple bulk model of internally mixed SO4
2�, NH4

+, NO3
�,

sea salt, and H2O. This mixture is assumed to reach
equilibrium with the gas-phase, which is represented by
the aerosol thermodynamics module, ISORROPIA [Nenes
et al., 1998], to determine the partitioning of NH3 and
HNO3 between the gas and aerosol phases and to calculate
water associated with each of sulfate, nitrate, and sea salt
aerosols. The formation of secondary organic aerosols is
based on equilibrium partitioning and experimentally deter-
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mined parameters [Griffin et al., 1999a, 1999b; Chung and
Seinfeld, 2002].
[9] The model simulates both wet and dry deposition.

Dry deposition is computed with the resistance-in-series
scheme of Wesely [1989] for all the tracers except carbona-
ceous aerosols, for which a deposition velocity of 0.1 cm s�1

is assumed [Liousse et al., 1996; Chung and Seinfeld,
2002]. The wet deposition scheme is that reported by Koch
et al. [1999]. Wet deposition of dissolved tracers is treated
separately for large-scale and convective clouds, following
the GCM cloud schemes described in Del Genio and Yao
[1993] and Del Genio et al. [1996]. Dissolved gases and
aerosols are scavenged within and below precipitating
clouds. The solubility of gases is determined by their
effective Henry’s law constants. Sulfate, ammonium,
nitrate, sea salt, and hydrophilic POA and BC are assumed
to be fully soluble. For SOA, 80% is assumed to dissolve into
clouds, consistent with findings of Limbeck and Puxbaum
[2000]. We use a scavenging coefficient of 0.1 for dust
nucleation scavenging within clouds to account for the
hydrophobic nature of mineral aerosol [Zender et al.,
2003]. We also account for the scavenging of HNO3 by ice
clouds [Liao et al., 2003].
[10] The model used in this work is basically the same as

that described in Liao et al. [2004], except that we have
updated the GISS GCM II’ to a newer version with a q-flux
ocean appropriate for climate simulations. This update has
minor influences on predicted gas-phase species and aero-
sols, since we still use monthly mean ocean temperature
maps in this work. We have updated the size distribution of
emitted dust particles from the distribution in Woodward
[2001] to that in Zender et al. [2003] to achieve better
agreement of predicted optical depths with measurements.
The updates in heterogeneous reactions and emission inven-
tories are described in sections 2.2 and 2.4, respectively.

2.2. Heterogeneous Reactions

[11] As in Liao et al. [2004], hydrolysis of N2O5 on
surfaces of sulfate, nitrate, ammonium, organic carbon, sea
salt, and mineral dust aerosols is considered, but the uptake
coefficient g(N2O5) has been updated, following the treat-

ment in Evans and Jacob [2005]. Instead of using a single
g(N2O5) of 0.1 for all aerosol types, g(N2O5) is taken
to depend on aerosol type, relative humidity (RH), and
temperature. The relative humidity dependence of g(N2O5)
on sulfate/nitrate/ammonium aerosol is based on the work
of Kane et al. [2001], and the temperature dependence is
based on the work of Hallquist et al. [2003]. g(N2O5) on
sulfate/nitrate/ammonium aerosols as a function of temper-
ature is defined as a log function fitted to the data presented
in Hallquist et al. [2003]:

g N2O5ð Þ ¼ 10b Tð Þ � C1 þ C2 � RHþ C3 � RH2 þ C4 � RH3
� �

ð1Þ

where RH is relative humidity expressed as a percentage,
and T is temperature. b(T) = �4 � 10�2 � (T � 294) when
T � 282K and b(T) = 0.48 when T < 282K. C1, C2, C3, and
C4 are constants whose values are 2.79 � 10�4, 1.30 �
10�4, �3.43 � 10�6, and 7.52 � 10�8, respectively [Kane
et al., 2001]. g(N2O5) on OC is based on a fitting of data
presented in Thornton et al. [2003]; that on sea salt is based
on the recommendation of Atkinson et al. [2004]. g(N2O5)
on mineral dust is taken from Bauer et al. [2004]. These
updated values in g(N2O5) lead to an annual and global
average g(N2O5) of 0.025, when g(N2O5) for a grid box is
calculated over all aerosol components and weighted by the
relative contribution of each component to the total aerosol
surface area. Irreversible absorption of NO3, NO2, and HO2

on wetted surfaces of SO4
2�/NO3

�/NH4
+/NaCl/H2O, OC, sea

salt, and mineral dust is accounted for; these aerosols are
considered to be wet when RH � 50%. The uptake
coefficients used to calculate the first-order loss rate of gas-
phase species on aerosol surfaces are summarized in Table 1.
[12] We also consider the uptake of SO2 by sea salt

aerosol. SO2 is absorbed into water associated with sea salt
as determined by its Henry’s law constant, and then oxi-
dized by H2O2 and O3 to form non-sea-salt sulfate. The
change in SO2 concentration by scavenging and oxidation
loss in sea salt particles is calculated as in Liao et al. [2004].
On sea salt particles, g(SO2) is assumed to be 0.05 for RH >

Table 1. Uptake Coefficients for Heterogeneous Reactions and the Definitions of Baseline and Sensitivity Simulations

Reactions On Medium
Uptake

Coefficients References

Simulations

Baseline NOHET HETNODUST HETDUST

N2O5 ! 2HNO3 Sulfate/nitrate/
ammonium

equation (1) (see text) Kane et al. [2001],
Hallquist et al. [2003]

Yes No Yes No

Organic carbon 0.03 (RH � 57)a Thornton et al. [2003]
5.2 � 10�4 �
RH (RH < 57)

Sea salt 0.03 (RH � 50) Atkinson et al. [2004]
0.005 (RH < 50)

Mineral dust 4.25 � 10�4 �
RH-9.75 � 10�3

Bauer et al. [2004]

NO3 ! HNO3 Wet aerosolsb 0.001 Jacob [2000] Yes No Yes No
NO2 ! 0.5HNO3 + 0.5HNO2 Wet aerosolsb 0.0001 Jacob [2000] Yes No Yes No
HO2 ! 0.5H2O2 Wet aerosolsb 0.2 Jacob [2000] Yes No Yes No
SO2 ! SO4

2� (dust) Mineral dust 3 � 10�4 (RH < 50) Dentener et al. [1996] Yes No No Yes
0.1 (RH � 50)

HNO3 ! NO3
� (dust) Mineral dust 0.1 Bauer et al. [2004] Yes No No Yes

O3 ! products Mineral dust 10�5 Bauer et al. [2004] Yes No No Yes
SO2 ! SO4

2� Sea Salt 0.05 (RH � 50) Song and Carmichael
[2001]

Yes No Yes No
0.005 (RH < 50)

aRH in percent.
bSO4

2�/NO3
�/NH4

+/NaCl/H2O, OC, sea salt, and mineral dust aerosols are considered to be wet when RH � 50.
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50% and 0.005 when RH < 50% [Song and Carmichael,
2001].
[13] The importance of heterogeneous reactions on

mineral dust aerosol has been established by laboratory,
field, and modeling studies [Fenter et al., 1995; Dentener
et al., 1996; Galy-Lacaux and Modi, 1998; Tabazadeh
et al., 1998; Song and Carmichael, 2001; Galy-Lacaux et
al., 2001; Goodman et al., 2000, 2001; Underwood et al.,
2001;Hanisch and Crowley, 2001, 2003; Bauer et al., 2004].
While mineral dust aerosol has been shown to take up SO2,
HNO3, and O3, heterogeneous reactions on dust are highly
uncertain. In the present study we use g(HNO3) of 0.1 and
g(O3) of 1 � 10�5 based on Bauer et al. [2004], who
simulated uptake of HNO3 and O3 by mineral dust and
found close agreement between predicted and measured
concentrations of HNO3 throughout the dust events observed
during the MINATROC field campaign. Uptake coefficient
for SO2 on mineral dust is taken from the work of Dentener
et al. [1996].

2.3. Radiative Forcing by Tropospheric O3

and Aerosols

[14] Radiative forcing calculations are performed on-line
within the GCM every 5 hours. We focus on anthropogenic
forcings by O3 and aerosols in this work, so we calculate the
shortwave forcing by O3, sulfate, nitrate, black carbon,
organic carbon, as well as the longwave radiative forcing
by O3. Aerosol radiative forcing by each of above aerosol
species, as well as the total forcing by all those aerosols will
be examined.
[15] Aerosol optical properties (extinction cross section,

single-scattering albedo, and asymmetry parameter) are
calculated by Mie theory based on wavelength-dependent
refractive indices and aerosol size distributions. The
assumptions and parameters used for the calculations of
aerosol optical properties are given in Liao et al. [2004].
Water uptake by each of sulfate and nitrate aerosols is
determined by the aerosol thermodynamic equilibrium
module, ISORROPIA, which uses the Zdanovskii-Stokes-
Robinson (ZSR) correlation [Robinson and Stokes, 1965] to
calculate the water content of the aerosols. Water uptake by
organic carbon aerosol follows the treatment in the work of
Chung and Seinfeld [2002]. Black carbon is assumed to
have no water uptake. In calculating radiative forcing by
mixed sulfate, nitrate, BC, and OC aerosols, we consider the
two limiting cases that these aerosols are either internally or
externally mixed. The refractive indices of the internal
mixture are calculated by volume-weighting the refractive
indices of each aerosol species and water.
[16] The present-day optical depths and single-scattering

albedos predicted by this model have been evaluated by
comparisons with measurements in Liao et al. [2004]. Most
predicted monthly-average aerosol optical depths agree with
AERONET measured values within a factor of two, but
aerosol optical depths over biomass burning areas are
underpredicted. Agreement is generally good between mod-
eled single-scattering albedos and ground measured and
AERONET retrieved values, except that single-scattering
albedos calculated based on currently available dust refrac-
tive indices tend to be lower than recently measured values
over dust regions. Such discrepancies between predicted
and measured single-scattering albedos over dust regions

have no impact on the results presented here, since we focus
on anthropogenic aerosol forcings.

