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The sea-to-air flux of the biogenic sulfur (S) compound dimethylsulfide (DMS) is 
thought to constitute an important radiative impact on climate, especially in re-
mote marine areas. Previous biogeochemical modelling analyses simulate medi-
um to large changes in the sea-to-air flux of DMS in polar regions under warming 
scenarios. Here we assess the global radiative impact of such a prescribed change 
in DMS flux on contemporary climate using a low-resolution atmospheric gen-
eral circulation model. This impact operates through the atmospheric oxidation of 
DMS to radiatively-active sulfate aerosols, which are known to both reflect incom-
ing short-wave radiation and to affect the microphysical properties of clouds, for 
example, through an increase in cloud albedo. We use an atmospheric GCM with 
incorporated sulfur cycle, coupled to a mixed-layer (‘q-flux’) ocean, to estimate 
the climatic response to a prescribed meridionally-variable change in zonal DMS 
flux, as simulated in a previous modelling analysis. We compare baseline sulfur 
emissions (contemporary anthropogenic S and contemporary DMS sea-to-air 
flux), with contemporary anthropogenic S and a perturbed DMS flux. Our results 
indicate that the global mean DMS vertically integrated concentration increases 
by about 41 per cent. The relative increase in DMS annual emission is around 17 
per cent in 70–80°N, although the most significant increase is in 50–70°S, up to 70 
per cent. However, concentrations of atmospheric SO2 and SO4

2– increase by only 
about eight per cent. The oxidation of DMS by OH increases by about 20 per cent. 
Oxidation of SO2 to SO4

2 by H2O2 increases seven per cent. The oxidation of SO2 
by O3 increases around six per cent. Overall sulfur emissions increase globally by 
around 4.6 per cent. 

Global mean aerosol optical depth (AOD) increases by 3.5 per cent. Global 
mean surface temperature decreases by 0.6 K. There is a notable difference be-
tween the impacts in the southern and northern hemispheres. In general, most 
processes and chemical species related to the sulfur cycle show a larger increase 
in the southern hemisphere, except SO2 and the oxidation of DMS by NO3. The 
global mean direct radiative forcing due to the DMS change is –0.05 Wm–2 with 
total forcing (direct + indirect effects) of –0.48 Wm–2. This perturbation on DMS 
flux leads to a mean surface temperature decrease in the southern hemisphere of 
around 0.8 K, compared with a decrease of 0.4 K in the northern hemisphere. 
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the Atlantic Stratocumulus Transition Experiment/Marine 
Aerosol Gas Exchange (ASTEX/MAGE) (Huebert et al. 1996), 
the Aerosol Characterization Experiment (ACE-1) (Bates et 
al. 1998), and the Arctic Ocean Experiment (AOE-91) (Leck 
et al. 1996).

Over the last two decades key parts of the CLAW 
hypothesis have been corroborated empirically. These 
include the observed coherence between a DMS oxidation 
product methanesulphonic acid (MSA) and CCN (Ayers and 
Gras 1991), and the link between aerosol nucleation and the 
marine cycle of DMS (Clarke et al. 1998). Satellite data and 
global sulfur transport models have also confirmed the role 
of DMS as a source of CCN and sulfate aerosols over the 
remote oceans, particularly in the southern hemisphere, 
where anthropogenic emissions of sulfur are comparatively 
low (Vallina et al. 2006). A link between solar radiation and 
DMS production has recently been suggested as another 
possible facet of the DMS-climate feedback, whereby a 
decrease in cloudiness would promote DMS emissions 
(Vallina and Simo 2007).

However, parts of the CLAW hypothesis have been 
challenged; in particular the role of DMS oxidation products 
in the formation of CCN in the marine boundary layer 
has been debated and remains controversial, with often 
conflicting results reported in the literature (O’Dowd et 
al. 1999, Pirjola et al. 2000, Korhonen et al. 2008). Indeed 
in a recent review, Quinn and Bates (2011) provocatively 
argue that the CLAW hypothesis should now be retired 
due to a lack of strong evidence for a connection between 
DMS emissions and CCN production. However, not all 
researchers are as keen to consign the CLAW hypothesis to 
the scientific wastebasket. In a major review of aerosols and 
climate published just a little before than that of Quinn and 
Bates, Carslaw et al. (2010) include a lengthy discussion of 
the CLAW hypothesis and emphasise the need for more data 
in several key areas. 

