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Polar oceans and sea-ice regions are global hot spots for the production of biogenic volatile methylated
sulfur (VMS) compounds: dimethyl sulfide (DMS) and methanethiol (MeSH). VMS compounds make important
contributions to atmospheric particle formation and cloud property modulation, especially when polar
atmospheres are pristine. As a result, the polar biogenic sulfur cycle may induce significant climate
feedback in response to ongoing sea ice decline. However, polar VMS production, emission, and
atmospheric oxidation processes remain poorly represented in current numerical models, hampering
assessments of their radiative impacts and, in turn, implementation of targeted observations necessary
for providing predictive understanding of changes in the ocean-sea ice-atmosphere (OIA) system. We
synthesize current knowledge of the polar biogenic sulfur cycle and its representation in models. To
untangle the existing gaps and provide a roadmap toward predictive understanding, we identify key
features of sea ice habitats for biological VMS production, sea ice physical features that enhance or
suppress VMS emissions, and atmospheric VMS oxidation at low temperatures that controls the
contribution of oxidation products to particle formation or growth. These features are tightly coupled,
emphasizing the need for coordinated efforts across disciplines that span the OIA interface, and among
observational, experimental, and modeling communities. We recommend 4 priority research areas: (1) model
representation of biological VMS production at the sea ice bottom and surface; (2) improved quantification
of cloud condensation nuclei (CCN) sensitivity to VMS emissions with updated gas phase and multiphase
oxidation chemistry at low temperatures; (3) better spatial and seasonal quantification of MeSH abundance
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and its biological and chemical controls in sea-ice environments; and (4) assessment of the contribution of
episodic extreme VMS emissions during sea ice breakup for the polar CCN budget.

Keywords: Volatile methylated sulfur (VMS), Dimethyl sulfide (DMS), Methanethiol (MeSH), Biogeochemistry,
Arctic Ocean, Southern Ocean, Sea ice, Aerosol and clouds

1. Introduction

Biogenic volatile methylated sulfur (VMS) compounds,
largely dimethyl sulfide (DMS) and methanethiol (MeSH),
are key contributors to the polar aerosol population dur-
ing biologically active seasons (Leaitch et al., 2013; Quinn
et al., 2017; Fossum et al., 2018; McCoy et al., 2021; Wohl
et al., 2024). The specific conditions existing in polar
regions drive strong VMS production compared to global
oceans (e.g., Levasseur, 2013; Wohl et al., 2024). In partic-
ular, sea ice plays an important dual role in the biogenic
sulfur cycle: on the one hand, it provides a habitat for
prolific VMS-producing microorganisms and, on the other,
it can exert a capping effect on sea-to-air VMS emissions.
Specific microbial communities thrive in and around sea
ice, leading to blooms within, beneath, and at the edge of
sea ice (Trevena and Jones, 2006; Levasseur, 2013; Stefels
et al,, 2018), as well as accumulations in Arctic melt ponds
(Abbatt et al., 2019; Park et al., 2019) and Antarctic surface
slush layers (Zemmelink et al., 2008a; Nomura et al., 2012;
van Leeuwe et al., 2022) during the spring and summer.
This results in elevated seawater biogenic sulfur concen-
trations (Levasseur, 2013; Jarnikova and Tortell, 2016;
Stefels et al., 2018; Webb et al., 2019; Lizotte et al,,
2020; Wohl et al., 2024) compared to the global average.
DMS concentrations more than twice as high as the most
frequently used climatology (i.e., Lana et al., 2011) are
often observed in polar regions, particularly in the mar-
ginal ice zone (MIZ) of coastal Antarctica (Jarnikova and
Tortell, 2016; Webb et al., 2019) and the Canadian Arctic
Archipelago (Abbatt et al., 2019; Lizotte et al., 2020). In
addition to these episodes and local patches of elevated
DMS, emerging global understanding of biogenic sulfur
cycling through both DMS and MeSH (e.g., Lawson et al.,
2020; Novak et al., 2022; Wohl et al., 2024) points to
a potentially key contribution of MeSH to VMS in polar
regions (e.g., Gros et al., 2023), with important implica-
tions for polar atmospheric oxidizing capacity and the
aerosol population (Wohl et al., 2024). However, MeSH
is not yet considered in most models.

Critically, polar atmospheres are frequently character-
ized by low background atmospheric particle concentra-
tions and low air temperatures, which together provide
favorable conditions for new particle formation (NPF; the
conversion of gases into nanometer-sized particles) (Ker-
minen et al., 2018). Notably, NPF events and subsequent
particle growth associated with VMS oxidation products
are frequently observed over the MIZ in both Arctic (Park
et al., 2017; Beck et al., 2021) and Antarctic (Jokinen et al.,
2018; Baccarini et al., 2021; Brean et al., 2021) regions,
during biologically active seasons. These studies under-
score the substantial role of VMS emissions from sea-ice

environments in influencing the polar cloud condensation
nuclei (CCN) budget. However, the relative importance of
VMS compared to non-biogenic-sulfur (e.g., Ghahreman
et al,, 2016; Jongebloed et al., 2023a; Jongebloed et al.,
2023b), and non-sulfur (e.g., Schmale and Baccarini, 2021;
Tatzelt et al., 2022; Kojoj et al., 2024), particle sources
remains unquantified due to limitations in our process-
level understanding of VMS production, emission and
atmospheric fate, and associated challenges in numerical
model representation (Schmale et al., 2021; Mallet et al.,
2023; Mallet et al., 2025).

The polar biogenic sulfur cycle is poised to undergo
significant changes in response to ongoing anthropogenic
warming. As the Arctic experiences rapid sea-ice retreat,
the biologically active and VMS-rich sea ice margins are
expected to shift poleward and significantly increase the
biogenic sulfur supply to the atmosphere, as the summer
season lengthens and becomes ice-free (Gali et al., 2019;
Rolph et al., 2020). Sea-ice retreat and associated biolog-
ical shifts (Hayward et al., 2025) are also emerging in
Antarctica since 2015 (World Meteorological Organization,
2025). Given that Antarctic sea ice is approximately 85%
first-year ice, this implies a reduction in spatial coverage of
the MIZ with yet unknown consequences for VMS emis-
sions. However, the complexity of VMS production pro-
cesses and emissions from sea-ice environments,
together with their fine spatial and temporal scales,
presents significant challenges in incorporating these pro-
cesses into Earth System Models (ESMs) and understand-
ing the potential climate feedbacks. Even the latest ESMs
treat sea ice simply as a barrier for sea-to-air DMS emis-
sions and do not account for biological DMS production
within sea ice (e.g., Bock et al., 2021; Fung et al., 2022) nor
do they account for oceanic or sea-ice MeSH production,
emission and subsequent impacts on the atmospheric
aerosol population and oxidizing capacity (Wohl et al.,
2024; Tashmim et al., 2025). The regional climatic conse-
quences of a shift in atmospheric VMS emission, whether
it acts as a positive or negative feedback, remain largely
uncertain due to our poor knowledge of the CCN forma-
tion potential of DMS and MeSH in conjunction with
other aerosol sources and removal processes (Browse
et al., 2014; Ridley et al., 2016; Gilgen et al., 2018;
Mahmood et al., 2019). This range of challenges compli-
cates the development of fully coupled models that
include biogenic sulfur across the ocean—sea ice—atmo-
sphere (OIA) system.

Motivated by both the sensitivity of polar cloud prop-
erties to available aerosol (e.g., Mauritsen et al., 2011;
Leaitch et al., 2013; Mallet et al., 2023; Mallet et al,,
2025) and the large potential of sea ice and polar oceans
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for VMS production, we review current knowledge of the scale models. Throughout, we highlight key features that
polar biogenic sulfur cycle and explore potential must be represented in models across scales (Section 2,
approaches for adequately incorporating it into large- Figure 1, and Table 1). Building on current knowledge,
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Figure 1. Summary of the biogenic sulfur cycle in the coupled ocean—sea ice—atmosphere (OIA) system.
The middle panel shows the overview of key processes: (1) Biological production of DMSP and subsequent
conversion into VMS at the top, bottom, or under sea ice, (2) sea-to-air emission of VMS, (3) production and
emission of VMS through melt ponds, (4) inhibition or delay of VMS emission by meltwater layers, (5) release of
VMS from surface slush layer to ocean or atmosphere (ice-to-air emission), (6) episodic VMS emission from leads or at
the edge of sea ice, (7) atmospheric VMS oxidation through different gas- and multiphase pathways and subsequent
new particle formation and growth, and (8) new particle formation in the free troposphere and subsequent intrusion
to the boundary layer. Bottom and top panels expand (1) and (7), respectively, for the detailed biological and chemical
processes. Green, red, and blue boxes indicate the species in biogenic-, gas-, and aqueous-phase, respectively. Red
arrows indicate highly uncertain processes or species.
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Table 1. Potential future changes in VMS production, emission, and aerosol number concentrations in polar

regions
# in Figure 1  Process Potential change (+/-) Key Uncertainties Section
1 Biological production of Production: +/- e Bipolar differences and 2.1
\l?l\l\jllSSP tartl;lj cgnzltersmn to Higher temperature, enhanced changes in seasonality.
dt the bottom or light due to thinner, less sea o Drivers of MeSH versus DMS
surface, or under, sea ice . . . .
ice, and changes in nutrient yields.
supply WF” impact the whole e Compensating effects of
community structure. .
thinning and retreat of sea
ice.
e Potential for abrupt shifts in
plankton communities.
2 Sea-to-air flux of VMS Emission: + e Realistic sea ice projection. 2.1, 2.2
Higher temperature, wind speed, e Damping or enhancing
and open water area as a result effects of sea ice on sea-to-
of sea ice loss will enhance air fluxes.
fluxes.
3 Production and emission of  Production and emission: +/- e Relative importance of this 2.1
VMS through melt ponds Higher temperature will lead to source.
more melt ponds while e Variability of melt ponds
reduction of multiyear ice may that enhance and suppress
decrease melt pond area. biological activity.
Thinner ice and increased melt
may allow for bottom
intrusions of salt water,
increasing production.
4 Inhibition or delay of sea-to-  Emission: + /- e Outcome as temporal delay, 2.1, 2.2
air 1\t/MSt ﬂulxes by Higher temperature will induce regional 'change or overall
meltwater fayers more meltwater input to the SUPPIEssion.
ocean surface which can
suppress emissions.
5 Release of VMS from surface  Production and emission: + /- e Importance of ice surface 21,22
slush layers into ocean or . . communities to seawater
. . Thinner, more fragile ice cover and
atmosphere (ice-to-air hi . VMS compared to bottom-
I igher wind/wave states may . "
emissions) . . and under-ice communities.
make surface intrusions of
seawater more likely and e Magnitude of potential ice-
increase abundance of slush to-air VMS emission fluxes.
layers.
6 Sporadic emission of VMS Emission: + e Relative importance of 22,24
from leads and marginal . . sporadic versus sustained
. The increase of first-year ice, .
ice zones i . emissions.
higher wind speeds and
thinner sea ice will increase e Impact on the CCN budget.
leads/crack coverage.
7 Atmospheric VMS oxidation =~ VMS-driven aerosol number e Accurate multiphase 2.3

through competing gas
phase and multiphase
pathways

production: + /-

Potential increase in low cloud
and fog fraction, and duration
of open water area, may lead to
enhanced multiphase chemical
processing.

reaction rates of multiphase
competing gas phase
reactions, and their
dependence on
environmental conditions.
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Table 1. (continued)

# in Figure 1  Process

Potential change (+/-)

Art. 14(1) page 5 of 60

Key Uncertainties Section

8 New particle formation in
the free troposphere and

e Impact of supercooled
liquid and cloud ice on
multiphase reactions.

e Outcome of multiphase
reactions for VMS-to-CCN
sensitivity.

e Impact of potentially
enhanced condensation
sink from increased sea
spray aerosol production.

e Shift in seasonality of VMS
emission and overlap with
reactive halogen production
in response to earlier sea ice
and snow melt.

VMS-driven aerosol number e Contribution of sea-ice- 24
production: + /-

sourced VMS to free

subsequent intrusion to
the polar marine
boundary layer

Potential enhancement of
extratropical cyclones may
enhance transport of NPF
precursors to the free
troposphere, and subsequently
the importance of this process
for boundary layer aerosol.

troposphere NPF and
growth.

Relative importance of free
troposphere and boundary
layer NPF and growth.

Changes in boundary layer

9 (Figure 3) Autumn phytoplankton

blooms in sea-ice regions

10 (Figure 3) Biological production in

platelet ice

meteorology (e.g., stability,
wind speed, precipitation)
in response to warming.

Production and emission:? e Magnitude of autumn VMS 2.1

emissions from
accumulated biomass.

e Importance relative to other
freeze-up related aerosol
precursor emissions
(e.g., iodine).

Production and emission:? o Efficiency of VMS 2.1

production (i.e., DMSP/
Chl-a ratio) from platelet ice
communities.

we outline key difficulties and prospective approaches for
representing the sulfur cycle in coupled OIA models (Sec-
tion 3) and provide recommendations for future work
(Section 4). We note that the marine biogenic sulfur cycle
has been reviewed by Hopkins et al. (2023) from a global
perspective. However, their work does not provide a com-
plete and accurate analysis of atmospheric VMS contribu-
tion to aerosol formation and growth, the radiative effects
(REs) of VMS-sourced aerosols relative to that of anthro-
pogenic aerosols, and their global and regional impacts on
climate. We address this gap through a focus on polar-

specific processes in the biogenic sulfur cycle and
synthesis of current knowledge on atmospheric processes
and impacts.

2. Key features of marine biogenic sulfur cycle

in polar regions

2.1. Production and fate of biogenic sulfur in polar
oceans and sea ice

2.1.1. Dissolved VMS production and loss processes
The main origin of VMS in the pelagic ocean is dimethyl-
sulfoniopropionate (DMSP), a cellular compatible solute
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produced by micro- and macroalgae, bacteria, and corals,
where it plays important ecophysiological roles such
as osmoregulant, cryoprotectant, antioxidant and energy
overflow buffer (Stefels et al., 2007; Li et al., 2024a). Quan-
titatively and according to current knowledge, phyto-
plankton are the main global DMSP producers, resulting
in intracellular concentrations ranging from a few pmol
L' to hundreds of mmol L' (Stefels et al., 2007). DMSP
is ubiquitously distributed across the global surface ocean,
with the highest regional concentrations occurring in the
polar regions (Gali et al., 2015). The production of DMSP is
highly species-specific, whereby the Haptophytes and
Dinoflagellates are major producers, and diatoms are
minor producers (Stefels et al., 2007). But under circum-
stances in which very high diatom biomasses are created,
such as at the underside of sea ice in spring and summer,
the DMSP concentration can also become extremely high,
even though these concentrations normalized to
chlorophyll-a are not particularly high (Kirst et al., 1991;
Levasseur et al., 1994; Tison et al., 2010; Figure 1). High
DMSP/Chl-a ratios are often found in surface-ice commu-
nities around Antarctica, where ratios of several hundred
mmol g~ ' are associated with haptophyte communities as
determined by pigment compositions (Tison et al., 2010;
Stefels et al.,, 2012).

Although the species composition is the main driver of
the DMSP distribution, abiotic conditions within the ice
may also favor the production of DMSP. The role of DMSP
as an osmoregulator is especially important in a habitat
where brine salinities vary from almost zero, when snow
and ice melt in spring, to 3 times seawater salinity during
winter. However, direct field data are very limited. During
time-series measurements in the western Weddell Sea,
a correlation was observed between the DMSP/Chl-a ratio
and the calculated brine salinity in the upper 12.5 cm of
the ice cover where Phaeocystis (Haptophytes) were dom-
inant, suggesting a role as osmoregulator or cryoprotec-
tant (Tison et al., 2010). Additionally, laboratory
experiments on selected species show that DMSP content
increases with increasing salinity (e.g., Stefels, 2000; Lyon
et al,, 2011). Other stress factors like light have not been
investigated in great detail. In general, light levels in and
at the underside of ice are lower than in open surface
water and DMSP production is expected to respond sim-
ilarly to growth. On the other hand, Galindo et al. (2016)
showed a strong reduction of DMSP production due to UV
radiation when samples were exposed to surface-level irra-
diance, although this also may have been the result of an
overall reduction in growth (Bach et al., 2025).

The role of algae within the sulfur cycle is not limited
to the production of DMSP. Some are capable of convert-
ing DMSP to DMS. Haptophytes and Dinophytes are well
known for their DMSP-lyase activity, which may facilitate
the release of DMS or DMSP from the cell when physio-
logical conditions require it to do so (Stefels, 2000). DMSP
inside the cell may also function as a radical scavenger for
reactive oxygen species, which would among others result
in the production of dimethyl sulfoxide (DMSO). Likewise,
DMS inside the cell may be readily converted to DMSO by
oxygen radicals under oxidative stress conditions.

Ishino et al: The biogenic sulfur cycle in the coupled ocean-sea ice—atmosphere system

However, this is very difficult to prove since both
compounds, DMS and DMSO, are highly membrane per-
meable. In addition, algae may take up DMSP from their
surroundings (Vila-Costa et al., 2006), which was sug-
gested to support autotrophs in the energy-poor polar
winter (Ruiz-Gonzalez et al., 2012). The exact function of
this mechanism is still unclear. In experiments with the
diatom Thalassiosira weissflogii, the DMSP uptake rate
rather appeared to be related to the growth rate than to
the salinity applied (Petrou and Nielsen, 2018).

DMSP inside algal cells (DMSP,) can be released to the
environment through sloppy feeding by zooplankton, cell
lysis or excretion (Figure 1). By convention, once released,
this DMSP is called dissolved DMSP (DMSPy). Zooplankton
grazing in sea ice mainly occurs at the underside where
algal biomass is highest and DMSP, may be released
depending on the grazer (Kasamatsu et al., 2004).
However, during the spring melt, when brine channels
open, few copepod species are capable of invading brine
channels (Schnack-Schiel et al., 2008), where they graze on
sympagic algae and also potentially release DMSPy into
the brine. Cell lysis can be either the result of viral attack
or autolysis due to extreme stress conditions, such as
salinity changes. There is limited experimental evidence
of the salinity range that sea-ice algae can withstand.
Generally, a range between 5%o and 100%so is considered
(Arrigo, 2014), but many ice diatoms appear incapable of
growing at salinities above 60%0—70 %o (Grant and
Horner, 1976). When algae are subject to downshifts of
salinity due to ice melt, an active excretion of DMSP
has been observed (A Webb, personal communication,
25/05/2025).

Another key role in sea ice is played by bacteria, which
are known to be larger and more abundant compared to
those in the water column, likely caused by the high con-
centrations of labile dissolved organic substances in the
brine channels (Boetius et al., 2015). Similar to algae,
bacteria are also capable of producing ice-binding or
antifreeze proteins, allowing them to survive the extreme
and varying temperature and salinity changes throughout
the annual cycle of sea ice (see Boetius et al., 2015, for
more details). In these environments, DMSPy is readily
available for uptake, whereby DMSP is used as carbon or
reduced sulfur sources, especially in oligotrophic environ-
ments, where a lack of energy favors the use of already
reduced compounds for assimilation into cellular consti-
tuents. There are 2 major biotic pathways: (1) cleavage by
phytoplankton and bacteria, to facilitate carbon assimila-
tion and production of DMS, which can then be converted
in various ways (see below); and (2) demethylation by
bacteria, which facilitates sulfur assimilation and produces
MeSH through an intermediate demethiolation process
(e.g., Moran and Durham, 2019; Kiene et al., 2000; Kiene
and Linn, 2000; Lawson et al., 2020; Shaw et al., 2022;
Hopkins et al., 2023). The efficiency of the DMSP-to-DMS
cleavage pathway is highly variable and depends both on
the available DMSPy concentration and the activity of the
consumers. Due to the energetic benefits and the rela-
tively economic way to assimilate reduced sulfur, Kiene
et al. (2000) proposed that bacterioplankton may derive
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their total sulfur demand from the demethylation
pathway, leaving only the leftover DMSPy for conversion
to DMS. In this scenario, the fraction of DMSPy converted
to DMS depends on the biomass and activity of the
bacterial community.

The majority of DMSPy is converted in the demethyla-
tion/demethiolation pathway, with exceptions found in
bloom situations and under high UV regimes, when bac-
terial activity is reduced (Simo, 2001). Although the inter-
mediate compound of the demethylation pathway, MeSH,
is rapidly consumed through assimilation into cells (i.e., in
sulfur-containing amino acids; Kiene et al., 1999; Sun
et al., 2016), some fraction may be released into the
environment (Wohl et al., 2024) and subsequently either
converted through abiotic reactions with dissolved
organic matter and mineral particles (Flock and Andreae,
1996; Kiene, 1996) or emitted to the atmosphere (Novak
et al., 2022). Overall, the MeSH consumption rate is likely
higher than for DMS, resulting in a shorter lifetime for
MeSH (minutes to hours) than DMS (hours to days; Kiene,
1996; Kiene and Linn, 2000). Several functional groups of
polar and sea ice phytoplankton and bacteria possess the
enzymatic ability to convert DMSP to both DMS and MeSH
(Bowman et al., 2014; Teng et al., 2021), but there is no
data on actual conversion rates in sea-ice ecosystems. We
lack experimental studies measuring both DMS and MeSH
cycling process rates with polar-relevant species and com-
munities under polar conditions (i.e., within sea ice brines
at in situ conditions). This hinders our ability to predict
the distribution of dissolved VMS compounds in sympagic
environments, though key information may be alterna-
tively obtained by measurements of concentration ratios
(i.e., DMS/DMSP, MeSH/DMSP, MeSH/DMS) in sea ice
brines. Although a genetic study has suggested that plank-
ton in polar waters are particularly prone to VMS produc-
tion (Teng et al., 2021), the question of which
biogeochemical processes control the apparent spatial and
sea surface temperature (SST) dependence of MeSH/VMS
(Figure 2a) remains open.

