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[1] Simulations of the global sulfur cycle under the IPCC SRES scenarios have been
performed. Sulfur dioxide and sulfate burdens, as well as the direct and first indirect
radiative forcing (RF) by sulfate aerosols only, are presented for the period 1990 to
2100. By 2100, global sulfur emission rates decline everywhere in all scenarios. At
that time, the anthropogenic sulfate burden ranges from 0.34 to 1.03 times the 1990 value
of 0.47 Tg S. Direct and indirect global and annually mean RFs relative to the year
1990 are near 0 or positive (range of �0.07 to 0.28 Wm�2 and 0.01 to 0.38 Wm�2 for the
direct and indirect effects, respectively). For reference these forcings amount
respectively to �0.42 and �0.79 Wm�2 in 1990 relative to preindustrial conditions
(around 1750). Sulfur aerosols will therefore induce a smaller cooling effect in 2100 than
in 1990 relative to preindustrial conditions. For the period 1990 to 2100, the forcing
efficiencies (computed relatively to 1990) are fairly constant for the direct effect
(around �160 W (g sulfate)�1). The forcing efficiencies for the indirect effect are around
�200 and �100 W (g sulfate)�1 for negative and positive burden differences,
respectively. This is due to a shift in regional patterns of emissions and a saturation in the
indirect effect. The simulated annually averaged SO2 concentrations for A1B scenario in
2020 are close to air quality objectives for public health in some parts of Africa and
exceed these objectives in some parts of China and Korea. Moreover, sulfate deposition
rates are estimated to increase by 200% from the present level in East and Southeast Asia.
This shows that Asia may experience in the future sulfur-related environmental and
human health problems as important as Europe and the United States did in the 1970s.

Citation: Pham, M., O. Boucher, and D. Hauglustaine (2005), Changes in atmospheric sulfur burdens and concentrations and

resulting radiative forcings under IPCC SRES emission scenarios for 1990–2100, J. Geophys. Res., 110, D06112,

doi:10.1029/2004JD005125.

1. Introduction

[2] Aerosol concentrations and radiative forcings (RF)
will change in the future as a result of changing emissions
and changing climate. It has been now established that
anthropogenic activities have largely increased the concen-
trations of a number of atmospheric trace gases and aero-
sols. Aerosols derived from fossil fuel, biomass burning and
natural sources absorb and reflect solar radiation, which in
general leads to a cooling of the climate system. In addition,
changes in aerosol concentrations can alter cloud amount

and cloud reflectivity through their effect on cloud proper-
ties and lifetime. The radiative effects of sulfate aerosols
during the 1860 to 1990 period have been estimated by
Myhre et al. [2001] and Boucher and Pham [2002]. In the
context of the detection of anthropogenic climate change, it
is important to determine the impact of the sulfate aerosol
forcing (and more generally the aerosol forcings) on future
climate change [Penner et al., 2001; Ramaswamy et al.,
2001; Anderson et al., 2003]. This paper contributes to
evaluate the climatic consequences of alternative future
emissions (in the absence of specific measures to reduce
them) and to provide input for further studies or assessment
of emission reduction strategies.
[3] There has also been a lot of concern about anthropo-

genic sulfur emissions because of the consequences on air
quality and acid rain. Targets for reductions in emission and
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air quality standards have been fixed at national and
international levels. Control strategies have been performed
especially in Europe and North America through a number
of protocols under the Convention on Long-Range Trans-
boundary transport of Air Pollutants (CLRTAP) and the acid
rain programme of the Environmental Protection Agency
(EPA) [e.g., Economic Commission for Europe (ECE),
2002; EPA, 1999]. Although the situation has improved in
North America and Europe, there are still some ecosystems
which suffer from acid rain [Driscoll et al., 2001]. It has
been recognised more recently that acidic deposition has
also affected ecosystems in China and other areas of the
world. The deposition of ‘‘potential acidity’’ (which takes
into account the microbial transformation of ammonium to
nitrate in saturated terrestrial ecosystems) has been calcu-
lated to be maximum over Europe, eastern North America,
southern China, but also India, Bangladesh as well as
smaller areas all over the world [Rodhe et al., 2002]. The
estimate of acidic deposition and SO2 levels for future
emission scenarios is therefore important to assess the
environmental effects of different energy production and
emission scenarios.
[4] Past emissions are known to a certain degree of

