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Simulations from a regional ocean and sea ice model are presented to analyze the potential impacts of climate
change on dimethylsulfide (DMS) ocean concentrations and emissions in the Arctic Ocean during the 21st
century for a scenario of strong warming (RCP8.5, 2016-2085). The model used includes sulfur
biogeochemistry in both the ocean and sea ice, representing the production of dimethylsulfoniopropionate
and its conversion to DMS. Simulated DMS concentrations and emissions increase overall in the future
throughout the Arctic. Substantial increases of summer ocean surface DMS concentrations and emissions
are projected in the shallow continental shelves of the Eastern Arctic, due to a large reduction of sea ice
cover. In the Central and Western Arctic, moderate increases of spring DMS production are trapped below sea
ice even in the late 21st century. In deep basins, despite ice-free summers in the future, simulated DMS
emissions are low, as DMS production occurs mostly below the mixed layer and remains at depth. The strong
temporal variability of near-surface winds results in bursts of DMS emissions lasting a few days, with sea-to-
air fluxes up to 10 times higher than the monthly median emissions rate. These spikes of DMS emissions occur
throughout the Arctic, indicating an episodic impact of DMS on climate in areas of low mean DMS emissions.
The simulated frequency of high-flux events increases during the 21st century in both spring and summer in
almost all regions of the Arctic. However, the model is not capable of representing rapid out-gassing events
during sea ice break-up, and improvements in the representation of leads are still necessary to fully assess the
role of sea ice DMS production. With the ongoing decrease in anthropogenic sulfur emissions, these results

suggest a future amplification of the role of DMS in aerosol and cloud formation in the Arctic.
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1. Introduction

The impact of natural and anthropogenic aerosols on
cloud dynamics and radiative forcing remains one of the
largest uncertainties in projections of climate change
(IPCC, 2021). In the Arctic, background particle concentra-
tions are low, especially during summer when the polar
front retreats northward, isolating the atmosphere from
aerosols emitted from continental land masses. As a result,
at high latitudes, natural aerosols such as sulfate aerosols
play an active role in climate as a source of cloud conden-
sation nuclei (CCN) or by directly scattering light back to
space (Andreae and Raemdonck, 1983; Bates et al., 1992;
Abbatt et al., 2019). Dimethylsulfide (DMS) is the most
abundant source of naturally occurring sulfate aerosol
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particles in remote marine environments, and recent
observations have shown that DMS actively contributes
to the growth of particles to climate-relevant size and their
subsequent activation as CCN (Park et al., 2017; 2021).

DMS originates in the ocean from the degradation of
dimethylsulfoniopropionate (DMSP), which in turn is pro-
duced by phytoplankton, with varying production capaci-
ties among different groups of primary producers (Bullock
et al., 2017). Phytoplankton and ice algae with high DMSP
production capacities are abundant at high latitudes,
increasing the relevance of sulfur biogeochemistry to Arc-
tic climate (Levasseur, 2013). The role of microalgae as
producers of a precursor to a climate-active gas is a source
of potential interactions between ocean biogeochemistry
and the climate. Understanding the oceanic sources of
sulfate aerosols is therefore important to simulate the
present and future climate and to further our understand-
ing of interactions between the ocean, sea ice and the
atmosphere.

DMS production and emissions have been included in
ocean and sea ice models, starting with conceptual and 1D
models (Jodwalis et al., 2000; Gabric et al., 2001). The first
studies using global climate models explored the future of
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DMS and found contrasting results, with both increases
and decreases of global DMS emissions and concentra-
tions simulated during the 21st century (Gabric et al.,
2005; Kloster et al., 2007). For the Arctic, however, the
models that include ocean sulfur biogeochemistry, partici-
pating in the Coupled Model Intercomparison Project
phase 6 (CMIP6), project an increase of DMS emissions
(Bock et al., 2021). This trend has been attributed mainly
to the reduction in sea ice cover, as sea ice loss corre-
sponds to the removal of a physical barrier to emissions.
Recent increases of DMS emissions in the Arctic have been
estimated from satellite-based observations (Gali et al.,
2019), and atmospheric sampling campaigns have found
increases of DMS oxidation products over the last two
decades (Moffett et al., 2020). The future of DMS produc-
tion in the Arctic remains uncertain, and CMIP6 model
projections disagree on future trends of ocean surface
DMS concentrations, with uncertainty linked to the future
of primary production (Bock et al., 2021). Sea ice loss and
the associated greater light availability are expected to
increase the growth of phytoplankton in areas of histori-
cally low DMS and primary productivity. However, this
effect could be offset by increasing stratification, resulting
in greater nutrient limitation in the upper ocean and
sea ice (Vancoppenolle et al., 2013; Timmermans and
Marshall, 2020). Furthermore, climate change could affect
phytoplankton and bacterial community composition,
which will alter DMSP and DMS production in the Arctic
(Campen et al., 2022).