DMSP can also be intracellularly oxidized to dimethyl-
sulfoxonium propionate (DMSOP) by both microalgal and
bacterial DMSP producers (Thume et al., 2018), yet this is
estimated to contribute to only a small proportion of
DMSP degradation. Released DMSOP is subsequently
metabolized by bacteria to DMSO. The majority of DMSO
is, however, derived from the bacterial oxidation of DMS
by widespread monooxygenases (Hopkins et al., 2023) and
from photooxidation of DMS, with high rates of photoox-
idation observed in high-nitrate Antarctic waters (Toole
and Siegel, 2004). DMSO is a major pool of dissolved
methylated sulfur in the ocean (Sim6 and Vila-Costa,
2006) and can be regarded as a sink for DMS: in temperate
coastal waters, >94% of DMSO is dissimilated to CO,
(Dixon et al., 2020). The conversion of DMSO to DMS by
algal, bacterial, and archaeal DMSO reductases (McCrindle
etal., 2005; Spiese et al., 2009) is an important pathway in
anoxic sediments, when DMSO competes with oxygen as
an electron acceptor. However, in oxygenated surface
waters, this process is estimated to account for a minor
proportion of DMS production (Dixon et al., 2020). High
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DMSO reduction rates were observed in brine and slush
samples from Antarctic sea ice that contained extremely
high concentrations of DMSO (Asher et al., 2011). The
similar DMS consumption rates in these samples—includ-
ing photooxidation that yields DMSO—are somewhat puz-
zling, and there might be methodological issues. Whether
or not low oxygen concentrations due to potentially dete-
riorated organic material in brines play a role might be
worth investigating. Asher et al. (2011) suggest that a rapid
redox cycling between DMS and DMSO plays a role in
photoprotective mechanisms of Antarctic microbes, but
evidence is still lacking.

2.1.2. Spatial and temporal variability of VMS

in polar oceans and sea ice

Owing to differences in geography and seasonal meteoro-
logical characteristics, the distribution of primary produ-
cers and the associated sulfur cycling in sea-ice
environments differ substantially between the Arctic and
Antarctic (Figure 3). In general, the return of sunlight
after winter triggers the production of DMSP-producing
microalgae, mainly at the underside of sea ice (Figure 1;
Levasseur, 2013). In autumn, algae can get encapsulated
in newly formed ice and get frozen-in over winter. Sea-ice
melt during summertime results in the release of algae
and their sulfur compounds to the surrounding seawater,
often triggering under-ice and/or ice-edge blooms with
DMS concentrations 1 or 2 orders of magnitude higher
compared to the global annual mean surface seawater
DMS of 2-3 nmol L™' (Zemmelink et al., 2005; Gali and
Simo, 2010; Levasseur, 2013; Webb et al., 2019; Gali et al.,
2021; section 3.2 in Hulswar et al., 2022). The timing of
the blooming phase, the distribution of algae and associ-
ated sulfur compounds in the ice, and the magnitude of
the pools and processes, however, vary substantially
between the Arctic and Antarctic.

In the Arctic, high-latitude winter darkness results in
ice growth containing almost no primary producers, fol-
lowed in early spring by growth of ice algal biomass,
mainly diatom species, in the bottom-layer ice (e.g. Levas-
seur et al., 1994; Galindo et al., 2014). This bottom-ice
algal growth results in an L-shaped chlorophyll-a and
DMS(P) distribution through the sea-ice column over
spring and summer (Figure 3), which is well characterized
in Canadian Arctic Archipelago landfast ice (Levasseur,
2013). Release of these bottom-ice communities in melt
periods can trigger development of under-ice pelagic
blooms (Galindo et al., 2014) that are accompanied by
elevated seawater DMSP,, concentrations up to approxi-
mately 200 nmol L™". This is higher than those observed
in the ice-free zone over the shallow continental shelves
during summer, ranging from 10 to 80 nmol L™' DMSP,
(Matrai et al., 2007; Li et al., 2017). However, the spatial
distributions and seasonality in the Central Arctic differ
widely from coastal regions with shallow continental
shelves as reviewed in Levasseur (2013). In general, DMS
and DMSP concentrations in the Central Arctic Ocean are
low, typically <1 nmol L™ " and <10 nmol L™, respectively
(Uhlig et al.,, 2019), even in summertime. Elevated DMS
and DMSP concentrations in the Central Arctic Ocean are
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Figure 2. Compilation of fractional MeSH contribution to VMS (DMS + MeSH) in available simultaneous
(a) seawater and (b) atmospheric measurements. (a) Seawater measurements include TRANSSIZ (Norwegian
Sea and Svalbard Archipelago, May 2015, R/V Polarstern), OC1607A (sub-Arctic Northeast Pacific, July 2016, R/V
Oceanus), 0C1708A (sub-Arctic Northeast Pacific, August 2017, R/V Oceanus), AMT-7 (Atlantic Ocean spanning from
England to Falkland Islands, September—October 1998, RRS James Clark Ross), Blanes Bay (Mediterranean Catalan
Coast, 2022, Blanes Bay Microbial Observatory), Great Barrier Reef (Central Great Barrier Reef, December 2021, R/V
Guardian and February 2022, R/V Guardian & R/V Magnetic), POLAR-CHANGE (Antarctic Peninsula and Weddell Sea,
February—March 2023, BIO R/V Hesperides A-33), and Baltic, Kattegat/Skagerrak, and North Seas (July 1988,
Helicopter Sampling). (b) For comparison between observations with a range of detection limits, atmospheric
measurements include observations with DMS > 25 ppt, and MeSH > 15 ppt,, representing the upper limit for
reported detection limits. Datasets include WAO (Norfolk, England, United Kingdom, May—June 2024, Weybourne
Atmospheric Observatory), AGENA (Graciosa Island, Azores, Portugal, June—July 2022, ENA ARM Research Facility),
SOAP (Chatham Rise, Pacific Ocean, February—March 2012, R/V Tangaroa), CAPRICORN (Southern Ocean south of
Tasmania, March—April 2016, R/V Investigator), Scripps Pier (San Diego, California, USA, September 2019, Ellen
Browning Scripps Memorial Pier), Kennaook/Cape Grim (Northwestern Tasmania, August—-December 2023, April-
May 2024, Kennaook/Cape Grim Baseline Air Pollution Station), MISO (Southern Ocean and Antarctic ice edge,
January—March 2024, R/V Investigator), and ARTofMELT (Arctic Ocean in the Fram Strait, May—June 2023, I/B
Oden). The latitude of the box plot is the median latitude of the corresponding dataset. Whiskers are at 10th and
90th percentiles. Box extents and line represent the 25th, 50th, and 75th percentiles. Corresponding latitudinal
distribution in absolute DMS and MeSH concentrations are shown in Figure S1.
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Figure 3. Differences in biogenic sulfur cycles in the Arctic (top) and Antarctic (bottom). The vertical white line
distinguishes between the pack ice (left) and the landfast ice (right). Two key processes of polar biogenic sulfur cycle in
addition to those in Figure 1 are described: biological production associated with (9) autumn blooms and
(10) platelet ice under glacial ice. The horizontal arrows in the left panel indicate the approximate seasons of
features exhibiting significant contribution to atmospheric particle number concentrations. The dotted line for sea
spray aerosol indicates its persistent contribution throughout the year but with decreased magnitude during summer
compared to winter. Note that the figure is to emphasize the features dominant in one pole compared to the other,
and most of the features illustrated in the figure commonly exist in both poles. See texts in Sections 2.1 and 2.4 for
the description of each process of sea-ice biogeochemistry and atmospheric particle formation, respectively.

associated with Atlantic water inflow or with the breakup
of sea ice in the MIZ of the Eurasian basin (Uhlig et al.,
2019). In particular, the development of blooms of the
haptophyte Phaeocystis sp. results in significantly
increased DMS(P) concentrations (Matrai et al., 2008;
Uhlig et al., 2019).

Melt ponds are a key feature of Arctic sea ice in the
melt season (Figures 1 and 3). Although there have been
a few reports of modestly elevated DMS(P) concentrations
in melt ponds around the Canadian Arctic Archipelago
(Gourdal et al., 2018), this observation was associated with
rare seawater intrusion, and therefore brackish conditions,
introducing the necessary cells to form DMS(P). In con-
trast, melt ponds in the Central Arctic harbored fresh or

strongly stratified waters with reduced DMS(P) levels near
the surface due to a dilution effect with snow and sea-ice
meltwater (Smith et al., 2023). In freshwater melt ponds,
primary production is extremely low due to nutrient
limitation and a lack of seeding phytoplankton cells. Strat-
ified waters within leads and along the ice edge impacted
by meltwater also showed reduced DMS(P) concentrations
relative to the underlying waters (Figures 1 and 3; Gali
and Simé, 2010; Smith et al., 2023). During the MOSAIC
campaign in the Central Arctic Ocean, high accumulation
of biomass was observed at the interface between surface
meltwater and seawater in melt ponds and leads, with
relatively high DMS(P) concentrations (Smith et al.,
2023) suggesting a potential to release DMS to the
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atmosphere when the stratification is broken by mixing
through wind-induced ice floe drift. However, since the
DMSO pool made up approximately two-thirds of the total
DMS(0+-P) pool, (photo-)oxidation might be an important
sink for DMS in these high-Arctic regions (A Webb, per-
sonal communication, 25/05/2025).

In Antarctic sea ice, considerable ice algal growth is
often observed at the surface, in between snow and ice,
in addition to the predominant bottom-ice communi-
ties. This arises from high snow loading on Antarctic sea
ice, which can result in negative freeboard leading to
flooding and consequent saline slush layers including
infiltration of nutrients and phytoplankton from the
seawater. Widespread surface communities in both Ant-
arctic landfast and pack ice (Meiners et al., 2012; Meiners
et al., 2018) are dominated by Haptophyte flagellate
species with notoriously strong DMS(P) production (van
Leeuwe et al., 2018; van Leeuwe et al., 2022; Figure 3).
In addition, when the physical conditions allow, the twi-
light of Antarctic winter, due to the presence of sea ice at
lower latitudes than that in the Arctic, can drive early
growth of surface-layer communities. Together with
bottom-ice communities, these surface-slush communi-
ties result in a C-shaped vertical distribution of algal
biomass and DMS(P) throughout the sea-ice column
(Tison et al., 2010; Vancoppenolle et al., 2013; Figure 3).
During ice breakup and melt, large amounts of these
surface communities are released to the surrounding
seawater and seed subsequent pelagic blooms (Trevena
and Jones, 2006; Stefels et al., 2018; Webb et al., 2019).
This can result in a surface microlayer with strongly
elevated algal biomass and more than 10 times higher
DMS(P) concentrations (Zemmelink et al., 2005; Zemme-
link et al., 2008b) than the underlying ocean. During a 5-
year time series of DMS(P) in Ryder Bay, West Antarctic
Peninsula, extreme peaks of DMS up to 100 nmol L'
were observed during spring ice melt, when the aerial
coverage of sea ice was 20%—40% (Webb et al., 2019). In
addition, direct measurements of high DMS emission
fluxes from the sea ice in the Weddell Sea suggest that
these surface communities can lead to DMS emission
through the snow above, not only through the release
to seawater (Zemmelink et al., 2008a; Section 2.2).

An important feature of the biogenic sulfur cycle
around Antarctica is the ice-associated phytoplankton
blooms in autumn, with extremely high biomass consist-
ing of Fragilariopsis (diatoms) and Phaeocystis (Hapto-
phytes) species (Lieser et al., 2015). Late summer and
autumn blooms in pack ice have been described for the
Weddell and the Ross Sea (Fritsen et al., 1994; Fritsen
et al., 2001). A similar bloom was observed by Dejong
et al. (2017) in Terra Bay in the Ross Sea with up to 6
times higher particulate organic carbon (POC) concen-
trations in the slush ice compared to the water column.
They observed band-like structures of frazil ice with
actively growing algae over time, which were even visi-
ble from satellites. They attribute these late autumn
blooms to strong katabatic winds, which prevent the
formation of consolidated ice and allow phytoplankton
to concentrate in newly forming frazil ice at the ocean
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surface, and also enhance the nutrient input from
deeper waters (DeJong et al.,, 2017). DeJong et al.
(2018) further showed that this colored frazil ice is pres-
ent in 11 of the 13 sea ice producing polynyas, pointing
out a major importance of this phenomenon in biogeo-
chemical cycles across coastal Antarctica. Importantly,
dominance of the strong DMS producer Phaeocystis was
found in surface pancake blooms during a cruise to the
Eastern Weddell Sea in March 2021 (Hellmer and Hol-
tappels, 2021). Given that time series of atmospheric
DMS concentration show a second peak in March at
several Antarctic measurement stations (Preunkert
et al., 2007; Read et al., 2008; see Section 2.4.2 for more
details), the phenomenon of sea-ice-associated, DMSP-
producing algal blooms in autumn deserves focused
observations.

A hidden, and largely understudied, pool of sulfur com-
pounds is found in the highly concentrated biomass
observed within platelet ice. Platelet ice is derived from
basal melt of ice shelves, when frazil-ice crystals form due
to super cooling, rise toward the surface and become
trapped at the underside of the adjacent sea-ice cover.
There, the platelets become incorporated into growing sea
ice, or form dense layers of platelet ice, sometimes many
meters thick, with important impact on physical, biological,
and biogeochemical properties (Hoppmann et al., 2020).
High algal biomass can be formed in the sub-ice platelet
layers just under the sea ice and in the bottom section of
the sea ice itself. Although light levels are low in this hab-
itat, the ample supply of nutrients from the underlying
seawater and the protection against large grazers provide
an environment in which low-light adapted algae can grow
excessively. Peak accumulation of >6,000 mg chlorophyll-
a m— has been reported for sub-ice platelet layers in
McMurdo Sound (Arrigo et al., 1995) and of 1,000-3,000
mg chlorophyll-a m~3 in Atka Bay (I Peeken, personal com-
munication, 14/01/2026). When using a DMSP/Chl-a con-
version factor of 4 (mmol g~') for diatoms (Stefels et al.,
2007), this would correspond to DMSP,, concentrations of
24 and 4-12 pmol L™, respectively, which would be the
highest concentration ever observed in any habitat. In
another study in McMurdo Sound—and in the absence of
sub-ice platelet layers—incorporated platelets appeared to
impact the distribution of algal species and hence the
DMSP vertical profile of sea ice (Carnat et al., 2014). DMSP
maxima in the ice interior were observed, associated with
the occurrence of dinoflagellates that were assumed to be
incorporated with the platelet crystals. These layers had
typical DMSP/Chl-a ratios of >100 mmol g~'. Given the
potential importance of these high-biomass platelet ecosys-
tems as a source of DMS upon ice breakup, these systems
need urgent attention.

A final remark in this section concerns the limited dis-
solved MeSH measurements, with orders of magnitude
less data than for DMS, both globally and in polar regions
(Figure 2). These data show higher contribution of MeSH
to total VMS (MeSH + DMS) at lower sea surface tempera-
tures (SST < 8°C) and toward higher latitudes (Kettle et al.,
2001; Gros et al., 2023; Wohl et al., 2024), though obser-
vations are severely limited in sea-ice covered regions. For
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example, in the Atlantic Arctic, MeSH concentrations
north of 60°N were 22% (median) of total VMS, with
contributions up to 50% at the highest latitudes near
sea-ice covered regions (Gros et al., 2023). Around the
Antarctic Peninsula and the Weddell Sea, MeSH concentra-
tions were 35% (median) of total VMS (Wohl et al., 2024).
While dissolved MeSH/VMS from the limited available
measurements fall into a relatively narrow range (<0.1
to ~0.35; Figure 2a), these fractional abundances of
MeSH arise from widely variable absolute concentrations
of MeSH and DMS (Figure S1). Using the limited available
data (see Figure S2 for data coverage), constructions of
global ocean fields of MeSH concentrations and emissions
revealed important contributions of MeSH to the VMS flux
to the atmosphere, especially over the Southern Ocean,
south of 40°S (Figure 2; Wohl et al.,, 2024). Given the
challenges of quantifying MeSH, owing to its conversion
to dimethyl disulfide (DMDS) on metal surfaces (e.g., Per-
raud et al., 2016; Kilgour et al., 2022), the frequent lack of
direct calibration standards (e.g., Gros et al., 2023), use of
unit mass resolution proton-transfer reaction mass spec-
trometers (PTR-MS; Kilgour et al., 2022), and potential for
rapid production rates from damaged cells in unfiltered
samples and through on-board pumping systems, existing
MeSH measurements should still be considered with some
caution. Despite these measurement uncertainties, avail-
able observations in surface oceans point to a potentially
important contribution of MeSH to the polar reduced sul-
fur budget, even though it lacks sufficient spatial and
seasonal constraint, especially in sea-ice influenced
environments.

In summary, to comprehensively model the polar
marine biogenic sulfur cycle in numerical models, several
key features must be represented, including bottom-ice,
under-ice, and surface-slush microbial communities, as
well as ice-associated pelagic phytoplankton blooms in the
MIZ, and their consequences for VMS formation. Further,
characterization of algal assemblages in terms of at least
functional groups will facilitate more accurate representa-
tions of VMS production processes. Some specific features
including platelet ice production and secondary autumn
blooms require further observational evidence before
incorporation into models. Finally, while existing mea-
surements highlight the potentially significant contribu-
tion of MeSH to VMS in polar regions, very little is known
about MeSH consumption and production by sea ice com-
munities, which limits our ability to implement MeSH
production and exchange into models and fully predict
the impact of biogenic sulfur cycling on polar atmo-
spheres. The status and difficulties of representing this
polar specific sulfur biogeochemistry in ESMs are further
detailed in Section 3.1.

2.2. Ice-sea-air fluxes of VMS

Both DMS and MeSH are persistently supersaturated
across the global ocean, driving a sea-to-air flux (Lawson
et al,, 2020; Novak et al., 2022; Figure 1). Sea-to-air DMS
fluxes are typically estimated using (i) a gas transfer
velocity and (ii) the air-sea concentration gradient (Night-
ingale et al., 2000; Lana et al.,, 2011; Stanley and Bell,
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2025). The gas transfer velocity is affected by various che-
mical and physical factors, including gas diffusivity, wind
speed, breaking waves, bubble formation, mixed layer
depth, and the presence of sea surface surfactants (Gold-
man et al., 1988; Bell et al.,, 2017; Stanley and Bell, 2025).
In general, higher fluxes occur at higher wind speeds (e.g.,
Joge et al., 2024b); however, direct DMS flux measure-
ments have revealed a less enhanced gas transfer, relative
to CO,, at medium to high wind speeds (>10 m s~ '; Bell
et al., 2017). This phenomenon is attributed to differences
in bubble-mediated transport (highly soluble DMS being
less affected by bubbles compared to CO,), as well as the
influence of surfactants (Zavarsky et al., 2018), aspects
now accounted for in recent representations of the air—
sea flux (Stanley and Bell, 2025). The air-sea concentration
gradient is often simply approximated by the concentra-
tion of DMS in near-surface seawater (Lana et al., 2011; see
details in Section 3.2 for data-based seawater DMS con-
centration estimates). This approximation considers a neg-
ligible atmospheric concentration of DMS, or very small
compared to that in equilibrium with the aqueous con-
centration, assuming rapid dispersion once emitted. It
should be noted, however, this approximation may be
inadequate for high DMS emissions and shallow atmo-
spheric boundary layers, such as in polar regions, and will
lead to an overestimation of the flux (Steiner and Den-
man, 2008).

DMS and MeSH have similar diffusion coefficients
(122 x 107> cm? s~ ' and 1.56 x 107> cm?* s~ ', respec-
tively; Gharagheizi, 2012) and Henry's law solubilities at
298 K (0.39 M atm ™' and 0.54 M atm ™', respectively; Przy-
jazny et al., 1983; Burkholder et al., 2019; Sander, 2023)
such that their dissolved concentration ratio may be indic-
ative of the sea-air flux ratio (Johnson, 2010; Bange et al.,
2024). However, owing to the applicable temperature range
of the recommended Henry's law solubility for MeSH
(i.e., 298-368 K; Burkholder et al., 2019), it is currently
unclear whether the ratio of DMS and MeSH Henry's law
constants remains constant at temperatures relevant to
polar ocean sea-air exchange. Uncertainties in both DMS
and MeSH recommended Henry's law constants are signif-
icant (i.e., a factor of 10 to a factor of 100, according to
Burkholder et al., 2019), such that improved solubility mea-
surements will be beneficial to improved flux estimates.
Concentrations of MeSH in near-surface seawater have been
estimated globally with a SST-dependent scaling to a DMS
climatology (Section 3.2; Wohl et al., 2024), with potentially
significant uncertainty in sea-ice environments. Still, apply-
ing this scaling yields the highest predicted fluxes of MeSH
from sub-Arctic, Arctic, and Southern Oceans regions,
together with high DMS fluxes (Wohl et al., 2024).