accuracy and several emission inventories have been made
available for sulfur dioxide [Örn et al., 1996; Lefohn et al.,
1999; van Aardenne et al., 2001] and fossil-fuel black
carbon aerosols [Novakov et al., 2003]. Emissions are
nevertheless the product of complex dynamic processes
involving demographic, socio-economic, technological,
and institutional changes. The future of these factors is
highly uncertain and might lead to very different develop-
ment patterns. We use a set of gridded emissions based on
the Intergovernmental Panel on Climate Change (IPCC)
Special Report on Emission Scenarios (SRES) [Nakićenović
et al., 2000] which correspond to different scenarios from
1990 to 2100. These scenarios have been developed spe-
cifically to provide self-consistent and up-to-date scenarios
for climate modeling. Although the assumptions behind the
SRES emissions scenarios are still under debate [Hansen,
2004], these scenarios remain widely used and no alterna-
tive scenarios for SO2 exist yet. Our results, which are
restricted to sulfate aerosols, are therefore valid within the
assumptions of the SRES scenarios and the model limita-
tions. Although it is beyond the scope of this study to
discuss the quality of the scenarios, we will discuss their
implications in terms of radiative effects, sulfur deposition,
and air quality.
[5] Despite the uncertainties associated with the modeled

present-day distributions of aerosol concentrations and
radiative forcings [Penner et al., 2001; Ramaswamy et al.,
2001], general circulation models (GCMs) include the
relevant chemical, physical, and dynamical processes needed
to estimate the future changes in aerosol concentrations and
to explore the uncertainties associated with future emis-
sions. We calculate sulfate distributions and sulfate aerosol
RFs within the Laboratoire de Météorologie Dynamique
(LMD) GCM. We present results on sulfur deposition
fluxes, sulfate concentrations and burdens, and direct and
first indirect radiative effects for the period from 1990 to
2100. This study extends the history simulations described
in Boucher and Pham [2002]. The anthropogenically forced
climate response has also been examined over the period

1860 to 2100 by Johns et al. [2003] using the SRES
emissions and the HadCM3 coupled model. These authors
recognized that the global residence time of anthropogenic
sulfate aerosol in their model is too low, leading to direct
radiative forcings which are also too low. For this reason we
will not compare our results with those of Johns et al.
[2003].

2. Description of the Model

[6] We use the sulfur cycle model implemented in the
LMD GCM. The general features of the model are de-
scribed in Boucher et al. [2002]. Six sulfur species are
chemical prognostic variables of the model while hydrogen
peroxide can be considered as a semi-prognostic variable.
The concentrations of these variables are computed using
prescribed present-time fields of oxidants and photodisso-
ciation rates. In this version the oceanic DMS emissions are
calculated with the parametrization of Nightingale et al.
[2000] and amounts to 26.4 TgS yr�1 in global and annual
average. Specific points related to the radiative forcing
calculations are given in Boucher and Pham [2002]. The
model has been evaluated and used in several studies [e.g.,
Boucher et al., 2002, 2003].
[7] In our simulations sulfate aerosols do not feedback on

the radiation and cloud fields (i.e., sulfate radiative effects
are purely diagnostic) so that all simulations have the same
meteorology. We consider that neither the oxidant fields
(except H2O2 which is calculated semi-interactively in our
model from prescribed OH, HO2, and photodissociation
rates) nor the natural sources of sulfur species (including
volcanoes) have changed during the period under study.
Results are presented as annual averages after a 6 month
spin up time. We do not include here the radiative effects of
aerosol types other than sulfate because of the lack of future
emission scenarios for these species. Only the direct effect
and first indirect effect, whereby an increase in aerosols
causes an increase in droplet concentration and a decrease in
droplet size for fixed liquid water content [Twomey, 1974],
are estimated here.