In this work, we used a regional ocean and sea ice
model with representations of the pelagic and sympagic
ecosystems to simulate future Arctic DMS production and
emissions, in order to understand how sulfur biogeochem-
istry will be impacted by climate change. For reasons of
computational cost, we considered a single simulation
forced with a single realization of the driving atmospheric
variability, so we cannot quantify uncertainty associated
with internal variability and model differences. As such,
the focus of this study is a qualitative understanding of
the mechanisms controlling DMS emissions and concen-
trations in the context of future climate change, and
how physical and biological drivers can affect model
projections.

Simulations of the model used here for the historical
period (1979-2015) have been analyzed previously, show-
ing good agreement with available DMS data and repro-
ducing the observed increasing trend of DMS emissions
(Hayashida et al., 2020). Here, we analyzed how DMS
emissions will change in response to altered physical dri-
vers, with a focus on understanding how sea ice cover and
wind speed produce spatial and temporal variability. We
also studied future DMS concentrations, with the particu-
larity that in contrast to CMIP6 models we included a rep-
resentation of sea ice sulfur biogeochemistry. Sensitivity
tests with the model we used have indicated that DMS
production in sea ice can be the main source of DMS
emissions, especially at higher latitudes during spring
(Hayashida et al., 2020). With the sea ice loss projected
in the 21st century under scenarios of strong warming, sea
ice DMS production will undoubtedly undergo large
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changes, which we explored here. Furthermore, we
studied the relationship between DMS and primary pro-
duction and how it results in changes in temporal and
spatial variability of ocean DMS concentrations. As the
physical dynamics of the Arctic Ocean are also impacted
by climate change, we analyzed how altered stratification
can affect ocean DMS concentrations and their vertical
distribution in the water column.

2. Methods
2.1. Model
We present simulations from a regional model of the
Arctic Ocean based on the physical ocean model NEMO
3.4 (Madec et al., 2017) and the sea ice model LIM2
(Bouillon et al., 2009). The model includes pelagic and
sympagic biogeochemical components. Pelagic biogeo-
chemical processes are represented by the Canadian
Ocean Ecosystem Model (CanOE; Christian et al., 2022),
which considers two primary producers and two zooplank-
ton groups, as well as carbon and nitrogen chemistry. In
sea ice, the Canadian Sea Ice Biogeochemistry model
(CSIB; Mortenson et al., 2017; Hayashida et al., 2019) simu-
lates a three-variable sea-ice ecosystem (ice algae, nitrate,
and ammonium), as well as sulfur and carbon biochemis-
try, and is coupled to the pelagic biogeochemical model
through exchanges at the sea ice—ocean interface. Fig-
ure 2 from Hayashida et al. (2019) presents how the dif-
ferent elements of the model are connected and interact.
The model domain is based on the North Atlantic and
Arctic (NAA) configuration, developed by the ocean mod-
eling group at the University of Alberta (Hu and Myers,
2013), and was built on the curvilinear orthogonal coor-
dinate system used by the NEMO model. The spatial
domain (Figure 1) covers the entire Arctic north of
approximately 60°N, the Bering Strait and the northern
North Atlantic, with a horizontal resolution ranging from
10 km to 14.5 km and with 46 vertical ocean layers. For
the present analysis, the Arctic was divided into 10
regions, based on the regions proposed by Matrai and
Apollonio (2013), and which have been used in previous
studies of future Arctic climate projections (Reader and
Steiner, 2022; Steiner and Reader, 2024).