In polar regions, sea ice plays important roles for mod-
ulating air-sea gas exchange processes (e.g., Willis et al.,
2023). In the ocean partly covered with sea ice, VMS emis-
sion is often scaled to the fraction of open water (Watts
et al., 2022), assuming that sea ice acts as a complete
barrier to gas exchange (i.e., a “capping” effect). In approx-
imations of fluxes based on data-based or modeled seawa-
ter DMS concentration fields, a common practice involves
using a mask that aligns with the sea-ice zone to eliminate
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DMS emissions or concentrations in sea-ice regions (e.g.,
Wang et al., 2020; Hulswar et al., 2022; Wohl et al., 2024;
Section 3.3). However, this assumption contains uncer-
tainty because sea ice can also participate in gas exchange
in 3 key ways: (1) suppression or enhancement of sea-to-
air gas transfer velocity due to the presence of sea ice (e.g.,
Loose et al., 2017; Prytherch and Yelland 2021; No. 2 of
Figure 1); (2) inhibition or enhancement of sea-to-air gas
emissions by surface meltwater layers (Zemmelink et al.,
2005; Smith et al., 2023; No. 5 of Figure 1); and (3) direct
gas emissions from ice-atmosphere interface (e.g., Zemme-
link et al., 2008a; Nomura et al., 2012; Delille et al., 2014;
No. 6 of Figure 1).

First, sea ice can affect the gas transfer velocity (e.g.,
Willis et al., 2023). Briefly, the presence of sea ice can
produce unique turbulence due to shear in the ice-water
boundary layer (McPhee and Martinson, 1994), buoyant
convection (Loose et al., 2017; Prytherch and Yelland,
2021), and/or modifications to the wave field by fetch
reduction and the dampening action of sea ice (Loose
et al.,, 2017; Loose et al., 2024), resulting in either sup-
pression or enhancement of gas transfer velocity.
Prytherch and Yelland (2021) conducted eddy covariance
CO; flux measurements at a large lead in the Arctic to find
an average decrease of gas transfer velocity by 30%, with
some increase observed at wind speeds between 2 and
6 m s . Loose et al. (2024) evaluated numerical model
estimates of gas transfer velocity for long-lived com-
pounds such as CO, during the MOSAIC campaign by in
situ measurements of turbulent kinetic energy, and these
estimates reasonably reproduced this trend of sea-air
exchange suppression with enhancement only at low wind
speeds. These effects are governed by dampened wave
activity due to fetch reduction, with relatively weak effects
of additional turbulence induced by sea ice at low winds
speeds (Prytherch and Yelland, 2021). However, the local-
ized effect of turbulence could be important for air-sea
exchange of short-lived compounds such as DMS given the
heterogeneity of its concentration both in the ocean and
atmosphere. In addition, the mechanisms and response of
DMS gas transfer velocity could be different from that of
CO, given their different wind dependency (Bell et al.,
2017; Blomquist et al., 2017). These effects require valida-
tion through direct sea-air flux measurements of DMS,
preferably together with MeSH, both of which are notably
scarce in sea-ice regions.

Second, meltwater layers can have a strong effect on
air-sea gas exchange. Sea ice and snow melt in spring to
summer provides low-salinity meltwater to the ocean
surface. This meltwater influx may be localized, for
example, associated with melt ponds, in leads, or at the
sea-ice edge (Zemmelink et al., 2005; Smith et al., 2023),
and may cause either enhancement or inhibition of sea-
to-air gas emission. In the Central Arctic, Smith et al.
(2023) found significantly lower salinity water (<10%o
compared to 34%o in seawater) at the surfaces of melt
ponds and leads, associated with significantly lower
DMS(P) concentrations (<5 nmol L™") than in the under-
lying water, implying a potential role of meltwater inhi-
biting DMS emission. However, this remains
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a hypothesis to be tested because Smith et al. (2023)
also observed high accumulation of biomass at the inter-
face between surface meltwater and seawater, which
supports high DMS(P) concentrations and a potential
release of DMS to the atmosphere when stratification
is broken (see Section 2.1.2). On the other hand, in 2
different leads in the Weddell Sea, Antarctica, Zemme-
link et al. (2005) found strong stratification at the top
surface (0.2 cm) due to the meltwater with low salinity
(ca. 27%o), which was associated with high DMS concen-
tration up to 50 nmol L' due to in situ production and
supply from sea ice, indicating enhanced DMS emission
from meltwater. This suggests that there may be key
differences based on the origin and release process of
the DMSP or DMS: if produced by ice algae and released
with the low-salinity meltwater, the incurring stratifica-
tion may concentrate high DMS within the melt layer
and cause higher emissions; if produced by pelagic phy-
toplankton or released from ice algae before formation
of the meltwater layer, DMS may remain trapped below
(Gali and Simé, 2010; Haddon et al., 2025).

Third, ice-to-air direct emissions may be important for
VMS emission. While sea ice is often referred to as a barrier
for air—sea exchange, it is a porous medium characterized
by a network of brine channels and inclusions forming an
exchange pathway to the atmosphere and the underlying
seawater. Studies on CO, fluxes (e.g., Delille et al., 2014;
Nomura et al., 2018; Prytherch et al., 2024) showed that
the sea ice is often permeable to gas exchange during the
spring, coinciding with algal blooms and peak concentra-
tion of sulfur compounds in sea ice. The DMS produced in
sea ice can either be transported downward to underlying
seawater by brine convection and flushing or move
upward into the ice column by diffusion and bubble buoy-
ancy (Gourdal et al., 2019). Once the DMS reaches the
upper surface layers of sea ice, it can be directly exchanged
with the atmosphere depending on the ice surface condi-
tions. While the milder temperatures in the spring favor
the permeability to gas, the presence of superimposed ice
(Delille et al., 2014), snow ice, or snow cover can signifi-
cantly alter the emission of gases. So far, observations of
air-ice DMS fluxes are scarce, only 3 studies directly or
indirectly quantified DMS fluxes from sea ice, and all
reported emissions of DMS. In Weddell Sea, Antarctica,
Zemmelink et al. (2008a)used the relaxed eddy accumu-
lation (REA) technique to report rather high DMS fluxes
over biologically productive brown slush sea ice, with
a mean of 11 umol m % d~". Nomura et al. (2012) used
the closed chamber flux technique to report fluxes over
productive sea ice and slush ranging from 0.1 to 5.3 umol
m~* d ", off Syowa Station, East Antarctica. Finally, in the
western Baffin Bay, Arctic, Gourdal et al. (2019) indirectly
estimated potential diffusive fluxes from the ice to the
atmosphere ranging from 0.4 to 10.4 pmol m~* d~". The
ice surface blooms associated with slush layers commonly
observed for Antarctic sea ice are most likely hot spots for
DMS emission given the close contact between atmo-
sphere and the production source. Efforts should be made
to include diffusive fluxes from slush to the atmosphere
into budgeting and model approaches.
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These 3 processes are key features of VMS fluxes in the
sea-ice environment that must be considered in models,
including ESMs, in order to adequately represent the polar
biogenic sulfur cycle. In particular, modulations of sea-to-air
emissions by turbulence and meltwater layers may trigger
sporadic extreme VMS emissions from the sea-ice edge and
leads (Levasseur et al., 1994; Koga et al., 2014; see details in
Section 2.4.3). However, these processes are completely
missing in current ESMs (Section 3.3), mainly because of
the severely limited understanding of their mechanisms
and spatial heterogeneity to develop generalized parame-
terizations and in part due to the general ignorance of sea-
ice biogeochemical processes in ESMs. This highlights
a large need for in situ measurements of VMS flux in dif-
ferent sea-ice environments, for example, around leads with
different width and fetch, different salinity in meltwater
layers, or on sea ice with different slush layer and snow
properties. Whereas the eddy covariance flux measurement
is a promising tool for capturing overall effects of sea ice on
gas fluxes, it must be combined with more local flux cham-
ber measurements to capture the high surface heterogene-
ity as well as simultaneous measurements of surface ocean
turbulence around sea ice. In addition, the ice-to-air MeSH
flux through snow on sea ice may not be linearly scaled to
DMS due to potential differential oxidation of the 2 com-
pounds in the highly oxidative interstitial air in snow (e.g.,
Grannas et al., 2007). To compensate for the difficulties in
executing such extensive field observations, possible
approaches in representing these processes in ESMs are
discussed in Section 3.3.

2.3. Atmospheric oxidation processes

Accurate representation of atmospheric VMS oxidation
processes is essential for evaluating how VMS emissions
modulate atmospheric chemistry, aerosol, and cloud prop-
erties. Atmospheric VMS oxidation occurs through both
gas phase and multiphase reactions (i.e., within, or at the
interface of, cloud droplets and liquid aerosol particles;
Abbatt and Ravishankara, 2023) (Figure 1; e.g., Davis
et al.,, 1999; Sciare and Mihalopoulos, 2000; Legrand
et al,, 2001; Barnes et al., 2006). The gas phase product
H,S0, contributes to NPF and subsequent growth of par-
ticles to a few tens of nanometers in diameter (Figure 1;
e.g., Kulmala et al., 2000). Another gaseous product,
methanesulfonic acid (MSA), contributes to the growth
of preexisting particles (Willis et al., 2017; Dall"Osto
et al., 2018; Beck et al., 2021) and possibly also to nucle-
ation (Bork et al., 2014; Chen and Finlayson-Pitts, 2017
Johnson and Jen, 2023); however, its contribution to NPF
is not evident from available ambient observations (e.g.,
Beck et al., 2021). Sulfate (SO;~) and methanesulfonate
(MS™) are also formed directly through multiphase pro-
cesses on preexisting particles (e.g., Hoffmann et al.,
2016), where they contribute to the aerosol growth but
their direct condensed phase formation does not increase
total particle number concentrations. In addition, unlike
SO;~ that remains in the condensed phase, MS™ can par-
tition back to gas phase MSA at low relative humidities
(Hodshire et al., 2019; Baccarini et al., 2021), possibly
allowing MSA to be recycled for the growth of other
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particles (e.g., Kecorius et al., 2023). Overall, stable VMS
oxidation products (H,SOy4, SO2~, MSA, and MS™) can
drive both NPF and subsequent growth to CCN sizes
(e.g., Giamarelou et al., 2016; Willis et al., 2016; Jokinen
et al., 2018; Beck et al., 2021). Thus, the balance of gas
phase and multiphase reactions exerts an important, but
challenging to quantify, control on the contribution of
VMS to the CCN population (e.g., Andreae and Rosenfeld,
2008; Woodhouse et al., 2013).

Here we describe the major chemical oxidation
mechanisms and environmental factors that control VMS
fate in the atmosphere: the presence of clouds and aerosol
liquid water, temperature, and available oxidants. In Sec-
tion 3.4.2, we provide a more quantitative explanation of
VMS fate based on atmospheric modeling literature. We
note that a recent review on the global relevance of DMS
biogeochemistry features a dedicated section on DMS
oxidation pathways (Hopkins et al., 2023); however, it
offers an insufficient account of key reaction pathways
and their impact on the atmospheric CCN population.
We present a summary of current knowledge and most
recent findings, with a focus on mechanisms most rele-
vant in polar regions and the environmental factors that
control the impact of biogenic sulfur on cloud albedo
through CCN formation.

2.3.1. Overview of major VMS atmospheric oxidation
mechanisms
The first step of DMS oxidation occurs through 2 parallel
gas phase reaction pathways: “Hydrogen (H)-abstraction”
and “Oxygen (O)-addition” (Figure 1; Turnipseed et al.,
1996; Ravishankara et al., 1997). Both the relative impor-
tance and outcome of each pathway are controlled by the
atmospheric conditions, including temperature, relative
humidity, cloud presence, main oxidant (-OH, HO,:, Os,
NOs-, reactive halogens) and nitrogen oxide (NO, = NO-
+ NO,:) concentrations. Importantly, oxidant and NO,
abundance partly reflect the level of anthropogenic pollu-
tion influence and can therefore differ significantly
between the poles (Figure 3). However, photochemistry
of halides, organic matter, and nitrate in snow are an
important polar source of reactive halogens, HO, (HO, =
:OH + HO;:), and NO, (e.g., Honrath et al., 1999; Sumner
and Shepson, 1999; Beine et al., 2002; Grannas et al.,
2007; Pratt et al.,, 2013; Ahmed et al., 2022), which are
expected to perturb the fate of VMS (Section 2.3.2.3).
The DMS H-abstraction pathway is initiated by oxidants
including -OH, NOs-, and Cl- radicals. While all 3 of these
oxidants drive H-abstraction, their reaction rates and rel-
ative importance vary diurnally, seasonally, and spatially
(Section 2.3.2); for example, NO3- forms in the dark and
can drive rapid H-abstraction especially under elevated
NO, (polluted) conditions (e.g., Stark et al., 2007). Regard-
less of the initiating oxidant, the H-abstraction pathway
produces a peroxy radical (i.e.,, CH3SCH,00-, or “RO,-")
whose fate depends on the rate of its reaction with other
atmospheric radicals (i.e., NO-, HO,-, or other RO,-; e.g.,
Hoffmann et al., 2016; Berndt et al., 2019; Veres et al.,
2020). Two main RO, fates are important. First, bimolec-
ular reaction with NO-, HO,-, or RO,- leads to production
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of the CH;sS- radical (e.g., Barnes et al., 2006). The fate of
CH,S- also depends on available bimolecular reaction
partners (i.e., O3, NO,-, 0,), with predominant formation
of the CH3S0O,- radical (e.g., Hoffmann et al., 2016; Berndt
et al., 2020; Chen et al., 2021; Berndt et al., 2023).
CH3SO,- can form SO, through decomposition, or MSA
(via CH3S0,00- and CH3SOs3:) and SOs with strongly
temperature-dependent yields (e.g., Lin and Chameides,
1993; Barnes et al., 2006; Chen et al., 2021; Ye et al,,
2022; Chen et al., 2023) that enhance the importance of
non-SO, products at low temperatures (see Section
2.3.2.2). SO3 formation is important because it reacts rap-
idly with water vapor in the gas phase to form H;SO4
(e.g., Berndt et al., 2023). Overall, bimolecular reactions of
the first DMS-derived RO,-, such as in the presence of
elevated NO,, likely produce a temperature-dependent
combination of SO,, H,SO,4, and MSA (Figure 1, Section
2.3.2.3; e.g.,, Hoffmann et al,, 2016; Berndt et al., 2023;
Chen et al., 2023). Second, under pristine marine bound-
ary layer conditions (i.e., at background NO, levels with <1
to 10's of ppt, NO), the rate of RO,- bimolecular reactions
is slow enough that hydrogen-shift reactions become com-
petitive (Wu et al., 2015; Berndt et al., 2019; Veres et al,,
2020; Ye et al., 2022). These unimolecular reactions lead
to strongly temperature-dependent formation of a stable
intermediate compound: hydroperoxymethyl thioformate
(HPMTF; HOOCH,SCHO; Figure 1; Berndt et al., 2019;
Veres et al., 2020; Jernigan et al., 2022; Assaf et al.,
2023). While pristine conditions are relevant to polar
regions, the hydrogen-shift reactions required to form
HPMTF are likely to slow significantly at low temperatures
(Assaf et al., 2023), which limits the importance of HPMTF
formation in polar regions (Section 2.3.2.2). Once formed,
HPMTF can react with the -OH radical in the gas phase to
form SO, and carbonyl sulfide (OCS) as end products
(Jernigan et al., 2022).

The DMS O-addition pathway is driven by -OH, BrO-, Cl-
(with O;), and O3 and involves the addition of an oxygen
atom to the central sulfur atom of DMS to form primarily
DMSO (e.g., Ingham et al., 1999; Barnes et al., 2006). DMS
oxidation by BrO- can be an important and potentially
even dominant oxidation pathway in polar regions under
some conditions (see Section 2.3.2.3). DMSO is then oxi-
dized by -OH in the gas phase to produce methanesulfinic
acid (MSIA, CH3SO,H). MSIA is further oxidized by -OH to
form CH3SO,- and subsequently SO,, SO; (H,SO,4), and
MSA (e.g., Shen et al., 2022; Chen et al., 2023; Goss and
Kroll, 2024). Recent laboratory studies demonstrate that
the gas phase fate of DMSO is likely impacted by the
presence of NO,, where elevated NO- concentrations led
to a higher yield of SO, from -OH-driven DMSO oxidation
(Goss and Kroll, 2024). This observation is in contrast to
established mechanisms and suggests NO,-dependent
pathways in the fate of MSIA and CHsSO,- that require
further study (Chen et al., 2023; Goss and Kroll, 2024).
Gas phase -OH oxidation of DMSO and MSIA represents
a “crossover” point between O-addition and H-abstraction
pathways; branching toward this gas phase pathway con-
trols the potential for DMS-driven NPF at low tempera-
tures (see Section 2.3.2.2).
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The rate constant of MeSH reaction with the -OH rad-
ical is 3—4 times larger than DMS (at 273 K), and CH3SO,-
radicals are produced in high yield (Figure 1; Tyndall and
Ravishankara, 1991; Atkinson et al., 2004; Mai et al.,
2020). As a result, MeSH gas phase oxidation produces
a NO, and temperature-dependent combination of SO,
SO3 (H,S0y4), and MSA (e.g., Chen et al., 2021; Berndt
et al., 2023; Chen et al., 2023; Tashmim et al., 2025;
Section 2.3.2.2). As a result, model representation of
MeSH emission and oxidation that assume conversion of
MeSH to SO, with unity yield (Section 3.4; e.g., Novak
et al., 2022; Wohl et al., 2024) may overestimate MeSH
contributions to SO, at low temperatures. Additionally,
limited laboratory evidence suggests that MeSH reacts
efficiently with Br-, BrO-, and Cl- (Figure S3) to produce
CHsS- in pathways that could be competitive with -OH
oxidation; however, significant uncertainties in relevant
laboratory kinetic data exist (Nesbitt and Leone, 1981;
Nicovich et al., 1992; Nicovich et al., 1995; Aranda et al,,
2002; Burkholder et al., 2019). Omission of halogen initi-
ated oxidation could lead to an overestimate in the atmo-
spheric lifetime of MeSH, but additional laboratory studies
quantifying MeSH reaction rates at atmospherically rele-
vant temperatures and pressures are needed before these
pathways can be reliably evaluated in atmospheric
models.

Gas phase reactions compete with multiphase reac-
tions in the presence of clouds and aerosol. The DMS
O-addition pathway to form DMSO can occur directly in
the aqueous phase with O3, which may be important in
polar regions where gas phase -OH concentrations are
relatively low and low altitude, liquid-cloud coverage can
be significant (e.g., Chen et al,, 2018; Fung et al., 2022;
Section 3.4). DMSO loss by multiphase -OH oxidation to
condensed phase MSIA (i.e., MSI7) is likely competitive
with gas phase reaction under typical atmospheric condi-
tions (e.g., Zhu et al., 2003), directing sulfur away from gas
phase end products. Aqueous phase MSI~ oxidation forms
MS~ through competing reactions with -OH or O3 (e.g.,
Hoffmann et al., 2016; Chen et al., 2018; Liu et al., 2023),
which can be further converted to SO?~ by multiphase
-OH oxidation (Kwong et al., 2018; Mungall et al., 2018).
HPMTF is rapidly lost through cloud uptake and subse-
quent aqueous phase oxidation to form SO, likely
through hydrolysis and Os reactions (Novak et al., 2021;
Jernigan et al., 2022; Jernigan et al., 2024; Kilgour et al.,
2025). These multiphase pathways effectively reduce the
fraction of biogenic sulfur contributing to OCS production
(Jernigan et al., 2022; Kilgour et al., 2025) and NPF
through gas phase production of H,SO4 (e.g., Chen
et al., 2018; Fung et al., 2022; Tashmim et al., 2024).

SO, oxidation also occurs through both gas phase and
multiphase pathways. Gas phase SO, oxidation by -OH is
a dominant pathway to produce gaseous H,SO,4. On the
other hand, SO, dissolves into clouds, fog, and aerosol
liquid water to form aqueous S(IV) (=50,-H,0 + HSO;
+ SO27; e.g, Liu et al,, 2021b). Depending on the liquid
phase pH, S(IV) compounds are oxidized to SO~ by H,0,,
03, or hypohalous acids (HOBr and HOCI; e.g., von Glasow
and Crutzen, 2004; Chen and Finlayson-Pitts, 2017
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Tilgner et al,, 2021). In addition, multiphase reaction of
S(IV) with dissolved aldehydes promotes production of
hydroxyalkylsulfonates, including hydroxymethanesulfo-
nate (HMS), which can become particularly important in
polluted and cold atmospheric conditions (e.g., Liu et al.,
2021a; Campbell et al., 2022; Campbell et al., 2024; Din-
gilian et al., 2024). Overall, the competition between gas
and multiphase oxidation is active across the entire VMS
oxidation mechanism (e.g., Hoffmann et al., 2016).