3. SRES Emissions

[8] SRES scenarios are divided into four families or
storylines corresponding to different assumptions on the
demographic, social, technological, and economic devel-
opment of the different regions of the world as well as the
concern in the protection of local and regional environ-
ments for each region. The A1 scenario family describes a
future world of very rapid economical growth, global
population that peaks in the mid-century and decline
thereafter, and the rapid introduction of new and more
efficient technologies. It develops into 3 groups using
alternative directions of technological ways in the energy
system: fossil intensive energy sources (A1FI), nonfossil
energy sources (A1T), and a balance across all sources
(A1B). The A2 scenario family describes a very hetero-
geneous world with continuously increasing population.
Per capita economic growth and technological changes are
more fragmented and slower than in other storylines. The
B1 scenario family describes a world with the same global
population as in the A1 storyline but with the introduction
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of clean and resource efficient technologies and reductions
in material intensity. The B2 scenario family describes a
world with continuously increasing global population,
intermediate levels of economic development and oriented
towards environmental protection and social equity. Full
description of these scenarios is given in Nakićenović et al.
[2000].
[9] For each scenario, emission estimates for radiatively

important gases including greenhouse gases, ozone pre-
cursors, and sulfur dioxide span the interval 1990 to
2100. Emission values are standardized for 1990 and
2000 and are common to all the scenarios. In this study
we use the sulfur SRES emissions of the 6 ‘‘markers’’
described above. Anthropogenic sulfur is emitted 95% as
SO2 and the remaining 5% as sulfate aerosols. We also
account for an additional source of anthropogenic sulfur
under the form of H2S, which amounts to 4.26% of
industrial SO2 according to Boucher et al. [2002]. In the
absence of data both industrial SO2 and H2S are emitted
at the surface. Figure 1 illustrates the global anthropo-
genic sulfur emission rates for the different scenarios and
years, while Table 1 summarizes these values for 1990,
2100, and the year of maximum emission rate of each
scenario. Except for the B2 and A1T scenarios where
emissions continuously decrease, all scenarios present a
peak followed by a rapid decrease which tends to slow

down around 2080. Sulfur emission rates in 2100 are 29
to 85% of the 1990 value.

4. Results

4.1. Sulfate Burdens

[10] As shown in Figure 2, the burden of anthropogenic
sulfate follows a similar temporal evolution to emissions
ranging from 0.16 to 0.48 Tg S in 2100 (i.e., 0.34 to
1.03 times the 1990 value of 0.47 Tg S, depending on
the scenario). This burden reaches a maximum value of
0.87 Tg S in 2030 for scenario A2 or almost twice the 1990
value. In 2050 which experiences the largest spread in
global emission values, the anthropogenic sulfate burden
ranges from 0.33 to 0.83 Tg S. Although sulfate production
is based on the availability of oxidants and SO2, there is a
gross linear relationship between the anthropogenic sulfate
burden and the sulfur emission on a global scale (Figure 3).
However, it should be noted that we did not model neither
the change in oxidant concentrations due to changing
emissions nor the variations of aerosol and oxidant concen-
trations in response to climate change and their consequent
impact on the S burden. A short discussion of these effects
is included in section 5.
[11] The regional distribution of sulfate experiences large

variations across the twenty-first century and among the
scenarios, depending on the assumptions concerning the
model emissions. Figure 4 shows the sulfate burdens in
2000, 2010, and 2020 for scenario A1B, as well as in 2050
and 2100 for all scenarios.
[12] In 2050, because of sulfur control policies in the

industrialized regions and the economic development in
Russia and Eastern Europe, sulfur emissions have passed
their peaks and decline except for the A2 scenario which
considers an increased use of coal. Large values of sulfate
burden are found also in the A2 scenario in India, China,
Southeast Asia, while emissions in these areas have already
declined at that time in the other scenarios. This is partic-
ularly the case in the A1B scenario where low-sulfur
technologies and fuel switching were rapidly introduced
in Central and South Asia. Over Africa, values of sulfate
burdens vary from 3 to 10 mg S m�2 for scenarios A1B,

Figure 1. Global- and annual-mean emissions of anthro-
pogenic sulfur (Tg S yr�1) under the 6 SRES scenarios.

Table 1. Global Anthropogenic Emission Rates for 1990, 2100,

2050, and the Year of Maximum Rate Referred to as Yearmax and

Given in Parenthesisa

Scenario

Global Scenario Orientation Local Orientation

A1B A1FI A1T B1 A2 B2

1990 71 71 71 71 71 71
Yearmax (2020) (2030) (1990) (2040) (2030) (1990)

101 97 71 79 113 71
2050 64 81 40 69 106 56
2100 28 40 20 25 61 48

aUnits are in Tg S yr�1.

Figure 2. Global and annual-mean anthropogenic sulfate
burden (Tg S) simulated by the model for the period 1990 to
2100 under the 6 SRES scenarios.