2.4. Emission Scenarios

[17] To identify the anthropogenic forcing by tropospheric
O3 and aerosols, we perform several simulations for prein-
dustrial (roughly corresponding to 1800), present-day (year
2000), and the year 2100. Emissions specified for these
simulations are summarized in Table 2. The present-day
emission inventories for gas-phase species and aerosols are
based on the values used in Liao et al. [2003, 2004], with
several updates on sulfur, DMS and NH3 emissions. Instead of
using the Global Emissions Inventory Activity (GEIA) sulfur
emissions [Benkovitz et al., 1996] that are representative of
1985 emissions, we prescribe sulfur emissions for the present-
day based on the IPCC SRES A2 emissions scenario, which
leads to a change in anthropogenic sulfur emission from
66.6 Tg S yr�1 to 69 Tg S yr�1. Following the treatment in
Adams et al. [2001], anthropogenic NH3 emissions for
2000 are obtained by scaling the values used in Liao et al.
[2003, 2004] with N2O emissions prescribed in the IPCC
SRES A2 scenario, because the values used in Liao et al.
[2003, 2004] were based on GEIA emission inventory of
Bouwman et al. [1997] that represents emissions for the year
1990. While DMS emissions in Liao et al. [2003, 2004]
were from Koch et al. [1999] with a yearly emission of
10.7 Tg S yr�1, the year 2000 DMS emissions are now
prescribed according to IPCC SRES A2 emissions scenario
with an annual emission of 25.3 Tg S yr�1. Global natural
emissions of DMS, volcanic SO2, NH3 from the oceans,
undisturbed soils, and wild animals, monoterpene and other
reactive volatile organic compounds (ORVOC) for SOA
simulation, mineral dust, sea salt, NOx from soil and lightning,
as well as isoprene,�C3 alkenes, and acetone from vegetation
are assumed unchanged in the 1800, 2000, and 2100 simu-
lations. The cross-tropopause flux of O3 is also assumed to be
the same in all the simulations presented in the work. Methane
concentrations are set throughout the troposphere at 0.7, 1.7,
and 4.3 ppm in atmospheres of 1800, 2000, and 2100,
respectively [Mickley et al., 2004; Gauss et al., 2003].
[18] Preindustrial biomass burning emissions of NOx, CO,

and those of�C3 alkenes, acetone, SO2, NH3, primary organic
carbon, and BC are reduced to 10% of their present-day
values. Emissions of NH3 from livestock, crops, humans,
and pets are assumed to be proportional to human population,
which was taken to be 20% of the present-day value in 1800
[Adams et al., 2001].
[19] Anthropogenic 2100 sulfur emissions are prescribed

according to the IPCC SRES A2 emissions scenario
[Nakicenovic et al., 2000]. Anthropogenic NH3 emissions
in the year 2100 are scaled based on N2O projections. For
the 2100 emissions of primary organic carbon and BC, the
emissions used in Liao et al. [2003, 2004] are scaled with
the CO emissions in the IPCC SRES A2 scenario [IPCC,
2001, chapter 5]. Year 2100 emissions of NOx, CO, and
NMHC are calculated as the present-day emissions plus the
delta emission (2100–2000) provided by the IPCC SRES
A2 scenario [Gauss et al., 2003].

2.5. Sensitivity Runs

[20] The focus of this work is to explore the effects of
chemistry-aerosol interactions on estimates of anthropogenic
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direct radiative forcing of tropospheric O3 and aerosols.
Baseline simulations are performed for each time period
with fully coupled gas-phase chemistry and aerosols,
including the following heterogeneous reactions: (1) het-
erogeneous reactions of N2O5, NO3, NO2, and HO2 on
aerosols; (2) uptake of SO2 by sea salt; (3) uptake of SO2,
HNO3 and O3 by mineral dust. The effects of all aerosol
classes (sulfate/nitrate/ammonium/sea salt/water, black car-
bon, primary organic carbon, secondary organic carbon, sea
salt, and mineral dust aerosols) on photolysis rates are
included in all simulations presented in this work. All
simulations are conducted for an 18-month period, with
the first 6 months ignored for spin-up.
[21] In addition to these baseline simulations, three sen-

sitivity simulations are performed for each time period to
identify the effects of different heterogeneous reactions.
First, for each time period a sensitivity run is performed
in the absence of all heterogeneous reactions (hereafter
referred to as NOHET). The second sensitivity simulation
(hereafter referred to as HETNODUST), for each of the
three time periods, retains heterogeneous reactions of N2O5,
NO3, NO2, and HO2 on aerosols and the uptake of SO2 by
sea salt, but removes the uptake of SO2, HNO3 and O3

by mineral dust. Finally, we perform a sensitivity study
(hereafter referred to as HETDUST) for each period con-
sidering the uptake of SO2, HNO3, and O3 by mineral dust
only. HETNODUST and HETDUST are designed to sepa-
rate the effects of the relatively less uncertain heterogeneous
reactions from the highly uncertain reactions on mineral
dust aerosol. The heterogeneous reactions that are consid-
ered in the baseline and each of the sensitivity simulations
are shown in Table 1.

3. Predicted Tropospheric O3 and Aerosol
Burdens in Preindustrial, Present-Day, and
Future Scenarios

[22] This section presents predicted concentrations of
O3, SO4

2�, NO3
�, black carbon, primary organic carbon,

and secondary organic carbon aerosols that contribute to
anthropogenic radiative forcing. Since concentrations of
O3, SO4

2�, and NO3
� depend on chemistry-aerosol coupling,

we discuss the effects of heterogeneous reactions by com-
paring results from the baseline simulations to those from
the sensitivity studies. We also show how chemistry-aerosol
coupling influences predicted total aerosol mass and aerosol
water content.

3.1. Tropospheric O3

[23] Surface-layer O3 concentrations from the baseline
simulations of the three time periods are shown in Figure 1
for January and July. Predicted preindustrial O3 concentra-
tions are about 15–20 ppbv in the winter hemisphere, while
concentrations are mostly in the range of 5–10 ppbv in the
summer hemisphere, because of the larger amount of O3

transported from the stratosphere in winter and the enhanced
chemical loss of O3 in summer. High concentrations in
mountain regions such as the Himalayas, Greenland, and
the Rocky Mountains are a result of stratospheric transport.
Ozone concentrations of 20–30 ppbv are also predicted over
biomass burning regions in tropics. In the present-day and
2100 simulations, predicted O3 concentration fields over

Table 2. Global Annual Emissions for the Years of 1800, 2000,

and 2100

Species

Scenario

Preindustrial
1800

Present-Day
2000

IPCC SRES A2
2100

NOx, Tg N yr�1

Fossil fuel combustion 0.0 20 96
Biomass burning 1.1 11 11
Soil (natural) 3.9 3.9 3.9
Soil (fertilizer) 0.0 0.5 0.5
Lightning 3.5 3.5 3.5
Aircraft 0.0 0.5 2.2
Stratospherea 0.1 0.1 0.1
Total 8.6 40b 117

CO, Tg CO yr�1

Fossil fuel combustion 0.0 390 1858
Wood fuel combustion 0.0 130 130
Biomass burning 51 510 510
Total 51 1030b 2498

Isoprene, Tg C yr�1

Vegetation 550 550b 550
Ethane, Tg C yr�1

Industrial 0.0 6.2 97.7
Biomass burning 0.2 2.4 2.4
Total 0.2 8.6b 100.1

Propane,d Tg C yr�1

Industral 0.0 6.7 28.1
�C4 alkanes, Tg C yr�1

Industrial 0.0 30.1b 60.5
�C3 alkenes, Tg C yr�1

Industrial 0.0 10 29
Biogenic sources 16 16 16
Biomass burning 1.2 12 12
Total 17.2 38b 57

Acetone, Tg C yr�1

Biomass burning 0.9 9 9
Biogenic sources 14 14 14
Total 14.9 23b 23

SO2, Tg S yr�1

GEIA industrial emissions 0.0 69 60.3
Biomass burning 0.2 2.3 2.3
Volcanoes (noneruptive) 3.5 3.5 3.5
Total 3.7 74.8 66.1

DMS, Tg S yr�1

Oceanic source 25.3 25.3 25.3
NH3, Tg N yr�1

Agricultural 6.8 37.4 88.8
Natural 10.7 10.7 10.7
Biomass burning 0.6 6.4 15.3
Other 0.6 3.1 7.4
Total 18.7c 57.6c 122.2c

Hydrocarbon for SOA,
Tg C yr�1

Vegetation 172.8e 172.8e 172.8e

POA, Tg OM yr�1

Biomass burning 5.4 54
Fossil fuel 0.0 28.2
Total 5.4 82.2f 189.5h

BC, Tg C yr�1

Biomass burning 0.56 5.6
Fossil fuel 0.0 6.6
Total 0.56 12f,g 28.8h

aDownward transport of NOx across the tropopause. This transport also
supplies 0.38 Tg N yr�1 of HNO3 globally.

bMickley et al. [1999].
cBouwman et al. [1997]; Adams et al. [2001].
dIncluded in the model as a direct emission of acetone; the yield of

acetone from oxidation of propane is specified as 80%.
eGriffin et al. [1999a].
fLiousse et al. [1996].
gPenner et al. [1998].
hScaled to projected changes in CO.
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North America and Europe in July reach values as high as
70 ppbv under present-day conditions and 116 ppbv in the
year 2100.
[24] Predicted global and annual O3 burdens from the

baseline simulations are 190.0, 318.5, and 518.6 Tg for the
preindustrial, present-day, and 2100 scenarios (Table 3),
respectively. A 68% increase in O3 burden is predicted from
the preindustrial time to present-day, which agrees closely
with the approximate 65% increase reported by Wang and
Jacob [1998] and Lelieveld and Van Dorland [1995]. For
O3 increase from present-day to year 2100, Gauss et al.
[2003], based on 11 different chemical transport models,
reported that the predicted annual and global mean increase
in topospheric O3 ranged from 11.4 to 20.5 DU when IPCC
SRES A2 was used. Our predicted O3 change from present-
day to year 2100, when converted to DU, is 18.3 DU, which
is near the higher end of the changes reported in Gauss et al.
[2003].
[25] As described in section 2.5, three sensitivity studies,

NOHET, HETNODUST, and HETDUST, investigate the
effects of all heterogeneous reactions, nondust heteroge-
neous reactions, and mineral dust uptake, respectively.
The percentage differences between the surface O3 concen-
trations from the baseline (with all heterogeneous reactions),
HETNODUST, and HETDUST simulations and those from
the NOHET simulation are shown in Figure 2 for the three
time periods. Because preindustrial concentrations of sul-

Figure 1. Surface layer ozone mixing ratios (ppbv) in January (left column) and July (right column)
predicted from the baseline simulations for preindustrial, present-day, and year 2100. All heterogeneous
reactions listed in Table 1 are included in baseline simulations. Above each panel, the time period of the
simulation and the global mean mixing ratio are indicated.