2.3.2. Factors controlling VMS abundance and
oxidation pathways in polar atmospheres

Both emissions (Sections 2.1-2.2) and subsequent atmo-
spheric oxidation chemistry (Section 2.3.1) control atmo-
spheric VMS speciation and burden. Observed DMS
concentrations are typically higher in the polar marine
boundary layer (i.e., from ship-based measurements) com-
pared to lower latitudes during biologically active seasons.
Arctic (>60°N) median DMS concentrations from available
surface-based measurements in May to September are
169 ppt, (IQR: 43-243 ppt,), compared to 112 ppt, (IQR:
39-196 ppt,) during the same months at lower latitudes
(0-60°N) (G Manville, personal communication, 09/10/
2025). Similarly, high-latitude Southern Ocean (>60°S)
DMS concentrations in October to March are 208 ppt,
(IQR: 114-446 ppt,), compared to 127 ppt, (IQR:
81-211 ppt,) at lower latitudes (0-60°S) (G Manville, per-
sonal communication, 09/10/2025).

Dissolved VMS observations in the surface ocean reveal
an important contribution of MeSH to potential VMS
emissions especially in sub-Arctic, Arctic (elevated
MeSH/VMS >50°N), and Southern Ocean (elevated
MeSH/VMS ~40 to >60°S) regions (Figure 2a; Sections
2.1-2.2; Wohl et al., 2024; Mynard et al., 2025). Consistent
with dissolved concentrations, the limited available atmo-
spheric VMS observations consistently demonstrate an
important contribution of MeSH (Figure 2b). Atmo-
spheric MeSH concentrations in the marine boundary
layer are closely coupled with but typically an order of
magnitude lower than DMS (Figure S1; median 12 ppt,,
IQR: 7-23 ppt,), with corresponding MeSH/VMS ratio of
approximately 0.1-0.4 (Figure 2b). While illustrative of
existing measured MeSH atmospheric concentrations,
these values should be interpreted with caution, especially
given the current bias in available datasets toward the
Southern Ocean and coastal regions (Figures 2a and
S2), and in comparison to median atmospheric DMS con-
centrations that arise from significantly more observations
(G Manville, personal communication, 09/10/2025). Over
the Southern Ocean, the largest atmospheric MeSH con-
centrations are observed over biologically productive
regions between 45°S and 52°S at the Subantarctic Front
and near the Antarctic sea-ice edge (>62°S; Chapman
et al., 2020; Mynard et al., 2025) in general agreement
with predictions from the first global MeSH seawater data
product (Wohl et al., 2024). However, available observa-
tions at the Antarctic sea-ice edge show that atmospheric
MeSH/VMS decreases to below 0.1 and the coupling
between MeSH and DMS becomes less coherent
(Figure 2b; Mynard et al., 2025). Measured atmospheric
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MeSH/VMS depends not only on marine biological con-
trols and emission fluxes but also on available atmo-
spheric oxidants and the time elapsed since emission,
especially because MeSH reacts more rapidly with -OH
radical than DMS (Section 2.3.1). As a result of its short
atmospheric lifetime, the contribution of MeSH at emis-
sion will be larger than the observed ambient MeSH/VMS
(Section 2.2).

Together, the sparse available atmospheric and dis-
solved MeSH/VMS appear to suggest an opposing global
latitudinal dependence (Figure 2); however, any appar-
ent spatial trend must be interpreted with extreme cau-
tion because the available ocean and atmospheric MeSH/
VMS measurements are largely unmatched in season and
location even within common latitude bands (Figure S1).
Lower atmospheric MeSH/VMS in regions where high
dissolved MeSH/VMS has been observed could arise from
a combination of factors: spatial and temporal variability
in the relative atmospheric reactivity of MeSH and DMS,
such as in the presence of reactive halogens (Section
2.3.1); potentially limited emissions of MeSH in sea-ice
regions arising from its short lifetime in seawater (Sec-
tion 2.1); or sparse data coverage, especially in sea-ice
regions where atmospheric VMS concentrations are char-
acterized by episodically elevated concentrations on a low
background and frequent extremes in DMS concentra-
tion (Figure S1). Overall, both the abundance of MeSH
and DMS and their chemical fate through gas phase and
multiphase processes control the impact of VMS on
atmospheric oxidizing capacity, the aerosol population,
and resulting cloud properties (e.g., Fung et al., 2022;
Wohl et al., 2024). Three major environmental factors
control the relative importance of gas phase and multi-
phase VMS fates: (1) the availability of atmospheric con-
densed phases, (2) temperature effects on both gas phase
and multiphase chemistry, and (3) the abundance of
atmospheric oxidants.

2.3.2.1. The availability of atmospheric condensed phases

First, the volume, surface area and phase state of atmo-
spheric condensed phases—clouds and aerosol—are a dom-
inant control on competing VMS gas phase and
multiphase fate. In liquid clouds, predominant oxidation
pathways can transition from gas to aqueous phase. This
shift in chemical regime occurs due to both multiphase
uptake processes and reflection of solar radiation that
results in decreased gas phase oxidant concentrations
(e.g., Hoffmann et al., 2016). Global chemical transport
models show that multiphase pathways may play a domi-
nant role in DMS oxidation over the Arctic Ocean and
coastal Antarctica (Chen et al., 2018; Fung et al., 2022;
Tashmim et al., 2024). However, many atmospheric mod-
els do not resolve clouds, leading to biases in predicted
reaction rates, which can be remedied by applying
entrainment-limited multiphase reaction for very soluble
reactants (Holmes et al., 2019; Holmes, 2022). In addition,
satellite-derived cloud coverage products can significantly
underestimate cloud fractions (e.g., Kilgour et al., 2025)
and models persistently struggle to accurately represent
cloud microphysics and phase in polar regions (e.g., Mallet
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et al,, 2023; McCluskey et al., 2023; Sokol and Storelvmo,
2024). Mixed-phase clouds are persistent in Arctic regions
throughout the year, with elevated liquid fractions espe-
cially in low-level clouds (e.g., Cesana et al., 2012; Morri-
son et al., 2012; Sokol and Storelvmo 2024; Wex et al.,
2025; Yang et al., 2025). In contrast, summertime South-
ern Ocean clouds are often dominated by supercooled
liquid water, except when conditions approach homoge-
neous freezing (i.e., below —38°C; Koop et al., 2000;
Knopf and Alpert, 2023), probably because of extremely
low concentrations of ice nucleating particles (e.g.,
McCluskey et al., 2018; Mace et al., 2021; McCluskey
et al., 2023; Sokol and Storelvmo, 2024). While cloud ice
formation may not completely shutoff multiphase reactiv-
ity (e.g., Clegg and Abbatt, 2001a; Clegg and Abbatt,
2001b; Bartels-Rausch et al., 2014), significant uncertain-
ties exist in the rates and mechanisms of multiphase VMS
oxidation in both cloud and aerosol liquid water and on
cloud ice (e.g., Chen et al., 2018; Fung et al., 2022; Kilgour
et al., 2025; Section 2.3.1, Figure 1).

Even in clear sky conditions, multiphase reactions in
aerosol liquid water, and at aerosol interfaces, can play an
important role for controlling the fate of VMS and its
oxidation products (e.g., Davis et al., 1999; Hoffmann
et al., 2016; Mungall et al., 2018). Importantly, multiphase
chemical regimes differ between dilute cloud conditions
and more concentrated aerosol (e.g., Hoffmann et al.,
2016; Su et al., 2020; Hoffmann et al., 2021; Liu et al.,
2023). For example, the rate of SO, oxidation by H,0, in
aerosols can be enhanced by approximately 50 times
when increasing the ionic strength from dilute cloudlike
conditions to aerosol conditions (Liu et al., 2020). This
change in chemical regime can occur in part because lig-
uid water content differs significantly, and thus high sol-
ute concentrations in aerosols (up to ~ 10 mol kg™') lead
to chemistry that is distinct from more dilute cloud water
(~10"* mol kg~ ionic strength; e.g., Tilgner et al., 2021,
Liu et al., 2021b). However, and most importantly, such
acceleration in the reaction rate cannot always be attrib-
uted to increased concentrations in atmospheric aerosol
(e.g., Liu et al.,, 2020; Liu et al., 2021b). Secondary effects
of the high solute concentrations and confined reaction
environments may also contribute to the distinct chemical
regimes in aerosol multiphase processes that can lead to
reaction rate enhancement or suppression (e.g., Limmer
et al., 2024; Wilson and Prophet, 2024). These include
effects on reactant solubility (e.g., Bartels-Rausch et al.,
2014; Edebeli et al., 2019), particle phase and viscosity
(e.g., Shiraiwa et al., 2011; Shiraiwa et al., 2017), acid—base
equilibria (e.g., Zheng et al., 2023; Campbell et al., 2024),
surface to volume ratio of particles and the fraction of
molecules present at an interface (e.g., Liu and Abbatt,
2021; Ammann and Artiglia, 2022; Limmer et al., 2024;
Wilson and Prophet, 2024; Judd et al., 2025), phase sep-
aration, and the magnitude of rate constants (e.g., Liu
et al., 2021b; Limmer et al., 2024). A detailed knowledge
of biogenic sulfur multiphase and interfacial chemistry at
high solute strength, atmospherically relevant tempera-
tures, aerosol acidity and composition, must be developed
to accurately represent the atmospheric fate of sulfur in
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models (Section 3). New robust laboratory studies are
urgently needed (e.g., Rovelli et al., 2020; Bartels-Rausch
et al., 2025).

2.3.2.2. Temperature effects on both gas phase and

multiphase chemistry

Second, temperature exerts an important control on both
the gas phase and multiphase chemical fate of VMS and its
stable oxidation products. In the gas phase, lower tem-
peratures favor O-addition pathways (Figures 1 and 4;
Hynes et al., 1986; Williams et al., 2001; Albu et al.,
2006; Williams et al., 2007; Williams et al., 2009; Bur-
kholder et al., 2019), and slow peroxy radical hydrogen-
shift reactions (Assaf et al., 2023). Together, these additive
effects can lead to a smaller branching of sulfur into
HPMTF compared to lower latitudes (Veres et al., 2020;
Novak et al., 2021; Siegel et al., 2023). Beyond the first
step of DMS oxidation, temperature is a key control on
rates and branching ratios of intermediate oxidation steps
-OH oxidation of MSIA to MSA are likely enhanced at
lower temperatures (e.g., Shen et al., 2022; Chen et al.,
2023); low-temperature laboratory experiments produced
reasonable agreement with existing ambient
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oxidation pathways by -OH, BrO-, and Cl.. Rate
constants are based on recommended expressions
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BrO- concentrations are based on measurements in
Utgiagvik, Alaska (Wang et al., 2019a). kon(abstraction) =
1.2 x 107" x exp(—280/T), koraddition) = (8-2 x 107
x exp(5376/T) x [0,])/(1 + 1.05 x 107> x exp(3,644/
T) x [05]/[M]), kgro = 1.4 x 10~ x exp(950/7), and kg
= 3.5 x 107" (at 1 atm, 298 K). The right axis (dashed
black line) displays the fraction of -OH-initiated
reactions proceeding through the -OH-addition
pathway. -OH-addition makes up 50% of these
reactions at approximately 282 K and becomes more
important at temperatures below 282 K.
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measurements of gas phase MSA/H,SO, ratios (Berre-
sheim et al., 2002; Jokinen et al., 2018; Beck et al.,
2021). Critically, both the production and fate of the
CHsSO,- radical are likely steeply temperature dependent
(e.g., Hoffmann et al., 2016; Chen et al., 2023). At higher
temperatures, CH3SO,- is formed from DMS at <50% yield
and then decomposes to SO, at near 100% yield, while at
lower temperatures CH3SO,- is produced at high yield
(~85%) and predominantly forms CH3SO3- (Chen et al.,
2023). Theoretical calculations demonstrate that at low
temperatures (e.g., 260 K), CH3SO,- produces a predomi-
nant yield of gas phase MSA (67%—-73%), with smaller
fractions of SO3 (7%—8% yield) and to SO, (4%-10%
yield; Chen et al., 2023). Low-temperature gas phase SO
(H2S04) and MSA production could be particularly impor-
tant in polar regions for supplying precursors for NPF and
growth. In addition, MeSH likely produces CH3SO,- with
high yield (Figure 1; Section 2.3.1), and more rapidly than
DMS, which could further enhance gas phase H,SO,4, MSA,
and SO, production potential in polar atmospheres. How-
ever, key uncertainties remain in the temperature-
dependent fate of these key radical intermediates
(CH5SO,-, CH3SO3-), with a long-standing and persistent
need for measurement of thermal decomposition rates
(e.g., Ravishankara et al., 1997; Butkovskaya and Barnes,
2002; Borissenko et al., 2003; Hoffmann et al., 2016;
Berndt et al.,, 2023; Chen et al., 2023).

Temperature is also an important control on multi-
phase VMS fate through its typically opposing effects on
reactant partitioning and bimolecular reaction rate con-
stants. Multiphase pathways can be promoted by the neg-
ative temperature dependence of Henry's Law partitioning
(i.e., the air-water partition coefficient; Sander, 2023),
which likely increases the importance of these pathways
in polar regions when atmospheric liquid water is present
(e.g., Hoffmann et al., 2016). While the Henry's Law
constant for DMS is reasonably well characterized, limited
temperature-dependent measurements of the Henry's Law
constants exist for MeSH and VMS oxidation products
(e.g., Watts and Brimblecombe, 1987; De Bruyn et al.,
1995; Burkholder et al., 2019; Sander, 2023). These parti-
tion constants can also be predicted with thermodynamic
models (e.g., Wollesen de Jonge et al., 2021); however,
these estimates should be treated with caution as uncer-
tainties can be very large (e.g.,, Wang et al., 2017). Further,
the vast majority of measured temperature-dependent
Henry's Law constants are applicable in a narrow temper-
ature range that approaches 0°C (e.g., Sander, 2023), but
limited measurements suggest that their negative temper-
ature dependence may not be applicable in supercooled
liquid water (Sieg et al., 2009). However, no measure-
ments of Henry's Law constants for VMS and oxidation
products exist in supercooled liquid water, nor for
effective Henry's Law constants applicable to highly con-
centrated aerosols. Further, measurements of
temperature-dependent reaction rate constants do not
exist over a fully atmospherically relevant range; such
measurements are, of course, technically very challenging.
Once cloud ice forms in mixed-phase or entirely glaciated
clouds, multiphase reactivity likely changes dramatically
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(e.g.,, Clegg and Abbatt, 2001a; Clegg and Abbatt, 2001b;
Bartels-Rausch et al., 2014). While models often assume
that multiphase reactivity shuts off below a set tempera-
ture threshold (e.g., —15°C; Alexander et al., 2009), in
reality multiphase reactions on and in cloud ice will be
controlled by ice surface area, presence of liquid or liquid-
like regions at the air-ice interface, location of reactive
solutes upon freezing, and gas-ice uptake and partitioning
properties (e.g., Roth et al., 2004; Bartels-Rausch et al.,
2014; Malley et al., 2018; Chakraborty and Kahan, 2020;
Bartels-Rausch et al., 2021). Overall, our understanding of
biogenic sulfur multiphase fate at low temperatures is
extremely limited.

2.3.2.3. The abundance of atmospheric oxidants

Third, available oxidants are a key control on VMS
atmospheric fate. The initial step of VMS oxidation chem-
istry is often controlled by the -OH radical (e.g., Hoffmann
et al., 2016; Novak et al., 2022). -OH formation in the
troposphere is driven by solar radiation, Os, and water
vapor (Stone et al., 2012), leading to efficient atmospheric
oxidation and frequent NPF events in polar summertime
(e.g.,, Dall'Osto et al., 2017; Willis et al., 2018; Lachlan-Cope
et al,, 2020; Schmale and Baccarini, 2021). The abundance
of -OH radicals will impact not only initial H-abstraction
and O-addition pathways but also the fate and lifetime of
stable DMS oxidation products (e.g., DMSO, HPMTF, MSIA/
MSI~, MS™) through both their gas and multiphase chem-
istry (Figure 1). For example, lower -OH concentrations in
polar regions compared to lower latitudes (e.g., Wolfe et al.,
2019; Lelieveld et al., 2002) may lead to a longer MS™
lifetime in aerosol and thus contribute to higher observed
MS~/SO7 ratios. However, large uncertainty exists in the
abundance of -OH in cloud and aerosol water, with indirect
observations in cloud water ranging 2 orders of magnitude
from 107 '° to 107" M (Arakaki et al., 2013; Kaur and
Anastasio, 2017) while box models estimate 10~ to
10~ M (Herrmann et al., 2000). A single study has mea-
sured -OH photoformation from extracts of ambient Arctic
aerosols collected at Alert, NU in spring (March—April,
1995), demonstrating significant midday production rates
for April of approximately 1 mM h™' (at 248 K; Anastasio
and Jordan, 2004). Such high production rates could lead to
elevated condensed phase -OH concentrations at steady
state, depending on the magnitude of -OH sinks; however,
the prevalence and seasonality of strong aerosol -OH pho-
toproduction is essentially unknown. Large uncertainty
arises from the fast and complex organic chemistry in
the condensed phase, which is a major sink for -OH,q
(Ervens, 2015). Improved estimates of atmospheric con-
densed phase oxidants will support better understanding
of the competition between gas and multiphase VMS
oxidation.

Oxidant and nitrogen oxide (NO,) concentrations are
interlinked especially in polar regions with prevalent aero-
sol and snowpack photochemistry that leads to halogen
activation, and HO, and NO, production (e.g., Honrath
et al., 1999; Sumner and Shepson, 1999; Beine et al.,
2002; Simpson et al., 2015; Pratt, 2019; Thomas et al.,
2019). HO,, and NO, abundance can be enhanced in the
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presence of reactive halogens (e.g., Brough et al., 2019),
highlighting the coupled nature of VMS oxidation pro-
cesses and the importance of detailed chemical represen-
tation of snowpack photochemistry for accurately
representing polar VMS lifetime and chemical fate in
models (e.g., Ahmed et al., 2022). Both HO,- and NO- can
determine the fate of key radical intermediates in VMS
oxidation (Section 2.3.1), where the production of the
stable intermediate compound HPMTF is favored under
marine background HO,- and NO- concentrations (e.g.,
Veres et al., 2020). However, depending on the ambient
temperature, elevated HO, and NO, concentrations will
promote partitioning of sulfur into CHsS- and CH3SO,-
radicals, whose fate is also dependent on temperature and
NO, abundance (Section 2.3.1; e.g., Chen et al.,, 2023;
Jongebloed et al., 2025). Laboratory studies focused on
the VMS H-abstraction pathway suggest that rapid forma-
tion of gas phase MSA and H,SO, or particle phase MS™
and SO?~ is promoted under elevated NO- concentrations
(i.e., ppby levels of NO-; Ye et al., 2022; Berndt et al., 2023;
Goss and Kroll, 2024). The fate of DMS in the O-addition
pathway is also dependent on NO- concentrations (Section
2.3.1), with recent work highlighting both enhanced SO,
production and rapid aerosol formation from DMSO oxi-
dation under conditions of elevated NO- (Goss and Kroll,
2024). Importantly, many NO,-dependent pathways may
not be captured by existing VMS reaction mechanisms
(e.g., Goss and Kroll, 2024; Jongebloed et al., 2025). This
shortcoming is highlighted by recent attempts to explain
preindustrial (PI) to present-day (PD) changes in MS™ and
biogenic-SO;~ observed in ice core records. Although
these records strongly suggest that anthropogenic pollu-
tion has altered the fate of VMS over the industrial era
(e.g., through enhanced NOs;:-driven oxidation that may
promote SO, and SO;~ production; Chalif et al., 2024),
existing model oxidation mechanisms cannot capture
either the magnitude or trends (Jongebloed et al., 2025).
These discrepancies highlight important gaps in our
knowledge of VMS oxidation pathways.

When halogen activation occurs, the Cl- radical is
a potentially important oxidant for VMS (i.e., driving rapid
H-abstraction reactions; Figure 4); however, important
uncertainty exists in its abundance. Models suggest very
low polar CI- radical concentrations (e.g., Chen et al., 2018;
Wang et al., 2019b; Fung et al., 2022) in strong contrast to
the limited available observational constraints that dem-
onstrate Cl- concentrations on the order of 0.02 ppt, in
Arctic springtime (Tuckermann et al., 1997; Liao et al.,
2014; Thompson et al., 2015; Custard et al., 2016; McNa-
mara et al., 2019). Uncertainties in Cl- oxidation are driven
not only by its poorly constrained abundance across sea-
sons but also by uncertain temperature dependence of its
reaction with DMS; limited available laboratory studies
suggest an increasing reaction rate constant at lower tem-
peratures (Figure 4; Atkinson et al., 2007).

