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Abstract Dimethyl sulfide (DMS) is the largest source of natural sulfur in the atmosphere and undergoes
oxidation reactions resulting in gas‐to‐particle conversion to form sulfate aerosol. Climate models typically use
independent chemical schemes to simulate these processes, however, the sensitivity of sulfate aerosol to the
schemes used by CMIP6 models has not been evaluated. Current climate models offer oversimplified DMS
oxidation pathways, adding to the ambiguity surrounding the global sulfur burden. Here, we implemented seven
DMS and sulfate chemistry schemes, six of which are from CMIP6 models, in an atmosphere‐only Earth system
model. A large spread in aerosol optical depth (AOD) is simulated (0.077), almost twice the magnitude of the
pre‐industrial to present‐day increase in AOD. Differences are largely driven by the inclusion of the nighttime
DMS oxidation reaction with NO3, and in the number of aqueous phase sulfate reactions. Our analysis identifies
the importance of DMS‐sulfate chemistry for simulating aerosols. We suggest that optimizing DMS/sulfur
chemistry schemes is crucial for the accurate simulation of sulfate aerosols.

Plain Language Summary Dimethyl sulfide (DMS) is a sulfur‐bearing gas predominantly emitted
from marine biological activity. DMS is the largest natural contributor to the global sulfur cycle, but its
contribution is highly uncertain. Representing the complex chemical conversion of DMS to form natural sulfur
atmospheric particles accurately in Earth System Models is difficult. Complex atmospheric chemistry is
expensive to implement, therefore simplistic approaches to represent the chemistry are used. Here we examine
the variability between different chemistry schemes. To achieve this, we employ a state‐of‐the‐art Earth System
Model to compare seven simulations with differing sulfur‐related chemical reactions. We show that sulfate
chemistry contributes to large uncertainties in aerosol and cloud formation. This work underscores the need to
improve sulfur chemistry to improve the accuracy of cloud and aerosol projections in a warming world.

1. Introduction
Dimethyl sulfide (DMS; CH3SCH3) is the primary natural source of atmospheric sulfur‐containing species
(Boucher et al., 2003; Breider et al., 2010). DMS is produced from the biogeochemical activity of marine biota
(Bates et al., 1987; Charlson et al., 1987; Keller et al., 1989), and when emitted into the atmosphere, undergoes
numerous chemical reactions, some of which lead to the formation of sulfate aerosols (Chen et al., 2018;
Hoffmann et al., 2021). Aerosols play an important role in cloud formation and influence Earth's energy balance
(Carslaw et al., 2013).

Both natural (biogenic) and anthropogenic emissions contribute to the global sulfur cycle. In the Northern
Hemisphere (NH), atmospheric sulfur originates primarily from anthropogenic sources such as power stations and
ship emissions (e.g., Smith et al., 2011). In contrast, natural sources dominate atmospheric sulfur loading in the
Southern Hemisphere (SH), with anthropogenic sources contributing only 30%–50% (Kloster et al., 2006;
Korhonen et al., 2008). Emissions of anthropogenic sulfur‐containing gases are well‐represented in climate
models (Hardacre et al., 2021; Hoesly et al., 2018; Turnock et al., 2020). In contrast, there are significant
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uncertainties regarding natural sulfur emissions, especially over the remote Southern Ocean where DMS emis-
sions are large and observations are sparse (Y. A. Bhatti et al., 2023; Bock et al., 2021; Hulswar et al., 2022).

The Southern Ocean region has a vital role in the global sulfur cycle but is predominately of natural origin, which
is one of the largest sources of uncertainty for the sulfur cycle (Fung et al., 2022; Hoesly et al., 2018). This region
is where global DMS production maximizes but is poorly constrained in models (Belviso et al., 2004; Bock
et al., 2021; Revell et al., 2019), and is closely examined in this work.

Previously we examined the sensitivity of atmospheric DMS to oceanic DMS concentrations and sea‐to‐
atmosphere transfer velocities in a global climate model (Y. A. Bhatti et al., 2023). Here, we examine the
sensitivity of sulfate aerosol formation to the model's DMS and sulfate chemistry scheme. Whilst there is active
work in the improvement of DMS mechanisms used for modeling (e.g., Cala et al., 2023), current generation
climate models use relatively similar DMS and sulfate chemistry schemes, but with slight differences (e.g.,
Archibald et al., 2020; Horowitz et al., 2020; Sheng et al., 2015). We implemented seven such well‐established
chemistry schemes taken from other CMIP6 climate models into a single model and assessed uncertainties in
aerosol and cloud properties associated with sulfate chemistry. As recent discoveries in sulfate chemistry have not
been implemented within the CMIP climate model chemistry schemes, we have chosen to exclude them for a
more focused evaluation of the chemistry schemes. Model configurations and simulation descriptions are
described in Section 2, and results are shown in Section 3.