Table 3. Global and Annual Average Burdens Obtained From the

Baseline and Sensitivity Simulationsa

NOHET HETNODUST HETDUST Baseline

Preindustrial
O3 202.0 201.4 190.7 190.0
SO4

2� 0.61 0.42 0.47 0.32
NO3

� 0.30 0.30 0.18 0.18
BC 0.011 0.011 0.011 0.011
POA 0.095 0.096 0.096 0.096
SOA 0.22 0.22 0.23 0.23
Aerosol H2O 2.40 2.17 1.81 1.67

Present-Day
O3 356.4 332.3 343.6 318.5
SO4

2� 2.14 1.71 1.75 1.40
NO3

� 0.49 0.47 0.48 0.48
BC 0.23 0.23 0.23 0.23
POA 1.27 1.27 1.27 1.27
SOA 0.32 0.32 0.32 0.33
Aerosol H2O 8.93 8.67 8.04 7.86

Year 2100
O3 616.5 530.3 602.8 518.6
SO4

2� 1.98 1.60 1.70 1.37
NO3

� 2.36 2.22 2.16 1.97
BC 0.54 0.54 0.54 0.54
POA 2.94 2.94 2.94 2.94
SOA 0.37 0.37 0.37 0.37
Aerosol H2O 14.8 15.6 13.5 14.4

aUnits are in Tg.
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fate, nitrate, and carbonaceous aerosols are low, the effects
of heterogeneous reactions of N2O5, NO3, NO2, and HO2 on
O3 are negligible, which produce just a 0.28% reduction in
surface O3 concentration on an annual and global mean
basis. Since concentrations of mineral dust are assumed to
be the same for the three time periods, mineral dust uptake
of HNO3 and O3 is predicted to play a more important role
in determining preindustrial O3 concentrations. Reduction
of O3 by dust affects the entire globe because of the long
chemical lifetime (about 4 weeks) of O3 [Mickley et al.,
1999; Liao et al., 2003]; preindustrial O3 concentrations are
generally reduced by 10–15% in the NH and 5–10% in the
SH, as compared with the O3 concentrations predicted
without heterogeneous reactions. With the increase of
anthropogenic aerosol burdens from the preindustrial time,
nondust heterogeneous reactions assume greater importance
than mineral dust uptake in the present-day and year 2100
atmospheres. Compared with the O3 concentrations from
the NOHET simulations, the annual and global mean
changes in surface O3 concentrations caused by the nondust
heterogeneous reactions and the dust uptake are �10.0%
and �3.9% in present-day, and �17.7% and �2.6% in year
2100, respectively. Nondust heterogeneous reactions mainly
influence O3 concentrations in the Northern Hemisphere,
with surface O3 concentrations at NH mid to high latitudes
reduced by 25–35% in present-day and 30–41% in year
2100, whereas the mineral dust uptake is predicted to
produce the largest O3 reductions of 10–15% in the

downwind of the Sahara Desert in both the present-day
and year 2100.
[26] The effect of mineral dust on O3 has been reported in

a number of global studies for the present-day atmosphere.
Bian and Zender [2003], using g(HNO3) = 0.001 and
g(O3) = 5 � 10�5, predicted a reduction of O3 of about
8.5% near African dust sources. Bauer et al. [2004] used
g(HNO3) = 0.1 and g(O3) = 10�5 and reported a 20–25%
O3 reduction near and downwind of the Sahara. Tie et al.
[2005] used the same uptake coefficients as those in Bauer
et al. [2004] and predicted a maximum O3 reduction of
about 20% near the Sahara. The differences between these
predictions result from differences in predicted dust and O3

burdens, as well as the assumed dust surface area.

3.2. Sulfate

[27] Predicted annual mean surface-layer concentrations
and tropospheric column burdens of sulfate aerosol from the
baseline simulations are shown in Figure 3 for the three time
periods. Preindustrial sulfate mixing ratios are predicted to
be generally below 100 pptv globally. In the absence of
anthropogenic emissions, preindustrial sulfate formation
depends on DMS emissions over the oceans; predicted
surface sulfate concentrations are the highest around 60�
in both hemispheres. Present-day and 2100 sulfate concen-
trations peak over industrialized Europe, eastern China, and
United States, with surface mixing ratios exceeding 1 ppbv
and column burdens in the range of 5–20 mg m�2. With

Figure 2. Percentage differences in annual mean surface layer ozone concentrations resulting from
heterogeneous reactions for preindustrial (left column), present-day (middle column), and 2100 (right
column) atmospheres. Top, middle, and bottom panels show effects of all heterogeneous reactions [100 �
(Baseline � NOHET)/NOHET], effects of nondust heterogeneous reactions [100 � (HETNODUST �
NOHET)/NOHET], and effects of dust-associated heterogeneous reactions [100 � (HETDUST �
NOHET)/NOHET], respectively.
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anthropogenic sulfate emissions in the present-day atmo-
sphere being close to those in year 2100 in SRES A2,
sulfate concentrations and distributions are predicted to
show little change from the present-day to year 2100.
[28] Heterogeneous reactions that have direct impact on

sulfate concentrations are sea salt uptake of SO2 and mineral
dust uptake of SO2. The percentage differences ((Baseline-
NOHET) � 100/NOHET) in sulfate column burdens
between the baseline and NOHET simulations are also
shown in Figure 3. For all the three time periods, sea salt
uptake is predicted to reduce sulfate column burdens by
about 65% near 60�S where emissions of DMS and sea
salt are both very high. Sea salt uptake is also important
over oceans around 45�N. With Asian dust uptake of SO2

occurring at about the same latitudes, sulfate column
burdens over northeast Asia and the North Pacific Ocean
are predicted to be reduced by about 60% in the prein-
dustrial atmosphere. Mineral dust uptake of SO2 is pre-
dicted to reduce sulfate column burdens by 50–70% near
or downwind of the Sahara for all the three periods.
Compared with the NOHET simulation, the present-day
and year 2100 sulfate column burdens over the industrial-
ized areas and biomass burning regions are reduced by
about 10% in the presence of heterogeneous reactions,
which is mainly a result of the reduction (of O3 (see
Figure 2) and OH [Dentener and Crutzen, 1993] from the
uptake of NO3, NO2, and HO2 by wet aerosols, leading to

the reduction in sulfate formation from both gas-phase and
in-cloud reactions.

3.3. Nitrate

[29] Nitrate aerosol forms from the partitioning of HNO3

between gas and aerosol phases. Gas-phase HNO3 in the
atmosphere is produced mainly by the reaction of NO2 with
OH and at night by hydrolysis of N2O5 on aerosol surfaces.
Global distributions of annual mean nitrate aerosol concen-
trations at the surface layer from the baseline and the
HETNODUST, HETDUST, and NOHET sensitivity simu-
lations are presented in Figure 4 for the three time periods.
Preindustrial NOx emissions arise from natural sources
such as biomass burning, vegetation, soil, lighting, and
cross-tropopause transport. The highest preindustrial nitrate
concentrations are predicted in the SH as a result of biomass
burning. As expected, present-day and year 2100 nitrate
concentrations are the highest over Europe, Eastern China,
and North America; baseline nitrate mixing ratios in these
areas exceed 1 ppbv in the present-day and 3 ppbv in year
2100. With sulfur emissions in year 2100 slightly lower
than the present-day values, and emissions of NH3 and NOx

predicted to increase significantly from present-day to year
2100 (Table 2), ammonium nitrate formation is favored in
year 2100. On an annual mean basis, the ratio of the global
burden of gas-phase HNO3 to that of nondust nitrate is
predicted to be 2.7 in present-day and 1.1 in year 2100.