Reactive bromine radicals (Br-, BrO-) may be key oxi-
dants for VMS globally and in polar regions (e.g., Barnes
et al., 2006; Chen et al., 2018; Fung et al., 2022). Incor-
porating DMS oxidation by BrO- into an atmospheric
chemistry transport model led to a global increase in
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atmospheric DMSO concentrations by 63% (von Glasow
and Crutzen, 2004); however, ambient observational con-
straints on the importance of this pathway are extremely
limited. Tropospheric BrO- concentrations are highest in
the springtime Arctic and Antarctic (Theys et al., 2011; Seo
et al., 2020) due to the photochemical snowpack and
aerosol emission of its precursor molecular bromine
(Bry; Pratt et al., 2013), which photolyzes to produce Br-
radicals that react with ozone to produce BrO- (Wang et al.,
2019a). As a result, reactive bromine chemistry ceases
upon snowmelt (Burd et al., 2017; Jeong et al.,, 2022). If
the presence of polar BrO- (e.g., Buys et al., 2013; Seo et al.,
2020; Benavent et al., 2022) overlaps in space and time
with late-spring VMS emissions, then the BrO-driven O-
addition pathway could be an important fate for DMS
(Figure 4). Available observations provide some limited
evidence for this hypothesis. Long-term measurements of
particulate MS™ seasonality at Alert, Canada (Leaitch et al.,
2013), and Ny-Alesund, Svalbard (Becagli et al., 2019),
demonstrate that concentrations increase beginning in
spring (April-May), suggesting a potential role for late-
spring DMS oxidation by BrO-. In Utqiagvik, Alaska, MS™
increases in late spring (April-May; Quinn et al., 2002),
just prior to the cessation of reactive bromine chemistry
upon snowmelt in mid-May (Jeong et al., 2022). The avail-
able measurements at 2 Antarctic coastal stations exhibit
increases in DMS and MS™ concentrations from November
(Preunkert et al., 2007; Weller et al., 2011b), with BrO-
declining through the month from its maximum levels
in October (Saiz-Lopez et al., 2007; Seo et al., 2020). None-
theless, even in summertime Antarctica, BrO- oxidation of
VMS needs to be considered to explain oxygen isotope
fingerprints in aerosol SO~ (Ishino et al., 2021). Despite
uncertainties in these mostly indirect observations, global
models often predict that BrO- is a key oxidant for DMS in
polar regions (Chen et al., 2018; Fung et al., 2022); how-
ever, these models persistently struggle to reproduce polar
spring tropospheric ozone depletion and thus reactive
halogen concentrations (Whaley et al., 2023). Overall,
DMS oxidation by BrO- is likely an important pathway that
drives DMS rapidly toward O-addition pathways, though
the seasonal and spatial importance of this reaction
remains an open question.

2.3.2.4. Summary of environmental factors that control polar
VMS oxidation

In summary, the combined impact of available atmo-
spheric condensed phases, temperature and oxidants
drives the fate of VMS toward growth of existing aerosol
(i.e., direct condensed phase formation of MS™ and SO3 ")
or NPF (i.e., gas phase SO,, H,SO, formation). However,
significant uncertainties remain in the dependence of
VMS fate on these environmental drivers, challenging our
ability to quantify the contribution of gas and multiphase
oxidation globally and in polar regions. Key uncertainties
in the controls on VMS abundance and oxidation
pathways include (1) the importance of halogen-driven
sulfur oxidation in gas and condensed phases; (2) the
magnitude of SO, and SO; production from the
O-addition pathway through competition between gas
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and multiphase DMSO and MSIA (or MSI™) oxidation;
(3) the temperature-dependent fate of CH3SO,- and
CHsSO5- radicals; and (4) the rates of multiphase reactions
in liquid clouds, both above and below 273 K, and in the
presence of cloud ice. Limited constraints from field and
low-temperature laboratory observations suggest the
importance of O-addition pathways, and associated MSAy
and MS™ formation, in polar regions; MS™/non-sea-salt-
SO%™ (nssSOZ™) ratios in the particle phase and MSA/
H,S0, ratios in the gas phase are typically higher at low
temperatures and high latitudes (e.g., Chen et al., 2012;
Shen et al, 2022), with lower gas phase HPMTF/DMS
ratios (Veres et al., 2020). MS™/ nssSOif ratios in the par-
ticle phase often exceed 0.5 in Antarctic summer (Legrand
et al., 2001; Becagli et al., 2022) and 0.1 in Arctic summer
(Chen et al., 2012; Sharma et al., 2019), compared to those
well below 0.1 at lower latitudes (Gondwe et al., 2004;
Chen et al.,, 2012). These latitudinal differences in
MS~ /nssSO; ratios cannot be entirely explained by
either abundant anthropogenic sulfate over the lower lat-
itude oceans or temperature effects on the first steps of
DMS oxidation (e.g., Castebrunet et al., 2009). Latitudinal
trends in MS™/nssSO;  ratios and HPMTF production are
qualitatively captured by global models (Chen et al., 2018;
Novak et al., 2021; Fung et al., 2022; Tashmim et al.,
2024); however, a quantitative, polar-focused evaluation
is needed (Section 3.4) that captures key drivers of gas and
multiphase chemistry and that can represent spatial het-
erogeneity of oxidation pathways (e.g., Pernov et al.,
2025). Overall, the contribution of gas and multiphase
pathways is not easily distinguishable in observations
alone, but insight can be meaningfully gained through
combined ambient observations and modeling (e.g.,
Kilgour et al., 2025).

2.4. Polar VMS contributions to the atmospheric
aerosol population: Spatiotemporal context

for VMS-driven NPF and growth

A notable role of biogenic VMS emissions for the polar
aerosol number budget has often been inferred from the
occurrence of NPF events associated with enhanced sulfur
oxidation products (gas phase H,SO4, MSA, and/or
particle-phase MSA (MS™)) over the marginal sea-ice zone
during the biologically active season (e.g., Dall Osto et al.,
2017; Jokinen et al., 2018; Baccarini et al., 2021; Beck
et al., 2021; Brean et al., 2021). However, their actual
overall importance to the aerosol population compared
to non-biogenic-sulfur and non-sulfur particle sources
remains highly uncertain (Ghahreman et al., 2016;
Schmale and Baccarini, 2021; Jongebloed et al., 20233;
Jongebloed et al., 2023b; Mallet et al., 2023). The general
requirements for NPF events to occur are (i) a sufficient
supply of low-volatility precursor gases for nucleation and
subsequent particle growth and (ii) low concentrations of
preexisting particles that scavenge both precursor vapors
and nano-size particles before their growth (Kerminen
et al., 2018). A key factor in the contribution of biogenic
VMS oxidation products to NPF is the copresence of a base
(e.g., NH3), which can be emitted by terrestrial sources
(e.g., Wentworth et al., 2016; Croft et al. 2016b; Murphy
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et al., 2024; Boyer et al., 2025) and potentially marine
sources (Brean et al., 2021). This is in addition to meteo-
rological factors, such as temperature, relative humidity,
and radiation, that indirectly impact the seasonality of
NPF events. Here we outline when and where sea ice and
MIZ-sourced VMS can be significant precursors for NPF
and growth, based on a compilation of the seasonal and
spatial variability of aerosol chemical and microphysical
properties from Arctic and Antarctic ground-based sta-
tions (Figure 5).

The discussion in this section centers on ground-based
and shipborne observations; however, the vertical trans-
port of surface-derived aerosols and precursors to cloud
level, and their subsequent involvement in aerosol-cloud
interactions, is difficult to discern from surface-based
observations. Polar low-level clouds are often decoupled
from the surface air by a temperature inversion below
clouds (e.g., Sotiropoulou et al., 2014; Griesche et al.,
2021), though surface-connected fogs can also be pres-
ent (e.g., Leaitch et al., 2016). Even when coupled with
the surface, drizzling from low-level clouds can act as an
efficient aerosol sink, highlighting the complex role of
boundary layer meteorology in mediating the potential
impact on cloud properties (Browse et al., 2014; Croft
et al., 2016a; Mahmood et al., 2019). VMS oxidation pro-
cesses—and thus NPF and growth potential—will also
vary with altitude (Section 2.3.2). Nevertheless, a few
studies have reported linkages between surface CCN
loadings and cloud formation or cloud droplet number
concentrations in polar regions (Mauritsen et al., 2011;
Mallet et al., 2025). Overall, the extent to which surface-
level aerosol and CCN number concentrations translate
into cloud impacts remains highly uncertain, as empha-
sized in several reviews on polar aerosols (e.g., Willis
et al., 2018; Schmale et al., 2021; Mallet et al., 2023).
Modeling studies have suggested an important role of
Arctic DMS in modifying cloud cover and droplet prop-
erties including at high altitude (Ghahreman et al., 2021;
Lapere et al., n.d.), but more in situ vertical measure-
ments and coupled meteorology-chemistry modeling
(e.g., large-eddy simulations) are clearly needed to
resolve this open question.

2.4.1. Potential VMS contribution to NPF and growth
in the Arctic

Figure 5c and d shows the monthly occurrence proba-
bility of size-resolved particle number distributions at
Zeppelin (Dall’'Osto et al., 2017) and Villum (Pernov
et al.,, 2022) stations in the Arctic. Among the aerosol
size distribution categories, “Nucleation-Bursting” and
“Nascent” are dominated by particles smaller than 50
nm in diameter and are therefore often considered as
indicating the occurrence of NPF and subsequent particle
growth, in the absence of local combustion influence
(Dall’Osto et al., 2017; Lachlan-Cope et al., 2020). Note
that this simple assumption is not always valid because
primary sea spray aerosols (SSA) down to tens of nan-
ometers in diameter may also contribute to these 2 aero-
sol modes (e.g.,Yang et al., 2019; Myers et al., 2021; Gong
et al., 2023; Sellegri et al., 2023). Indeed, observations of
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Figure 5. Seasonal variations of aerosol composition and size distributions, DMS, ozone, and BrO at both
poles. (a, b) Location of stations. (c—e) Monthly occurrence probability of particle number size distribution (PNSD)
types at Zeppelin (c, Dall Osto et al., 2017), Villum (d, Pernov et al., 2022), and Halley (e, Lachlan-Cope et al., 2020).
Note that the classification definitions of PNSD types are not identical among studies (see Table S1). To obtain
a simplified view of particle characteristics among different sites, we converted the original PNSD classifications
across 3 studies into 5 categories. Pristine: Broad distribution with particle number concentrations lower than
200 cm* across all size bins; Nucleation-Bursting: Peak below 30 nm; Nascent: Peak at 30-100 nm;
Accumulation: Peak above 100 nm; Bimodal: Peaks below and above 100 nm. (f—0) Atmospheric concentrations of
DMS (f, g), particulate non-sea-salt sulfate (nssSOf{) (h, i), particulate MSA (MS™) (j, k), particulate sodium (I, m), and
ozone (n, o), from station-based measurements. Note that the cut-off size for aerosol chemical measurements varies
among different sites: total particulate matter (TPM) for Alert (red), Zeppelin (green), and Dumont d'Urville (magenta),
PMq for Gruvebadet (khaki) and Neumayer (light blue), and PM; for Utgiagvik Sblue) n':‘,SSO4 (=total- SO4_ —0.252
x Na™) is shown instead of total- SO4 concentration because sea-salt- SO4 mass dominantly resides in coarse
particles (>1 pm) whose contribution to particle number concentration is small (Seguin et al., 2011). (p, q)
Tropospheric column BrO levels averaged over 60°-90° of both poles from GOME-2 satellite data (Theys et al.,
2011). Lines and shading for (f—q) correspond to means and 1 — & standard deviations, respectively. Data sources
are detailed in the data accessibility statement.
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20-60 nm particle composition in the summertime High
Arctic show that this size range contains elevated levels
of both MSA and sodium during NPF and growth events,
pointing to the complexity of ultrafine aerosol chemical
composition in the polar regions (Lawler et al., 2021).
Although caution must be applied in their interpreta-
tion, the sum of the monthly occurrences of
“Nucleation-Bursting” and “Nascent” aerosol size distri-
butions exceeds 20% of the time from May to September
at both stations, suggesting an increased importance of
NPF sourced particles during these months compared to
other periods of the year (Dall Osto et al., 2017; Pernov
et al., 2022).

These Arctic summer months generally coincide with
the biologically active season and therefore increased
atmospheric concentrations of DMS and particulate MSA
(i.e., MS™, Figure 5f and h) (Leaitch et al., 2013; Jang et al.,
2021; Pernov et al., 2024). In contrast to MS™, non-sea-salt
sulfate (nssSOZ ™) concentrations tend to be lower in sum-
mer months (Figure 5j), due to suppressed transport of
anthropogenic pollution from lower latitudes (Sharma
et al., 2019; Schmale et al,, 2022). In addition, relatively
low concentrations of sodium (Na*; Figure 5I) likely
reflect greater atmospheric boundary layer heights and
increased wet scavenging during summer that reduce sea
spray aerosol concentrations and further enable NPF due
to the reduced condensation sink (Browse et al., 2014).
Consequently, in the Arctic, May to September is charac-
terized as the period of coincidence of more frequent NPF
events and increased DMS emission, highlighting the
potential importance of biogenic sulfur-driven NPF for the
aerosol population. However, these coinciding seasonal-
ities are alone insufficient evidence for the role of bio-
genic sulfur-driven NPF in competition with other
particle sources.

In situ observations of particle microphysical properties
and composition in the Arctic supply further evidence for
the role of biogenic sulfur-driven NPF and growth. Several
summertime Arctic studies observed elevated number
concentrations of <70 nm diameter particles coincident
with elevated DMS and/or MS™ (Leck and Persson, 1996;
Chang et al., 2011; Leaitch et al., 2013; Willis et al., 2016).
At Zeppelin and Gruvebadet, NPF events are often associ-
ated with elevated concentrations of DMS and MS™ on
hourly time scales, particularly in spring (Dall Osto et al.,
2017; Park et al., 2021). Notably, molecular cluster obser-
vations revealed a dominance of springtime NPF involving
sulfuric acid (H,SO,4) and ammonia (NHs) at Gruvebadet
(Beck et al., 2021). Along with this, high concentrations of
gas- or particle-phase MSA coincide with rapid growth of
nano-size particles often up to CCN-size particles (Willis
et al,, 2016; Beck et al., 2021; Park et al., 2021; Kecorius
et al., 2023), underscoring the significant role of MSA for
particle growth. However, Beck et al. (2021) also revealed
that, as the season progresses to summer, highly oxygen-
ated organic molecules (HOMs) may become a dominant
contributor to particle growth and possibly even in NPF.
Similar NPF mechanisms, involving H,SO4-NH3 nucleation
and growth by MSA and/or organic molecules, are also
likely at Alert (Croft et al., 2016b) during summertime
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regional growth events (Tremblay et al. 2019), at other
Canadian Archipelago regions in summer (Mungall et al.,
2017; Willis et al., 2017; Croft et al., 2019), and at
Utqiagvik, Alaska (Kirpes et al., 2022). Furthermore, lim-
ited simultaneous measurements of sulfur isotopic com-
position (8**S) of SO, and submicron SO~ (<0.49 pm)
suggest episodic particle growth driven by biogenic SO,
during the summer months (Seguin et al., 2011; Ghahre-
man et al., 2016).

On the other hand, a range of observational evidence
demonstrates the contribution of non-biogenic-sulfur and
non-sulfur particle sources to the Arctic aerosol popula-
tion and the CCN budget, even from May to September.
Importantly, 5**S measurements demonstrate that non-
biogenic sources can account for 30%-70% of nssSO%~
during July—August, and even more in other months (Nor-
man et al., 1999; Rempillo et al., 2011; Seguin et al., 2011;
Leaitch et al.,, 2013; Ghahreman et al., 2016). This non-
biogenic sulfur includes anthropogenic (Ghahreman et al.,
2016; Jongebloed et al., 2023b), volcanic sources includ-
ing noneruptive, passive degassing of H,S and SO, (Jonge-
bloed et al., 2023a), and potentially biomass burning
emissions (Mungall et al., 2016; Li et al., 2024b). We note
that the 8**S measurements of SO~ from a Greenland ice
core by Jongebloed et al. (2023a) and Jongebloed et al.
(2023b) provide averaged values over 1-2 years and are
not directly applicable to distinguish seasonal SO%~
sources. Anthropogenic sources of both sulfur-
containing and other aerosol types are notably important
in Arctic regions. Increasing Arctic development (Schmale
et al.,, 2018) may also contribute to primary emission of
CCN-sized aerosol and NPF and growth. Indeed, increased
aerosol growth is observed within and downwind of Arctic
oil fields in June—September (Kolesar et al., 2017; Gunsch
et al., 2020). In addition, limited size-resolved aerosol
composition data suggest a minor contribution of sea-
salt-SO;~ to submicron size particles during spring and
autumn (Rempillo et al., 2011; Seguin et al., 2011). Impor-
tant natural non-sulfur aerosol sources include primary
marine aerosol and biological particles that can be
enhanced in biologically active periods (Kojoj et al.,
2024; Pereira Freitas et al., 2024; Creamean et al., n.d.).
lodic acid (HIOs3) is another important driver of NPF,
depending on season and region; for example at Villum
in spring (Sipild et al. 2016; Dall'Osto et al., 2018; Beck
et al,, 2021) and in the Central Arctic in autumn during
sea ice freeze up (Baccarini et al., 2020; Price et al., 2023).
Modeling studies suggest that the entrainment of particles
formed in the free troposphere can make up a dominant
contribution to the boundary layer particles at Alert and
Zeppelin from fall into spring (Croft et al., 2016a), and
even in summer in the Central Arctic (Price et al., 2023).
These free-tropospheric-NPF events can involve natural
and anthropogenic sulfur and organic molecules originat-
ing from lower latitudes outside the Arctic (Gordon et al.,
2017; Price et al., 2023), potentially providing further
challenges for developing accurate models of the Arctic
aerosol budget. Overall, the relative contributions of these
various Arctic aerosol sources and the spatial and
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temporal contributions of biogenic sulfur NPF precursors
must be carefully evaluated.

2.4.2. Potential VMS contribution to NPF and growth
in the Antarctic
NPF and growth events in Antarctica are similar to the
Arctic, though with some noticeable differences. The
occurrence probability of aerosol size distribution types
at Halley station (Figure 5e; Lachlan-Cope et al., 2020)
shows the dominance of “Pristine” aerosol size distribu-
tions, particularly in austral winter (May—August), due to
the isolation from major anthropogenic sources. This fea-
ture is also reflected in nssSO;~ concentrations
(Figure 5k) with a winter minimum (May—September)
and an increase in summer (December—March) driven by
biogenic sulfur sources from ice and ocean (Ishino et al.,
2019), unlike in the Arctic where nssSO7~ aerosols in win-
ter and spring are dominated by anthropogenic sources
(e.g., Norman et al.,, 1999; Willis et al., 2018; Figure 5j).

Despite these clean conditions, the occurrence proba-
bility of NPF-like features in the aerosol population
(Figure 5e) shows a different seasonality from that of
biogenic sulfur species (Figure 5g and i). The sum of
“Nucleation-Bursting” and “Nascent” aerosol size distribu-
tion frequencies exceeds 20% of the time from September
to April, that is, the austral spring to autumn (Figure 5e),
as is also common to the Arctic. However, the highest
occurrence appears in spring (September—November)
rather than mid-summer (December—January), without
significant increases in biogenic sulfur species
(Figure 5g, i, and k). This unique increase of ultrafine
particles in early spring is common across the coastal Ant-
arctic (Hara et al., 2011; Weller et al., 2011a; Herenz et al.,
2019; Park et al.,, 2023) and even over sea ice (Humphries
et al,, 2016). For example, Humpbhries et al. (2016) have
shown approximately 10 times higher concentrations of
ultrafine particles at the pole-side compared to the
equator-side of the polar front in spring (October), and
identified its source as an intrusion from the free tropo-
sphere into the boundary layer associated with cyclone
activity. Even though a series of studies also suggested the
free troposphere as a dominant source of particles in the
Antarctic boundary layer (Hara et al., 2011; Lachlan-Cope
et al., 2020), the NPF mechanism there remains largely
unknown (No. 8 of Figure 1). It is commonly believed
that, for the case of the remote marine atmosphere, the
convective updraft through clouds efficiently transports
DMS and other organic vapors to the free troposphere
as potential sources of NPF (Kazil et al., 2011; McCoy
et al., 2021). However, year-round &**S measurements of
nssSO3™ at East Antarctica suggest a significant contribu-
tion from non-biogenic SO~ (20%-50%) specifically in
November (Ishino et al., 2019). In addition, significant
iodine oxide (I0) concentrations appear in springtime Ant-
arctica (Saiz-Lopez et al., 2007; Schonhardt et al., 2012)
and may be linked to iodine-driven NPF observed at sev-
eral Antarctic stations around Weddell Sea area (Roscoe
et al., 2015; Sipild et al., 2016).

The rest of the Antarctic frequent NPF period (December—
April) coincides with elevated biogenic sulfur species
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(Figure 5g, i, and k). Notably, nssSO;~ in this period is
dominated (>90%) by biogenic sources based on §**S
measurements (Ishino et al., 2019; Walters et al., 2019).
Molecular cluster measurements during mid-summer
(December—January) revealed that NPF events were primarily
driven by H,SO,4 and bases such as NH3 and amines (Jokinen
et al., 2018; Baccarini et al., 2021; Brean et al., 2021). These
events are often observed in air masses which have passed
over the MIZ, while a scarcity of NPF events has been noted
over open ocean areas of the Southern Ocean (Kerminen
et al., 2018; Baccarini et al., 2021). This could suggest both
an important source of biogenic precursors from sea-ice
regions and a suppressed condensation sink from lower sea
spray emissions compared to open ocean. Note that
free-tropospheric NPF is also identified for this period and
a quantitative assessment of the relative contribution of free-
tropospheric versus sea-ice-sourced NPF remains a future
area of research (Lachlan-Cope et al., 2020; McCoy et al,,
2021). Also, NPF frequency is slightly higher in March than
in February (Figure 5e), which also coincides with March
maxima in ultrafine particle number concentrations at Neu-
mayer (Weller et al,, 2011a) and Syowa (Hara et al.,, 2021),
but not at King Sejong (Jang et al., 2019). Weller et al. (2011a)
pointed out that this March maximum was accompanied by
a small secondary maximum in MSA, after the primary peak
in January, and proposed a linkage to the enhanced biolog-
ical productivity during the sea ice minimum. With the
recent findings regarding autumn blooms of sea-ice algae
in the Weddell Sea (see Section 2.1.2), this March particle
formation is worth revisiting in both field and modeling
studies.