It is, however, becoming clear that the atmospheric 
chemistry of DMS is more complex than envisaged in 
the CLAW hypothesis, and that a host of other marine 
biogenic compounds may also contribute to the formation 
of secondary aerosols, including iodine and isoprene (Liss 
et al. 1997) and other biogenic organics. For example, 
marine microgels (in dissolved organic matter released by 
phytoplankton) have been identified as a dominant CCN 
source in the high Arctic (Orellana et al. 2011). Intriguingly 
however, DMS, through its oxidation by-product sulfuric 
acid, is thought to be a determinant of the size distribution 
of these Arctic microgels, and hence their efficacy as sources 
of CCN (Orellana et al., 2011)

The synthesis and biogeochemical cycling of DMS and 
its precursor DMSP involves the entire marine microbial 
community, including both autotrophs and heterotrophs 
and their complex interactions and is still not completely 
understood (Belviso et al. 2004). It is also being appreciated 
that DMS concentration is linked to the physical state of the 
upper ocean, resulting from a complex interplay of vertical 

Introduction

Aerosols, from both anthropogenic and natural sources, 
affect planetary albedo both indirectly, by forming cloud 
condensation nuclei (CCN) and increasing cloud-top albedo, 
and directly, by backscattering incoming solar radiation. As 
the global radiation budget is sensitive to the amount of cloud 
and their reflectivity of solar radiation, CCN, on which cloud 
droplets can form, play a critical role in the earth’s radiative 
balance and in the sensitivity of climate to increasing 
greenhouse gas (GHG) emissions. A recent evaluation of the 
amount of warming in the industrial age suggests that GHG 
forcing of climate has been partially offset by increased 
concentrations of atmospheric aerosols (Schwartz et al. 2010). 
Indeed, modelling estimates suggest the adoption of stricter 
air pollution control strategies that focus on the reduction 
of anthropogenic aerosol emissions will lead (by 2030) to a 
global annual mean equilibrium temperature response of 
2.18 K, compared with increasing GHG concentrations alone 
that leads to a temperature response of 1.20 K (Kloster et al. 
2010). Thus, the future emission of aerosols constitutes one 
of the largest uncertainties in projections of anthropogenic 
climate change (Anderson et al. 2003, Bender 2012).

The natural marine aerosol comprises two distinct types: 
those emitted as primary particles, viz. sea-salt and organic 
aerosols produced by wave and wind-driven mechanical 
disruption of the ocean surface, and those formed in the 
atmosphere by gas-to-particle conversion (as secondary 
particles) e.g. non-sea-salt (nss) sulfate and other organic 
species (Twomey 1991). Mechanical generation results in the 
production of aerosol particles with radii typically ranging 
from 0.1 to 100 micron or more, while gas-to-particle 
conversion through processes such as binary homogeneous 
nucleation, heterogeneous nucleation and condensation, 
results in the formation of new particles typically nanometers 
in size (Bigg 2007).

Dimethylsulfide (DMS) is a volatile, biogenic sulfur 
compound emanating from the oceans and one of the 
key sources of natural aerosol over the remote ocean 
(Bates et al. 1992, Gondwe et al. 2003). DMS is produced 
from dimethylsulphoniopropionate (DMSP), a compound 
synthesised by marine phytoplankton. A link between DMS, 
sulfate aerosols and global climate was first hypothesised by 
Shaw (1983), and elaborated on by Charlson et al. (1987). It 
was suggested that warming of the oceans would increase 
the algal production of DMS, which, after ventilation to 
the atmosphere and oxidation reactions would lead to 
an increase in sulfate aerosol, more CCN, and brighter 
clouds, thus cooling the earth’s surface, and providing a 
negative feedback on the warming impact of greenhouse 
gas emissions. This proposition, later called the CLAW 
hypothesis, has subsequently stimulated a very large and 
ongoing research effort (Ayers and Cainey 2007). Several 
large scale studies inspired by the International Global 
Atmospheric Chemistry program (IGAC) have addressed 
aspects of the DMS-aerosol-climate connection, including 
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sensitivity of contemporary climate to such a perturbation. 
Our analysis considers effects on contemporary climate 
of an increase in the atmospheric burden of DMS and 
its oxidation by-products; however we do not consider 
associated impacts of warming on atmospheric chemistry, 
which could significantly alter DMS atmospheric oxidation 
rates, and is beyond the scope of the present study.

Methods

Atmospheric circulation model
The atmospheric model used in this study is a low-resolution 
(spectral R21) version of the Mk3 CSIRO atmospheric GCM 
described by Gordon et al. (2002). This low-resolution version 
has 18 hybrid vertical levels and a horizontal resolution of 
approximately 5.6 degrees in longitude and 3.2 degrees 
in latitude. A detailed description of the model structure 
is given by Rotstayn and Lohmann (2002). The model has 
been augmented with a comprehensive treatment of the 
tropospheric sulfur (S) cycle and other aerosol components 
and includes an updated radiation code described in 
Rotstayn et al. (2007). The model’s treatment of air-sea fluxes 
in sea-ice regions is described in O’Farrell (1998). 