2. Methods
2.1. Model Configuration and Simulations Performed

Simulations were performed with the atmosphere‐only configuration of the UK Earth System Model (UKESM1‐
AMIP), which operates on a grid with a resolution of 1.25° latitude × 1.85° longitude (Sellar et al., 2019). All
simulations were performed with the oceanic DMS data set “MODIS‐DMS” calculated from satellite chlorophyll
a observations, which is described and evaluated by Y. A. Bhatti et al. (2023). DMS emissions are calculated
using the transfer velocity from Blomquist et al. (2017). Atmospheric oxidation of DMS is handled via the
StratTrop chemistry scheme (labeled here as “REF”; Archibald et al., 2020; Mulcahy et al., 2020), which is
modified for the sensitivity simulations.

StratTrop comprises 84 chemical species and 266 chemical reactions. The Ox, HOx, and NOx cycles are included
within StratTrop, with their own production and loss mechanisms. Sea‐salt aerosol debromination from tropo-
spheric bromine radical chemistry and chloride mobilization is absent in the UKESM1, unlike in other models
such as GEOS‐Chem. Methanesulfonic acid (MSA), which is produced by DMS reacting with OH, is treated as a
sink for DMS in UKESM1‐AMIP and is not transported or advected (Mulcahy et al., 2020). MSA does not
oxidize to form or contribute to aerosol formation.

Aerosol microphysics is determined using the Global Model of Aerosol Processes (GLOMAP‐mode)—a two‐
moment modal aerosol microphysics scheme. This scheme simulates various aerosol species across five
lognormal size modes: nucleation mode, soluble Aitken mode, accumulation mode, coarse mode, and insoluble
Aitken mode (Mulcahy et al., 2020). Typically, aerosols with a radius of ≥25 nm (Aitken mode) are activated into
cloud condensation nuclei (CCN) and cloud droplets (Abdul‐Razzak & Ghan, 2000; Walters et al., 2019). A
constant cloud water pH of 5.0 is used in the UKESM1, which is important for aqueous‐phase chemistry (Turnock
et al., 2019). Greenhouse gas concentrations and anthropogenic aerosol emissions follow Coupled Model
Intercomparison Project Phase 6 (CMIP6) recommendations.

Simulations were run for three years, from January 2016 to December 2018, with the first year discarded as spin‐
up. Wind and temperature are nudged to values from the ERA‐5 reanalysis at 6‐hourly intervals (Dee et al., 2011;
Hersbach et al., 2020).

Six sensitivity simulations were performed using DMS and sulfate chemistry schemes from other Earth system
models, most of which participated in CMIP6 (Table 1). Some of the CMIP6 models use very similar sulfate
chemistry schemes, so not all CMIP6 models are represented, to avoid duplication. For detailed DMS and non‐
DMS sulfur reactions, refer to Tables S1 and S2 in Supporting Information S1. In terms of gas‐phase chemistry,
all schemes feature an OH addition and abstraction pathway. All schemes also include a NO3 oxidation reaction
for DMS, except MIROC. None include the newly identified hydroperoxymethyl thioformate (HPMTF), a DMS
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oxidation product (Veres et al., 2020), although its role is actively researched (Cala et al., 2023; Fung et al., 2022).
All schemes involve at least two aqueous‐phase in‐cloud reactions. StratTrop, CHEM3, and GEOS‐Chem have a
third aqueous‐phase reaction with O3. CHEM3 is the only scheme absent from a CMIP6 model and is used here to
represent a more complex and realistic chemistry scheme, described by Chen et al. (2018) and Revell et al. (2019).
GEOS‐Chem and CHEM3 have the largest number of aqueous‐phase reactions (Chen et al., 2016, 2017; Revell
et al., 2019). Differences between each model tuning mean that the spread between chemistry schemes will be
smaller if doing an intercomparison using their own model. Here we go further than just testing expansions of
sulfate chemistry schemes, but quantifying how much variability in DMS and aerosol can result just from using
CMIP6‐based or well‐established chemistry schemes.