2.4.3. Knowledge gaps common to the Arctic and
Antarctic

In addition to this seasonal picture, episodically extreme
emission of VMS at the time of sea ice breakup has been
a subject of debate for both poles. Although the initial
hypothesis of episodic emission by Levasseur et al. (1994)
included a possibility of emission through sea-ice leads
and cracks during the entire season, the largest impact
is expected when in-sea-ice DMS concentrations are at
a maximum. They suggested that, in the Canadian Arctic
Archipelago, DMS accumulated at the bottom 2 cm of sea
ice during mid-May was suddenly released into the surface
seawater (2 m mixed layer depth), leading to estimated
seawater DMS concentrations of 3—12 nmol L' and a flux
to the atmosphere of 5-20 pmol m~2 day~' continuing
for a full day. The potential occurrence of such short-term
emissions associated with sea-ice melt was verified by
a 1-D model experiment which considers the sea-ice bio-
genic sulfur cycle and more realistic seawater dynamics,
although they obtained a more modest DMS flux up to
8 umol m? day' in mid-June (Hayashida et al., 2017).
A subsequent 3-D model study found a maximum contri-
bution of bottom-ice DMS to surface seawater DMS con-
centrations (>50%) in May, both in the Canadian Arctic
Archipelago and central Arctic (Hayashida et al., 2020).
Similarly in the Antarctic, extremely high seawater DMS
concentrations (>10 nmol L™ ') at the onset of sea-ice melt
have been observed in seasonal ice areas (Trevena and
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Jones, 2006; Webb et al., 2019) and leads (Zemmelink
et al., 2005) from late spring to mid-summer (Novem-
ber—January, see Section 2.1). The high concentrations
lasted longer than in the Arctic, possibly linked to the
dominance of slush-layer communities in sea-ice DMS pro-
duction in the Antarctic (Stefels et al., 2018). Furthermore,
Antarctic shipborne observations in austral spring and
summer indicate abrupt increases in atmospheric DMS
concentrations from below <100 ppt, to > 2,000 ppt,
associated with marginal ice regions and ice break-up
(Koga et al., 2014; Mynard et al., 2025).

Despite this growing body of knowledge on DMS emis-
sion from sea-ice covered regions, limited information on
MeSH emissions adds a large and unquantified uncer-
tainty to our understanding of key aerosol precursor gases
(Section 2.3). Notably, the existing database of MeSH/VMS
at colder SSTs (<8-12°C; Wohl et al., 2024) lacks coverage
in undersampled sea-ice regions with extremes in cold SST
and likely distinct biological sulfur cycling dynamics (Sec-
tion 2.1.1; e.g., Teng et al., 2021). For example, because of
its short lifetime (Section 2.1) dissolved MeSH may not
persist below sea ice long enough for substantial emission
to the atmosphere, which could suppress MeSH/VMS in
sea-ice regions. Process studies across the OIA interface are
required to develop a better understanding of MeSH
sources from sea-ice regions. Overall, developing a compre-
hensive picture of sea-to-air VMS fluxes during episodic
emissions is technically challenging, and therefore we lack
knowledge of their scale, frequency, and consequent
impact on the polar aerosol budget.

In summary, from current knowledge on the spatiotem-
poral variability in NPF and growth mechanisms and VMS
emissions from sea-ice regions, we hypothesize that sea-
ice-derived biogenic sulfur could have important impacts
on the polar aerosol population. In the Arctic, sea-ice bio-
genic sulfur is likely most relevant during the onset of
biological activity in spring, especially in May to June.
Given that this period partly overlaps with prevalent reac-
tive halogen species such as BrO- and Cl- (Saiz-Lopez et al.,
2007; McNamara et al., 2019; Benavent et al., 2022) that
are important oxidants for DMS and potentially MeSH
(Section 2.3), atmospheric models with comprehensive
multiphase chemistry and halogen cycling will be neces-
sary to precisely evaluate VMS impact on aerosol forma-
tion. In the Antarctic, on the other hand, the importance
of sea-ice biogenic sulfur to the aerosol population is
persistent to mid-summer (November—January). To repre-
sent this extended time period in the Antarctic, slush-layer
communities (Section 2.1) must be included in sea-ice
biogeochemistry models. Development of parameteriza-
tions for localized emissions associated with sea ice
breakup is also important for implementation in large-
scale models. More atmospheric VMS measurements
focusing on fluxes from melt periods, slush layers, and the
MIZ are required to better capture the frequency and
magnitude of fine-scale emissions. In addition, given that
modeling studies point to an importance of free-
tropospheric-NPF events at both poles, seasonally and spa-
tially expanded vertical profile measurements of aerosol
properties are essential.
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3. Current modeling works and limitations

A range of key features must be captured to represent the
polar biogenic sulfur cycle in models (Section 2). These
include biogenic sulfur production in and around sea ice
(Section 2.1), sea ice effects on VMS emission (Section 2.2),
and atmospheric VMS oxidation processes (Section 2.3)
under the specific oxidant and low temperature environ-
ments of the polar atmosphere (Figures 1 and 3). Poten-
tial future changes in the polar biogenic sulfur cycle
through different processes are summarized in Table 1,
and the inherent complexity emphasizes the call for fur-
ther developing integrated ESMs to evaluate climate
impacts under ongoing warming. However, most of these
polar-specific processes are either poorly represented or
not considered at all in the current ESMs, owing to differ-
ent levels of obstacles. Some parameterizations are under
development in 1-D or regional-scale models, but others
lack observations and laboratory experiments to develop
parameterizations. Also, there are several general bottle-
neck issues in ESMs, such as the reproducibility of the sea
ice distribution (Section 3.1), that challenge the precise
representation of the sulfur cycle. This section describes
the current status of polar sulfur cycle representations in
models, ranging from lower dimensional, simplified mod-
els to ESMs. We aim to identify possible approaches and
concerns for future model development. Although MeSH
is increasingly recognized as an important component of
the biogenic sulfur cycle (Sections 2.1 and 2.3), it is not yet
included in either regional or global models. As a result,
assessing its broader impact on the aerosol life cycle
remains difficult. Without at least regional-scale model
studies that explicitly simulate its oxidation and conver-
sion to aerosol sulfur, the role of MeSH in polar aerosol
formation and climate feedback cannot be fully under-
stood. Therefore, this section focuses on DMS using exist-
ing literature that identifies gaps in model descriptions.

3.1. Modeling ocean and sea-ice biogeochemistry
3.1.1. General issues in the representation of marine
sulfur biogeochemistry

Among the ESMs participating in the sixth phase of the
Coupled Model Intercomparison Project (CMIP6), only 4
simulate surface ocean DMS concentrations, with 2 mod-
els computing DMS prognostically (CNRM-ESM2-1 and
NorESM2-LM) whereas the other 2 are diagnostic
(MIROC-ES2L and UKESM1-0-LL) (Table S2). In CNRM-
ESM2-1, DMSP}, is computed from the carbon biomass
of the 2 phytoplankton groups (diatoms and nanophyto-
plankton) via group-specific DMSP-to-carbon ratios which
further vary with nutrient, light, and temperature stress
(Séférian et al., 2019). DMSP is released from phytoplank-
ton to seawater (DMSPy) by exudation, cell lysis or grazing
by zooplankton and is then converted to DMS with a yield
dependent on nutrient stress to bacterial activity (Section
2.1.1; Belviso et al., 2012). DMS sinks are then bacterial
degradation, photooxidation, or emission to the atmo-
sphere. However, CNRM-ESM2-1 does not couple ocean
and atmospheric sulfur cycles, and instead a prescribed
DMS air—sea flux is used in the aerosol model simulations.
In contrast, NorESM2-LM simulates a fully coupled ocean—
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atmosphere sulfur cycle but does not consider DMSP.
Instead DMS production is computed from the detritus
export rate which is used as a proxy for phytoplankton
cell destruction from lysis or grazing (Kloster et al., 2006).
The same DMS sinks as CNRM-ESM2-1 are considered, and
both models use the same air—sea flux parameterization
(Wanninkhof, 2014; Section 3.3). The other 2 models con-
sider simpler schemes, with MIROC-ES2L computing DMS
concentrations directly from chlorophyll concentration
and the mixed layer depth, based on Aranami and Tsuno-
gai (2004), whereas UKESM1-0-LL considers the parame-
trization of Anderson et al. (2001) which uses chlorophyll
concentration, light level, and nitrate concentration. For
the air—sea flux, MIROC-ESL2 follows the approach of
Aranami and Tsunogai (2004) and UKESM1-0-LL follows
Liss and Merlivat (1986), with both models feeding the
DMS emissions into the aerosol module. In addition, the
CESM v1.2 model also incorporated an atmosphere—ocean
coupled sulfur cycle to evaluate the CLAW hypothesis
(Wang et al., 2018), but again without representation of
the sea-ice sulfur cycle. Overall, the representation of
marine sulfur biogeochemistry in ESMs remains simplified
and many processes described in Section 2.1.1 (e.g., intra-
cellular conversion of DMSP,, to DMS by algae) have yet to
be included. In particular, none of these CMIP6 models
simulate the production and emission of MeSH from the
ocean, and the production of any VMS in sea ice.

Figure 6 presents both time series and 30-year cli-
matologies of summer mean surface ocean DMS concen-
trations in polar regions from these 4 CMIP6 models.
Focusing on the global historical and SSP585 simulations,
Bock et al. (2021) in their CMIP6 evaluation found that
there is no agreement on the absolute values nor the sign
of the trend of DMS concentration and fluxes, with
increasing and decreasing trends found in both prognostic
and diagnostic models. In the poles (Figure 6), the trend
in DMS concentration is weaker than the global trend; in
contrast, models predict a sharper rise in DMS flux. This
can be explained mainly by a strong decline in sea ice
extent, as all models linearly scale DMS emissions on the
non-sea ice-covered fraction, in addition to an increase in
wind speeds (Joge et al., 2025). The trend in DMS concen-
tration is of secondary importance in polar regions. In the
Arctic, this is further supported by the strong correlation
between DMS emissions and sea ice free extent found in
all models, over both past and future simulations. How-
ever, global changes in flux are dominated by trends in
DMS surface concentrations, confirming the conclusions
of previous work on observation-based seawater DMS esti-
mates that gas transfer parametrization and spatial distri-
bution of DMS is of secondary importance (Tesdal et al.,
2015). Nonetheless, the trend in flux is slightly shifted
positive, likely due to the dependence on SST of gas
exchange parametrizations, which will increase strongly
in the SSP585 scenario.

A more comprehensive assessment of performance of
these models compared with data-based seawater DMS
estimation products from Lana et al. (2011), Gali et al.
(2018), and Wang et al. (2020) is given in Bock et al.
(2021), and here we briefly describe the polar features.
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Bock et al. (2021) concluded that, both globally and in
polar regions, models don't agree with each other and
that none of the models performs better than the others.
In particular, they note no significantly better skill for
prognostic models. The models underestimate DMS con-
centrations compared to the global climatologies (Lana
et al,, 2011), while the multi-model mean is the closest
to the “empirical model” type data-based products (Gali
et al., 2018; Wang et al., 2020). In the Arctic, models show
a large spread in concentrations (Figure 6) and fluxes as
well as trends. When compared with the recent Arctic-
specific satellite-based DMS estimation product (Gali
et al., 2019), only MIROC-ES2L simulates higher DMS
along the Arctic coasts both in the present and future,
as opposed to the other 3 models. Around Antarctica,
none of the models reproduce the high levels of DMS
shown in Lana et al. (2011) (Figures 6 and 7d), whereas
we note that Lana dataset may suffer from a positive sam-
pling bias (see Section 3.2). In both hemispheres, the
models reproduce a clear seasonal cycle of DMS concen-
trations, following the timing and duration of the summer
maximum observed in data-based DMS estimates (Lana
etal., 2011; Gali et al., 2018; Wang et al., 2020), but under-
estimating the amplitude compared to Lana et al. (2011;
Bock et al., 2021). This seasonal cycle is however not seen
in the DMS emissions of all models, with only 2 models
showing a clear summer maximum (Bock et al., 2021).
CNRM-ESM2-1 and UKESM1-0-LL simulate high emissions
in the southern ocean but for different reasons: for the
latter it is a consequence of high DMS concentrations,
whereas in the former it is a combination of year-round
high sustained winds and moderate DMS concentrations.
Global emission estimates from the 4 models are within
the range of previous studies (Tesdal et al., 2015). How-
ever, with the current low resolution of ocean models and
the lack of specific processes such as DMS enhancement
under sea ice and release during breakup, these models do
not reproduce short and local episodes of large DMS emis-
sions in polar regions. Moreover, these models likely
underestimate DMS concentrations below sea ice as they
don't account for production from sea-ice algae (Section
2.1.2). Thus, the simulated DMS emissions, in particular
during sea ice breakup, might represent the lower bound
of actual fluxes. A machine learning (ML)-based approach
may be a promising alternative way to reduce the uncer-
tainty of future projections in seawater DMS concentra-
tions by ESMs (Joge et al., 2025; see Section 3.2 for
details).

3.1.2. Difficulty in representations of sea ice

physical status

Adequate representation of changes in the sea ice physical
status is also an important step toward reasonable repre-
sentation of the sulfur cycle in models. Both snow and sea
ice determine the light availability for DMSP-producing
algae that grow within and under sea ice. The timing of
sea ice formation, breakup, and retreat is important for
correctly simulating the timing of VMS production,
accumulation, and emissions. In the Arctic Ocean, uncer-
tainties in the simulated sea ice extent of ESMs have been
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Figure 6. Mean ocean surface DMS concentrations from CMIP6 models for the Historical and SSP585
scenarios. (a, b): Time series of summer mean ocean surface DMS for the polar regions (a) beyond 60°N and
(b) beyond 60°S. Lines correspond to a single simulation and shaded areas show the range of values of all
simulations of the ensemble, with numbers in legend indicating the size of the ensemble. (c—f): 30-Year
climatologies of summer mean ocean surface DMS for (c) NORESM2-LM, (d) MIROC-ES2L, (e) CNRM-ESM2-1, and
(f) UKESM1-0-LL, computed from a single simulation for each model. The 2 columns left show the 30-year mean over
1985-2014 and 2 columns right are the difference between the future (2071-2100) and recent past (1985-2014).
Summer means are computed over the summer months in the northern (June, July, and August) and southern
(December, January, and February) hemispheres.
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Figure 7. The latest seawater DMS climatologies using different techniques. Data for the summer months in the

northern (June, July, and August) and southern (December, January, and February) hemispheres are shown. The top
panels show the Hulswar et al. (2022) climatology (H22), which was updated using new observations since the Lana
et al. (2011) climatology (L11; second row). The observations in both climatologies are included as red dots in (a)—(d).
The third row shows the Gali et al. (2018) (G18) which was created using regression analysis on satellite-based proxies;
the bottom row shows the Wang et al. (2020) (W20) climatology predicted using an artificial neural network with
satellite-based proxies as inputs. The differences of each climatology with the H22 climatology is shown in the right-

hand side columns.

reported for present and future projections of CMIP3,
CMIP5 (Stroeve et al., 2012), and CMIP6 (Notz and SIMIP
Community 2020). The declining trend of sea ice concen-
tration simulations in Kara-Barents Sea has been shown to
follow the strength of the Gulf Stream and its associated
ocean heat transport to the Kara-Barents Sea (Yamagami
et al., 2022). The subsurface ocean heat content is there-
fore a critical source of predictability of Arctic sea ice
thickness and its extent simulations (Collow et al., 2015;

Yeager et al., 2015; Dirkson et al., 2017; Bushuk et al,
2021).

Climate model evaluations have identified low confi-
dence in simulating Antarctic sea ice extent in CMIP5
models, which has been improved for key characteristics
of its seasonal cycle in CMIP6 (Turner et al., 2013; Roach
et al., 2020). Eddy-permitting or eddy-parameterizing the
ocean model embedded in ESMs may play a key role to
reduce the warm bias of SST in the Southern Ocean and
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simulate Antarctic sea ice extent realistically (Adcroft
et al., 2019). Advected upper-oceanic heat content may
provide regional Antarctic sea ice prediction and predict-
ability skill (Bushuk et al., 2021). However, realistic repre-
sentation of Antarctic sea ice minima in the austral
summer is still challenging for most climate models
(Roach et al., 2020) which may cause biases for modeling
DMS seasonal cycles and DMS emissions predictability
associated with sea-ice retreat (Haddon et al., 2025). In
addition, freshwater discharge into the Southern Ocean
resulting from massive loss of Antarctic ice-sheets/shelf
has not been included in ESMs. Freshwater discharge into
the Southern Ocean may not only play a role of control-
ling regional (Oh et al., 2020) and global climate (Bronse-
laer et al., 2018; Park and Latif, 2019) but also drive
dynamical changes of various marine biogeochemistry
(Bronselaer et al., 2020) and its limiting conditions for
phytoplankton (Oh et al., 2022).

3.1.3. Representation of sea-ice-specific
biogeochemistry

Despite the observational evidence for the accumulation of
DMSP and DMS in sea ice (Section 2.1), only a handful of
published studies exist on the development and application
of DMS models within sea ice (Elliott et al., 2012; Hayashida
et al,, 2017; Hayashida et al., 2019; Hayashida et al., 2020;
Haddon et al., 2025). These models represent the bottom
sea-ice community in the Arctic and have shown the sea-
sonal importance of bottom-ice DMS production to the
annual oceanic emission. For example, albeit its small extent
(a few centimeters), bottom-ice DMS can dominate the DMS
emission at the beginning of the melt season (late spring)
and before the onset of the pelagic DMS production follow-
ing phytoplankton blooms (Hayashida et al., 2020). How-
ever, sea-ice and ocean biogeochemical models in general
still struggle to reproduce the seasonal cycles of ice algal
and pelagic productivity (e.g., Watanabe et al., 2019);
improvements in this area remain an active area of research
and will aid in creating robust future projections of primary
productivity and resulting VMS production.

Existing sea-ice DMS models lack representation of the
interior and surface communities that can be important
sources especially in Antarctic sea ice (Zemmelink et al.,
2008a; Zemmelink et al., 2008b; Nomura et al., 2012; Sec-
tion 2.1.2). Recently, vertically resolved sea-ice biogeochem-
istry has been incorporated into an ESM for the first time
(Jeffery et al.,, 2020). This model simulates DMS, but its per-
formance has not been evaluated nor has it been coupled to
the atmospheric sulfur cycle. Future modeling efforts should
be invested into constraining both the sea-ice algal and VMS
processes by incorporating field observations of the intracel-
lular ratio of DMSP to algal biomass (or chlorophyll-a) for the
interior and surface communities in the Antarctic.

3.2. Data-based seawater VMS estimation products

In this section, we delve into the features of several dif-
ferent global seawater DMS estimation products, and spe-
cific considerations for their use in polar regions, which
often arise as concerns for ocean and atmospheric mod-
eling of the polar biogenic sulfur cycle (e.g., Bock et al.,
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2021; Bhatti et al., 2023; Joge et al., 2024a). These data
products have played a critical role in evaluating the reli-
ability of ocean DMS models (Bock et al., 2021) and serv-
ing as the boundary condition for atmospheric DMS
emissions in climate model projections (e.g., Carslaw
et al., 2013; Mahajan et al., 2015). The estimated data
products include “climatologies,” based on informed inter-
polation of in situ seawater DMS observations by objective
analysis (e.g., Kettle et al., 1999 (K99); Lana et al., 2011
(L11); Hulswar et al., 2022 (H22)), and “empirical models,”
which predict DMS concentration distributions using sta-
tistical relationships with other variables with better data
coverage (e.g., Gali et al., 2018 (G18); Wang et al., 2020
(W20)). Most of these efforts have focused on using an
open-access database of observations (available at:
https://saga.pmel.noaa.gov/dms; last accessed on March
29, 2025) to create gridded monthly climatologies repre-
senting the average of long-term data, but more recent
work focuses on creating empirical models with time-
dependent seawater DMS estimations (e.g., Mansour
et al., 2023; Mansour et al., 2024; Joge et al., 2025).
DMS climatologies have evolved significantly both in
the quantity of observations on which they rely and in
their approaches to interpolating observations that
remain sparse in many regions. The latest climatology
(Hulswar et al., 2022 (H22)) was developed using 18-fold
more in situ measurements than the most frequently used
climatology (Lana et al., 2011 (L11)) and incorporating
a significantly improved interpolation procedure (Manville
et al,, 2023). Figure 7a—d highlights better data coverage
in H22 for polar regions. In the Arctic, H22 includes in situ
measurements in the Davis Strait and the Canadian Arctic
Archipelago during boreal summer (Figure 7a), which
were lacking in L11 (Figure 7c). The addition of the new
data points in these and other Arctic regions does not
change the climatological values significantly
(Figure 7e), but it does build confidence in the climatol-
ogy (Figure 7a). However, many parts of the Arctic (the
Beaufort, East Siberian, Kara, Laptev, and Barents Seas) still
have low or no in situ data coverage, due to the difficulty
in accessing these regions, limiting the climatology’s cred-
ibility for large regions of the Arctic. In the Antarctic, data
coverage in the latest climatology has improved across the
region (Figure 7b relative to 7d), which resulted in a larger
difference from the earlier climatology compared to the
Arctic (Figure 7f). Most remarkably, H22 shows about
10 nmol L' lower DMS concentrations in the Ross Sea
and 10 nmol L™ " higher DMS concentrations in the Wed-
dell Sea compared to L11. These differences presumably
reflect the improvements due to the combination of
increased data coverage and improved interpolation
methods. However, the Southern Ocean remains poorly
sampled for DMS—spatially (e.g., zonally in the Pacific
sector), seasonally (particularly during winter), and with
few repeat interannual observations (Gali et al., 2018;
Hulswar et al., 2022). This persistent sparsity, coupled with
highly localized and variable DMS concentrations in
sea-ice environments—spanning up to 4 orders of magni-
tude—introduces substantial uncertainty. Observational
data are heavily biased toward the austral summer, and
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climatologies omit measurements beneath sea ice (Gali
et al., 2018; Hulswar et al., 2022; Zhou et al., 2022). Con-
sequently, the extrapolation of summer DMS hot spots
across broad, under sampled regions likely leads to over-
estimates of Southern Ocean DMS concentrations in L11
and H22 (Gali et al., 2018; Hulswar et al., 2022; Bhatti
et al,, 2023; Figure 7f).