D06112 PHAM ET AL.: SULFATE UNDER SRES SCENARIOS

3 of 10

D06112



A1FI, A2, and B1, while they are less than 3 mg S m�2 for
A1T and B2 on average. This reflects also the patterns in
SO2 emissions in Africa which combines countries with
different development trends.
[13] By 2100, low sulfur-emission technology is assumed

to be accessible everywhere for all scenarios and global
emission rates decline in all storylines. However, there is
still an hemispheric contrast which is opposite to that of the
1990s. The ratio of sulfate burdens in 2100 to 1990 is less
than 0.8 north to 10�N for almost all scenarios and less than
1 south to 10�N, except for Africa and parts of the adjoining
Atlantic and Indian Oceans, where it can reach values in the
range of 1.5 to 2.5.

4.2. Radiative Forcings

[14] If not stipulated otherwise, RFs have been calculated
relative to the year 1990. All simulations have the same
meteorology and there is no feedback on the radiation and
cloud fields as specified in section 2. The time evolution of
the RFs by sulfate aerosols is represented on Figure 5. The
direct RFs roughly follow the burdens, decreasing linearly
when the anthropogenic burden increases and inversely.
This is not the case for the indirect RFs which presents
some strong nonlinearities. For instance, the indirect RFs
for scenario B1 are larger in absolute value than their A1FI
counterparts from 2000 to 2060, while the anthropogenic
sulfate mass is smaller in the B1 scenario for these years.
The range of variation in the global- and annual-mean RFs
for the different scenarios in 2100 is �0.07 to 0.28 Wm�2

and 0.01 to 0.38 Wm�2 for the direct and indirect effects,
respectively. Sulfate aerosols will therefore induce less
cooling in 2100 than in 1990 relative to preindustrial times.
[15] While the direct RF by sulfate aerosols in 1990

relative to preindustrial conditions (1750) is roughly half
the indirect RF [Boucher and Pham, 2002], this is not the
case for the additional RF in 2000–2100 relative to 1990.
Because of the saturation of the indirect RF, both RFs are of
similar magnitude. We follow Boucher and Pham [2002]
and calculate the radiative forcing by unit mass of sulfate
(radiative forcing efficiency). We discuss first the RF
efficiency relative to preindustrial conditions (Figure 6a).

It is estimated to be �153 and �288 W (g sulfate)�1 in
1990 for the direct and indirect effects, respectively. Which-
ever scenario is considered, the RF efficiency for the direct
effect remains fairly constant over time. However, the
strong nonlinearities induced by the aerosol to cloud droplet
number concentration (CDNC) and CDNC to cloud albedo
relationships imply a large variation in the RF efficiency for
the indirect effect (from about �440 to �210 W (g
sulfate)�1 for burdens ranging from 0.2 to 0.85 Tg S).
[16] When computed relative to 1990, the RF efficiency

for the direct effect is also around �160 W (g sulfate)�1

except for small changes in burdens, in which case smaller
and larger values are observed (Figure 6b). These cases
correspond to a shift in the geographical patterns of emis-
sions between regions of large and small RF efficiencies.
Depending on the sign of the net change in burden, the RF
efficiency can be either larger or smaller than the typical
value of �160 W (g sulfate)�1. The RF efficiency for the
indirect effect relative to 1990 exhibits the same kind of
behaviour than for the direct effect but with more scatter
(Figure 6c). For positive change in burden, the RF efficiency
is systematically smaller (in magnitude), partly because of
the saturation of the indirect effect, and can even get
positive.
[17] The spatial distributions of the two aerosol RFs are

illustrated on Figure 7 for scenario A1B only over the
period from preindustrial to 2020 and over the period
1990 to 2020. Direct and indirect RFs are negative for the
first period but present very different distributions. The
direct RF is smaller than �1 Wm�2 over most continental
areas (Eastern North America, Europe, Africa, Asia) and
reaches minima values of around �4 Wm�2 over Southeast
Asia and India, following the pattern of sulfur anthropo-
genic emissions. The indirect RF is more widely distributed
since it depends non linearly on the cloud cover, the liquid
water content, and the CDNC estimated from the sulfate
aerosol mass. It easily reaches �1 Wm�2 in the same
regions and large oceanic areas especially in the Northern
hemisphere. Patterns are different when one looks at the RF
values relatively to 1990. Direct RFs are positive in Europe,
Russia, and North America, with values reaching more than
1 Wm�2 following the use of low sulfur-emission technol-
ogies in these areas. Over Africa and Asia, however, direct
and indirect RFs are negative.