Prognostic variables in the S-cycle model are 
dimethylsulfide (DMS), sulfur dioxide (SO2) and sulfate, with 
S chemistry following that given in the ECHAM4 model 
(Feichter et al. 1996). Carbonaceous aerosol and mineral 
dust emission are included using the prescriptions by 
Cooke et al. (1999) and Ginoux et al. (2004), respectively. The 
formation of sea salt aerosol is a function of 10 m wind speed 
above the ocean surface (O’Dowd et al. 1997), with sea salt 
aerosol assumed to be well mixed in the marine boundary 
layer, and set to zero above the boundary layer (Jones et al. 
2001). Large-scale wet scavenging is linked to the warm rain 
and frozen precipitation processes in the stratiform cloud 
microphysical scheme (Rotstayn 1997) and the convection 
scheme (Gregory and Rowntree 1990). Below-cloud 
scavenging and in-cloud scavenging are as described by 
(Rotstayn and Lohmann 2002) . 

Cloud droplet number concentrations (cm–3) over oceans 
(Nocean) and land (Nland) were estimated using a slightly 
modified version of the relationships given by Menon at al. 
(2002),

Nocean =  102.41+0.5log(SO4 )+0.13log OM( )+0.05log(SS ) ...(1)

and

Nland =  102.41+0.5log(SO4 )+0.13log(OM ) ...(2)

where SO4, OM and SS are the mass concentrations of 
sulfate, particulate organic matter and sea salt, respectively in  
μg m–3. We reduced the coefficient that multiplies SO4 in Eqn 
2 from 0.50 to 0.26, a value that was obtained from extensive 
observations in an earlier study (Boucher and Lohmann 
1995); see Rotstayn et al. (2007) for further discussion of the 
reasons for this change.

Specific aspects of the S model and chemistry are 

mixing and light dependent photolysis (Gabric et al. 1993, 
Gabric et al. 2008). This complexity has been a limiting factor 
in developing robust parameterisations between DMS and 
easily measureable upper ocean parameters (Anderson et al. 
2001, Simó and Dachs 2002). 

Climate change leading to ocean warming and 
acidification will undoubtedly alter various aspects of the 
marine food web (Parmesan 2006, Hopkins et al. 2010), and 
thus also affect DMS production, but the magnitude and 
direction of change is as yet unclear. It is noteworthy that 
the climatically important sea-to-air flux of DMS seems to 
be a minor sink (less than ten per cent) in the overall oceanic 
cycle of DMS under current climatic conditions (Malin 
1997), suggesting the potential for quite large changes in the 
future. However, various global scale modelling experiments 
over the last decade suggest the magnitude of the DMS flux 
change under warming is still uncertain, although most 
studies indicate an overall increase in flux in line with the 
original CLAW hypothesis (Bopp et al. 2003, Gabric et al. 
2004, Gunson et al. 2006, Kloster et al. 2007, Vallina et al. 
2007, Cameron-Smith et al. 2011).

Regional modelling studies that have calibrated the DMS 
production model to local field data in the Antarctic and 
the Arctic Ocean simulate large increases (25–80 per cent) 
in the DMS sea-to-air flux under enhanced greenhouse 
conditions (Gabric et al. 2003, Gabric et al. 2005). The special 
role played by polar regions has also been confirmed in a 
global modelling analysis (Gabric et al. 2004), where the 
greatest perturbation to the DMS flux was simulated at high 
latitudes in both hemispheres, with little change predicted 
in the tropics and sub-tropics. The largest change in annual 
mean flux (+106 per cent) was simulated in the southern 
hemisphere between 50–60°S (Gabric et al. 2004). 

It is clear that the projected impact of warming on DMS 
emissions is spatially variable, and likely to be especially 
influenced by changes in the polar oceans. It is not clear how 
such a perturbation in the DMS flux, and the resulting change 
to the atmospheric S burden in the polar atmospheres, may 
affect regional temperature patterns or the overall radiative 
balance of the planet. It is known, however, that the polar 
regions display an asymmetric response to warming, with 
the Arctic warming accelerated due to the sea-ice albedo 
feedback effect (Anderson et al. 2006, Serreze and Francis 
2006). Recent suggestions of large-scale geo-engineering 
of the planet via injections of sulfate aerosols to the lower 
stratosphere make the current analysis especially timely 
(Rasch et al. 2008, Vaughan and Lenton 2011).