The most recent advances in sulfate chemistry, including HPMTF, are not implemented within the CMIP6
chemistry schemes. These advances are being studied and evaluated (Cala et al., 2023), with observations still
lacking for many parts of the world. Therefore, we have excluded them and focused our evaluation on the spread
between the chemistry schemes used within CMIP6 models.

We quantify the spread between the simulations in the values derived from the various chemistry schemes using
the relative range in percentage. This is calculated by the difference between the largest and smallest values,
divided by the smallest value, and then multiplied by 100.

Table 1
Chemical Reactions Used in Each Simulation

Chemical reaction REF SEN‐SOCOLa SEN‐MIROCb SEN‐GFDLc SEN‐GEOS‐Chemd SEN‐CHEM3 SEN‐NorESMe

DMS + OH (abs)

DMS + OH (add)

DMS + NO3

DMS + ClO

DMS + Br

DMS + BrO

DMS + O3

DMS + O(3P)

DMS + Cl

DMS(aq) + O3(aq)

SO2 + OH

SO2 + O

SO2 + O3

SO3 + H2O

DMSO + OH

MSIA + O3

MSIA + OH

S(IV) + H2O2(aq)

SO2−
3 + O3(aq)

HSO−3 + O3(aq)

HSO−3 + HOBr(aq)

SO2−
3 + HOBr(aq)

O3(aq) + MSI− c(aq)
O3(aq) + MSIA(aq)

S(IV) + HO2NO2(aq)

Note. Light gray shading: DMS oxidation reactions. Medium gray shading: gas‐phase reactions involving DMS oxidation products. Dark gray shading: aqueous phase
reactions involving sulfur‐containing species. All reactions are gas‐phase unless otherwise indicated. All models contain two DMS + OH reactions; abstraction and
addition. For reaction rates and references see Tables S1 and S2 in Supporting Information S1. aSolar‐climate Ozone Links (SOCOL). bModel for Interdisciplinary
Research on Climate (MIROC). cGeophysical Fluid Dynamics Laboratory (GFDL). dGoddard Earth Observing System (GEOS). eNorwegian Earth System Model
(NorESM).
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2.2. Observational Data Sets

Satellite, ground, and ship‐based observations were used for model evaluation (Table S3 in Supporting Infor-
mation S1). Data from the Southern Ocean, representing a region largely untouched by anthropogenic aerosol
emissions, are limited. To evaluate atmospheric DMS in this region wemerge ground and ship‐based data into one
data set, each weighted equally across each month. Only two sources offer DMS data for the Austral winter, but
the summer and autumn are represented by seven data sets (Table S3 in Supporting Information S1).

3. Results and Discussion
The Southern Ocean (40°S to 60°S) is a focus of this study to investigate the different sulfate chemistry schemes
used in the model simulations, and to compare with observations of atmospheric DMS. Our simulations highlight
a global significance in the production of DMS from the Southern Ocean, as 49%–70% of the global atmospheric
DMS burden originates from this region.

Average DMS concentrations are relatively well constrained between the simulations, which is unsurprising
given that all simulations used the same oceanic DMS source and sea‐to‐air transfer velocity. Previous work has
evaluated DMS and other aerosol properties in UKESM1‐AMIP (Y. A. Bhatti et al., 2023; Mulcahy et al., 2020).
Y. A. Bhatti et al. (2023) identified a 171% spread in DJF atmospheric DMS from Southern Ocean DMS con-
centrations and emissions, whereas the spread identified from the simulations performed here during the same
period and region is 48%. Although the emissions and concentrations drive much of the spatial and seasonal
variability of atmospheric DMS, we demonstrate that differences in CMIP6 chemistry also have a profound
influence on Southern Ocean atmospheric DMS. Here we examine the seasonal cycle in DMS from available
observations (Figure 1).