4.3. Surface Concentrations and Deposition Fluxes

[18] We also looked at surface concentrations of SO2 in
relation to air quality standards. The present resolution of
the model (3.75� � 2.5�) does not allow any accurate
assessment of air quality issues at the urban scale. Model-
predicted SO2 concentrations are grid-box values which
represent an average over several hundred square kilo-
meters. We do not have quantitative data on the sub-grid
scale variability of SO2 concentrations at the model resolu-
tion. It is known, however, that at least over Europe, SO2

concentrations exceed thresholds at very small scales (i.e.,
around very industrialized parts of cities). It is clear that if
background values at the resolution of our model are large,
then it is likely that SO2 concentrations get above the
exceedance levels in urban or industrialized areas. As
shown in Figure 8a, the maximum 24-hour averaged SO2

concentrations at the surface come at about 30 ppbv (or

Figure 3. Global- and annual-mean anthropogenic sulfate
burden (Tg S) as a function of anthropogenic sulfur
emission (Tg S yr�1) for all scenarios.
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Figure 4. Annual-mean anthropogenic sulfate burden (mg S m�2) in (a) 2000, (b) 2010, (c) 2020 for
A1B, (d)–(i) 2050 for A1B, A1FI, A1T, A2, B1, and B2 scenarios, respectively, and (j)–(o) 2100 for
A1B, A1FI, A1T, A2, B1, and B2 scenarios, respectively.
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about 80 mg SO2 m
�3) in 2020 in East China under scenario

A1B. This corresponds to a three-fold increase compared to
the base year 1990 in the same area. For comparison
regulations in France and the United States give alert
thresholds to protect public health at 125 mg SO2 m�3 not
to be exceeded more than 0.8% of the time (data available at
http://www.airparif.asso.fr) and around 370 mg SO2 m

�3 not
to be exceeded more than once per year on a daily average
(data available at http://www.epa.gov). Although our max-
imum background 24-hour averaged SO2 concentrations at
the surface do not exceed these ambient air quality stand-
ards for public health at the model resolution, it is therefore
likely that the thresholds be exceeded at the local scale.
[19] Annually averaged SO2 concentrations for scenario

A1B in 2020 are also near or exceed the French air quality
objective of 50 mg SO2 m

�3 – for comparison, the standard
is 80 mg SO2 m

�3 in the United States – in some parts of
Africa and Eastern Asia (Figure 8b). These concentrations
are also above the European standards required for protec-
tion against damage to ecosystems (20 mg SO2 m

�3 on the
annual mean) in parts of South Africa, India and Eastern
Asia.
[20] In order to estimate the harmful effects of acid

deposition, one usually uses the concept of critical load
which represents the maximum long-term deposition levels
which can be tolerated by sensitive ecosystems without

damage [Nilsson and Greenfelt, 1988]. It is out of the scope
of this study to calculate critical loads since this assessment
is generally based on complex dynamic models describing
processes in key ecosystems including soils, surface waters,

Figure 5. Time evolution of the global- and annual-mean
(a) direct and (b) first indirect RFs by sulfate aerosols
(W m�2) relative to 1990 for all scenarios.

Figure 6. Forcing efficiencies (W (g sulfate)�1) for the
direct and first indirect RFs by sulfate aerosols as a function
of the anthropogenic sulfate burden (Tg S) for all scenarios
(a) relative to preindustrial times, (b) relative to 1990 for the
direct RF, and (c) relative to 1990 for the first indirect RF.
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and vegetation systems [e.g., Hettelingh et al., 1995].
Although the rate of acidic deposition depends on a balance
between the deposition rates of at least four components (SOx,
NOy, NHx, andCa) [Rodhe et al., 2002],we simply report here
the sum of dry and wet deposition fluxes of oxidized sulfur.
Deposition fluxes as large as 2 to 5 g Sm�2 yr�1 are predicted
in 2020 over China under scenario A1B (Figure 9b). This
is an increase of a factor of 2 to 3 compared to 1990 levels
in these areas (compare to Figure 9a). In Asia more

specifically, there is a growing concern about acid rain, as
emissions of SO2 and NOx from the combustion of fossil
fuels increase and coal is the dominant energy source. The
RAINS-ASIA project has been developed to answer to the
threat of acid rain and more generally the problem of trans-
boundary pollution in the Asian continent, and integrates
assessment of future SO2 emissions in Asia and calculations
of critical loads of several pollutants [Shah et al., 2000]. As
an example, critical loads calculated by RAINS-ASIA at

Figure 7. Direct and indirect RFs by sulfate aerosols in 2020 relative to preindustrial conditions (top
panels) and relative to 1990 (bottom panels) for the A1B scenario only.