To investigate the overall radiative impact of such a 
prescribed latitudinally-variable increase in DMS flux, we 
employ an atmospheric general circulation model (AGCM) 
with a sulfur atmospheric chemistry component that includes 
a DMS sea-to-air flux parameterisation. We have perturbed 
the global contemporary DMS flux field according to the 
simulated relative 10° zonal changes derived in previous 
DMS modelling analyses under tripled CO2e conditions, 
(Gabric et al. 2004, Gabric et al. 2005) and investigated the 
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burning (2.5 Tg S yr–1) (Hao et al. 1990). These emissions 
occur as SO2, except that three per cent of the emissions 
from fossil fuel and smelting are assumed to occur as 
sulfate. This feature is not included in ECHAM4. According 
to Benkovitz et al. (1996), between 1.4 per cent and five per 
cent of the total anthropogenic emissions occur as sulfate. 
The anthropogenic emissions from Benkovitz et al. (1996) are 
for the year 1985, and include a substantial seasonal cycle for 
Europe, with winter SO2 emissions set roughly 25 per cent 
higher than the annual mean, and summer emissions set 
roughly 25 per cent lower than the annual mean. Since 1995, 
sulfur emissions have increased over Asia and decreased 
over Europe and North America e.g. Smith et al. (2001). 

The model’s skill in reproducing observations of 
the atmospheric burden of DMS, SO2 and sulfate was 
comprehensively discussed by Rotstayn and Lohmann (2002). 
The model shows better agreement with the observations 
over Europe (where it agrees to within a factor of two) than 
over North America, where it shows a positive bias in all 
quantities. Over oceanic points in the southern hemisphere, 
the model is in reasonable agreement with the observations. 
This is important for the present analysis as the Southern 
Ocean is where the simulated change in DMS emission due 
to warming is most significant (Gabric et al. 2004). Over the 
Antarctic continent, the modelled sulfate concentration is 
almost twice the observed value, while the wet deposition 
at the South Pole is smaller than that observed, suggesting 
that the model underestimates wet deposition in this region. 

Numerical experiments
We performed several simulations in which the atmospheric 
GCM was run coupled to a mixed layer (‘q flux’) ocean model. 
The mixed layer ocean (MLO) model assumes a mixed layer 
depth of 50 m in regions away from the sea ice, increasing 
to 150 m under sea ice. The monthly mean oceanic heat 
transports used in these runs were calculated using the 
method of Watterson et al. (1997) from a ten-year run of the 
atmospheric GCM forced by prescribed SSTs.

To establish a baseline data set a control run (baseline: 
run labeled B) was performed with input forcings and 
anthropogenic and natural sulfur sources representative of 
the contemporary climate of the late 20th century. The GCM 
was run for both 40 and 50 year simulation times to check the 
model’s approach to equilibrium. As there were only minor 
differences between the two integrations, the first 30 years 
of this run were used as a spin-up step to allow the model 
to achieve quasi-equilibrium. Data were then obtained as 
averages for each parameter from the final ten-year period 
of the 40-year simulation. 

In the flux perturbation experiment (modified: run labeled 
M), the baseline DMS zonal flux was perturbed in ten degree 
latitude bands between 70°N and 70°S according to the 
results of the global modelling analysis of Gabric et al. (2004), 
which used the Simo and Dachs (2002) parameterisation 
between DMS concentration, chlorophyll-a and mixed 
layer depth. For the high Arctic (70–80°N) we used the 

described in the following. DMS and SO2 are oxidised by 
reaction with the hydroxyl (OH) radical during the day 
and DMS also reacts with the nitrate radical (NO3) at night. 
Both oxidants are prescribed as three dimensional monthly 
mean fields. It is assumed that the only end product of DMS 
oxidation is SO2, thus ignoring the relatively small yield of 
methanesulphonic acid (MSA) and other oxidation products. 
Following the suggestion that an additional (unknown) 
oxidant is required to obtain reasonable agreement between 
observed and modelled DMS concentrations (Chin et 
al. 1996, James et al. 2000), we increase the reaction rate 
between DMS and OH by a factor of two, relative to the 
original rate given by Hynes et al (1986). This is smaller than 
the factor of 3.3 needed by James et al. (2000) to enable their 
model to reproduce measurements at Mace Head Research 
Station in Ireland. 

In the aqueous phase, SO2 reacts with hydrogen peroxide 
(H2O2) and ozone (O3) to form sulfate. The amount of SO2 

dissolved in cloud water is calculated according to Henry’s 
Law. The reaction rates and the effective Henry’s law 
constant for SO2 are calculated assuming that aqueous 
phase equilibria and electroneutrality are maintained. Since 
the distribution of H2O2 is prescribed, the model may tend to 
overestimate the SO2 oxidation rate in regions where H2O2 

is depleted by the reaction with SO2. The aqueous-phase 
chemistry is applied inside the liquid-water part of stratiform 
clouds and inside convective clouds up to the freezing level. 
More details on the model’s treatment of aqueous phase S 
chemistry are given in Rotstayn and Lohmann (2002) .