Figure 3. Predicted annual mean surface layer sulfate mixing ratios (pptv) (left column) and sulfate
tropospheric column loadings (mg m�2) (middle column) for preindustrial, present-day, and year 2100
baseline simulations. Baseline simulations consider all heterogeneous reactions listed in Table 1. The
percentage differences ((Baseline-NOHET) � 100/NOHET) in sulfate column burdens between the
baseline and NOHET simulations for the three time periods are shown in the right column. Above each
panel, the time period of the simulation and the global mean value are indicated.
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[30] Whereas hydrolysis of N2O5 increases HNO3, reac-
tions of NO3, NO2 and HO2 on aerosols reduce HNO3

concentrations because of the reduction of HOx (HO2 +
OH). Compared with the NOHET simulation, absorption of
NOx by aerosols reduces O3 concentrations (section 3.1),
leading to lower OH concentrations from O3 + hn !
O(1D) + O2 and O(

1D) + H2O! 2OH reactions. In addition,
the absorption of HO2 by aerosols reduces OH formation via
HO2 + O3 ! OH + 2O2 and HO2 + NO ! NO2 + OH
reactions. Present-day and 2100 surface layer OH concen-
trations over industrial areas are predicted to be reduced by
about 60% in the presence of heterogeneous reactions (not
shown), resulting in lower HNO3 production from the
reaction of NO2 with OH. In summary, heterogeneous
reactions considered in the HETNODUST simulation can
either increase or reduce HNO3 concentrations depending on
the competition between the hydrolysis of N2O5 and the
absorption of NO3, NO2 and HO2 by wet aerosols. Compared
to the NOHET simulations, the overall effect of reactions of
N2O5, NO3, NO2, and HO2 on aerosol surfaces is to increase

the global and annual mean nitrate concentration at the
surface layer by 5%, 21%, and 38% in the preindustrial,
present-day, and year 2100, respectively (Figure 4). Mineral
dust uptake of HNO3 also influences nitrate concentrations
significantly; the annual and global mean surface layer nitrate
concentration from the HETDUST simulation is 49% lower
in the preindustrial atmosphere, 19% lower in the present-
day, and 14% lower in year 2100 as compared to the value
from the NOHET simulation.
[31] Figure 5 shows the ratios of annual mean column

burdens of nitrate from the baseline, HETNODUST, and
HETDUST simulations to those from the NOHET simula-
tion for the three time periods. The effects of nondust
heterogeneous reactions are not important in the preindus-
trial time; compared with the NOHET simulation, nitrate
column burdens in the HETNODUST case are slightly
lower in the high latitudes of the NH, resulting from the
NOx reduction by aerosols, and show small increases
between �90�S and +45�N, which can be explained by
the increased ammonium nitrate formation because of sea

Figure 4. Predicted annual mean nitrate aerosol mixing ratios (pptv) at the surface layer from the
baseline (with all heterogeneous reactions listed in Table 1) and the HETNODUST (with nondust
heterogeneous reactions only), HETDUST (with dust-associated heterogeneous reactions only), and
NOHET (with all reactions listed in Table 1 removed) sensitivity simulations for preindustrial (left
column), present-day (middle column), and 2100 (right column). Above each panel, the particular
simulation and the global mean value are indicated.
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salt uptake of SO2. Such a pattern of changes in nitrate
column burdens by nondust heterogeneous reactions holds
in the present-day atmosphere, except nitrate column bur-
dens increase by 30–50% over Europe, Eastern United
States, and Eastern China, where hydrolysis of N2O5

dominates. In year 2100, nondust heterogeneous reactions
are predicted to increase nitrate column burdens over
populated and biomass burning regions but reduce burdens
elsewhere. Burdens over the Eastern United States, Europe,
and Eastern China are predicted to increase by 10–30%,
30–50%, and 50–70%, respectively, as compared with the
year 2100 NOHET simulation.
[32] Mineral dust significantly reduces nitrate burdens

near the Sahara Desert, with the highest reduction of about
85% in preindustrial and present-day atmospheres, and of
70% in year 2100. These large reductions agree with the
predictions of Dentener et al. [1996]. A unique feature of
the effect of dust uptake in the present-day is that nitrate
burdens actually are predicted to increase in the high
latitudes in the NH. This can be explained by dust uptake
of SO2, which leads to less sulfate in the upper troposphere
and promotion of ammonium nitrate formation.
[33] Since predicted nitrate concentration is closely related

to the formation of gas-phase HNO3, we show in Table 4
the annual HNO3 budget for the baseline and the NOHET
simulations in present-day and year 2100. There are 23 gas-
phase reactions that produce HNO3 and 2 reactions that
remove it. The most important sources of HNO3 are the
reaction of NO2 with OH (reaction (R1) in Table 4),

reactions of NO2 and N2O5 on aerosols (reactions (R21)
and (R23)), reaction of DMS with NO3 (reaction (R20)), and
reactions of NO with RO2 radicals from isoprene (reactions
(R4) and (R10)). The hydrolysis of N2O5 accounts for 26.5%
and 35.8% of HNO3 production in present-day and year
2100, respectively, in the baseline simulations, which
explains the increased burdens of nitrate aerosol in the
industrialized regions in the presence of nondust heteroge-
neous reactions. The NO2 + OH reaction accounts for 36.5 %
and 36.8% of HNO3 production in present-day and year
2100, respectively, in the baseline simulations, while it
contributes to 55.5% of present-day HNO3 production and
61.8% of year 2100 production in the absence of heteroge-
neous reactions, which can be explained by the higher OH
concentrations in the absence of heterogeneous reactions.
Global mean surface layer OH concentrations predicted in
year 2100 NOHET simulation are higher than those pre-
dicted in present-day NOHET simulation by 11% in January
and 18% in July, which also helps to explain the large
contribution from the NO2 + OH reaction in year 2100 when
no heterogeneous reactions are considered.

3.4. Carbonaceous Aerosols

[34] Figure 6 presents the predicted annual mean BC,
POA, and SOA surface-layer concentrations for the three
time periods. Preindustrial carbonaceous aerosols are
predicted to be the highest over the biomass burning areas
in South America and Africa. One interesting feature of
the predicted preindustrial carbonaceous aerosols is that,

Figure 5. Ratios of annual mean column burdens of nitrate from the baseline, HETNODUST, and
HETDUST simulations to those from the NOHET simulation for the preindustrial (left column), the
present-day (middle column), and 2100 (right column). Baseline, HETNODUST, HETDUST, and
NOHET simulations consider all heterogeneous reactions, nondust heterogeneous reactions, dust-
associated heterogeneous reactions, and no heterogeneous reactions, respectively.
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although the global and annual mean concentration of SOA
in the surface layer is about one-fifth that of POA, the
SOA global burden of 0.22 Tg is 129% higher than the
POA burden of 0.096 Tg (Table 3) based on the baseline
calculation. This can be explained based on the assumptions
about preindustrial emissions of monoterpenes and
ORVOCs and about the transport of NOx and O3 from the
stratosphere; with these values in the preindustrial time
being assumed the same as those in the present-day atmo-
sphere, SOA formation in the upper troposphere does not
vary significantly from the preindustrial time to the present-
day. In fact, as predicted by Chung and Seinfeld [2002],
SOA concentrations in the upper troposphere are actually
slightly higher during the preindustrial time than in the
present-day, because the lower POA concentrations near the
surface lead to more gas-phase products transported above
the surface layer, ultimately condensing to the aerosol phase
at higher altitude. As a result, preindustrial SOA concen-
trations in the upper troposphere are predicted to have been
higher than those near the surface, and the predicted SOA
global burden exceeds the POA burden.
[35] In the present-day and year 2100, BC and POA

concentrations increase significantly over preindustrial
values. Present-day BC and POA global burdens are pre-
dicted to be 0.23 and 1.27 Tg, respectively, which are close
to the BC burden of 0.22 Tg and POA burden of 1.18 Tg

obtained by Chung and Seinfeld [2002], who used the
same emission inventories for carbonaceous aerosols. The
present-day SOA burden of 0.32 Tg is higher than that of
0.19 Tg obtained by Chung and Seinfeld [2002]. The SOA
simulation in Chung and Seinfeld [2002] was based on
offline OH fields of C. Spivakovsky (personal communi-
cation, 1998) and O3 and NO3 fields of Wang and Jacob
[1998] and an earlier version of the GISS GCM II’, which
predicted that 98% of oxidation of parent hydrocarbons
occurs in the lowest two model layers. With 81% of
hydrocarbon oxidation predicted to take place in the
lowest two model layers in this work, more oxidation
occurs in mid to upper troposphere where lower temper-
ature leads to higher SOA yield. The higher POA concen-
trations predicted in this work also help to explain the
higher SOA formation. In year 2100, BC and POA
emissions are predicted to be about 2.4 times the present-
day values, leading to predicted burdens of 0.54 Tg for BC
and of 2.94 Tg for POA. These predictions exceed the OC
burden of 2.16 Tg and BC burden of 0.34–0.40 Tg obtained
by Koch [2001], mainly a result of the different wet and dry
deposition schemes between the models.
[36] BC and POA burdens are not affected by gas-phase

chemistry, but SOA levels depend on the concentrations of
O3, OH, and NO3, which themselves are influenced by
heterogeneous chemistry. Sensitivity studies (Table 3) show

