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Abstract

The tropospheric sulfate radiative forcing has been calculated using an interactive chemistry scheme in LMD-GCM.

To estimate the radiative forcing of sulfate aerosol on climate, a consistent interaction between atmospheric circulation

and radiation computation has been allowed in LMD-GCM. The model results indicate that the change in the sulfate

aerosols number concentration is negatively correlated to the indirect radiative forcing. The model simulated annual mean

direct radiative forcing ranges from �0.1 to �1.2Wm�2, and indirect forcing ranges from �0.4 to �1.6Wm�2. The global

annual mean direct effect estimated by the model is �0.48Wm�2, and that of indirect is �0.68Wm�2.

r 2006 Published by Elsevier Ltd.
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1. Introduction

The issue of climate change, in general, and of the
impact of human activity on climate, in particular,
is the subject of the extensive analysis and assess-
ment by the scientific community. Aerosols influ-
ence the Earth’s radiation balance directly and
indirectly by reflection of sunlight back to space and
the interaction of particles with clouds (Twomey,
1974; Jones et al., 1994; Kiehl and Briegleb, 1993).
The composition and distribution of atmospheric
aerosols represent one of the largest uncertainties in
our current understanding of Earth’s climate.
IPCCs best estimate of the sulfate direct radiative
forcing is �0.4Wm�2 with a range of �0.2 to
e front matter r 2006 Published by Elsevier Ltd.
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0.8Wm�2. The uncertainties relating to aerosol
radiative forcings however remain large, and rely to
a large extent on the estimates from global
modelling. Most of the previous efforts to study
the radiative forcing of aerosols in three-dimen-
sional GCMs (e.g., Kiehl and Briegleb, 1993;
Boucher and Anderson, 1995; Haywood et al.,
1997a; Lohmann and Feichter, 1997; Lohmann
et al., 2000; Ramaswamy et al., 2001); lacks in
considering the feedback of aerosols on microphy-
sics and therefore neglect the effects associated with
evolution of species concentration with the evolving
meteorology. To provide a sound basis for delineat-
ing the changes of anthropogenic influences on
climate with reasonable fidelity, it is essential that
aerosol radiative forcing be well quantified and
accurately represented in climate models. The global
chemistry models that are capable of resolving the
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aerosol size distribution, cloud microphysics and
state of mixing, allowing the calculation of the
radiative effects from physical principles serve as an
important tool for studying the anthropogenic
influences.

The estimation of direct and indirect radiative
forcing (IRF) by sulfate aerosols is attempted in this
study using an interactive chemistry GCM with
cloud related properties and aerosol. The prediction
of cloud droplet number concentration (CDNC) is
achieved from the number concentration of sulfate
aerosol and cloud properties; hence the model
design internally resolves the CDNC to the changes
in the cloud water and aerosol parameters. In
particular, this model considers an interactive
scheme for feedback from chemistry to meteorology
with internally resolving microphysical properties of
aerosols for radiative transfer computations. Thus,
it is a step towards correcting the deficiencies where
the microphysics and feedbacks are run off-line to
calculate the indirect effect of aerosols.