To deal with the challenge in data coverage, DMS
“empirical model” products are developed relying on
emerging relationships between observed DMS and
environmental predictors such as SST, irradiance, chloro-
phyll-g, and the mixed layer depth (e.g., Simé and Dachs,
2002; Belviso et al., 2004). Two of the recent global empir-
ical model products through regression analysis (Gali
et al., 2018; G18) and ML approaches (Wang et al., 2020;
W20) are shown for comparison with H22 (Figure 7g—n).
These approaches estimate generally lower DMS seawater
concentrations than the observation-based climatology in
both polar regions (Joge et al., 2024a). This systematic low
bias compared to climatologies suggests difficulty in
applying the empirical model parameterizations that are
presumably heavily reliant on the oceanographic condi-
tions in the extra-polar region. Alternatively, as mentioned
above, the extrapolation of existing observations to open
water DMS is likely to have resulted in a positive bias in
polar regions of the H22 climatology. Each of the available
approaches has advantages and limitations, potentially
leading to significant differences in the resulting esti-
mates of DMS concentration, particularly at high latitudes
(Figure 7). Hence, caution must be taken when applying
different products and interpreting the results, while
quantifying the uncertainties associated with the use of
different seawater DMS products.

The evaluation of ocean biogeochemistry models using
these DMS data products is discussed in Bock et al. (2021)
from a global perspective and in Section 3.1.1 with a focus
on polar regions. Most atmospheric chemistry models use
the L11 or K99 climatologies and generally capture the
seasonality of atmospheric DMS in the 4 limited station-
based observations, including 1 from the mid-Northern
latitudes, 2 from the mid-latitude Southern Ocean, and
1 from coastal Antarctica (e.g., Castebrunet et al., 2009;
Mahajan et al., 2015; Jongebloed et al., 2025). However,
Bhatti et al. (2023) showed with the UKESM model that
atmospheric DMS concentrations over the Southern
Ocean are better reproduced when using their “empirical
model” product based on satellite chlorophyll-a data, com-
pared with using L11 or H22. Moreover, for the summer-
time Arctic, Ghahreman et al. (2019) showed that their
model (GEM-MACH) underpredicts shipborne atmospheric
DMS measurements using either L11 or G18. A compre-
hensive assessment of the choice of seawater DMS data
products for modeling polar aerosols remains lacking.

Note that 2 major issues remain with these climatolo-
gies and empirical models in polar regions. First, the exist-
ing DMS database lacks under-ice observations, which will
result in a negative bias in the climatologies if an ice mask
of null concentrations is used, and inaccurate emissions if
no ice mask is used as the values result from interpolation
of open water measurements. Second, both types of
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products miss high-frequency variability in seawater DMS
concentration and DMS flux spikes associated with some
phytoplankton blooms, which may drive episodic emis-
sions inducing NPF and particle growth events in polar
regions (see Section 2.4.3).

ML-based empirical models could in theory address
these issues subject to the sufficient number of observa-
tions (e.g., Wang et al., 2020; McNabb and Tortell, 2022;
Zhao et al., 2022; Mansour et al., 2023; McNabb and
Tortell, 2023; Mansour et al., 2024). However, they are
currently struggling to capture high DMS concentrations
(Figure 7k—n for W20), because predictor-DMS relation-
ships vary across time and location. It is important to
identify the exact predictors using sufficiently high-
frequency observations across ocean basins. Considering
potential high nonlinearity between DMS and its predic-
tors, the choice of the ML algorithm is also crucial. Arti-
ficial neural network-based algorithms (e.g., Wang et al.,
2020) require a larger number of data and strong corre-
lation between predictors and DMS, while the Gaussian
Process Regression (GPR) algorithm (e.g., Mansour et al.,
2023; Mansour et al., 2024) can work even with a smaller
dataset due to its ability to quantify the uncertainty and
prediction confidence. Despite these challenges, ML
techniques have already led to major improvements in
the estimation of seawater DMS both globally and
regionally. For example, Joge et al. (2025) resolved dis-
crepancies in sign and trend among CMIP6 model projec-
tions of global seawater DMS concentrations (Bock et al.,
2021; Section 3.1.1) using ML algorithms, suggesting
a future decline in concentrations but increase in the
sea-air flux due to increasing wind speed. Future efforts
should focus on the development of ML-based seawater
DMS empirical models specifically tailored to polar
regions, ideally constructed separately for the Arctic and
Antarctic, which will require a sufficient number of high-
frequency observations.

Finally, a first empirical estimate of seawater MeSH
distribution is now available (Wohl et al., 2024), which
applies linear scalings to seawater DMS in “warm” and
“cold” SST regimes (above and below 8-12°C), and
continental-shelf and open-ocean waters, based on a lim-
ited observational dataset (Figure 2a). Further develop-
ment of MeSH distribution data products with expanded
observations is a crucial need for future research.

3.3. Modeling VMS fluxes at OIA interface

Currently, global and regional atmospheric models com-
monly represent VMS emissions (specifically DMS) in sea-
ice regions as the open ocean flux weighted by the sea ice
fraction in each grid box of the model (Section 2.2). Mod-
els generally do not represent specific features in sea-ice
environments, such as enhanced turbulence around sea
ice, reduced fetch (e.g., Loose et al., 2017; Prytherch and
Yelland, 2021) and meltwater layers (e.g., Smith et al.,
2023), which may suppress or enhance the sea-to-air gas
fluxes, or direct ice-to-air emissions from the surface
slush layers (e.g., Zemmelink et al., 2008a). There remains
a critical need for in situ observations of VMS fluxes in
polar oceans and sea-ice environments to develop
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generalized parameterizations. However, the lack of mod-
eling studies evaluating the importance of these charac-
teristics in sea-ice environments in turn hampers the
motivation for the large-scale field campaigns required for
such flux measurements. To get out of this loop between
modelers and observers (Steiner et al., 2016), we discuss
possible approaches to quantify uncertainties and limita-
tions in models.

One important example is the ability to simulate epi-
sodic extreme VMS emissions from sea-ice leads and their
potential importance for regional NPF (Levasseur et al,,
1994; Koga et al., 2014; Section 2.4.3). In addition to the
difference in emission mechanisms between leads and
open ocean, the background aerosol and oxidant fields
are different over sea ice and open ocean (Fossum et al.,
2018; Jang et al., 2022), potentially causing different
effects on NPF mechanisms. To adequately represent VMS
fluxes from leads, 2 key pieces of information are needed:
(1) where the leads are located and (2) a lead-specific
emission parameterization. The location of leads can be
informed by satellite products (e.g., Willmes et al., 2023;
von Albedyll et al., 2024) at high spatial resolution
(~1 km), although the temporal resolution (typically
daily) may be too limited to capture some lead dynamics.
Also, as some of these products are based on thermal
contrast, they do not have data for the summer months.
On the other hand, more recent sea ice models include
improved representations of fine-scale sea ice physics,
including the opening and closing of leads (e.g., Boutin
et al., 2023). Contrary to satellite products, such models
can provide high temporal resolution (typically 3- to
6-hourly) and full-year coverage. However, model resolu-
tions of typically 5-10 km remain too coarse to represent
most individual leads, but maybe enough to statistically
represent lead fraction at the regional scale. Given this
fine-scale variability of leads, the first step would be imple-
mentation into 1-D to regional-scale atmospheric models,
for example, PACT-1D (Ahmed et al., 2022) or WRF-Chem
(Marelle et al., 2021), with a reasonable representation of
VMS oxidation chemistry (Section 3.4.2).

With respect to flux parameterizations, measurements
of VMS flux from leads with a variety of width and fetch
(Zemmelink et al., 2005) are inevitably needed. However,
preemptive model sensitivity studies could identify the
potential importance of lead emissions, for example, a sen-
sitivity study varying the gas transfer velocity within the
available range of suppression by 30% (Prytherch and
Yelland, 2021) or by 3.5 times (Loose et al., 2024) relative
to the equivalent open ocean conditions, with a potential
enhancement at low wind conditions. In addition to such
sea-ice-specific parameterizations, a reduced sensitivity in
DMS gas transfer relative to CO, at medium to high wind
speeds (>10 m s~ ') (Bell et al., 2017; Section 2.2) is an
important feature to be considered in the sensitivity stud-
ies. Using a linear relationship between DMS gas transfer
velocities and wind speed (Goddijn-Murphy et al., 2012;
Blomquist et al., 2017), instead of traditionally
used power-law relationships (Liss and Merlivat, 1986;
Wanninkhof, 2014), reduces atmospheric DMS concentra-
tions and results in a better agreement with observed
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fluxes (Bhatti et al., 2023). There is a considerable differ-
ence in the flux parameterizations proposed based on
empirical findings (Joge et al., 2024a; Joge et al.,
2024b), which affects the overall uncertainty in comput-
ing the DMS fluxes. In some areas, the uncertainty in sea-
air DMS parameterizations is larger than the seawater
DMS concentration uncertainty (Joge et al.,, 2024a; Joge
et al., 2024b), underscoring the need for more detailed
flux parameterization studies in the laboratory and field.
Model sensitivity studies should take this effect into
account to assess overall uncertainty.

Information on direct ice-to-air VMS emissions is also
scarce (Section 2.2). Given the potentially large contribu-
tion of emissions from Antarctic surface slush layers (Zem-
melink et al., 2008a; Nomura et al., 2012), the spatial
distribution and potential impacts of this emission path-
way could be tested through implementation in sea-ice
biogeochemistry models with vertically resolved sea ice
(e.g., Jeffery et al., 2020; Section 3.1.3). A key step would
be to develop a parameterization representing the snow
properties above sea ice, which regulates emissions to the
atmosphere (Nomura et al., 2012). Combined simulations
with the oxidant chemistry in the interstitial air within
snow (e.g., Thomas et al., 2011) may be worthwhile to
represent MeSH emission, given the more rapid oxidation
of MeSH than DMS (Section 2.3).

3.4. Modeling atmospheric chemistry, particle
formation, and VMS climate impact

3.4.1. Climate impact of DMS estimated in current
large-scale models

The climate impact of changes in marine biological pro-
duction and emission of VMS through modification of
aerosols and clouds is consequently estimated by global
or regional atmospheric aerosol models. Before delving
into the current model representation of VMS oxidation
and particle formation, we provide a note of caution on
different definitions of climate impacts. Radiative forcing
(RF), the most commonly used term, often refers to
a change in the net downward radiative flux from prein-
dustrial (PI: 1750 or 1850 depending on study focus) to
present-day (PD), due to an imposed perturbation (e.g.,
changes in greenhouse gas or aerosol concentrations, or
in DMS emissions) (Forster et al., 2021). However, RF is not
always defined only for the industrial era. Comparison of
RFs estimated for different time periods or model experi-
ments is misleading. For example, the effective radiative
forcing (ERF) in response to a temporal doubling in DMS
emission (i.e., a “2xDMS simulation”) is estimated to be
—1.02 + 0.29 W m™? based on the average of ESM esti-
mates in the CMIP6 framework (Thornhill et al., 2021).
This ERF from a 2xDMS simulation cannot be directly
compared to the better-known ERF values of anthropo-
genic CO, (2.16 [1.90 to 2.41] W m2) or aerosols (—1.3
[-2.0 to —0.6] W m™?), which represent PI-PD changes
(Forster et al., 2021). The PI-PD RF of DMS, on a global
scale, is likely smaller than the ERF from a 2xDMS simu-
lation because the PI-PD changes in DMS emissions in
current models are much less than doubling (Bock et al.,
2021; Section 3.1.1). Similarly, the concept of total RE,
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which represents the instantaneous radiative impact of an
atmospheric component and is calculated as the differ-
ence in radiative flux with and without the component
in a model, is sometimes confused with RF (Heald et al.,
2014). The REs of DMS estimated by different atmospheric
models range from —2.03 to —1.49 W m™? (Thomas et al.,
2010; Mahajan et al., 2015; Fiddes et al., 2018); critically,
these values are distinct from, and not comparable with,
RF calculated in a 2xDMS simulation nor a PI-PD period.
Furthermore, REs from short-lived atmospheric compo-
nents, such as aerosols, usually have large spatial and
temporal variability among individual model grid boxes
because of their short atmospheric lifetimes relative to
well-mixed greenhouse gases. This variability is often
orders of magnitude larger than corresponding global
annual mean RE. For example, Mahajan et al. (2015) inves-
tigated the difference in RE of DMS estimated using dif-
ferent DMS climatologies and derived a modest change of
0.3 W m 2 for the global annual mean but with a large
regional and seasonal variability of up to +10 W m~—% We
emphasize that such estimates of seasonal and spatial
variability are in no way representative of an uncertainty
in the effect of DMS on Earth’s radiative balance, as has
been suggested in some recent literature (Hopkins et al.,
2023).

Using any definition, our quantitative understanding of
VMS climate impacts is strictly limited both globally and
in polar regions. In the CMIP6 framework, an evaluation of
climate feedbacks through changes in DMS emissions,
with the abovementioned ERF from 2xDMS simulations,
was conducted based on only 3 models, NorESM2-LM,
UKESM1, and GISS-E2-1 (Thornhill et al., 2021; see Table
S2). The former 2 models have ocean DMS biogeochemis-
try interactively simulated with climate changes (Section
3.1.1), while GISS-E2-1 uses prescribed seawater DMS con-
centration (Kettle et al., 1999). The simulations used sea-
to-air DMS emissions dependent on wind speed and SST.
The results of Thornhill et al. (2021) seemingly suggest
a limited climate feedback effect arising from the pro-
jected future changes in DMS emission, at least on a global
scale. However, this limited subset of models does not
reflect the full range of knowledge or uncertainty in atmo-
spheric chemistry, particularly regarding DMS oxidation
pathways (see Section 3.4.2) and aerosol formation pro-
cesses. Furthermore, in polar regions, the regional climate
feedback effect of DMS may be more significant than on
a global scale because DMS emissions are expected to
increase substantially due to reductions in sea-ice cover
(Section 3.1.1; Bock et al., 2021; Joge et al., 2025). A model
sensitivity study focusing on the Arctic region shows that
DMS emission could increase approximately 30% between
2000 and 2050 under the high greenhouse gas emission
scenario (RCP8.5) with fixed seawater DMS concentration
and reduced ice cover, resulting in a regional RF of
—0.14 W m~? (Mahmood et al., 2019). However, this pro-
jection bears a large uncertainty of future changes in sea-
water DMS concentration in the Arctic owing to a lack of
modeled sea-ice biogeochemistry (Mahmood et al., 2019).
To our knowledge, there has been no similar sensitivity
study focusing on coastal Antarctica (>60°S), likely due to
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the poor reproducibility in sea ice dynamics (Section 3.1.2)
as well as a lack of model representation of sea ice slush-
layer communities which is particularly important in this
region (Section 3.1.3). To set the starting point of our
quantitative understanding of polar VMS climate feedback
effects, more dedicated modeling studies are needed that
include polar-specific VMS production, emissions, and oxi-
dation pathways.

Modeled climate sensitivity to changes in DMS emis-
sion also potentially holds severe uncertainties owing to
a large negative bias in particle number concentrations
over the remote marine atmosphere (Williamson et al.,
2019; Regayre et al., 2020; Mallet et al., 2023). Particularly
over the summertime Southern Ocean, the modeled CCN
number concentrations are generally biased negative by
more than 50%, with larger biases at smaller particle sizes,
when compared across station-based, shipborne, and air-
borne observations (Schmale et al., 2019; McCoy et al,
2021; Fiddes et al., 2025). This bias tends to be larger
around coastal Antarctica where sea ice is present
(Schmale et al., 2019; Fiddes et al., 2025), suggesting
a larger uncertainty in the climate impact near Antarctica.

The insufficient representation of VMS oxidation pro-
cesses, and complete lack of MeSH, in models is one of the
potential causes of the negative particle bias (Revell et al.,
2019; McCoy et al.,, 2021; Fung et al., 2022; Berndt et al.,
2023). As introduced in Section 2.3, the balance between
gas phase and multiphase reactions during VMS oxidation
exerts an important control on the contribution of VMS to
the CCN population (e.g., Woodhouse et al., 2010). Imple-
menting a series of reactions discovered in the last decade,
including those for both DMS and MeSH (Section 2.3), can
either increase or decrease the CCN formation efficiency,
leaving an unquantified error in the VMS climate impact
estimates (see Section 3.4.2 for details). On the other hand,
multiple potential processes may contribute to the negative
bias in particle numbers, such as the lack of nano-size sea
spray aerosol emissions (Xu et al., 2022; Sellegri et al.,
2023), primary and secondary organic particles (McCoy
etal., 2015; Willis et al., 2016; Willis et al., 2017; Williamson
et al,, 2019), and/or other nucleation mechanisms (Dunne
et al., 2016; Sipild et al., 2016). Improvement in dry and wet
deposition schemes can also have a large effect on particle
number budgets (e.g., Browse et al., 2014; Emerson et al.,
2020; Luo et al,, 2020). Correcting the bias introduced
through processes other than VMS oxidation can also
increase or decrease the contribution of VMS to CCN for-
mation, for example, by providing more seeds to grow to
CCN sizes or scavenging gaseous H,SO4 to suppress NPF
(Browse et al., 2014; Mahmood et al., 2019). Model sensi-
tivity studies to realistically correct the particle number bias
with different processes are highly encouraged to assess the
uncertainty in the response of CCN number concentrations
to VMS emission changes.

The large negative bias of particle numbers in remote
marine atmosphere, including polar regions, in current
models also limits our ability to accurately estimate
anthropogenic aerosol RF, and especially the very uncer-
tain indirect effect due to aerosol-cloud interactions
(Carslaw et al., 2013; Regayre et al., 2020). Carslaw et al.
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(2013) found that the anthropogenic aerosol RF through
aerosol—cloud interactions is very sensitive to natural,
background particle concentrations due to 3 steps contrib-
uting to a nonlinear response of cloud albedo to emis-
sions: (1) CCN concentrations are more sensitive to
anthropogenic aerosol increases when the natural aerosol
background concentration is low, (2) cloud droplet num-
ber concentrations are more sensitive to CCN concentra-
tions when droplet numbers are low, and (3) cloud albedo
is more sensitive to cloud droplet number increases when
cloud droplet numbers are low. Based on this concept,
correcting this negative bias in aerosol concentrations will
further weaken the RF from anthropogenic aerosols
(Regayre et al., 2020). Indeed, using the CAM6-Chem cli-
mate model, Fung et al. (2022) showed that the anthro-
pogenic aerosol RF is reduced from —2.3 to —1.7 Wm *
by changing the representation of DMS oxidation chem-
istry from a model with multiphase oxidation pathways to
one with gas phase DMS oxidation only. Considering only
gas phase DMS chemistry increases background CCN num-
ber concentrations, thus producing a lower anthropogenic
aerosol RF. Overall, a more accurate representation of
VMS-driven particle formation processes will better con-
strain both the climate impact of VMS itself and the
anthropogenic aerosol RF.