Table 4. Annual Mean HNO3 Budget for Present-Day and Year 2100 Simulationsa

Present-Day Year 2100

Baseline NOHET Baseline NOHET

Chemical Productions, Tg yr�1 153.5 154.5 464.0 457.3
ðR1Þ NO2 þ OHþM ! HNO3 þM 36.5% 55.5% 36.8% 61.8%
ðR2Þ NO3 þ CH2O ! HNO3 þ prod: 1.1% 3.8% 2.2% 8.9%
ðR3Þ ALD2þ NO3 ! HNO3 þ prod: 0.8% 3.2% 1.8% 6.6%
ðR4Þ RIO2þ NO ! HNO3 þ prod: 9.3% 9.1% 3.9% 3.7%
ðR5Þ RIO1þ NO ! HNO3 þ prod: 0.8% 0.7% 0.4% 0.3%
ðR6Þ IAO2þ NO ! 0:08HNO3 þ prod: 0.3% 0.3% 0.1% 0.1%
ðR7Þ VRO2þ NO ! HNO3 þ prod: 0.9% 0.9% 0.4% 0.4%
ðR8Þ MRO2þ NO ! HNO3 þ prod: 0.6% 0.6% 0.3% 0.2%
ðR9Þ MVN2þ NO ! 0:1HNO3 þ prod: 0.0% 0.1% 0.0% 0.1%
ðR10Þ INO2þ NO ! 0:85HNO3 þ prod: 4.7% 5.8% 2.6% 3.6%
ðR11Þ ALK4þ NO3 ! HNO3 þ prod: 0.0% 0.4% 0.1% 0.5%
ðR12Þ RCHOþ NO3 ! HNO3 þ prod: 0.1% 0.4% 0.2% 0.7%
ðR13Þ MEK þ NO3 ! HNO3 þ prod: 1.1% 3.3% 0.8% 2.9%
ðR14Þ INO2þMO2 ! 0:425HNO3 þ prod: 0.6% 0.8% 0.2% 0.3%
ðR15Þ GLYXþ NO3 ! HNO3 þ prod: 0.0% 0.0% 0.0% 0.0%
ðR16Þ MGLYþ NO3 ! HNO3 þ prod: 0.2% 0.8% 0.3% 1.5%
ðR17Þ MACRþ NO3 ! HNO3 þ prod: 0.3% 0.7% 0.2% 0.8%
ðR18Þ C2H6 þ NO3 ! HNO3 þ prod: 0.0% 0.0% 0.1% 0.2%
ðR19Þ INO2þMCO3 ! 0:85HNO3 þ prod: 2.2% 2.8% 1.0% 1.1%
ðR20Þ DMSþ NO3 ! HNO3 þ prod: 7.4% 10.8% 4.1% 6.3%
ðR21Þ NO2 þ aerosolsð Þ ! 0:5HNO3 þ prod: 6.2% 0.0% 8.2% 0.0%
ðR22Þ NO3 þ aerosolsð Þ ! HNO3 þ prod: 0.3% 0.0% 0.4% 0.0%
ðR23Þ N2O5 þ aerosolsð Þ ! 2HNO3 26.5% 0.0% 35.8% 0.0%

Total loss, Tg yr�1 153.5 154.5 464.0 457.3
Chem. loss, Tg yr�1 10.7 20.0 24.9 44.6
ðR24Þ HNO3 þ OH ! prod: 34.6% 37.0% 32.9% 36.8%
ðR25Þ HNO3 þ hv ! prod: 65.4% 63.0% 67.1% 63.2%

Dust uptake, Tg yr�1 37.1 0 73.0 0
Loss to nitrate,b Tg yr�1 36.9 (105.3�68.4) 46.0 (123.5�77.5) 168.7 (394.4�225.7) 176.1 (470.7�294.6)
Dry deposition, Tg yr�1 27.3 35.6 80.1 97.2
Wet deposition, Tg yr�1 41.5 52.9 117.3 139.4

Burden, Tg 1.30 1.78 2.16 2.98
aThe numbers for reactions (R1)– (R25) are contributions to chemical production or loss from each reaction. Please see http://www-as.harvard.edu/

chemistry/trop/geos/doc/chem_mech/geoschem_mech.pdf for the formula of the species in these reactions and for the rate constants.
bThe first number in the parentheses is the loss of gas-phase HNO3 to nitrate formation, and the second number shows the release of gas-phase HNO3

from nitrate, which are determined by aerosol thermodynamics.
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that heterogeneous reactions have virtually no impact on
SOA burdens, because natural monoterpene and other
reactive volatile organic carbons are fully oxidized, so the
formation of SOA mainly depends on POA available for
absorption of SOA.

3.5. Aerosol Mass and Water Content

[37] The dry aerosol mass, the sum of sulfate, nitrate,
ammonium, BC, POA, and SOA, at the surface layer from
the baseline simulations is shown in Figure 7 for the
present-day and year 2100. Under present-day conditions,
dry mass concentrations exceeding 15 mg m�3 are predicted
over Europe, Eastern United States, Eastern China, and over
the biomass region in South America. In year 2100, as
compared with the present-day values, dry mass concen-
trations over Europe, South America, and Southern Africa
are predicted to double or triple; levels over Eastern United
States and Eastern China increase by 60–100% and 200–
300%, respectively.
[38] Heterogeneous reactions are predicted to be impor-

tant in influencing aerosol mass concentrations. Figure 7
also shows the differences between the dry aerosol mass
concentrations from the baseline simulations and those
obtained in the NOHET simulations. Aerosol mass concen-
trations predicted in the baseline simulation are higher in
Europe, Eastern United States, Eastern China, and biomass
burning areas and lower in the rest of the world than those
predicted in the NOHET simulation in both the present-day
and year 2100. The largest difference of 7.8 mg m�3

is predicted over Europe in the present-day, and of
37.9 mg m�3 is predicted over Eastern China in year 2100.

These large differences between the mass concentrations
with or without the chemistry-aerosol coupling arise from
the differences in nitrate and ammonium concentrations.
[39] Annual average column burdens (mg m�2) of aerosol

water associated with sulfate, nitrate, and OC aerosols are
shown in Figure 8 for the present-day and year 2100
baseline simulations. The distributions of aerosol water
are similar to those of aerosol mass concentrations
shown in Figure 7. The highest column water burden of
230.5 mg m�2 is found over Europe in the present-day and
of 667.1 mg m�2 in year 2100 is located over Eastern China.
The percentage differences in aerosol water column burdens
between the baseline and the NOHET simulations are also
shown in Figure 8. Aerosol water is reduced through sea salt
uptake of SO2 over the oceans and by dust uptake of SO2 and
HNO3 near dust sources; aerosol water burdens can be
reduced by about 60% over the oceans and near dust sources
in present-day and year 2100 scenarios. Over the Eastern
United States, Europe, and Eastern China, the 20–92%
increases in aerosol water burdens in both the present-day
and year 2100 atmospheres correspond to the increased
ammonium nitrate concentrations. These increases in aerosol
water column burdens, together with the changes in nitrate
aerosol mass in these industrialized areas (Figure 7), have
large impacts on estimates of anthropogenic aerosol forcing
there, as will be examined in the next section.

4. Direct Forcing Estimates

[40] Direct and anthropogenic radiative forcing by O3,
individual aerosol species, and all aerosols (sulfate, nitrate,

Figure 6. Predicted annual mean BC, POA, and SOA concentrations (ng m�3) at the surface layer for
the preindustrial (left column), present-day (middle column), and year 2100 scenarios (right column).
Above each panel, the global mean value is indicated.
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BC, OC, and aerosol water) are calculated in the baseline,
NOHET, HETNODUST, and HETDUST simulations for
the preindustrial, present-day, and year 2100 atmospheres.
All aerosol forcing calculations are performed for both
internal and external mixing states. We compute the direct
radiative forcing of each species as the difference in the net
flux with and without the species, and then calculate
anthropogenic forcing in the present-day and 2100 scenarios
by comparison with the preindustrial scenario. Forcing
estimates at TOA and the Earth’s surface are summarized
in Tables 5 and 6, respectively. Note that forcing values
reported here for the three time periods account for the
changes in emission inventories only, since we use the same
present-day climate in all the simulations.

4.1. Anthropogenic Forcing by Tropospheric O3

[41] Annual and global mean TOA forcing by anthropo-
genic O3 is estimated to be 0.22 W m�2 for the present-day
and 0.57 W m�2 for year 2100 in the baseline simulations
(Table 5). The global distributions of present-day and year
2100 TOA O3 radiative forcing predicted from the baseline
simulations are shown in Figure 9. Predicted geographical
patterns of forcing agree with those predicted by Mickley et
al. [1999] for the present-day atmosphere and those reported
in Gauss et al. [2003] for year 2100. Previous global
studies have generally reported O3 radiative forcing at the
tropopause to avoid the influence of stratospheric O3. The
current TOA forcings of 0.22 W m�2 in present-day and

0.57 W m�2 in year 2100 correspond to tropopause forcings
of 0.50 W m�2 and 1.27 W m�2, respectively. The present-
day tropopause forcing of 0.50 W m�2 from the baseline
simulation is close to the 0.44 W m�2 reported byMickley et
al. [1999]. The change in annual mean tropopause O3 forcing
from year 2000 to 2100 is predicted to be 0.77Wm�2, which
is within the range of 0.40 to 0.78 W m�2 obtained from
11 different models in the study of Gauss et al. [2003].
[42] To evaluate the effects of chemistry-aerosol coupling

on estimated anthropogenic O3 forcing, Figure 9 also shows
the absolute and the percentage differences in the anthro-
pogenic TOA O3 forcings between the baseline and the
NOHET simulations. Compared with the forcing estimates
from the NOHET simulations, the annual and global mean
TOA O3 forcing from the baseline simulation is 8% lower in
present-day and 16% lower in year 2100 (Table 5). Anthro-
pogenic O3 forcing is influenced by hydrolysis of N2O5 and
absorption of NO2, NO3, and HO2, which are significant in
present-day and year 2100 but are not predicted to be
important preindustrially. These heterogeneous reactions
are predicted to reduce TOA anthropogenic O3 forcing by
20–45% in present-day and by 20–32% in year 2100 at
mid to high latitudes in the NH (Figure 9), corresponding to
the reduction of O3 concentrations there (see section 3.1).
Mineral dust uptake has a negligible influence on estimates
of anthropogenic ozone forcing. With dust concentrations
assumed to be the same for all the time periods, the dust
uptake reduces approximately the same amount of O3 in all

Figure 7. Total dry aerosol mass (mg m�3) of sulfate, nitrate, ammonium, BC, POA, and SOA in the
surface layer from the baseline simulations for present-day (top left panel) and year 2100 (bottom left
panel). The differences (mg m�3) in the dry aerosol mass concentrations between the baseline and the
NOHET simulation (Baseline–NOHET) are shown for present-day (top right panel) and year 2100
(bottom right panel). All the heterogeneous reactions listed in Table 1 are considered in the baseline
simulations, whereas all these heterogeneous reactions are removed in the NOHET runs.
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time periods; the difference in global burden of tropospheric
O3 between the HETDUST and the NOHET simulations is
11.3, 12.8, and 13.7 Tg in the preindustrial, present-day, and
year 2100 atmospheres, respectively.
[43] At the Earth’s surface, O3 shortwave forcing is

globally negative, which offsets positive O3 longwave
forcing and leads to a relatively small net forcing at
the surface (Table 6). The global and annual mean
anthropogenic O3 forcing at the surface is predicted to be
0.07 W m�2 in the present-day and 0.11 W m�2 in
year 2100 in the baseline simulation, which increases to
0.08 W m�2 in present-day and 0.15 W m�2 in year 2100 in
the absence of heterogeneous reactions.