2.1.1. Sulfur biogeochemistry

The sulfur biogeochemistry component (Figure 2) was
first developed in the context of a single column model
(Hayashida et al., 2017) and subsequently integrated into
the 3D configuration used here (Hayashida et al., 2019).
We considered the configuration evaluated in Hayashida
etal. (2020), in which a simulation over the historical period
(1979-2015) was compared to available observations.

In sea ice and the ocean, the model represents DMSP in
both particulate (DMSPp) and dissolved (DMSPd) forms, as
well as DMS. The concentration of DMSPp is assumed to
be proportional to carbon biomass of the primary produ-
cers, with different DMSP-to-carbon ratios for each group.
In this model, the release of DMSPp from algal cells and its
transformation into DMSPd occur through cell lysis, exu-
dation, and sloppy feeding. DMSPd is then converted into
DMS by bacteria and free DMSP-lyase enzymes, and DMS is
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Figure 1. Map of the Arctic depicting regions used in the analysis of model simulations. Regional groups are in
bold. GIN indicates Greenland, Iceland, and Norwegian seas.
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Figure 2. Schematic of the sea-ice and oceanic components of the sulfur biogeochemistry model. Variables in
blue are prognostic, variables in yellow are diagnostic and variables in red are not simulated but the relevant processes
are parameterized. Variables in green are prognostic components of the ecosystem model. Arrows represent the
physical and biogeochemical fluxes parameterized in the model with, in parentheses, the controlling factors of each
process, where N denotes nutrients (NO3, NHy), p the ice algal growth rate, AHi the change in sea ice thickness, Amp
the change in melt pond area, SIC the sea ice concentration, U the near-surface wind speed, and SST the sea surface
temperature.
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either consumed by bacteria, degraded by photolysis or
vented to the atmosphere from the uppermost layer of the
ocean. Details of the model equations and parameters can
be found in Hayashida et al. (2020).

2.1.2. Daily DMS emissions

Using daily data of DMS emissions for our analysis is
especially relevant considering the fast timescales of atmo-
spheric sulfur chemistry, as DMS can be oxidized rapidly
and has residence times of only a few days (Sellegri et al.,
2024). However, with the length of the simulation ana-
lyzed here, storing model output at a daily frequency for
all variables was not practical in the simulation we con-
sidered. The DMS sea-to-air flux was only saved with
monthly means, but daily means were available for ocean
surface DMS concentrations (DAMS,), sea surface temper-
ature (SST'), sea ice concentration (SI/C), and near-surface
wind speeds (Ujo). We therefore re-computed daily DMS
emissions Fpys from these variables for the periods of
analysis, using the same parametrization as the model
simulation:

Fpass = DMS,(1 — SIC)™ knoo(Uro)Se(SST) (1)

Here Sc is the SST-dependent Schmidt number from
Saltzman et al. (1993). The term (1 — SIC)™* is used to
account for the non-linear relation between sea ice con-
centration and sea-to-air flux. This dependence on SIC
represents the increase in gas transfer velocity that occurs
at high sea ice concentrations due to enhanced convection
below leads, as identified by Loose et al. (2009). This
parametrization of the DMS sea-to-air flux is based on
the gas transfer velocity from Nightingale et al. (2000),
which considers a quadratic wind speed dependence:
knoo(Urg) = 0.333U3 + 0.222U%,.

To estimate the errors introduced by recomputing DMS
emissions, we compared the monthly means saved directly
during the simulation and monthly means calculated
from the recomputed daily DMS emissions. We found rel-
ative root-mean-square differences of less than 17% and
a systematic bias with recomputed values consistently
overestimating monthly means directly saved by the
model (Figures S1 and S2). These differences can be attrib-
uted to the non-linear dependence of DMS emissions on
wind speed and sea ice concentration. Although these
errors are not negligible, they can be deemed acceptable
for the study of mechanisms controlling DMS emissions.
However, when considering future projections and com-
paring our simulation with CMIP6 models or observation-
based data products, we used the monthly means directly
saved by the model.