Figure 1. Southern Ocean atmospheric Dimethyl sulfide surface concentrations showing climatological monthly means for the simulations comparing differing sulfate
chemistry schemes with observations. Lines show the observational means (in gray) and their standard deviation (error bars) compared with the simulations for the same
grid cells. The Southern Ocean measurements are compiled from three ground‐based stations and four voyages, all weighted equally. The average R2 value represents
the seasonal correlation coefficient between the simulation and each respective observation.
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As shown in Figure 1, all simulations overestimate austral wintertime (JJA) atmospheric DMS but generally are
closer to observations in summer months, except at Amsterdam Island. The year‐long observational stations
display a clear seasonal cycle for Southern Ocean DMS; however, none of the simulations successfully capture
the DMS depletion during winter. This could be because the UKESM1 lacks a tropospheric BrO and ClO source
from sea‐spray, which has been identified as a significant loss of DMS during the winter (Breider et al., 2010;
Fung et al., 2022). The SOCOL chemistry scheme enables UKESM1‐AMIP to best represent the seasonal cycle in
atmospheric DMS (R2 = 0.357 compared to observations; R2 < 0.2 for all other simulations).

The current representation of the UKESM1‐AMIP Southern Ocean DMSmay be flawed during the wintertime, as
demonstrated by increases in DMS concentrations which do not occur in any observations (Figure 1). DMS is
mostly oxidized via NO3 during austral winter, however, most simulations do not oxidize DMS quickly enough,
resulting in an accumulation of DMS during winter from the less efficient wintertime loss pathway, which SEN‐
SOCOL shows. Including a Cl and Br tropospheric chemistry source may improve the representation of DMS
oxidation in UKESM1, and possibly mitigate DMS biases over the Southern Ocean. The additional Cl and Br
chemistry is an important source for DMS oxidation during winter, in agreement with Chen et al. (2018).
Although the distribution of atmospheric DMS is mostly controlled by the oceanic DMS and DMS emissions (Y.
A. Bhatti et al., 2023), we demonstrate the importance of choosing a sulfate chemical reaction scheme appro-
priately over the Southern Ocean. As a result, we investigate the global differences in chemical oxidation of DMS
between each simulation.

3.1. Chemical Oxidation of DMS

Globally, DMS + OH reactions account for 56%–65% of total DMS loss in our simulations (Figure 2), in
agreement with Fung et al. (2022). DMS oxidation via the OH addition and abstraction pathways dominates other
oxidation reactions in the SH, while DMS + NO3 is largest in the NH where there are large anthropogenic NOx
emissions. The hemispheric distribution of the widely used DMS reactions (DMS + OH and DMS + NO3) is
consistent with Chen et al. (2018). The contribution of DMS + NO3 to global DMS loss is approximately 35%–
42% (Figure 2), similar to prior estimates between 16% and 45% (Kloster et al., 2006; Mulcahy et al., 2020).

Figure 2. Zonal annual means of the relative proportions of all chemical reactions (%) involved in Dimethyl sulfide oxidation. The sum of all reactions for each
simulation equals 100%. The dashed line indicates the equator. Brx = Br and/or BrO and Clx = Cl or ClO. See Table 1 for more details.
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Global DMS lifetimes of 1.2–1.4 days are consistent with the literature estimates of 0.72–2.34 days (Breider
et al., 2010; Mulcahy et al., 2020). SEN‐SOCOL (Figure 2b and Figure S1b in Supporting Information S1) has
more DMS oxidized by NO3 at the high SH latitudes than the other chemistry schemes, therefore reducing the
lifetime of DMS, especially during winter. This reduces the relative importance of DMS oxidation via OH.

In SEN‐GEOS‐Chem, there is more DMS oxidation by NO3 over the NH than in the other simulations (Figure 2e
and Figure S1e in Supporting Information S1). SEN‐MIROC, without a DMS+NO3 reaction, lengthens the DMS
lifetime over high northern latitudes (not shown), in contrast to the other simulations. However, SEN‐MIROC
contains an alternative DMS loss pathway via DMSO, and essentially becomes a night loss mechanism for
DMS (not shown), compensating for the lack of DMS + NO3 reaction.

The inclusion of additional DMS oxidation pathways (e.g., ozone, reactive chlorine, and bromine) as in SOCOL
and CHEM3 has a relatively minor impact on DMS oxidation. UKESM1‐AMIP currently only has a stratospheric
source of inorganic chlorine or bromine, which explains why the contribution of these pathways is close to zero in
Figures 2b and 2f. Future work will investigate the impacts on sulfur chemistry by implementing tropospheric
inorganic chlorine and bromine sources.