Sulfur emissions are identical to those used in ECHAM4 
(Lohmann et al. 1999), except for the treatment of DMS 
emission from the ocean surface. Biogenic sources of sulfur 
in the model include SO2 from non-eruptive volcanoes, 
amounting to 8.0 Tg S yr–1 (Spiro et al. 1992, Graf et al. 
1997), and emissions of DMS from oceans, soils and plants. 
Emissions of DMS from soils and plants follow Spiro et al. 
(1992), and amount to 0.9 Tg S yr–1. The concentration of 
DMS in seawater is taken from the database of Kettle et 
al. (1999), with updates described by Kettle and Andreae 
(2000). The sea-to-air flux of DMS is calculated using a 
parameterisation derived by Nightingale et al. (2000). A 
recently compiled DMS global database (Lana et al. 2011) 
indicates that annual global DMS emissions are larger than 
previously thought, 28.1 Tg S yr–1 or 17 per cent higher than 
estimated by Kettle and Andreae (2000). This is largely due 
to better observational coverage of DMS at high latitudes in 
the last decade.

The model’s treatment of sea ice (O’Farrell 1998) allows 
a fraction of open water to remain at all times at grid points 
where sea ice exists. At these grid points, emission of DMS 
is calculated only for the areas of open water. With this 
treatment, the annually averaged emission of DMS from the 
ocean surface in the control (baseline) run described below 
is 22.1 Tg S yr–1. 

Anthropogenic sources of sulfur are fossil fuel use and 
smelting (66.7 Tg S yr–1) (Benkovitz et al. 1996) , and biomass 
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Almost all aerosol-related fields have a higher increase in 
the southern hemisphere, except SO2 and DMN (oxidation 
of DMS by NO3). 

The DMS flux perturbation leads to the vertically 
integrated DMS concentration increasing by almost 50 per 
cent in the southern hemisphere, and just under ten per cent 
in the northern hemisphere. The oxidation of DMS by OH 

results from an analysis using a regionally calibrated DMS 
production model by Gabric et al. (2005). Both these previous 
studies used the IPCC/ISP92a radiative forcing scenario and 
simulated the change in DMS flux that would occur under 
tripled CO2e conditions. The flux perturbations represent the 
change in mean annual flux and thus do not resolve seasonal 
variability (see Table 1). 

In both experiments, data were collected as averages 
from the final ten years of the simulation. The GCM output 
variables were compared both at the global level and 
averaged over each hemisphere. Data were collected for 11 
parameters describing the atmospheric distribution of sulfur 
species and their reactions, as well as aerosol optical depth 
(AOD), and surface temperature. In some instances the 
variables were averaged over several latitude bands.

Results and discussion

Figure 1 shows the mean relative increase in DMS annual 
emission from baseline to modified simulations by latitude. 
The peak change (+44 per cent) occurs around 60°S. In the 
northern hemisphere, the Arctic Ocean shows a significant 
increase (+33 per cent), especially at higher latitudes. DMS 
annual emission increased significantly in the southern 
hemisphere (especially between 50–70°S) and in the 
Arctic Ocean (70–80°N). Comparing baseline and modified 
simulations, the relative increase in DMS annual emission in 
the 50–60°S band reached over 70 per cent, while in 70–80°N, 
DMS annual emission increased 16.7 per cent.

The global and hemispheric mean changes in various 
sulfur variables and reactions between the baseline and the 
modified simulations are given in Table 2 and Figs 2 and 3. 

Table 1. Applied Perturbation to DMS flux for modified (M) 
simulation (Gabric et al. 2004).

Band Applied Perturbation to  
annual zonal DMS Flux (%)

80–70°N 86

70–60°N 19.5

60–50°N 28.9

50–40°N –2.2

40–30°N 2.2

30–20°N -3.6

20–10°N 5.5

10–0°N –7.2

0–10°S 3.7

10–20°S 5.9

20–30°S 6.5

30–40°S 10.7

40–50°S 32.3

50–60°S 106.9

60–70°S 46.3

70–80°S None applied

Fig. 1.  Relative increase in annual emission of DMS by  
latitude.

Fig. 2.  Global mean and hemispheric change for various pa-
rameters and processes between the baseline (B) and 
the modified (M) simulations. For definition of acro-
nyms see Table 2.

Fig. 3. Seasonal change in DMS atmospheric burden be-
tween baseline (B) and modified (M) simulations for 
the southern hemisphere and northern hemisphere. 
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Table 2.  Mean value and change (%) for various parameters and processes between baseline and modified simulations.