Other gas transfer parametrizations have been
proposed, and Zavarsky et al. (2018) found that a linear
wind speed dependence best fit the observational data
they collected, similarly to Marandino et al. (2007):
kz18(Urg) = 2.0Uyp + 0.94. We also re-computed daily
DMS emissions with the parametrization from Zavarsky
et al. (2018) to assess the sensitivity of DMS emissions
to the choice of parametrization. Because the simulation
we used was originally run using 40 and re-computing
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DMS emissions with £, can lead to inconsistencies, these
data were used only as a first assessment of sensitivity.

2.1.3. Simulations

We focused our analysis on a simulation from 2016 to
2085 under a scenario of strong warming, representative
concentration pathway (RCP) RCP8.5 (van Vuuren et al.,
2011). We also considered a simulation forced with
RCP4.5, a scenario with reduced emissions compared to
RCP8.5, to investigate scenario uncertainty. These runs
were initialized from the historical run previously ana-
lyzed in Hayashida et al. (2020). For the simulations stud-
ied here, the atmospheric forcing used was derived from
the Canadian Regional Climate Model (CanRCM4) and the
Canadian Earth System Model version 2 (CanESM2; Arora
et al., 2011). Lateral boundary conditions are from
CanESM2 (Arora et al., 2011) or are fixed to the same
constant values used for the historical run (Hayashida
et al., 2020). Further details regarding the simulation
setup can be found in Haddon et al. (2024), where the
RCP8.5 simulation has been analyzed focusing on the
future of sea ice algae.

Surface and lateral forcings from CanRCM4 or
CanESM2 were adjusted to account for model biases.
Corrections were made by adding the anomaly between
modeled and observed climatologies to the future forcing
daily time series, as described in Haddon et al. (2024).
Note, however, that these corrections were not carried out
for the near-surface wind forcing, as the method used was
found to result in unrealistic wind directions. Thus, there
is a discontinuous transition in the wind forcing between
the historical and future simulations, as well as a step
change in DMS emissions between these two simulations
as a result of the strong dependence of the DMS sea-to-air
flux on wind speed. For these reasons, we analyzed the
future run independently of the historical simulation, as
changes in DMS emissions would be strongly affected by
the change in wind forcing.

Changes were analyzed between the present, defined
as the period 2016-2035, and the late 21st century,
defined as the period 2066—2085. When presenting time
series, we also plotted 20-year rolling means computed
with 20 years of data centered around the year of interest,
with shorter averaging periods using the available data at
the start and end of the simulation.

3. Results

3.1. DMS emissions

We begin the presentation of these results with an analysis
of DMS emissions, focusing on spatial and temporal vari-
ability. To assess when and where the simulated DMS
emissions have a potential impact on climate, we consid-
ered the benchmark identified by Pandis et al. (1994).
Using a simple steady state model of atmospheric sulfur
(S) chemistry, they found that for DMS sea-to-air fluxes
greater than 2.5 gmol S m 2 d ™', there is a linear rela-
tionship between the cloud condensation nuclei (CCN)
number concentration and the DMS flux. This relationship
suggests that above this benchmark, DMS emitted from
the ocean has an impact on cloud formation, and
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therefore this reference value can be used as a benchmark
in assessing DMS emissions. Note that the model used by
Pandis et al. (1994) did not account for other sources of
CCN and therefore this benchmark is only meaningful for
remote regions where the atmosphere is not influenced by
other aerosols, such as land emissions or sea spray. Fur-
thermore, although evidence suggests that DMS is the
main secondary source of aerosols in remote regions of
the Arctic, there are other sources of aerosols that can
impact the sensitivity of CCN formation to DMS emissions
(Willis et al., 2018; Abbatt et al., 2019).

Throughout the Arctic, the model simulates an overall
increase of the climatological mean May—-August DMS
emissions from present 2016—2035 to late 21st century
2066-2085 (Figure 3a—c). Time series of regional
averages (Figure 3g) confirm that this increase is robust
to the choice of climatological period. This increase is
primarily the result of a northerly progression of areas
with May—August mean DMS sea-to-air fluxes greater than
2.5 umol S m 2 d~. Indeed, in the present, large mean
DMS emissions occur mainly at lower latitudes and are
found in the high Arctic only in a few small areas. How-
ever, by late century, DMS emissions in high latitudes
regions, from the Chukchi to the Kara seas, increase sub-
stantially and become comparable to those of the Green-
land, Iceland, Norway (GIN) and Barents seas.