The treatment of MSA varies largely across each CMIP6 model, with some models producing no MSA. GEOS‐
Chem and NorESM allow for MSA to oxidize into aerosol (Chin et al., 1996; Kirkevåg et al., 2013) whereas
StratTrop and SOCOL only provide a wet/dry removal mechanism for MSA (Feinberg et al., 2019; Mulcahy
et al., 2020). The extent of divergence between models in their treatment of MSA is surprising, given that the
existence of MSA and its oxidizing potential has long been known (Charlson et al., 1987; Lovelock et al., 1972).
More recent studies have quantified MSA to have a significant contribution to aerosol, especially in the Southern
Ocean region (Chen et al., 2018; Fung et al., 2022). There is a clear divide between the most recent advances in
sulfate chemistry schemes compared with those implemented within CMIP6. The current advances in extended
sulfate chemistry schemes focus on the implementation of HPMTF (Cala et al., 2023; Tashmim et al., 2024).
However, chemistry schemes within CMIP6 models still diverge away from each other in the treatment of MSA.
Therefore, we suggest that CMIP7 models have a chemical removal mechanism of MSA, to better represent
recent advances in sulfate chemistry.

Our results show minor differences in DMS lifetime and concentrations when comparing simulations with up‐to‐
date rate constants (Burkholder et al., 2020) to those without (Figures 1 and 2). We, therefore, suggest that other
modeling groups regularly ensure rate constant parameters are up‐to‐date to have more accurate DMS reactions.
Expanding the analysis to other sulfur species, including DMS, which are instrumental toward aerosol formation
is further evaluated below.

3.2. Aerosol Response to Sulfate Chemistry Schemes

To better understand the differences in aerosol between the simulations with differing sulfate chemistry, we
examine the aerosol modes, CCN and H2SO4 concentrations. Number concentrations of aerosol in different
modes from our simulations are shown in Figure 3 (a–c for NH, g–i for SH). We exclude coarse mode aerosols
which are dominated by sea spray in UKESM1‐AMIP.

The aerosol number size distribution in the NH is around three times higher than in the SH for each aerosol mode,
except coarse (Figures 3f and 3l). The coarse mode (≥0.25 μm), which consists mainly of primary aerosols such as
sea‐spray (Mulcahy et al., 2020; Revell et al., 2019), is not considered in this study due to its low anthropogenic
influence. To better understand the global influences and vulnerability of these aerosol modes to the chemistry
schemes within Earth System Models, future work should assess the natural and anthropogenic contribution
toward each aerosol mode.

The annual mean spread in the nucleation mode (Figure 3a) in the NH is more than double that of the Aitken
(Figure 3b) and accumulation (Figure 3c) modes. This aligns with Fiddes et al. (2018), emphasizing that the
nucleation mode has the highest sensitivity to sulfur sources. However, the difference between the nucleation
mode and the other modes is not as great in the SH as in the NH, which is due to the different sulfur sources
between the hemispheres. The simulations show more significant differences in the NH than in the SH, with the
NH containing 129% more nucleating particles (Figures 3a, 3g, 3f, and 3l), which is similar to the findings from
Minikin et al. (2003). Additionally, H2SO4 has much higher concentrations over the NH. These hemispheric
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contrasts suggest that sulfur over the NH has a much greater sensitivity to changes in the sulfate chemistry than
sulfur over the SH.

In both the NH and SH SEN‐NorESM has lower Aitken and accumulation mode concentrations compared to most
of the other simulations which leads to lower AOD and CCN. This can be attributed to the scheme using only one

Figure 3. Northern and Southern Hemisphere averaged aerosol number concentrations from the (a, g) nucleation‐mode, (b, h) Aitken‐mode, (c, i) accumulation‐mode.
(d, j) The H2SO4 abundance is shown in parts per trillion (ppt). (e, k) Cloud condensation nuclei and (f, l) Global aerosol number size distributions are also shown. (a–f):
Northern Hemisphere average; (g–l): Southern Hemisphere average.
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SO2 oxidation pathway, reducing atmospheric sulfate available for conversion to aerosol. As aerosols grow from
the nucleation mode, they have a greater influence on cloud formation (Figures 3e and 3k). SEN‐GEOS‐Chem
and SEN‐CHEM3 have the highest CCN concentrations due to larger concentrations of H2SO4. Simulations
with more aqueous‐phase chemistry may allow more sulfate aerosol to transfer into larger aerosol modes. For
example, shown in Figure 3a, the SEN‐GEOS‐Chem and SEN‐CHEM3 simulations contain fewer nucleation
mode aerosol concentrations than the REF simulation. However, SEN‐GEOS‐Chem and SEN‐CHEM3 contain
the highest concentrations within the larger modes (Figures 3c and 3i).