2. Model description

The radiative forcing is calculated using the
Laboratoire de Météorologie Dynamique (LMD)
general circulation model (Sadourny and Laval,
1984; Le Treut et al., 1994; Li, 1999; Lott, 1999)
with aerosol simulation (Boucher et al., 1998;
Boucher et al., 2002; Reddy et al., 2005). An
important addition to LMD in the current version
is the inclusion of a prognostic sulfur-cycle scheme.
The sulfur chemistry has been independently devel-
oped from that of Boucher and Pham (2002),
Boucher et al. (2002) and Hauglustaine et al.
(2004). The newly implemented interactive sulfur
chemistry scheme in the LMD-GCM has been fully
described and thoroughly validated for atmospheric
oxidants and sulfur species against measurements
over different regions of the world (Verma et al.,
2006). The annual sulfur cycle for global simula-
tions has been analyzed for surface/horizontal
distribution and inter-hemispheric transport. The
same model setup has been successfully employed to
simulate the sulfate aerosols for the INDOEX
campaign. Results of this model have been com-
pared with measurements for physical, optical, and
radiative properties of sulfate (Verma et al., 2005)
for INDOEX region. The chemistry module in the
model includes all major chemical mechanisms for
formation of atmospheric oxidants and sulfate. The
chemical species and short-lived oxidant fields
evolve interactively with meteorology to allow the
complex interaction between chemistry and climate
to consider the role of sulfate aerosols on climate
system. The interactive gas phase in this model
version is fully coupled with aerosol module, which
provides aerosol mass and number distribution. The
aerosol module is taken from the Community
Multiscale Air Quality (CMAQ) model of Binkows-
ki and Shankar (1995), which is also a part of
Model-3 (Binkowski and Roselle., 2003) of US
Environment Protection Agency (EPA).

2.1. Optical properties and radiative forcing

Aerosol microphysical and optical properties are
important linking parameters to understand the
radiative effects of aerosols on the climate. To
effectively quantify the radiative effects, first,
spectrally resolved optical properties (e.g., mass
extinction coefficient, optical depth, single scatter-
ing albedo and asymmetry factor) of different
aerosols must be computed. Second, these proper-
ties must be averaged over the spectral bands of the
radiative transfer model in which they will be used.
Finally, the variations of the optical properties with
relative humidity (RH) must be parameterized to
allow efficient use within the online chemistry and
climate models. The direct and indirect forcing is
calculated every 2 h time step based on the
instantaneous model calculated sulfate mixing-
ratios.

2.1.1. Direct effect

The radiative code in the LMD-GCM consists of
improved versions of parameterizations of Four-
quart and Bonnel (1980) for solar radiation and
Morcrette (1999) for terrestrial radiation. The
optical properties are obtained from Mie theory
by using a size distribution and refractive indices of
sulfate aerosols. In the radiative code of LMD, the
shortwave spectrum is divided into two wavebands:
0.25–0.68 and 0.68–4.0 mm. The model accounts for
the diurnal cycle of solar radiation and allows
fractional cloudiness to form in a grid box. The
shortwave radiative fluxes at the top of atmosphere
(TOA) and at the surface are computed every 2 h
with or without the presence of clouds and aerosols.
The clear-sky and all-sky radiative forcing are
estimated as the difference in shortwave radiative
fluxes with and without aerosols.

Optical properties are computed over the entire
shortwave spectrum (0.25–4.0 mm) at 24 wave-
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Table 1

Global annual sulfur emissions for pre-industrial and present-day

(Tg S yr1)

Sources Present day

simulations

Pre-industrial

simulations
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lengths and grouped into the two model wavebands
as weighted averages with a typical spectral
distribution of the incoming solar radiation flux at
the surface. The aerosols take up water and grow in
size with RH. Thus, RH affects both the particle
size and density of sulfate aerosols. Aerosol optical
depth (AOD) information can be readily used to
estimate the aerosol radiative forcing. The sulfate
AOD (ta) in the model is estimated as

tl
a ¼ aeM lDZl, (1)

where ae is the extinction efficiency, Ml is the mass
of sulfate aerosol in a layer of thickness DZl here
and subscript l denotes any particular model layer.
Biosphere 0.70 0.70

Biomass-burning 2.99 2.99

Oceanic 16.30 16.30

Man-made 67.73 0.0

Total 87.72 19.99

Fig. 1. Annual mean surface SO2 concentrations (pptv) in pre-

industrial (upper panel) and present-day (lower panel) simula-

tions.
2.1.2. Indirect effect

Aerosols serve as cloud condensation and ice
nuclei. An increase in aerosol concentration and or
properties can therefore modify the microphysical
properties of clouds, as well as precipitation
efficiency and hence the cloud lifetime. The indirect
forcing is calculated by Jones et al. (1994) formula-
tion. The sulfate mass is empirically related to
CDNC (Nd) as