The Arctic can be split into three groups of regions in
terms of simulated DMS emissions (Figure 1). The first
group is the Atlantic Arctic, composed of the GIN and
Barents seas, where the regional average DMS sea-to-air
fluxes are high in the present and increase only moder-
ately by late century. In these regions, there is substantial
spatial variability in the changes of DMS emissions, with
strong increases at high latitudes compensating decreases
in coastal areas at lower latitudes.

The second group, the Eastern Arctic, spans the large
continental shelves of the Chukchi, East Siberian, Laptev,
and Kara seas. Here, the moderate DMS emissions of the
present increase substantially and by late 21st century, the
highest DMS sea-to-air fluxes of the Arctic are simulated in
these regions, notably in the Chukchi Sea.

Third is the Central and Western Arctic, comprising the
deep basins of the Central Arctic and the Beaufort Sea as
well as the narrow passages of the CAA and Baffin Bay. In
these regions, mean DMS emissions are low in the present
and remain low throughout the 21st century (Figure 3).

3.1.1. Temporal variability of DMS emissions

Substantial interannual variability is simulated, as shown
in the interdecile range of May—August mean DMS emis-
sions (Figure 3d—f). For both present and future periods,
the highest inter-annual variability is simulated in areas of
strong mean DMS emissions. A noteworthy exception is
the coast of the East Siberian Sea during the present
period, where despite low mean DMS sea-to-air fluxes,
a large interdecile range reveals the existence of years of
high DMS emissions. In the Chukchi Sea, the substantial
increase in DMS sea-to-air fluxes from present to late cen-
tury coincides with a strong increase of interannual vari-
ability. This result indicates that by late century, this region
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could have years with extremely high DMS emissions, as
seen in the regional time series (Figure 3g).

Histograms of regional and daily mean DMS emissions
for May and August (Figure 4) reveal that there is also
strong temporal variability at subseasonal time scales.
These distributions cover a wide range of values, even in
regions with low mean DMS emissions, which shows that
extreme events corresponding to bursts of DMS emissions
are simulated. In the most productive areas, such as in the
Atlantic Arctic during May, daily DMS sea-to-air fluxes can
reach up to 10 times the benchmark of 2.5 ymol S m™*
d . In the Central Arctic, DMS emissions greater than the
benchmark of 2.5 umol S m~* d~' are simulated, albeit
with low probability, illustrating rare occasions of poten-
tial impact on CCN formation even where mean DMS
emissions are low. The occurrence of these high-flux
events also increases by late 21st century, particularly in
both May and August for the Eastern Arctic and in May for
the Atlantic Arctic. As discussed above, the benchmark
DMS flux of 2.5 umol S m~2 d™! is not equally relevant
at all locations. From Figure 4, in all regions in May and in
all but a few in August (Baffin Bay, Kara Sea, GIN Seas), the
frequency of daily DMS emissions exceeding any threshold
greater than the benchmark value increases by late cen-
tury. In this way, the increased frequency of DMS emis-
sions bursts in the Arctic is robust.

To understand the drivers of the temporal variability of
DMS emissions, we computed the power spectra of the
regional and daily mean DMS emissions, ocean surface
DMS concentrations and surface wind speed. Spectra were
computed for each year and then averaged over 20 years
for both periods (Figure 5). For DMS emissions, the spec-
trum displays power at both high and low frequencies, in
all three groups of regions. High frequencies, with periods
less than 7 days, correspond to short bursts of emissions,
whereas low frequencies represent seasonal variations. The
surface wind speed spectra are dominated by high fre-
quency variability, concentrated around periods of a few
days, corresponding to synoptic scale weather. Ocean sur-
face DMS concentrations vary on longer time scales and
are dominated by a seasonal cycle, resulting in a spectrum
with most of the power in the low frequencies. Similarly,
the sea ice annual cycle results in a spectrum concentrated
in low frequencies (not shown). This spectral analysis indi-
cates that the high frequency events of DMS emissions,
such as bursts of emissions, are primarily controlled by
wind variability. In contrast, the annual cycle of DMS emis-
sions is the result mainly of the seasonal variations in
ocean surface DMS concentration and sea ice cover.