Model parameter or process  
(acronym) Run Global Mean Southern hemisphere mean Northern hemisphere Mean

DMS vertical integral (mgSm–2) 
(DMS)

B 0.19
+41.3%

0.28
+47.3%

0.11
+9.9%

M 0.28 0.42 0.12

Sulfur dioxide vertical integral  
(mgS m–2) (SO2)

B 0.66
+8.1%

0.34
+21.8%

0.98
+4.3%

M 0.72 0.41 1.02

Sulfate vertical integral 
(mgS m–2) (SO4)

B 1.34
+7.5%

0.78
+18.4%

1.89
+3.0%

M 1.44 0.93 1.95

Oxidation of DMS by OH  
(10–12kgm–2s–1) (DMO)

B 1.23
+20.8%

1.47
+30.2%

1.0
+7.1%

M 1.49 1.91 1.07

Oxidation of SO2 by O3  
(10–12kgm–2s–1) (S23)

B 0.47
+6.2%

0.39
+13.3%

0.54
+1.0%

M 0.50 0.45 0.55

Oxidation of DMS by NO3 
(10–12kgm–2s–1) (DMN)

B 0.159
+2.3%

0.0948
+0.54%

0.22
+3.1%

M 0.162 0.0953 0.23

Oxidation of SO2 to SO4 by OH 
(10–12kgm–2s–1) (S2O)

B 0.60
+3.4%

0.28
+10.7%

0.92
+2.6%

M 0.62 0.31 0.93

Oxidation of SO2 to SO4 by H2O2 
(10–12kgm–2s–1) (S2H)

B 1.93
+7.3%

1.07
+22.3%

2.78
+1.4%

M 2.07 1.31 2.83

Sulfur emissions (10–12kgm–2s–1) 
(SEM)

B 5.72
+4.6%

2.72
+16.6%

8.73
+0.8%

M 5.98 3.17 8.80

Aerosol Optical Depth at 550 nm 
(AOD)

B 0.10
+3.5%

0.087
+0%

0.12
+1.7%

M 0.11 0.087 0.13

Surface temp. (K) (SST)
B 286.9

–0.6 K
286.5

–0.8 K
287.3

–0.4 K
M 286.3 285.7 286.9

increases about 21 per cent and a little more than two per 
cent via reaction with NO3. However, the DMS oxidation by-
products SO2 by SO4 only increase globally by about eight 
per cent. The oxidation of SO2 by O3 increases around 6.2 per 
cent. The oxidation of SO2 to sulfate by OH increases 3.4 per 
cent, while oxidation of SO2 to sulfate by H2O2 increases 7.3 
per cent. Global sulfur emissions increase 4.6 per cent with 
most of the change occurring in the southern hemisphere. 

In the northern hemisphere, the DMS atmospheric burden 
is fairly constant throughout the year (Fig. 3). A similar data 
pattern has also been noted by various other authors (Smith 
et al. 2001, Rotstayn and Lohmann 2002, Andreae et al. 2003). 
In the southern hemisphere the DMS cycle is seasonal with 
very high concentrations during the austral summer (Curran 
and Jones 2000) reaching an annual maximum in February, 
with a minimum during the austral spring in October. DMS 
concentration increases around 46 per cent in the austral 
summer and 54 per cent in the austral autumn. 

Comparing Figs 4 and 5, there is little change in DMS 
and SO2 in the northern hemisphere, but more change in 
the southern hemisphere, especially in the early part of the 
year. Unlike DMS, SO2 and sulfate are higher in the northern 
hemisphere than southern hemisphere (Fig. 4(a,b)) due to 
anthropogenic emissions, although the simulated change 
is greater in the southern hemisphere. In the northern 
hemisphere, the anthropogenic burden reaches a minimum 

in July due to higher oxidative efficiency to form nss-sulfate 
(Chin et al. 2000, Rotstayn and Lohmann 2002). 

Figure 5 shows the change in column-integrated 
summertime DMS between baseline and modified 
simulations for the southern hemisphere (upper two panels) 
and northern hemisphere (lower two panels). The region 
with highest DMS concentration is over the Southern Ocean 
between 45–65°S, where the annual mean DMS increased 45 
per cent from 0.25 mgS m–2 to 0.33 mgS m–2; monthly mean 
during summer (January–March) DMS increased 28 per cent 
in this region (from 0.30 mgS m–2 to 0.39 mgS m–2). In the 
northern hemisphere, the most significant increase in DMS 
occurred in the Arctic Ocean with high DMS concentrations 
also over remote regions of North Atlantic Ocean and North 
Pacific Ocean (Fig. 5(c)). 