Accurately representing cloud‐water pH in climate models is crucial for aqueous‐phase chemistry and cloud
formation (Turnock et al., 2019). Global cloud water pH varies between 3 and 8, however, UKESM1 uses a
uniform value of 5 (Shah et al., 2020). A small increase in pH could reduce the number of aerosols serving as CCN
(Turnock et al., 2019). Chemistry schemes used in their native models are effectively tailored to that model's
specific configurations. For example, GEOS‐Chem has interactive cloud‐water pH affecting aerosol modes
differently to the UKESM1 (Alexander et al., 2012). Other models, like GFDL, assume cloud water pH of 4.5,
leading to differences in their aqueous‐phase reactions (Krasting et al., 2018; Turnock et al., 2016). DMS
oxidation into SO2−

4 can also impact pH (Shah et al., 2020), particularly in DMS‐rich areas like the Southern
Ocean. Excessive oxidation can lower the pH, impacting cloud formation. Thus, assuming a uniform cloud‐water
pH for the Southern Ocean will lead to model spread, given the significant oxidation variations across simula-
tions. Further work in updating the UKESM1 chemistry sources is therefore needed to better represent aerosols
and DMS. For instance, the inclusion of a BrO inorganic source from sea‐spray would provide a much greater
avenue for DMS oxidation during the winter, which has been shown to have a substantial impact (Breider
et al., 2010; Fung et al., 2022).

3.3. Sensitivity to Sulfate Chemistry Schemes

To assess the overall sensitivity of sulfate formation to atmospheric chemistry, we analyze simulated DMS, AOD,
cloud droplet number concentration (CDNC), and all‐sky shortwave radiation at the top of the atmosphere relative
to the SO2−

4 mass fraction (which is integrated between the surface and top‐of‐atmosphere; Figure 4).

The spread between all the simulations annual mean is 20% for DMS globally. The DMS burden is reasonably
well constrained (ranging between 35 and 44 Gg S globally (Figure 4a)). The vertical error bars are larger in the
SH than in the NH because of the large seasonality in marine biogenic activity at southern high latitudes
(Figures 4e and 4i; Curran & Jones, 2000; Jarníková & Tortell, 2016). With the exception of the MIROC scheme,
the spread is 12% in DMS burden across the models. The MIROC chemistry scheme omits the DMS + NO3

oxidation reaction, which is important in the removal of DMS over the NH due to anthropogenic nitrate emissions
(Archer‐Nicholls et al., 2023; Chen et al., 2018).

DMS has a more pronounced effect on all sulfur sources in the SH than in the NH. The global contribution of
atmospheric DMS to the overall sulfur burden (DMSsulfur) across all simulations is shown in Table S4 in Sup-
porting Information S1. Around 80% of the global annual average DMSsulfur is sourced entirely from SH annual
average DMS (Table S4 in Supporting Information S1). The primary sulfur source in the NH is anthropogenic
SO2 emissions which contribute to 75% of the global SO2 burden, from the REF simulation (not shown), similar to
other estimates (Smith et al., 2011). The contribution of DMS produced within the NH to the entire global sulfur
burden ranges between 1.8% and 5.1%, as shown in Table S4 in Supporting Information S1. In contrast, the SH,
characterized by extensive regions devoid of anthropogenic emissions, has higher proportions of natural sulfur
emissions (Y. Bhatti et al., 2022; Gondwe et al., 2003; Hamilton et al., 2014; Kloster et al., 2006; McCoy
et al., 2020). As a result, we find that between 10% and 21% of global sulfur is sourced from SH DMS (refer to
Table S4 in Supporting Information S1). Previous estimations for the contribution of DMS to the hemispheric
sulfur burden are generally close to the range of our study (6.5% and 18.5% from the NH and SH, respectively;
Kloster et al., 2006). Kloster et al. (2006) and Gondwe et al. (2003) place a higher importance on NH DMS as a
sulfur source than our simulations generally do. Gondwe et al. (2003) use the climatology of Kettle et al. (1999),
which contains a 10%–14% higher proportion of global oceanic DMS within the NH than in Lana et al. (2011) or
Hulswar et al. (2022) which promotes higher DMS burdens over the NH. Kloster et al. (2006) use an interactive
biogeochemical model which includes DMS sea surface concentration measurements from the Kettle and
Andreae (2000) database that produces even greater NH DMS emissions than Kettle et al. (1999).
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Figures 4a, 4e, and 4i demonstrates that simulations with very similar DMS burdens have very different SO2−
4

burdens driven by the different sulfate mechanisms/oxidation pathways. The spread in the global annual mean
SO2−