3.1.2. Annual cycle of DMS emissions
We next analyze the annual cycle of DMS emissions
(Figure 6), and how it changes in relation to changes
in the physical drivers, sea ice cover and wind speed
(Figures 7—9), and in ocean surface DMS concentration
(Figure 10). DMS concentrations will be analyzed in
Section 3.2.2.

In the Atlantic Arctic, the annual cycle of DMS
emissions is dominated by a spring peak that increases
in magnitude only moderately from present to late
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Figure 3. May—August DMS emissions. (a, b) Climatological May—August mean DMS emissions from present 2016—
2035 and late 21st century 2066—2085 and (c) associated change. (d, e) Interdecile range of May—August mean DMS
emissions and (f) associated change. (g) Time series from 2016 to 2085 of regional averages of May—August mean
DMS emissions (dots) and 20-year rolling mean (lines).
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Figure 4. Temporal distribution of DMS emissions by region. Regional histograms and quantiles for May (a—j) and
August (k—t) of DMS emissions, computed from 20 years of daily regional means, for the present 2016-2035 and
late 21st century 2066—2085. At the top of each plot, the median, the 10th, 25th, 75th, and 90th percentile of the
daily mean DMS emissions are displayed for both periods. Also shown is the average number of days when DMS
emissions are greater than the benchmark of 2.5 umol S m~2 d ', with the dashed vertical line corresponding to

this benchmark.

21st century. The model simulates almost ice-free
conditions in May already in the present (Figure 8), and
thus DMS sea-to-air fluxes are not limited by the presence
of sea ice. DMS emissions are therefore controlled by
ocean surface DMS concentrations, and little change to
the timing of DMS emissions is projected by the model
as the onset of DMS production is already limited by the
seasonal cycle of surface irradiance in the present.
Although changes in the physical drivers result in
increased gas transfer velocities throughout these regions,
they do not lead to higher DMS fluxes everywhere.

Notably, in the eastern Barents Sea, despite increases in
the mean May wind speed (Figure 8), the DMS emissions
decrease by late 21st century because of low ocean surface
DMS concentrations (Figure 10d—f). In both periods, sum-
mer DMS emissions are lower than during spring, as
a result of reduced ocean surface DMS concentrations.
A minor fall DMS emissions peak occurs in September
when wind speeds start to increase.

In the Eastern Arctic, spring DMS emissions are
strongly limited in both periods by a substantial sea ice
cover. As May sea ice concentrations are high, even in the
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Figure 5. Power spectral density of daily DMS emissions, wind speed and ocean surface DMS. Power spectra of
DMS emissions (a, d, g), 10 m wind speed (b, e, h) and ocean surface DMS concentration (c, f, i), for the Central and
Western Arctic (a—c), Eastern Arctic (d—f) and Atlantic Arctic (g—i). The spectra S(f) are computed using the fast Fourier
transform (FFT) from daily time series of regional means for each year, for frequencies f up to 180 y~'. We plot here
the product fS(f) averaged over 20-year periods (dots) and the rolling mean over 10 frequencies (lines), for the

present 2016—2035 and late 21st century 2066—2085.

late 21st century (Figure 8e), the substantial spring DMS
production from ice algae and under-ice blooms is
trapped below the ice (Figure 10). Future DMS emissions
start earlier in the year but remain largely below the
benchmark of 2.5 umol S m~> d~' during spring. Once
sea ice begins to retreat, DMS emissions become substan-
tial, with high emissions simulated until September. Sum-
mer DMS emissions and ocean surface concentrations
increase strongly from present to late 21st century and
are associated with a total loss of sea ice cover in August.
Peak DMS emissions occur earlier in the future, and these
changes in timing are linked not only to earlier sea ice
break-up but also to earlier DMS production. Summer
surface wind speeds increase from present to late 21st

century, and in particular the monthly 90th percentile
wind speed shifts higher (Figure 7e-h), resulting in
a greater occurrence of strong bursts of DMS emissions
(Figure 4).