The seasonal change in rate of oxidation of DMS by OH 
is given in Fig. 6(a). The mean oxidation rate increases 30 
per cent in the southern hemisphere and 7.1 per cent in the 
northern hemisphere with a seasonal variation that mirrors 
that in DMS in both hemispheres. There is higher DMS 
oxidative removal during summertime in both hemispheres. 
There is a significant increase in the rate of oxidation of SO2 
to sulfate by H2O2 in late summer in southern hemisphere 
(around 32 per cent increase in January–March. see Fig. 
6(b)), while increased oxidation of SO2 to sulfate by OH is 
around 14.7 per cent in the southern hemisphere, but only 
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variation of AOD is seasonal, with summertime maxima in 
both hemispheres (not shown). Gabric et al. (2002) found a 
correlation between summer AOD and chlorophyll in the 
Southern Ocean, which suggested an influence of DMS-
derived aerosols on AOD was possible.

Global mean surface temperature decreases 0.6 K mainly 
due to the increased emissions of DMS and SO2 leading to 

Fig. 4.  (a) Mean change in SO2 atmospheric burden for baseline (B) and modified (M) simulations in the southern hemisphere and 
northern hemisphere. (b) Mean change in SO4 atmospheric burden for baseline (B) and modified (M) simulations in the 
southern hemisphere and northern hemisphere.

one per cent in the northern hemisphere. 
The global mean change in aerosol optical depth (AOD) 

at 550 nm for the baseline and the modified simulations is 
3.6 per cent (Fig. 2). This figure is relatively small, as AOD 
has a substantial component from natural aerosols such 
as mineral dust and sea salt, and anthropogenic emissions 
of carbonaceous aerosols (Tsigaridis et al. 2006). The 

Fig. 5.  Change in spatial distribution of summertime DMS (mgSm–2) for baseline (B) and modified (M) simulations (a) southern 
hemisphere modified (Jan–Mar); (b) southern hemisphere baseline (Jan–Mar); (c) northern hemisphere modified  
(Jun–Aug); (d) northern hemisphere baseline (Jun–Aug).
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in sulfate, which induce increases in cloud droplet number 
concentration (CDNC), starting from a low base, because the 
air there is unpolluted. Table 3 shows the simulated change 
of CDNC. Global mean CDNC increased 3.6 per cent. For 
the southern hemisphere, mean CDNC increased 11 per cent 
but decreased 0.68 per cent in the northern hemisphere. 

Due to differences in the atmospheric sulfur cycle 
treatment in various global atmospheric models, and more 
importantly, the varying parameterisation of the marine 
sulfur biogeochemistry, a direct comparison with previous 
modelling estimates of the climate sensitivity to a change 
in DMS flux is problematic. It is nevertheless interesting to 
compare our results with other studies. For example, Bopp 
et al. (2004) simulate the impact on radiative forcing of a DMS 
flux perturbation associated with a doubling of preindustrial 
CO2 (cf. our study where we analyse the impact under tripled 
CO2). Their results indicate a significant change in forcing 
only in the mid-latitudes of the southern hemisphere during 
summer, similar to –1.5 Wm–2, but little change elsewhere. 
Bopp et al. (2004) do not estimate the resulting temperature 
change, however their overall radiative forcing results are 
broadly consistent with ours. 

Gunson et al. (2006) examine the climate sensitivity 
to an instantaneous doubling and halving of global 

an increased burden of radiatively active sulfate (Figs 8 and 
9). However, there are quite large hemispheric differences 
in the temperature reduction, with the southern hemisphere 
cooling more (0.77 K for the southern hemisphere versus 
0.42 K for the northern hemisphere). This change is due to 
a combination of direct aerosol forcing, and indirect aerosol 
effects (increases of cloud albedo and lifetime).

The total and direct radiative forcing due to the DMS 
change has been calculated and the zonal means are 
shown in Fig. 9. The total radiative forcing is estimated 
as a ‘radiative flux perturbation’ (Lohmann et al. 2010), 
namely the difference in the radiative flux at the top of the 
atmosphere between two simulations that are similar to 
baseline and modified, except that SSTs are prescribed 
to follow a climatological annual cycle. The global mean 
radiative forcing due to the direct effect is –0.05 Wm–2, with 
a total of –0.48 Wm–2. The total radiative flux perturbation, 
which accounts for changes in cloud albedo and lifetime as 
well as direct effects, is a little noisy (causing some values 
to be slightly above zero) because the method allows the 
changes in cloud lifetime to feed back on the meteorology. 

Clearly, the dominant effect in our runs is the indirect 
effect, especially over the Southern Ocean. The clouds in the 
southern hemisphere will be very susceptible to changes 

Fig. 6.  Mean DMO (left) and S2H (right) comparisons between baseline (B) and modified (M) simulations for the southern hemi-
sphere and northern hemisphere.

Fig. 7.  Change in mean surface temperature for modified 
(M) and baseline (B) simulations for the southern 
hemisphere and northern hemisphere.