4.2. Anthropogenic Aerosol Forcing

[44] Predicted global and annual mean TOA direct radi-
ative forcings by individual and collective aerosols are
given in Table 5. The baseline present-day anthropogenic
forcing of sulfate at TOA is predicted to be �0.57 W m�2.
In year 2100, the predicted sulfate TOA forcing of
�0.54 W m�2 is slightly lower than the present-day value
as a result of the predicted decreases in sulfate emissions
associated with IPCC SRES A2. Present-day TOA BC and
OC forcings are +0.53 and �0.23 W m�2, which agree
closely with the +0.51 and �0.18 W m�2 predicted by
Chung and Seinfeld [2002], respectively. Carbonaceous
aerosols are predicted to be important in influencing year
2100 climate; while TOA OC forcing of �0.52 W m�2 is
comparable to that by sulfate, BC is predicted to exert a

strong TOA warming of 1.26 W m�2. Similarly high
forcings by carbonaceous aerosols in year 2100 were also
reported by Koch [2001], who predicted a global and annual
mean TOA OC forcing of �0.64 W m�2 and a BC forcing
of 0.89–1.24 W m�2, depending on the wet deposition
assumptions used for BC. Present-day baseline nitrate
anthropogenic forcing at TOA is predicted to be relatively
small, �0.16 W m�2, increasing to �0.95 Wm�2 in year
2100. The year 2100 nitrate forcing predicted here is lower
than that of �1.28 W m�2 predicted by Adams et al. [2001].
The difference in predicted nitrate forcing between the two
studies can be explained as follows. Adams et al. [2001]
used off-line gas-phase HNO3 fields from the Harvard-GISS
GCM [Mickley et al., 1999] to simulate the gas-particle
partitioning of HNO3. Although the gas-phase chemistry
used in this work is basically the same as that used in the
study of Mickley et al. [1999], the new treatments of ice
scavenging of HNO3 [Liao et al., 2003] and mineral dust
uptake of HNO3 [Liao et al., 2004] in this work lead to
reduced gas-phase HNO3 concentrations. Accounting for
heterogeneous reactions on surface areas of sulfate, nitrate,
OC, sea salt, and mineral dust leads to higher HNO3

production from the reaction of N2O5 than from the hydro-
lysis on sulfate aerosol alone. Furthermore, the reaction of
HNO3 with sea salt aerosol increases nitrate formation along
coastal zones [Liao et al., 2004]. In year 2100, the predicted
baseline global nitrate burden of 1.97 Tg is 10% higher than
that of 1.79 Tg predicted by Adams et al. [2001], but the
predicted TOA anthropogenic forcing in the current study is

Figure 8. Predicted annual average column burdens (mg m�2) of aerosol water associated with sulfate,
nitrate, and OC aerosols for present-day (top left panel) and year 2100 (bottom left panel) baseline
simulations. Right column shows the percentage changes in aerosol water column burdens between the
baseline and the NOHET simulations in present-day (top right panel) and 2100 (bottom right panel)
scenarios. All the heterogeneous reactions listed in Table 1 are considered in the baseline simulations,
whereas all these heterogeneous reactions are removed in the NOHET runs.
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26% lower, because nitrate associated with sea salt aerosol
has no significant contribution to radiative forcing as a
result of the large size of sea salt particles.
[45] As expected, predicted anthropogenic forcing by

mixed sulfate, nitrate, BC, OC, and aerosol water is quite
sensitive to the mixing state of the aerosols. Based on the
baseline simulations, the global and annual mean anthropo-
genic TOA radiative forcing by the internal mixture shows
an essentially zero warming of 0.01 W m�2 in the present-
day and a stronger heating of 0.34 W m�2 in year 2100,
whereas that assuming an external mixture is predicted to be
�0.39 W m�2 in present-day and �0.61 W m�2 in year
2100 (Table 5). Predicted TOA anthropogenic forcing by
the external mixture differs from the sum of forcings by all
aerosol species; on a global and annual mean basis, the
baseline TOA anthropogenic forcing by the external mix-
ture shows 0.04 W m�2 (or 9%) less cooling than the sum of
the anthropogenic forcings in present-day, and 0.14 W m�2

(or 19%) less cooling in year 2100, indicating stronger
radiative interactions between aerosols when aerosol bur-
dens are higher in year 2100.
[46] Surface radiative forcing by a scattering aerosol is

practically the same as its forcing at TOA (Table 6).
Because of the strong absorption by BC and weak absorp-
tion by OC, the surface forcings of these two aerosols are
different from their forcings at TOA. The anthropogenic OC

cooling at the surface is about 56% higher than that at TOA
in both present-day and year 2100. While BC has strong
warming at TOA, it leads to strong cooling at the surface;
the global and annual mean BC anthropogenic forcing at the
surface is predicted to be �0.94 W m�2 in present-day and
�2.20 W m�2 in year 2100. As a result of the largest
contribution of BC to surface cooling, mixed aerosols
(sulfate, nitrate, BC, and OC) are predicted to have an
anthropogenic cooling of �1.98 to �2.42 W m�2 in
present-day and �4.36 to �5.34 Wm�2 in year 2100,
depending on the mixing state of the aerosols (Table 6).
[47] The predicted baseline geographical distributions of

the annual mean TOA and surface anthropogenic forcing by
all aerosols are shown in Figure 10 for both the internal and
external mixtures. Strong TOA cooling is predicted over the
industrialized regions; over Eastern Asia, North America,
and Europe, negative forcings of 5–8 W m�2 are predicted
in present-day, and of 10–18 W m�2 are predicted in year
2100. Strong TOA heating is found over the Sahara Desert,
the Arctic, and the Himalayas, where absorption by BC is
accentuated; TOA forcings in these areas are generally in
the range of 2–5 W m�2 in present-day and 5–10 Wm�2 in
year 2100 for the internal mixture, whereas they are in the
range of 1–2 W m�2 in present-day and 2–5 Wm�2 in year
2100 if aerosols are externally mixed. Surface forcing is
globally negative; the highest anthropogenic forcing values

Table 5. Summary of Ozone and Aerosol Forcings at TOA for the Baseline and Sensitivity Simulations for the Years 1800, 2000, and

2100a

Species

Direct Forcing, W m�2 Anthropogenic Forcing, W m�2

Preindustrial 1800 Modern Day 2000 IPCC SRES A2 2100 Modern Day 2000 IPCC SRES A2 2100

Baseline
O3 0.38

0.15(S)+0.23(L)
0.60

0.24(S)+0.36(L)
0.95

0.38(S)+0.57(L)
0.22 0.57

SO4
2� �0.20 �0.77 �0.74 �0.57 �0.54

NO3
� �0.06 �0.22 �1.01 �0.16 �0.95

BC 0.03 0.56 1.29 0.53 1.26
OC �0.03 �0.26 �0.55 �0.23 �0.52
INT �0.26 �0.25 0.08 0.01 0.34
EXT �0.26 �0.65 �0.87 �0.39 �0.61

NOHET
O3 0.41

0.16(S)+0.25(L)
0.65

0.26(S)+0.39(L)
1.09

0.43(S)+0.66(L)
0.24 0.68

SO4
2� �0.33 �1.07 �1.01 �0.74 �0.68

NO3
� �0.11 �0.23 �1.09 �0.12 �0.98

INT �0.43 �0.55 �0.23 �0.12 0.20
EXT �0.44 �0.97 �1.22 �0.53 �0.78

HETNODUST
O3 0.41

0.16(S)+0.25(L)
0.63

0.25(S)+0.38(L)
0.97

0.38(S)+0.59(L)
0.22 0.56

SO4
2� �0.25 �0.91 �0.84 �0.66 �0.59

NO3
� �0.11 �0.23 �1.14 �0.12 �1.03

INT �0.36 �0.40 �0.11 �0.04 0.25
EXT �0.36 �0.80 �1.07 �0.44 �0.71

HETDUST
O3 0.39

0.15(S)+0.24(L)
0.63

0.25(S)+0.38(L)
1.07

0.42(S)+0.65(L)
0.24 0.68

SO4
2� �0.26 �0.91 �0.89 �0.65 �0.63

NO3
� �0.06 �0.21 �0.98 �0.15 �0.92

INT �0.32 �0.37 �0.02 �0.05 0.30
EXT �0.33 �0.79 �1.01 �0.46 �0.68
aHere INT, the internally mixed sulfate, nitrate, BC, OC, and aerosol water; EXT, same aerosols as in INT but aerosols are externally mixed; ozone

forcing = shortwave forcing (S) + longwave forcing (L).
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Table 6. Summary of Ozone and Aerosol Forcings at the Surface for the Baseline and Sensitivity Simulations for the Years 1800, 2000,

and 2100a

Species

Direct Forcing, W m�2 Anthropogenic Forcing, W m�2

Preindustrial 1800 Modern Day 2000 IPCC SRES A2 2100 Modern Day 2000 IPCC SRES A2 2100

Baseline
O3 0.04

�0.17(S)+0.21(L)
0.11

�0.29(S)+0.40(L)
0.15

�0.49(S)+0.64(L)
0.07 0.11

SO4
2� �0.19 �0.77 �0.74 �0.58 �0.55

NO3
� �0.06 �0.21 �1.00 �0.15 �0.94

BC �0.05 �0.99 �2.25 �0.94 �2.20
OC �0.06 �0.42 �0.88 �0.36 �0.82
INT �0.41 �2.83 �5.75 �2.42 �5.34
EXT �0.37 �2.35 �4.73 �1.98 �4.36