Figure 8. (a) Maximum 24-hour averaged and (b) annually averaged SO2 concentrations (ppbv) at the
surface in 2020 for the A1B scenario.
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25th percentile (Guttikunda, private communication) are
exceeded by LMD-Z sulfur deposition (A1B scenario in
2020) in large parts of Eastern China, South India, Southeast
Asia, Japan, and Korea.
[21] Because of the large threat on ecosystems from both

atmospheric concentrations of sulfur dioxide and deposition
flux of oxidized sulfur under some of the SRES scenarios in
2020, one can raise the question of the realism of the large
emission fluxes over Asia. It is likely that mitigation
policies on sulfur dioxide emissions will be implemented
to prevent such large concentrations and deposition fluxes
inasmuch as the technology already exists.

5. Discussion of Uncertainties

[22] We discuss here a number of uncertainties related to
this modeling work. As already mentioned, our results are
valid within the assumptions on the SRES emissions that we
will not discuss here and within the limit of our sulfur
model. The sulfur cycle in the LMD GCM has been
extensively documented and validated for surface concen-
trations, vertical profiles, and deposition rates over different
geographical locations in Boucher et al. [2002]. The surface
concentrations and deposition rates are in good agreement
with many measurements. Surface concentrations of sul-
fates are underestimated during wintertime in Europe due to
biases in the GCM climatology of cloud cover and precip-
itation as well as too low oxidants levels during winter. The
sensitivity to some of the model parameters has also been
investigated in previous papers. Boucher et al. [2003] show
among other results that DMS distributions depend critically
on the prescribed oxidant fields and that oxidation by O3 is
important at high latitudes in both hemispheres.
[23] Our simulations are for fixed concentrations of

oxidants (except H2O2 which is semi-prognostic). In order
to test the impact of this assumption, we performed a
sensitivity study to the concentrations of oxidants. The
fields of OH, HO2, O3, and NO3 have been calculated using
the SRES emissions of oxidant precursors for 2000 and for
year 2100 of scenario A2 in the model of Hauglustaine et
al. [2004]. These oxidant fields are then used in a new set of
simulations performed with our model of the sulfur chem-
istry only. They are characterized by larger concentrations
of OH over the continents, larger concentrations (by up to
30 ppbv) of O3, and larger concentrations of HO2, which

also results in larger concentrations of H2O2. We discuss
here the results of two additional simulations: (1) a simu-
lation prescribing oxidant fields of year 2000 but using
SRES sulfur emissions of year 2100 of scenario A2 (re-
ferred to as INCA XX) and (2) a simulation prescribing
oxidant fields of year 2100 of scenario A2 and using SRES
sulfur emissions of year 2100 of scenario A2 (referred to as
INCA XXI). We can therefore examine the impact due to
changes in the oxidants between years 2000 and 2100 for
the extreme case of scenario A2.
[24] Surface concentrations and columns of SO2 and

sulfate from simulations INCA XX and INCA XXI show
the same regional distributions with maxima values over
Northeast America, Europe, Middle East, India, East Asia,
and Southern Africa, thus reflecting the sulfur emission
patterns. We observe a global decrease of 22% and 4–5%
from INCA XX to INCA XXI for the DMS and SO2

burdens, respectively. This is due to more efficient oxida-
tion processes, by NO3 in the case of DMS and H2O2 in the
case of SO2. However, the sulfate burden does not increase
but rather decreases slightly (by less than 1%). This is due
to the more efficient oxidation which places sulfate closer to
the surface, where it is more easily deposited and scav-
enged. The increase in sulfate surface concentrations is of
the order of 5% over a large fraction of the continents. From
these two experiments we can conclude that the changes in
oxidant fields do not change much the global sulfate
budgets because there are already enough oxidants, but
they may change DMS concentrations and the vertical
distribution of other sulfur species.
[25] Our simulations are for a fixed meteorology, which

also introduces an uncertainty as aerosol cycling may
respond to climate change. For instance, Feichter et al.
[2004] showed that in their model the aerosol lifetime
decreases significantly in a warmer climate with a stronger
hydrological cycle. Preliminary simulations in our model
also show a decrease in sulfate aerosol lifetime but not to
such a large extent.
[26] Another important source of uncertainty stems from

the representation of the first indirect effect [Penner et al.,
2001]. We use an empirical relationship between sulfate
mass and the cloud droplet number concentrations. The
uncertainty associated to the choice of the relationship is
roughly a factor of 2. Note also that the indirect RF is
sensitive to the concentration of background (natural) sul-