Nd ¼MAX f3:75� 108ð1� exp½�2:5� 10�9Nj�Þ,

Nming, ð2Þ

where Nj is the sulfate number concentration in the
accumulation mode and Nmin has been set to a value
5� 106m�3. The droplet number Nd obtained from
(2) is then used for calculating the effective radius of
cloud drop (re) in the model, which is further used to
calculate the cloud optical thickness (t);

t ¼
3W

2rwre
, (3)

where W represents the cloud liquid path and rw is
the density of water in (3). The scheme requires
knowledge of optical depth, asymmetry parameter
and single scattering albedo of cloud in each of two
bands. Distinction between liquid and ice water is
temperature based on liquid and ice clouds between
01 and �40 1C. The effective radius of cloud droplet
(re) is calculated from the radii of warm and ice
clouds. The cloud emissivity (e) used in the long-
wave calculations is computed in the model as

� ¼ ð1� e�kÞW . (4)

The absorption coefficient (k) is set equal to 0.13
(m2 g�1) for all cloud types.
3. Design of experiments

Radiative effects of sulfate aerosols are estimated
using LMD-GCM by assuming two sulfur emission
scenarios; a pre-industrial scenario and present-day
scenario. The pre-industrial simulation represents
the sulfur emissions before industrial revolution
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and present-day simulation refers to the sulfur
emissions for mid-1990. These experiments help to
estimate the anthropogenic sulfate forcing. The
simulations differ only in terms of anthropogenic
sulfur emissions.

3.1. Emissions

The pre-industrial scenario uses only natural
emission of sulfur from GEIA database and the
anthropogenic emissions are set to zero (pre-
industrial state). The present-day scenario (Table 1)
includes the natural as well as anthropogenic
emissions (present day).

3.1.1. Present day simulations

The emissions are taken from GEIA inventory
(Table 1). The global total of man-made sources is
67.73 Tg S yr�1. We consider both natural as well as
anthropogenic sulfur emissions in the present-day
simulations (Table 1). We assume 95% of sulfur
Fig. 2. Annual mean sulfate column burden (pptv) in pre-

industrial (upper panel) and present-day (lower panel) simula-

tions.
emissions in the form of SO2 and remaining 5% are
directly emitted as sulfate in accumulation mode.

3.1.2. Pre-industrial simulations

Only biogenic sources of sulfur emissions are
considered. DMS is the main sulfur biogenic
compound emitted to the atmosphere from the
open ocean waters. The global source strength of
16.59 Tg S yr�1 of DMS is used in the model, which
is in the range of previous estimates by Bates et al.
(1992) and Spiro et al. (1992). Table 1 gives the
summary of the yearly global integrated fluxes of
each sulfur compounds for both simulations. The
main biogenic source is ocean and it contributes to
83% of total source.

4. Numerical simulations

Simulations are carried out for five years using an
interactive chemistry LMD-GCM. Forcing is calcu-
lated from the fluxes averaged over the last one-year
Fig. 3. Annual mean sulfate aerosol optical depth in pre-

industrial (upper panel) and present-day (lower panel) simula-

tions.
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duration of the simulation period. The same
meteorological fields are used in both simulations.
Since the main aim here is to calculate differences in
the radiative forcing (RF) arising from the present-
day and pre-industrial emissions, the sequence of
calculations is important. Only the first indirect
effect has been considered for which parameteriza-
tion of Jones et al. (1994) has been used. The
relationship (2) has been used to compute CDNC in
droplets per cm�3 from the sulfate mass. For the
first indirect effect of aerosols, the shortwave
radiation calculations are performed every 2 h, once
with cloud droplet concentration (and cloud radius
and optical depth) calculated from all sulfate
aerosols and next with the same quantities calcu-
lated from natural sulfate aerosols only. Thus, RFs
are computed as the differences in the TOA short-
wave radiative flux between two simulations, with
and without anthropogenic sulfur emissions.
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5. Result and discussions

The respective roles of natural and anthro
pogenic sources have been first evaluated and
later the distributions of sulfate burdens for
present-day and pre-industrial periods have been
estimated.