NOHET
O3 0.05

�0.18(S)+0.23(L)
0.13

�0.33(S)+0.46(L)
0.20

�0.57(S)+0.77(L)
0.08 0.15

SO4
2� �0.33 �1.07 �1.01 �0.74 �0.68

NO3
� �0.10 �0.23 �1.07 �0.13 �0.97

INT �0.58 �3.12 �6.09 �2.54 �5.51
EXT �0.54 �2.65 �5.06 �2.11 �4.52

HETNODUST
O3 0.05

�0.18(S)+0.23(L)
0.11

�0.31(S}+0.42(L)
0.15

�0.50(S)+0.65(L)
0.06 0.10

SO4
2� �0.24 �0.90 �0.83 �0.66 �0.59

NO3
� �0.10 �0.23 �1.13 �0.13 �1.03

INT �0.50 �2.96 �5.95 �2.46 �5.45
EXT �0.46 �2.48 �4.93 �2.02 �4.47

HETDUST
O3 0.04

�0.17(S)+0.21(L)
0.13

�0.31(S)+0.44(L)
0.19

�0.56(S)+0.75(L)
0.09 0.15

SO4
2� �0.26 �0.91 �0.89 �0.65 �0.63

NO3
� �0.06 �0.21 �0.96 �0.15 �0.90

INT �0.47 �2.94 �5.88 �2.47 �5.41
EXT �0.43 �2.47 �4.85 �2.04 �4.42
aHere INT, internally mixed sulfate, nitrate, BC, OC, and aerosol water; EXT, same aerosols as in INT but aerosols are externally mixed; ozone forcing =

shortwave forcing (S) + longwave forcing (L).

Figure 9. TOA anthropogenic radiative forcing (W m�2) by tropospheric ozone obtained from the
baseline simulations (left column). Middle column presents absolute differences (W m�2) (Baseline-
NOHET) and right column shows percentage changes ((Baseline-NOHET) � 100/NOHET) in TOA
anthropogenic ozone forcings caused by heterogeneous reactions. All the heterogeneous reactions listed
in Table 1 are considered in the baseline simulations, whereas all these heterogeneous reactions are
removed in the NOHET runs. Upper panels are the predictions for the present-day scenario, and the
bottom panels are for the year 2100 atmosphere.
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of �15 to �25 W m�2 are predicted over Eastern China and
Europe in present-day, and the anthropogenic cooling is
predicted to reach about 60 W m�2 over Eastern China in
year 2100.
[48] To examine the effects of nondust and dust-associ-

ated heterogeneous reactions on anthropogenic aerosol
forcing, we show in Figure 11 the differences between the
TOA anthropogenic forcings by the internal mixture calcu-
lated in the baseline, HETNODUST, HETDUST simula-
tions and those from the NOHET simulation for both
the present-day and year 2100 atmospheres. Compared with
the NOHET simulations, both the nondust and the dust-
associated reactions increase the present-day global mean
TOA aerosol forcing by 0.07 W m�2, while in year 2100
the nondust heterogeneous reactions increase the global
mean anthropogenic TOA aerosol forcing by 0.04 W m�2

and mineral dust uptake increases the TOA forcing by

0.09 W m�2; hence heterogeneous reactions lead to less
cooling (or more heating) by aerosols. Hydrolysis of N2O5

is predicted to be important in influencing anthropogenic
aerosol forcing over industrialized areas. As shown in
section 3.3, column burdens of nitrate aerosol over
Europe, United States, and Eastern China are increased
by the nondust heterogeneous reactions by 30–50% in
present-day and by 10–70% in year 2100. These changes
in nitrate burdens, together with the associated 20–92%
changes in aerosol water in these areas (section 3.5), lead
to 0–2 W m�2 more aerosol cooling at TOA over Europe,
Eastern Asia, and United States in the present-day atmo-
sphere than the forcings calculated in the NOHET simu-
lation (middle panels of Figure 11). In year 2100, the
hydrolysis of N2O5 is predicted to have a significant effect
because of high aerosol concentrations and high NOx

emissions, which increases the TOA anthropogenic aerosol

Figure 10. Predicted annual mean TOA and surface anthropogenic forcing (W m�2) by mixed sulfate,
nitrate, BC, OC, and aerosol water in present-day and year 2100. Predictions are based on the baseline
simulations with all the heterogeneous reactions listed in Table 1. Above each panel, the time period,
aerosol mixing state, and the global mean forcing value are indicated.
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cooling by 3–6 W m�2 over Europe, 6–8 W m�2 in
Eastern Asia, and 2–3 W m�2 over the United States
when the forcings from the HETNODUST simulation are
compared with those calculated in the NOHET simulation.
The nondust reactions also lead to 0–1 W m�2 more TOA
cooling over biomass burning regions in South America
and Africa in both the present-day and year 2100.
[49] Sea salt uptake of SO2 leads to less cooling over the

oceans. In both the present-day and year 2100 scenarios,
reductions of 0.5–1 W m�2 in TOA anthropogenic aerosol
cooling occur over the oceans around 60�N (middle panels
of Figure 11), where SO2 transported from the industrialized
areas is taken up by sea salt near the coastal zones and
sulfate concentrations in the downwind regions are reduced.
Sea salt in the SH has practically no influence on anthro-
pogenic aerosol forcing.
[50] Because mineral dust uptake reduces sulfate and

nitrate concentrations and associated aerosol water near
the Sahara, central, and northeast Asia, anthropogenic
aerosol forcings in and near these areas generally
exhibit less TOA cooling (or stronger heating) of about
0.5–1 W m�2 in the present-day and of about 1–2 W m�2

in year 2100 (bottom panels of Figure 11). When the effects
of both the nondust and dust-associated heterogeneous
reactions are combined (top panels of Figure 11), although

the nondust and dust-associated reactions can interact, the
interactions do not have a large impact on the quantitative
results obtained when these two types of reactions are
considered separately.
[51] Although TOA anthropogenic forcings calculated for

the external mixture are quite different from those calculated
for the internal mixture, the effects of heterogeneous reac-
tions on TOA anthropogenic forcing by the external mixture
(not shown) are similar to those shown in Figure 11 for the
internal mixture. Locations and magnitudes of changes in
TOA anthropogenic aerosol forcings are practically the
same for the two different mixing states. Compared with
the NOHET simulations, while the nondust and dust-asso-
ciated reactions increase the present-day global mean TOA
forcing by 0.08 and 0.07 W m�2, respectively, they increase
the year 2100 global mean TOA forcing by 0.07 and
0.09 W m�2, respectively (Table 5). At the surface layer,
the effects of heterogeneous reactions on anthropogenic
forcing are similar to those predicted for TOA forcings.
Because heterogeneous reactions mainly influence burdens
of sulfate and nitrate aerosols whose forcings at TOA are
about the same as those at the surface, predicted changes in
surface anthropogenic forcing by heterogeneous reactions
are geographically and quantitatively similar to those shown
in Figure 11.

Figure 11. Differences in predicted TOA anthropogenic forcings (W m�2). (a) Combined effects of
both nondust and dust-associated heterogeneous reactions (baseline-NOHET), (b) effects of nondust
heterogeneous reactions (HETNODUST-NOHET), and (c) effects of dust-associated heterogeneous
reactions (HETDUST-NOHET). Left column is for the present-day atmosphere and the right column is
for year 2100 scenario. Above each panel, the global mean value is indicated.
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4.3. Comparisons of Predicted Radiative Forcing
With Other Studies

[52] Table 7 compares the predicted TOA anthropogenic
forcing by individual aerosol species and by mixed aerosols
with the estimates in previous studies. TOA anthropogenic
forcings predicted in this work lie within the ranges of
previous predictions. Differences in the estimates among
studies arise mainly from differences in simulated aerosol
column burdens and the prescribed extinction efficiency
depending on the relative humidity and aerosol size. It
should be noted that comparisons of annual and global mean
forcing values are not necessarily indicative of differences in
predicted seasonal variations and geographical distributions.

5. Uncertainties and Sensitivities

[53] There are numerous sources of uncertainty in the
calculated burdens, heterogeneous reactions, and radiative
forcing. First, the version of the GISS GCM used in this work
has a relatively coarse horizontal resolution of 4� latitude by
5� longitude and nine s layers in the vertical, from surface to
10 mbar. Since heterogeneous reactions are important where
aerosol concentrations are high, a coarse resolution model
could predict less significant effects of heterogeneous reac-
tions near emission sources and stronger effects in areas
away from sources than a model with fine resolution.
[54] The results presented in the previous sections

indicate that heterogeneous reactions are influential in

anthropogenic forcing, especially in the year 2100 atmo-
sphere. Because the year 2100 simulations are based on
the IPCC SRES A2, the scenario with the most signifi-
cant projected increases in emissions, the effects of
heterogeneous reactions on radiative forcings presented
in this work for year 2100 should be taken to represent
upper limit estimates.
[55] Uncertainties in model results also arise from the

fixed present-day climate used for predicting the preindus-
trial and year 2100 concentrations and forcings of ozone
and aerosols. The changes in concentrations of greenhouse
gases, ozone, and aerosols from the preindustrial time to
year 2100 should influence both climate and abundances of
ozone and aerosols, which are expected to have impacts on
estimated forcings. While in this work we study the prein-
dustrial, present-day, and year 2100 forcings only by using
different emission scenarios, further simulations show that
burdens of ozone and aerosols are reduced in a warmer
climate with increased temperature and precipitation if
emissions are kept at the present-day levels. Such interac-
tions among gas-phase chemistry, aerosols, and climate will
be reported subsequently.
[56] The forcing estimates presented in this work are