Figure 9. Annual-mean sulfur deposition (mg S m�2) in (a) 1990 and (b) 2020 for the A1B scenario.
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fate aerosols, originating from oxidation of DMS and
volcanic SO2, which is not well known.
[27] In the absence of data all anthropogenic sulfur

compounds are assumed to be emitted at the surface.
However, it could be that the fraction of high SO2 emissions
increases in the future as tall stacks are built in the
developing countries. If it is the case, this will result in
relatively smaller concentrations of SO2 at the surface (and
a smaller impact on air quality) than simulated in this study.

6. Conclusions

[28] Simulations of the global sulfur cycle under the
IPCC SRES scenarios have been performed. We presented
SO2 and sulfate burdens, as well as the direct and first
indirect RF by sulfate aerosols for the period 1990 to 2100,
within the frame of assumptions made in the SRES scenar-
ios. While these emission scenarios can certainly be refined,
it is beyond the scope of this study to discuss the assump-
tions and quality of the scenarios. Thus, our simulations are
valid within the limits of the SRES emissions scenarios and
the sulfur model.
[29] In all scenarios, global sulfur emissions rates decline

everywhere by 2100, which is followed by a similar decline
(except for the A2 scenario) in the anthropogenic sulfate
burden ranging from 0.34 to 0.84 times the 1990 value of
0.47 Tg S (in the A2 scenario, the 2100 anthropogenic
sulfate burden is 1.03 times larger than the 1990 value). In
most scenarios maximum emission rates and anthropogenic
sulfate burden shift from Europe, Northern America, and
Russia towards China, India, Southeast Asia, and Africa
before 2050. Direct and indirect RFs relative to the year
1990 are close to 0 or positive by 2100 (range of �0.07 to
0.28 Wm�2 and 0.01 to 0.38 Wm�2 for the direct and
indirect effects, respectively). These values are of the same
order of magnitude because of the saturation of the indirect
aerosol effect.
[30] There is a lot of scatter in values of the RF efficiency

relative to 1990 for burden differences near zero as a small
change in the global burden usually masks large regional
changes. For burden differences not too small, the RF
efficiencies are fairly constant for the direct forcing (around
�160 W (g sulfate)�1). The forcing efficiencies for the
indirect forcing are around �200 and �100 W (g sulfate)�1

for negative and positive burden changes, respectively. This
can be explained by a shift in emission regions and
saturation in the indirect effect.
[31] Using oxidant fields calculated off-line in the model

of Hauglustaine et al. [2004] with the SRES emissions of
their precursors for 2000 and for year 2100 of scenario A2,
we find a general decrease in DMS and SO2 burdens but a
very small decrease in the sulfate burden. However, sulfate
aerosol surface concentrations experience a significant in-
crease of about 5% in many regions. The increase in NO3,
O3, and H2O2 concentrations tends to oxidize DMS and SO2

more efficiently and to place more sulfate in the lower
layers of the atmosphere.
[32] We did not examine in detail the impacts of sulfur

emissions on air quality and ecosystems. However, by
looking at SO2 surface concentrations and sulfur deposition
rates in the A1B scenario (balance across all sources) in
2020, we note that the maximum 24-hour averaged SO2

concentrations at the rather coarse model resolution are
close to, but do not exceed, ambient air quality standards
for public health. Annual means are nevertheless close to air
quality objectives of developed countries in some parts of
Africa and exceed them in Eastern China and Korea.
Annual and seasonal means are also above the standards
required for protection against damage to ecosystems in
South Africa, India, and Eastern Asia. In East and Southeast
Asia more generally, the sulfate deposition rate is estimated
to increase by 200% in 2020 from the present level.
[33] The data presented in this study will be used by a

number of modeling groups around the world in climate
simulations of the twentieth and twenty-first centuries
prepared for the IPCC Fourth Assessment Report. They
are publicly available (see http://www-loa.univ-lille1.fr/
�boucher/sres).
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