4 mass fraction across the simulations is 308%. SO2−
4 is crucial for the formation of clouds and aerosol

(Figure 4) and consequently global annual mean AOD and CDNC have a spread of 79% (0.077) and 70%
(44 cm− 3) across our simulations (Figures 4b and 4c). However, when excluding SEN‐NorESM, this spread
constricts to just 38% for AOD and 20% for CDNC. The spread in AOD between our simulations is much greater
than the AOD of 0.031 from CMIP6 models (Vogel et al., 2022). Additionally, global annual mean AOD is
suggested to have only increased by 0.04–0.046 since pre‐industrial times, with CDNC also increasing by 10–
20 cm− 3, highlighting the large variation between the chemistry schemes (Bauer et al., 2020; Y. Bhatti
et al., 2022; Kirkevåg et al., 2018; Seo et al., 2020; Tsigaridis et al., 2006).

The spread of the simulations' annual mean between both hemispheres is the same for CDNC but is two times
greater over the NH than the SH for AOD. This implies that the variance in AOD is driven more by anthropogenic
sulfur than DMS. We also find that due to the increased anthropogenic SO2 emissions over the NH, sulfate
aerosol, AOD, and CDNC concentrations are all much greater over the NH (Figures 3 and 4). Similarly, (McCoy
et al., 2020) found large hemispheric differences in radiative forcing due to the contrasting concentrations and
distributions in clouds and aerosol between the more polluted NH compared with the SH.

For all simulations, there is a linear relationship between AOD and CDNC versus SO2−
4 mass fraction: the

chemistry schemes that oxidize DMS and sulfate more efficiently (such as SEN‐GEOS‐Chem and SEN‐CHEM3)
also produce more AOD and CDNC. All simulations showing AOD and CDNC over the SH are closer to the

Figure 4. Annual‐mean atmospheric Dimethyl sulfide (DMS) sulfur burden, aerosol optical depth (AOD), cloud droplet number concentration (CDNC), and shortwave
radiation as a function of the vertically integrated SO2−

4 mass fraction. Top row: global average; middle row: Northern Hemisphere (NH); bottom row: Southern
Hemisphere (SH). The dashed horizontal line represents the average value from observations. First column: atmospheric DMS (no global observations are available);
second column: MODIS AOD (Platnick et al., 2017); third column: CDNC satellite measurements at cloud top between 2017 and 2018 fromGrosvenor et al. (2018); fourth
column: TOA all‐sky shortwave radiation from CERES (Loeb et al., 2018). Error bars show the standard deviation on spatially averaged quantities calculated over the 2‐
year simulations. The DMS burden is the sum of global sulfur from DMS, over the SH (panel (i)) and NH (panel (e)) DMS burden, for each simulation, respectively
(panel (a)).
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observed AOD and CDNC averages. Future work will quantify what fraction of the spread in aerosol is driven by
DMS and from anthropogenic sulfur. Although DMS is the dominating source of natural sulfur (Szopa
et al., 2021), other natural sulfur sources have a large influence on the climate, including volcanoes (Neely &
Schmidt, 2016) and biomass burning (van Marle et al., 2016). Both were represented by the same set of emissions
in the CMIP6 simulations, as in our simulations.

SEN‐NorESM has the lowest AOD, CDNC, and SO2−
4 mass fraction, but an average DMS burden. This is likely

due to inefficient sulfur‐to‐aerosol conversion over the NH demonstrated by a higher sulfur burden and fewer
reactions involving SO2−

4 products than other schemes (Table S2 in Supporting Information S1). More specif-
ically, the lower aerosol likely results from decreased SO2−

4 mass fraction (Figure 4) and less efficient SO2

oxidation into H2SO4, as discussed in Section 3.2.