Figs. 1 to 3 illustrate the annual mean SO2 surface
concentration, sulfate burden, sulfate AOD distri-
bution for the pre-industrial and present-day emis-
sion scenario, respectively. The natural sources
are prevalent in both hemispheres with their
relative dominance in the Southern Hemisphere
(Fig. 1, upper panel). As anthropogenic emissions
were negligible during pre-industrial period, the
distribution of sulfur species was mainly controlled
by natural emissions. An AOD of 0.05 in magnitude
can be noted over the oceanic regions in the
SH in pre-industrial case. The sulfate burden and
AOD dominate NH over the tropics and mid-
latitudes where the anthropogenic sources are
high (Figs. 2 and 3, lower panels) whereas due to
the dominance of biomass sources in the natural
case, the higher AOD and sulfate burden could be
noted over 101S–301S latitude belt. The broad
features of these changes are similar to the results
of previous studies by Pham et al. (1995), Langner
et al. (1992) and Jones et al. (2001). The simulated
sulfate loading agrees with magnitude within the
estimates provided by previous studies although
some variations are likely to appear due to changes
in emissions and different formulations of the
models.
1.5 2 2.5 3

 mass (µg m-3)

mass concentration ratios for the North Atlantic.
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The simulated latitudinal variations in cloud
droplet effective radii are displayed in Fig. 4. The
global mean value from the model is comparable to
the observed values given by Han et al. (1994). The
agreement between the modeled and observed
values is good, with the differences of about
2–3 mm estimated by Han et al. (1994). In general,
the cloud droplet radii over land are smaller than of
those over the oceans. Thus, the model has correctly
simulated in the sense of hemispheric and land-
ocean contrast as observed.

For further evaluation, the ratio of the modeled
accumulation mode to surface level sulfate in grid
boxes over the North Atlantic during the industrial-
(a)

(b)

Fig. 6. Simulated latitudinal variations of aerosol optical de
period are plotted in Fig. 5. The modeled ratio,
which lie in the range of 5007250 particles/cm�3,
are consistent with the results of Wilson et al. (2001)
and van Dingenen et al. (2004). It represents the
minimum particle number concentration associated
with a given PM2.5 loading at clean and rural sites.
Particle concentration in this figure refers only to
sulfate number concentration in the accumulation
mode, while Wilson et al. (2001) gives the value of
accumulation mode with combined sea-salt, sulfate
accumulation and two mixed mode of BC, OC/
sulfate modes.

The simulated latitudinal variations of sulfate
AOD and radiative forcing for the pre-industrial
pth in (a) industrial and (b) pre-industrial simulations.
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and present scenario, shown in Figs. 6 and 7
produce a strong NH/SH contrast. As expected,
peaks in AOD (Fig. 6a) and direct radiative forcing
(Fig. 7a) are observed over the industrialized areas
of NH. The maxima of AOD and radiative forcing
in pre-industrial case lies in the SH near to the
oceanic emission sources. For this 60-month experi-
ment, a total negative radiative forcing (Fig. 7) of
�0.8Wm�2 in the 301–601 N latitude band, with
somewhat larger values around 501N(�0.85Wm�2)
has been simulated by the model. The simulated
forcing is larger in the NH and increases from
�0.07Wm�2 in the pre-industrial to �0.8Wm�2 in
present-day simulations. There is factor 10 increase
in the sulfate over this region from pre-industrial
time to present day.
(a)

(b)