3.4.2. Model representation of VMS oxidation
processes

Publicly available global atmospheric chemistry models
generally represent DMS oxidation to SO, by only 3 reac-
tions, H-abstraction with OH and NOs, and O-addition
with OH, which are all gas phase pathways (Section 2.3;
e.g., Chin et al.,, 1996; Bian et al., 2024). Models generally
do not consider important intermediates including DMSO,
MSIA, MSA, HPMTF, and CH5SO; radical, multiphase oxi-
dation pathways, or emission and oxidation of MeSH (Sec-
tions 2.1 and 2.4). The 3-reaction gas phase DMS oxidation
is highly simplified compared to the current understand-
ing of complex chemistry summarized in Section 2.3 and
Figure 1. On the other hand, SO, oxidation is usually
represented with both gas phase and in-cloud (aqueous
phase) pathways to form H,S0, and SO?~ separately (Chin
et al., 1996). Therefore, the production efficiency of gas
phase H,SO4, which is necessary for the occurrence of NPF
(Section 2.3), is largely regulated by the branching of SO,
oxidation pathways between H,SO4) and SO~ (Wood-
house et al., 2010; Woodhouse et al., 2013). With the
simplified gas phase chemistry, Woodhouse et al. (2010)
showed a low sensitivity of CCN formation to the DMS
emission changes in TOMCAT-GLOMAP model, such that
CCN concentrations increase by 0.01%—0.1% in response
to a DMS increase of 1%. This low sensitivity of CCN
numbers to DMS underlies the weak estimates of global
climate sensitivity to DMS emission changes discussed in
Section 3.4.1.

Updating DMS oxidation chemistry and incorporating
MeSH (Section 2.3) has the potential to significantly
change the production efficiency of H,SO,4 from VMS, and
thus will affect NPF and the CCN budget (Figure 1; Berndt
et al., 2023). Despite the robust understanding that
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gaseous H,SO4 is a minor product from SO, oxidation
(10%—40%; Barth et al., 2000; Faloona et al., 2009), the
overall yield of H,SO,4 from VMS varies over a large range
depending on the representation of VMS speciation and
oxidation (30%—100%; Faloona et al., 2009; Novak et al.,
2022; Wohl et al., 2024). Increasing numbers of modeling
studies incorporate a fuller complexity of VMS chemistry
into their atmospheric chemistry modules (e.g., Chen
et al., 2018; Fung et al.,, 2022; Tashmim et al., 2024; Tash-
mim et al., 2025).

Adding multiphase oxidation pathways (e.g., consider-
ing MSA and HPMTF) into models significantly decreases
the SO, yield from DMS, from 80%—-90% to 40%—50%,
thus suppressing H,SO,4 production (Hoffmann et al.,
2016; Fung et al., 2022; Cala et al., 2023; Tashmim
et al., 2024). Still, existing studies struggle to reproduce
the balance among different stable DMS oxidation pro-
ducts, highlighting the need for more laboratory studies
on reaction kinetics, for example, for the production and
loss processes of HPMTF (Ye et al., 2021; Jernigan et al.,
2022; Assaf et al., 2023; Jernigan et al., 2024). Critically,
the potential enhancement of H,SO,4 production through
CH3SO;- remains highly uncertain due to the limited
knowledge of its steeply temperature-dependent fate
(Shen et al., 2022; Berndt et al., 2023; Chen et al.,
2023). Chen et al. (2023) implemented the temperature
dependency of CH5SO,- fate into a global model and
found a large increase of gaseous MSA (~ 170%), which
was particularly pronounced in high-latitude regions in
both hemispheres. However, their model did not consider
multiphase oxidation pathways and did not evaluate
H,S0,4 (Chen et al., 2023), so our understanding of the
overall impacts of temperature-dependent CH3SO,- fate
remains incomplete. Furthermore, MeSH oxidation can
supply CH3SO,- and thus SO, and/or H,SO4 depending
on temperature (Section 2.3.2.2). The first work testing
MeSH emission in a global model (Wohl et al., 2024) high-
lights the large potential RE of MeSH in the summertime
Southern Ocean of —0.3 to —1.5 W m™2. But again, mul-
tiphase oxidation and CH5SO,- pathways were missing in
this atmospheric model, leaving the evaluation incom-
plete. Rapid H,SO, formation through CH5SO,- at low
temperatures (Chen et al., 2023) combined with strong
MeSH emissions at high latitudes (Wohl et al., 2024) likely
produces an important impact on biogenic sulfur-driven
NPF in polar regions (Section 2.4); however, a complete
model evaluation of these processes is lacking. Thus, there
remains a long way to go in order to provide a comprehen-
sive and predictive understanding of the impacts of VMS
chemistry on the CCN budget and climate.

Challenges also remain for model evaluations. Model
evaluations mostly rely on relatively stable compounds,
such as gaseous DMS, SO,, HPMTEF, and particle phase MS™
and SO;~. However, all these biogenic sulfur compounds
can be affected by both an incorrect representation in
emissions of VMS (Section 3.3) and inaccurate representa-
tions in oxidation chemistry, which complicates the inter-
pretation of gaps between observations and models
(Hoffmann et al., 2021; Cala et al., 2023; Bian et al.,
2024). For example, Bian et al. (2024) evaluated 5 global

920z Yo JeN 8z uo Jasn 9B 17 Jo A1isieAlun Aq 4pd "29000 "SZ0Z "B IUALD 8 /ZESLZ6 /T /T /¥T /4pd -0 [0 11Je /e Juaus |8 /npa "ssa4don "au | (uo //:d 11y WO i} Papeo |umod



Art. 14(1) page 32 of 60

aerosol models with simplified DMS chemistry against
NASA ATom flight observations and clarified that SO,
tends to be biased low while DMS and SO;~ tend to be
biased high across most regions and seasons. Although
DMS concentrations during the ATom campaign were
unusually low compared to other aircraft measurements
(e.g., Yang et al. 2009; Andrews et al., 2016), Kang et al.
(2025) reported a similar imbalance between modeled
DMS, SO,, and SO?[ over the Southern Ocean using inde-
pendent aircraft data. This imbalance may result from
overestimated DMS emission combined with other chem-
istry and dynamics uncertainties including overestimated
SO, to SO%~ conversion rates, underestimated DMS to SO,
conversion rates, and underestimated transport of SO,
from the boundary layer to the free troposphere (Bian
et al,, 2024). In addition, SO, and SO~ include anthro-
pogenic and volcanic sources (Jongebloed et al., 2023a;
Bian et al., 2024), which poses a concern for evaluating
against 2 compounds only. Evaluation of modeled DMS
seasonality against station observations further illustrates
this challenge. Studies using the GEOS-Chem model (Tash-
mim et al., 2024; Jongebloed et al., 2025) show that an
unexpected wintertime increase in DMS concentrations
across Southern Hemispheric stations can be apparently
fixed by adding DMS oxidation reactions (e.g., DMS + BrO,
DMS + Oj3(,q)). However, the ability of the model to repro-
duce seasonality in oxidation products at the same sta-
tions has not been confirmed, so potential issues in the
representation of DMS emissions cannot be ruled out
based on existing studies.

Thus, the best possible approach for the evaluation of
chemistry separately from VMS emission issues in models
would be to use ratios of multiple compounds including
those specific to biogenic sulfur sources, such as HPMTF/
DMS, DMSO/DMS, and MS/DMS (Cala et al., 2023). Sulfur
isotopic measurements (8**S) of SO, and SO~ will assist
in discriminating between the relative contribution of
biogenic sulfur from other natural and anthropogenic sul-
fur sources (Ghahreman et al., 2016; Ishino et al., 2019;
Jongebloed et al., 2023b; Section 2.4.1), enabling us to
utilize MS~/biogenic-SO;~ ratios for the model evalua-
tion (Norman et al., 1999; Jongebloed et al., 2025). Oxy-
gen isotope analysis (A'70) of MS™ (Hong et al., 2025), in
addition to that of SO}~ (Alexander et al., 2009; Ishino
et al.,, 2021), is also emerging as a novel tool for evaluating
VMS oxidation processes.

Running a comprehensive set of observations covering
the sulfur cycle across the OIA interface represents a large
cost and significant logistical difficulties, and thus
requires strong scientific rationale. To assess this rationale,
model studies exploring the VMS-to-CCN sensitivity with
comprehensive chemistry are essential. Similar to the case
of seawater VMS data products (Section 3.2), ML-based,
data-driven models have strong potential for addressing
issues in VMS oxidation chemistry in process-based mod-
els. For example, Pernov et al. (2024, 2025) have made an
initial attempt to develop data-driven models of particu-
late MSA (MS™) in Arctic regions; this work suggests that
atmospheric oxidation process may be the main driver of
MSA (MS™) variation. Such approaches may help reconcile
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complex interpretations that combine changes in DMS
emission, oxidation, and deposition processes across sites
(e.g., Sharma et al., 2019; Moffett et al., 2020; Schmale
et al., 2022), while helping to elucidate the underlying
chemistry. In addition, given the potential importance of
reactive halogens in controlling VMS oxidation, particu-
larly in spring when both species are enhanced in polar
regions (Section 2.3, Figure 4), associated efforts on
improving our understanding of halogen cycles, including
their emission from sea ice and snow sources (Toyota et al.,
2011; Marelle et al., 2021; Swanson et al., 2022), will
synergistically enhance our understanding of VMS
oxidation.

4, Summary and recommendations

We synthesized current knowledge on the polar biogenic
sulfur cycle and its representation in numerical models to
explore its potential future change and climate impacts
under ongoing changes in sea-ice environments. We identi-
fied key features in the polar biogenic sulfur cycle
(Figures 1, 3, and Table 1), most of which remain poorly
represented in numerical models (Section 3). This synthesis
highlights that reasonable future prediction of the polar
biogenic sulfur cycle requires more than just the coupling
of existing ocean biogeochemistry and atmospheric chem-
istry models. To foster comprehensive model development
for polar regions, we summarize 4 major open questions
and associated recommendations for future work.

1. How do production and emissions of VMS in polar
regions respond to changes in sea ice and warming?
Current ESMs predict inconsistent future changes
(increase and decrease) in seawater DMS concentra-
tions at both poles, whereas all models consistently
predict a future increase in DMS emissions due to
increases in open water area and higher wind speeds
(Section 3.1). However, VMS production and emis-
sion processes specific to sea-ice regions are com-
pletely absent from these ESMs, leaving
unquantified uncertainties in model predictions. A
priority area should be implementation of biogeo-
chemical processes at the bottom and surface slush
layer of sea ice. To adequately represent Antarctic
sea-ice VMS, we advocate extending regional-scale
modeling of bottom-ice communities to the entire
ice column. Representation of detailed features,
such as VMS production in melt ponds, autumn
blooms, platelet ice, modulation of sea-to-air VMS
emission by turbulence and/or meltwater layers
around sea ice, and direct ice-to-air emission (Sec-
tions 2.1 and 2.2), requires more observational data
to evaluate their importance and heterogeneity. To
supply required observations for models and
develop our process-level understanding, our com-
munity requires advances in analytical capabilities
to measure concentrations, production and loss
rates, and fluxes of DMSP, DMS, and MeSH in sea-
ice environments. New targeted observations of the
polar biogenic sulfur cycle, covering ecoregions and
seasons, will also enable development of ML-based

920z Yo JeN 8z uo Jasn 9B 17 Jo A1isieAlun Aq 4pd "29000 "SZ0Z "B IUALD 8 /ZESLZ6 /T /T /¥T /4pd -0 [0 11Je /e Juaus |8 /npa "ssa4don "au | (uo //:d 11y WO i} Papeo |umod



Ishino et al: The biogenic sulfur cycle in the coupled ocean-sea ice-atmosphere system

empirical models of seawater VMS concentrations
considering polar-specific predictors (e.g., sea ice
concentrations, low seawater temperatures, nutrient
and light limitations; Section 3.2). Finally, enhanced
coverage of sea-ice VMS observations and their com-
pilation (as done recently for Antarctica; Burke et al.,
2024) is critical for developing our understanding of
polar VMS response to warming and changes in sea
ice.

. What is the sensitivity of CCN number concentrations
to polar VMS emissions with updated gas and multi-
phase oxidation chemistry? Most current global-scale
aerosol models simulate a small increase of CCN
(0.01%-0.1%) in response to a DMS emission
increase of 1% globally, which inherently has only
a weak climate impact (Section 3.4). However, these
models underpredict CCN concentrations (i.e., by
>50%) in remote marine atmospheres, including
polar regions during biologically active seasons,
with significant implications for representation of
aerosol-cloud interactions. Multiple model deficien-
cies may cause this gap, including inaccurate VMS
oxidation chemistry, submicron sea spray emissions,
iodine or organic-driven NPF mechanisms, and/or
aerosol removal processes. Model improvement in
these areas may have large, but highly uncertain,
impacts on VMS-to-CCN sensitivity. An essential step
toward quantification of polar VMS-to-CCN sensitiv-
ity with aerosol models is incorporation of more
complete multiphase oxidation pathways and
steeply temperature-dependent gas phase CHsSO,-
radical chemistry (Section 2.3). Critically, laboratory
kinetic studies applicable to polar atmospheres are
required, particularly for the role of ice and super-
cooled, mixed-phase clouds for multiphase VMS oxi-
dation. We recommended use of concentration
ratios between DMS, MeSH, and multiple VMS oxi-
dation products for model evaluation to isolate
from potential errors in VMS emission (Section
3.4). Compilation of ship, ground, and aircraft VMS
measurements will enhance our ability to evaluate
models against a set of atmospheric measurements
that are as representative as possible. While a global
seawater DMS database exists, no such consolida-
tion of atmospheric DMS has been undertaken, and
existing measurements are not yet extensive
enough to support such efforts for atmospheric
MeSH and VMS oxidation products. Some initial
work toward developing ML-based, data-driven
models is emerging, with focus on particulate MSA
in the Arctic (Section 3.4). Simultaneous observa-
tions of VMS and reactive halogens are necessary
to understand the role of reactive halogen chemistry
in VMS oxidation. Simultaneous model develop-
ment for non-sulfur aerosol processes and reactive
halogen chemistry will synergistically enhance our
understanding on VMS-to-CCN sensitivity globally
and in polar regions.

. How important is MeSH in the polar biogenic sulfur
cycle? Implementation of MeSH into aerosol models
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will enhance VMS-to-CCN sensitivity, globally and in
polar regions, through its rapid gas phase oxidation
to SO,, MSA, and H,SOy4 (Section 2.3). Available sea-
water MeSH observations reveal broadly higher
MeSH/VMS ratios in biologically productive areas
of the Southern Ocean and Arctic regions (Wohl
et al., 2024), while available atmospheric observa-
tions highlight both the prevalence of MeSH and
the dependence of atmospheric MeSH/VMS on both
the flux ratio and likely variable atmospheric life-
times (Figure 2). Improved seasonal and regional
coverage of simultaneous dissolved and atmo-
spheric MeSH and DMS observations (Figure S2) in
sea-ice environments is required not only to evalu-
ate the importance of MeSH in polar oceans and
sea-ice regions but also to understand the biogeo-
chemical drivers of apparent latitudinal and SST-
dependency in MeSH/VMS ratios (Figure 2; Wohl
et al., 2024). Implementation of MeSH production
and loss in prognostic sea-ice biogeochemistry mod-
els and development of empirical models to esti-
mate seawater MeSH concentration are also
critically important. However, efforts toward stan-
dardized atmospheric and seawater measurement
and calibration practices are critically needed to
address potential biases in existing MeSH measure-
ments (Sections 2.1 and 2.3).

. How important are episodic extreme VMS emissions

from sea-ice environments for the polar CCN budget?
Even though episodic and strong DMS emissions at
the onset of sea ice breakup was first hypothesized
more than 3 decades ago (Levasseur et al., 1994),
capturing such events has been technically challeng-
ing, and we still lack knowledge on their scale, fre-
quency, and consequent impact on the polar CCN
budget (Section 2.4.3). Evaluation of this phenom-
ena in models requires direct coupling of regional-
scale ocean models with atmospheric models that
both have sufficiently high resolution to represent
the heterogeneity of sea-ice algal blooms (i.e., sub-
daily timescales, horizontal spatial scales of ~ 10's
of kilometers, vertical extents of meters or less) and
NPF and growth events (i.e., hourly timescales, hor-
izontal spatial scales of less than 100 km, and ver-
tical extents on the scale of 100's of meters). A key
step may be parameterization of sea-to-air flux pro-
cesses in sea-ice leads, with potentially different dri-
vers than in open ocean (Section 3.3). Atmospheric
models must have detailed gas and multiphase
chemistry including MeSH oxidation to represent
efficient NPF and growth, and therefore ocean mod-
els should have sea ice sulfur biogeochemistry that
includes MeSH production and ventilation to the
atmosphere. Development of ML-based, high-
resolution seawater VMS estimation products may
compensate for challenges faced by prognostic
models in reproducing even the seasonality in sea-
ice biogeochemistry (Section 3.1). Comparison of
CCN number concentrations between cases with
episodically strong VMS emissions and with
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averaged homogeneous emissions will provide
insights for upscaling this phenomenon to large-
scale ESMs, which is ultimately required for future
projections.

Data accessibility statement
Seawater MeSH and DMS

TRANSSIZ data during spring in the Norwegian Sea and
Svalbard archipelago are available at (https://doi.org/10.
1594/PANGAEA.953917). Summer Baltic Sea, Skagerrak Sea,
and North Sea data from Leck and Rodhe (1991; https://doi.
org/10.1007/BF00053934) are available upon request.
0C1607A and OC1708A data during summer in the sub-
Arctic Northeast Pacific are available at https://doi.org/10.
26008/1912/bco-dmo.705636.2. Blanes Bay observatory
data covering nearly a full year of measurements in the
Mediterranean Catalan Coast are available at https://doi.
org/10.5281/zenodo.12758702. AMT-7 data spanning from
England to the Falkland Islands during September and Octo-
ber are available at https://doi.org/10.5281/zenodo.
12759177. Great Barrier Reef data during summer in the
central Great Barrier Reef are available at https://doi.org/
10.25918/data.410. POLAR-CHANGE data in the summer/
autumn Antarctic Peninsula and Weddell sea are available at
https://doi.org/10.5281/zenodo.12758981.
Atmospheric MeSH and DMS

WAO data during spring/summer in UK East Coast are
available at https://doi.org/10.5281/zenodo.14697890.
AGENA data during summer in the Azores are available
at https://minds.wisconsin.edu/handle/1793/85493.
Scripps Pier data during autumn in South West California,
USA, are available at https://minds.wisconsin.edu/
handle/1793/82383. Kennaook/Cape Grim data during
autumn, winter, spring, and summer, in North West Tas-
mania, are available at https://doi.org/10.25919/njv7-
a719 and https://doi.org/10.25919/we93-1306. SOAP
data during the summer/autumn in the Chatham Rise are
available at https://doi.org/10.25919/5d914b00c5759.
CAPRICORN data during the summer/autumn in the
Southern Ocean south of Tasmania are available at
https://doi.org/10.25919/574m-7e47. MISO data during
the summer/autumn Southern Ocean/Antarctic ice edge
are available at https://doi.org/10.25919/p8bz-p724.
ARTofMELT data during the spring/summer Fram Strait
are available upon request.
Aerosol size distributions and atmospheric chemical
compositions

Aerosol size distributions and atmospheric chemical
compositions data used to produce Figure 5 are publicly
available or extracted from graphs in published papers
using an image extraction technique, WebPlotDizitizer
(https://automeris.io/). Monthly occurrence probability
of aerosol size distribution types at Zeppelin, Villum, and
Halley was extracted from figures in Dall’Osto et al.
(2017), Pernov et al. (2022), and Lachlan-Cope et al.
(2020), respectively. DMS concentrations at Villum and
Halley are available at Pernov et al. (2020) and Read and
Lewis (2007), while those at Gruvebadet and Dumont
d'Urville were extracted from Jang et al. (2021) and
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Legrand et al. (2017), respectively. Chemical composi-
tions for total particulate matter (TPM) and ozone con-
centrations at Alert (2000-2002) and Zeppelin (2000-
2015) were downloaded from EBAS data repository
(https://ebas.nilu.no/). Chemical compositions for PM1
and ozone concentrations at Utgiagvik for 2000-2010
are available at NOAA PMEL data repository (https://
www.pmel.noaa.gov/acg/data/) for aerosols and NOAA
ESRL data repository for ozone (McClure-Begley et al.
2014; http://dx.doi.org/10.7289/V57P8WBF). Non-sea-
salt sulfate and MSA for PM10 at Gruvebadet (2010-
2017) were extracted from Jang et al. (2021) and Becagli
et al. (2019), respectively. Non-sea-salt sulfate and MSA
for TPM (1991-1996), sodium for TPM (2004-2013), and
ozone concentrations (2004-2014) at Dumont d'Urville
were extracted from Legrand et al. (2017), Legrand et al.
(2016a), and Legrand et al. (2016b), respectively. Chemi-
cal compositions for PM10 (2000-2007) and ozone
(2000-2004) at Neumayer are available at PANGAEA
(Weller et al., 2011b; https://doi.org/10.1594/
PANGAEA.756382) and EBAS data repository, respec-
tively. Tropospheric column BrO levels were extracted
from Theys et al. (2011).

Supplemental material
The supplemental files for this article can be found as
follows:

Figure S1. Absolute DMS and MeSH concentrations
from existing simultaneous measurements in seawater
and air, corresponding to the data underlying MeSH/VMS
ratios shown in Figure 2.

Figure S2. Latitudinal and seasonal coverage of seawa-
ter and atmospheric DMS and MeSH measurements, cor-
responding to datasets shown in Figure 2.

Figure S3. Temperature-dependent reaction rates of
MeSH with -OH, Cl., Br-, and BrO-.

Table S1. Classifications of particle number size distri-
bution (PNSD) types in Figure 5.

Table S2. Summary of models mentioned in the main
text.
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