The CHEM3 scheme is a modified version of the SEN‐GEOS‐Chem DMS and sulfate chemistry scheme, with
both simulations simulating the largest global CDNC (Chen et al., 2018; Revell et al., 2019). Revell et al. (2019)
showed that SEN‐CHEM3 leads to increased CDNC over the Southern Ocean due to the inclusion of additional
aqueous‐phase sulfate reactions. Despite pronounced differences in global mean CDNC (63–107 cm− 3,
Figure 4c), differences in top‐of‐atmosphere all‐sky shortwave radiation are relatively small between the sim-
ulations (Figures 4d, 4h, and 4l).

4. Summary and Conclusions
This study compares the differences between sulfate chemistry schemes using identical base configurations. The
sensitivity of DMS and its oxidation products to changes in sulfate chemistry was investigated using a nudged
configuration of the UKESM1‐AMIP model. We show that testing 7 sulfate chemistry schemes in one model
causes large variations in SO2−

4 , CNDC, and AOD across simulations; twice the change in AOD and CDNC
between the pre‐industrial and the present‐day when simulated in UKESM1 (Bauer et al., 2020; Seo et al., 2020).
Additional aqueous‐phase chemistry increases the inter‐model variance through an increased number of larger
aerosols. Our results need further investigation to determine if they would be universally robust. For example,
because of differences in model formulation (grid box sizes, oxidant levels and many other processes), we don't
expect the same sensitivities we have calculated here across other “base models”—and we encourage work that
would address this issue as a priority. As each model treats DMS and sulfur chemistry and aerosol microphysical
processes differently from UKESM1, such as differences in cloud water pH or aerosol size distributions, the
spread in AOD (0.077) is more than double that compared between CMIP6 simulations (0.031; Vogel
et al., 2022). Therefore, careful consideration is necessary when modifying sulfate chemistry schemes in climate
models as aerosol response may vary significantly. We highlight the associated uncertainty to aerosol and CDNC
from sulfate chemistry seems to be significantly large enough that it may alter the pre‐industrial baseline and
therefore be an important source of uncertainty in aerosol ERF estimates. Therefore our study builds on previous
perturbed parameter ensemble studies of aerosol parameters which did not consider these parameters (Carslaw
et al., 2013).

We demonstrate that differences between well‐established DMS and sulfate aerosol chemistry schemes can
strongly impact the global spread of DMS concentrations by as much as 20% between the simulations, with larger
fluctuations over the NH. These global differences arise from differences in DMS oxidation pathways. Large
seasonal differences are also present between the simulations over the Southern Ocean, with the closest simu-
lation to observations coming from the SOCOL chemistry scheme (R2 of 0.36). The UKESM1‐AMIP currently
lacks an inorganic BrO source from sea‐spray which may provide improvements to comparisons with observa-
tions, especially during the winter. The spread in Southern Ocean DJF atmospheric DMS associated with
chemistry (48%) is less than the spread from oceanic concentration and emissions (171%).

This work demonstrates the importance of DMS and sulfate chemistry in future model intercomparison projects
for future aerosol modeling. The necessity for additional mechanistic studies and model validation is highlighted
in this study. Sulfur chemistry, including recent discoveries, should be accurately incorporated into the model. As
these chemistry schemes evolve for CMIP7, becoming more computationally demanding, these schemes will
likely increase in diversity and may result in a greater spread. Current chemistry schemes, tested in this work, lack
realistic or comprehensive chemistry which therefore may enhance the current uncertainty in DMS oxidation

Journal of Geophysical Research: Atmospheres 10.1029/2023JD040635

BHATTI ET AL. 10 of 13

 21698996, 2024, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JD

040635 by N
IC

E
, N

ational Institute for H
ealth and C

are E
xcellence, W

iley O
nline L

ibrary on [23/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



chemistry, demonstrated in this work. Overall, we find that testing different sulfate chemistry schemes in a single
model can strongly affect aerosols and cloud formation.

Data Availability Statement
The MODIS‐aqua satellite data from AOD and chlorophyll a are available in https://giovanni.gsfc.nasa.gov/
giovanni/. Cloud droplet number concentration observational data are available from https://doi.org/10.5285/
864a46cc65054008857ee5bb772a2a2b. The CERES data was obtained in https://ceres.larc.nasa.gov/data/.
Dimethyl sulfide measurements are available at https://ebas‐data.nilu.no/Default.aspx. Model simulation data are
archived at New Zealand eScience Infrastructure (NeSI; https://www.nesi.org.nz/). As all simulation data is over
1 Terabyte, they will be managed and made available for at least 5 years by contacting the corresponding author.
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