Fig. 7. Simulated latitudinal variations in radiative forcings (
Since the indirect forcing is a nonlinear function
of changes in droplet size, it is important to model
the seasonal cycle of the various cloud parameters
for indirect forcing calculations. The annual mean
distributions of direct (upper panel) and indirect
(lower panel) simulated forcing are shown in Fig. 8.
There are forcing maxima adjacent to the main
sources of sulfur emission in the North-eastern
USA, Europe and China, and also off the west
coasts of both North and South America. The
spatial distributions for two effects as illustrated in
Fig. 8 are quite different. Notably, the direct effect
is concentrated in the midlatitudes of the NH and
above the continents, but the indirect effect is more
widespread with a significant contribution over the
oceans. The model simulated annual mean direct
Wm�2) (a) industrial and (b) pre-industrial simulations.
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Fig. 8. The simulated global annual mean direct (upper panel)

and indirect (lower panel) radiative forcing by sulfate (Wm�2).
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radiative forcing ranges from �0.1 to �1.2Wm�2,
and indirect forcing ranges from�0.4 to�1.6Wm�2.
The present global annual mean direct forcing is
�0.48Wm�2, and that of indirect forcing is
�0.68Wm�2. The current estimate on direct radia-
tive forcing lies in the range of previous (�0.26 to
�0.81Wm�2) estimates (Ramaswamy et al., 2001).
The annual mean global IRF calculated in this study,
is at the lower end of previous model estimates
(Lohmann and Feichter, 1997; Lohmann et al., 2000;
Lohmann, 2004; Lowenthal et al., 2004; Jones et al.,
1994; Boucher and Lohmann, 1995; Chuang et al,
1997; Feichter et al., 1997). The discrepancy between
present and previous estimates stems from the choice
of different formulations and differences in sulfur
emissions. The reason for these differences, however,
cannot be identified unless sensitivity studies using
other parameterization is done.

The prediction of CDNC depends here upon the
concentration of sulfate aerosol and varies with the
implified cloud properties. Since the aerosol number
concentration is largely associated with the radiative
changes, it is potentially more useful to relate
CDNC to changes in the forcing in the hope of
finding the signature of their correlation. The
existence of a relationship between aerosol mass
and CDNC is also performed using GCM in
particular by Boucher and Lohmann (1995).
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Fig. 9 shows the longitudinal variations of simu-
lated CDNC and IRF to sulfate mass ratios. The
particle size and the associated radiative forcing are
proportional to sulfate mass. In general, increase of
CDNC with rising aerosol mass, sufficiently corre-
late. Our results indicate that the expected change in
the number concentration is negatively correlated to
the IRF. The GCM simulation shows that for the
majority of peak occurrence in number and mass
concentrations, a very strong overall high negative
radiative forcing is estimated. Thus, the minima in
radiative forcing correlates well with the maxima in
sulfate number and mass concentration.

6. Conclusions

To improve estimates of the radiative forcing by
sulfate aerosols, a fully coupled GCM with cloud
related properties and aerosol has been used for the
study. The first indirect effect is estimated by using
the relation of Jones et al. (1994) to determine the
CDNC. Facing the great importance to know the
role of number concentration, we explored the
possibility in indirect forcing estimate derived from
model-generated values of sulfate aerosol number
concentrations and cloud effective radii.

Model predicts large differences in the sulfate
optical depth and direct radiative forcing between
pre-industrial to present day simulations. Impor-
tantly, the model result indicates that the expected
change in the number concentration is negatively
correlated to the IRF. The minima in IRF correlate
with the maxima in sulfate number and mass
concentrations. The model simulated annual mean
direct radiative forcing ranges from �0.1 to
�1.2Wm�2, and indirect forcing ranges from
�0.4 to �1.6Wm�2. The global annual mean direct
effect estimated by the model is �0.48Wm�2, and
that of indirect is �0.68Wm�2.

Notably, the presence of other aerosol can also
affect the amount of sulfate in the atmosphere.
Therefore, for an accurate assessment of sulfate
aerosol climate forcing, aerosol components other
than sulfates are also required to be included in the
model.
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