Fig. 8.  Global SST change by latitude from baseline (B) to 
modified (M) simulations.
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70–80°N with the most significant increase of almost 70 per 
cent occurring in the southern hemisphere, between 50°S 
and 70°S. However, the DMS oxidation by-products, SO2 
and sulfate increase just over eight per cent. The oxidation 
of DMS by OH increases about 21 per cent. The oxidation of 
SO2 by O3 increases around 6.2 per cent. Oxidation of SO2 by 
H2O2 increases by 30 per cent in the austral summer (DJF) in 
the southern hemisphere. 

The direct and total radiative forcing due to the DMS 
change was –0.05 Wm–2 and –0.48 Wm–2, respectively. We 
found that most quantities related to the sulfur cycle show a 
higher increase in the southern hemisphere, except SO2 and 
oxidation of DMS by NO3. Generally, the perturbation of DMS 
flux leads to a higher atmospheric burden of related sulfur 
species, especially in the southern hemisphere. Interestingly, 
even for a relatively modest increase of global DMS average 
emissions (+4.6 per cent), surface temperature is simulated 
to decrease by around 0.8 K in the southern hemisphere and 
by 0.4 K in the northern hemisphere. Due to the different 
GCMs and biogeochemical models employed these results 
are not directly comparable with previous estimates of the 
climate sensitivity to a change in DMS flux. However, it is 
interesting to note that the analysis by Cameron-Smith et 
al. (2011) suggests our results may be a lower bound on the 
climate sensitivity to future increases in DMS emissions, 
especially in the southern hemisphere.

Sea ice plays a dominant role in determining the intensity 
of the DMS fluxes in the Arctic and Antarctic and to a large 
extent determines the climate sensitivity of both regions 
(Gabric et al. 2005, Jones et al. 2010). Although the projected 
loss of sea-ice was included in our analysis of the perturbation 
to DMS flux, recent research suggests that the nexus 
between sea-ice and DMS emissions is more complex than 
previously thought (Qu and Gabric 2010, Asher et al. 2011). 
An outstanding challenge is to better understand the impact 
of sea-ice ice melting on DMS flux variation in the zonal 
average, and to evaluate the impact of this source of DMS 
on the radiative budget. Our results support the hypothesis 
that a warming-induced increase of biogenic sulfate will 
have a modest but not insignificant impact on global mean 
temperatures with strong hemispheric asymmetry. It is likely 
that changes in biogenic sulfur emissions from the oceans 
will need to be incorporated into the next phase of earth 

mean DMS flux (no latitudinal variability in the flux 
perturbation was included). For a doubled DMS flux, 
which is only partly comparable to our study, Gunson et 
al. (2006) simulate a change in cloud radiative forcing of  
–1.8 Wm–2 and a global surface temperature decrease of 
about 0.8 K. Interestingly, these global mean values are 
quite similar to those presented here where we apply a 
meridionally-variable DMS flux perturbation.

In marked contrast, Kloster et al. (2007) simulate 
conditions for tripled CO2, and find the global DMS flux is 
reduced by ten per cent. The DMS atmospheric burden is 
reduced by only three per cent, owing to a longer lifetime of 
DMS in the atmosphere in a warmer climate (+7 per cent). 
The largest reduction in the DMS sea surface concentration 
is simulated in the Southern Ocean (–40 per cent). 

More recently, Cameron-Smith et al. (2011), use a state-of-
the-art GCM with embedded biogeochemistry to simulate 
the changes in zonal averaged DMS flux for tripled CO2 

conditions, and report an increase of over 150 per cent in 
the Southern Ocean. Although they did not examining 
the climate sensitivity, the simulation of a marked future 
increase in the southern hemisphere DMS flux supports 
our assumptions. However, their simulated perturbation 
is even higher than the DMS flux perturbations applied in 
our study, suggesting the possibility that our analysis may 
underestimate the climate sensitivity to future changes in 
DMS emissions.

Conclusion

We used a low-resolution (spectral R21) version of the Mk3 
CSIRO atmospheric GCM, with incorporated sulfur cycle, 
to estimate the global radiative impact of a prescribed 
meridionally-variable change in zonal average DMS flux. In 
the modified simulation the global mean DMS atmospheric 
concentration increases around 41 per cent. The relative 
increase in DMS annual emission is around 17 per cent in 

Fig. 9.  Total and direct radiative forcing due to the DMS 
change along latitude.

Table 3. Change in CDNC (droplets/cm3) from baseline (B) to 
modified (M) simulations.

Latitude
Southern  

hemisphere
Northern  

hemisphere Global

B M B M B M

Mean 110.4 122.4 192.2 190.9 151.3 156.7

% change +10.9% –0.68% +3.6%

S.D. 59.65 58.04 106.9 105.2 95.76 91.61

Minimum 1.32 1.55 17.61 23.62 1.32 1.55

Maximum 403.1 375.8 796.0 850.1 796.0 850.1
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