based on assumed size distributions, refractive indices,
and mixing states of aerosols. By assuming that aerosols
are either internally or externally mixed, we have shown
that aerosol radiative forcings are very sensitive to mixing
state. The actual mixing state of aerosols in the atmosphere
is a complicated phenomenon that depends on the aging and
coagulation of aerosol particles, and internal and external
mixtures can coexist in the atmosphere. In our work the
refractive index of the internal mixture is calculated by
volume weighting as in most previous studies, but such
linear combination is an oversimplified assumption.
[57] For heterogeneous reactions, the results presented in

this work rely on uptake coefficients, some of which have
large uncertainties. For example, although we follow the
study of Evans and Jacob [2005] to calculate g(N2O5) as a
function of aerosol type, relative humidity, and temperature,
the humidity and temperature dependence of g(N2O5) on
sulfate aerosol is based on the measurements for ammonium
sulfate [Evans and Jacob, 2005]. The relationship between
the heterogeneous uptake of N2O5 and relative humidity has
been shown to be different for ammonium sulfate, ammo-
nium bisulfate, and sulfuric acid aerosols [Kane et al.,
2001]. Furthermore, we assume that nitrate has the same
g(N2O5) as ammonium sulfate in this work, but Hallquist et
al. [2003] reported that g(N2O5) values could be lower by
an order of magnitude compared to those for uptake on the
sulfate aerosols. To see the impacts of these assumptions on
model results, we performed a sensitivity simulation with
g(N2O5) values on sulfate/ammonium/nitrate aerosols in the
year 2100 baseline simulation reduced to 10% of the values
obtained from equation (1). This simulation shows that the
effects of N2O5 reaction on O3 at high latitudes and on
nitrate formation are not sensitive to g(N2O5). Compared
with the year 2100 NOHET simulation, while the annual
mean total ozone mass over 45–90�N is reduced by 26.1%
in the baseline simulation, it is reduced by 23.0% in this
sensitivity study. The column burdens of nitrate aerosol over
Europe and Eastern China with the reduced g(N2O5) on
sulfate/nitrate/ammonium differ from those from the base-

Table 7. Comparisons of the Simulated Global and Annual Mean

TOA Anthropogenic Aerosol Forcing With Other Studies

Anthropogenic Forcing,
W m�2

Present-Day
2100 (IPCC
SRES A2)

Sulfate
This work �0.57 �0.54
Koch [2001] �0.65 �0.54
Adams et al. [2001] �0.95 �0.85
Boucher and Anderson [1995] �0.29
Feichter et al. [1997] �0.35
Penner et al. [1998] �0.81
Kiehl et al. [2000] �0.56
Jacobson [2001] �0.31
Takemura et al. [2002] �0.20

OC
This work �0.23 �0.52
Koch [2001] �0.30 �0.64
Jacobson [2001] �0.06
Chung and Seinfeld [2002] �0.18
Takemura et al. [2002] �0.26

BC
This work 0.53 1.26
Haywood and Ramaswamy [1998] 0.40
Koch [2001] 0.35 0.89–1.24
Jacobson [2001] 0.52
Chung and Seinfeld [2002] 0.51
Takemura et al. [2002] 0.42

Nitrate
This work �0.16 �0.95
Adams et al. [2001] �0.19 �1.28
Jacobson [2001] �0.04

EXTa

This work �0.39 �0.61
Hansen et al. [2005] �0.44

aExternally mixed sulfate, nitrate, BC, and OC.
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line simulation by less than 10%. Dentener and Crutzen
[1993] and Schaap et al. [2004] also reported that the N2O5

reaction is not sensitive to g(N2O5).
[58] The laboratory-determined uptake coefficients for the

heterogeneous reactions on mineral dust have larger uncer-
tainties than those on nondust aerosols. For example,
Underwood et al. [2001] proposed a g(HNO3) of 2.5 ±
0.1 � 10�4 on dry dust and found that g(HNO3) increases
with relative humidity, whereas Hanisch and Crowley
[2001] recommended a g(HNO3) of 0.1. Bauer et al.
[2004] have investigated the sensitivity of global ozone
burden to heterogeneous reactions of HNO3, NO3, N2O5,
and O3 on mineral dust and concluded that the reaction of
HNO3 plays the most important role in influencing global
ozone, however they found that the global ozone burden
does not change when g(HNO3) is varied between 0.05
and 0.25. We performed additional sensitivity studies to
examine the sensitivity of nondust sulfate and nitrate
formation to g(HNO3) and g(SO2) on mineral dust. With
g(SO2) values on mineral dust reduced to 10% of the values
shown in Table 1, year 2100 sulfate column burdens near
the Sahara Desert still show 80–90% of the reductions
predicted in the baseline simulation. In another sensitivity
study with g(HNO3) reduced from 0.1 in the baseline
simulation to 0.01, the reductions in year 2100 nitrate
column burdens near the Sahara Desert are 70–80% of
the reductions predicted in the baseline simulation. Thus we
conclude that the effects of heterogeneous reactions on
mineral dust presented in this study are still important
regionally if the assumed uptake coefficients on dust are
reduced by an order of magnitude.
[59] The uptake coefficient for the uptake of SO2 on sea

salt also has large uncertainties. While we use g(SO2) of
0.05 for RH > 50% and 0.005 when RH < 50% following
the study of Song and Carmichael [2001], Chameides
[1984] and van den Berg et al. [2000] used 0.11. As
discussed in Liao et al. [2004], the sea salt uptake of SO2

calculated in our model may represent an upper limit
because we assume pH of 7.0 for sea salt particles. We
tested here how the predicted sulfate reductions over the
oceans depend on the choice of g(SO2) on sea salt. When
g(SO2) values on sea salt are reduced to 10% of those given
in Table 1, the predicted reductions in year 2100 sulfate
column burdens over oceans are 60–70% of those predicted
in the baseline simulation.
[60] Finally, it should also be mentioned that we did not

account for all the heterogeneous reactions in the atmo-
sphere. For example, soot aerosol could take up HNO3 and
ammonium bisulfate could take up PAN [Jacob, 2000].
These reactions should be considered when more laboratory
studies are available.

6. Summary and Conclusions

[61] The GISS GCM II’ with fully coupled tropospheric
chemistry and aerosols has been used to simulate the con-
centrations of O3 and aerosols in preindustrial time, present-
day, and year 2100 based on the IPCC SRES A2. The model
includes: (1) a detailed simulation of tropospheric O3-NOx-
hydrocarbon chemistry; (2) the prediction of sulfate/nitrate/
ammonium/sea salt/water, black carbon, primary organic
carbon, secondary organic carbon, and mineral dust aerosols;

(3) heterogeneous reactions of N2O5, NO3, NO2, and HO2 on
wet aerosols; (4) uptake of SO2 by sea salt; (5) uptake of SO2,
HNO3 and O3 by mineral dust; and (6) effects of aerosols on
gas-phase photolysis rates. The model has been used to
estimate anthropogenic radiative forcing by O3 and aerosols
and to examine the effects of heterogeneous reactions on these
forcings.
[62] Considering heterogeneous reactions, anthropogenic

O3 is predicted to have a globally and annually averaged
present-day TOA forcing of +0.22 W m�2 and year 2100
forcing of +0.57 W m�2. Net anthropogenic TOA forcing
by internally mixed sulfate, nitrate, OC, and BC aerosols is
estimated to be virtually zero in the present-day and
+0.34 W m�2 in year 2100, whereas it is predicted to be
�0.39 W m�2 in present-day and �0.61 W m�2 in year
2100 if the aerosols are externally mixed. Surface forcing
from all aerosols together is predicted to be �1.98 to
�2.42 W m�2 in present-day and �4.36 to �5.34 W m�2

in year 2100, depending on the mixing state.
[63] Hydrolysis of N2O5 and aerosol absorption of NO2,

NO3, and HO2 are significant factors in present-day and
year 2100 but are not important in the preindustrial atmo-
sphere. Compared to forcings calculated in the absence of
heterogeneous reactions, the nondust reactions generally
lead to a reduction in the predicted TOA anthropogenic
O3 forcing by 20–45% in present-day and by 20–32% in
year 2100 at mid to high latitudes in the Northern Hemi-
sphere. Although mineral dust uptake of HNO3 and O3

leads to a reduction of O3 concentrations near dust sources
by 10–15%, dust uptake has practically no influence on
estimates of global anthropogenic O3 forcing, because the
change in ozone mass by the dust-associated heterogeneous
reactions is about the same in all the three periods.
[64] Reactions of N2O5, NO3, NO2, and HO2 on aero-

sols are found to be important in estimating the anthropo-
genic forcing over the industrialized areas, especially in
the IPCC SRES A2 scenario for 2100; ignoring them leads
to an underestimate of anthropogenic aerosol cooling by
3–6 W m�2 over Europe, 6–8 W m�2 in Eastern Asia,
and 2–3 W m�2 over the United States.
[65] Sea salt uptake of SO2 leads to less cooling of 0.5–

1 W m�2 over the oceans around 60�N in the present-day
and year 2100 scenarios. Sea salt uptake is not important in
the Southern Hemisphere where concentrations of anthro-
pogenic sulfate are low. Mineral dust aerosol reduces sulfate
and nitrate concentrations and associated aerosol water near
the Sahara, central and northeast Asia, producing less
anthropogenic aerosol cooling (or stronger heating) of
0.5–1 W m�2 in the present-day and of 1–2 W m�2 in
year 2100 near dust sources.
[66] Results presented in this work suggest that hetero-

geneous reactions have important impacts on regional con-
centrations and forcings of ozone and aerosols. Among the
reactions investigated in this work, hydrolysis of N2O5 is
shown to be the most important process that influences
ozone and nitrate formation. Although this reaction has
been included in most current global models, it is generally
considered to take place on sulfate aerosol only. Hydrolysis
of N2O5 on other aerosols, as well as the dependence of
g(N2O5) on temperature and relative humidity should also
be considered. Inclusion of mineral dust uptake of O3, SO2,
and HNO3 and sea salt uptake of SO2 appears to be called
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for, subject to refinements as new laboratory measurements
become available.
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