In the Central and Western Arctic, DMS emissions are
low throughout the year, with only a moderate increase in
magnitude and a small change in timing from present to
late 21st century. A spring peak in DMS concentrations is
clearly noticeable, with ocean surface DMS reaching con-
centrations comparable to areas at lower latitudes with
higher emissions, such as in the Eastern Arctic. However,
spring DMS emissions are blocked by a substantial sea ice
cover in both periods, as the model simulates little
changes in the May sea ice concentration before 2085
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Figure 6. Ice and ocean surface DMS concentrations and emissions: 20-year mean annual cycles of regional
averages. Annual cycle of daily DMS sea-to-air flux (dots), daily ice algal biomass (dashed-dottted lines), monthly
sea ice DMS concentration (diamonds), daily ocean surface DMS concentration (full and dashed lines), and
monthly ocean surface phytoplankton biomass concentration (crosses). For the ocean surface DMS
concentration, both the regional average (full lines) and the under-ice regional average (dashed lines) are
shown, where under-ice is the area with a sea ice concentration greater than 50%. Climatological averages
computed over 20 years, for the present 2016-2035 and late 21st century 2066—-2085. Left column (a—d) are
regions of the Central and Western Arctic, center column (e—h) are regions of the Eastern Arctic, and right column
(i, j) are regions of the Atlantic Arctic.
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Figure 7. Surface wind speed: 20-year mean annual cycles of regional averages. Monthly mean and monthly
10th and 90th percentiles of the surface wind speeds, computed from daily regional means. Climatological averages
computed over 20 years, for the present 2016-2035 and late 21st century 2066—2085.

(Figure 8). In contrast, late summer emissions are limited
mainly by a lack of DMS production (Figure 10), in par-
ticular in the late 21st century, when the model simulates
ice-free conditions in August and an associated increase in
mean wind speed (Figure 9). Nonetheless, summer DMS
emissions increase in the Central Arctic and the Beaufort
Sea and in the future some areas show up to 10 days in
August, with fluxes greater than the benchmark of
2.5 umol S m~ d~'(Figure 9b). Moreover, in the CAA
and along the Beaufort shelf, there are small areas
of large summer DMS emissions, and by late 21st
century DMS fluxes in these areas almost always exceed
2.5 umol Sm~>d .

Throughout the Arctic, there are only small changes to
fall DMS emissions in September and October (Figure 6).
This result can be linked to the absence of changes in the
fall DMS ocean surface concentration. As a result, there
is no extension of the period with substantial DMS
emissions, despite freeze-up occurring later by late
21st century.

3.2. DMS concentrations

3.2.1. Biological control

To assess the relation between phytoplankton biomass and
DMS concentrations, we carried out linear regressions of
regional mean ocean surface DMS concentrations on ocean
surface total phytoplankton biomass. Despite the detailed
representation of a variety of sulfur cycle processes in the
model, there is a strong correlation between DMS

concentrations and phytoplankton biomass. The strength
of this correlation is indicated by consistently high coeffi-
cients of determination »? values, greater than 0.8 during
the productive period from March to October (Figure S3).

Figure 11 shows the monthly mean slopes obtained
from the DMS-biomass linear regressions. These slopes
have units of DMS concentration per unit of phytoplank-
ton biomass and can be interpreted as the overall DMS
production efficiency of the pelagic ecosystem. Although
there is a strong correlation between DMS concentration
and phytoplankton biomass, the slope of this relation
changes substantially between regions and seasons. An
annual cycle of the DMS concentration to phytoplankton
biomass slopes is clearly visible, following the annual
cycle of primary production, with DMS production effi-
ciency increasing strongly from spring to summer and
decreasing in the fall. From present to late 21st century,
a general increase in the DMS concentrations per unit of
phytoplankton biomass is simulated. This increase is par-
ticularly noticeable in the regions of the Eastern Arctic
where ocean surface DMS concentrations increase sub-
stantially (Figure 6).

The correlation between ocean surface DMS concentra-
tion and phytoplankton biomass can also be seen in the
climatological annual cycles of these two variables, which
exhibit the same patterns. Similarly, ice algal biomass and
sea ice DMS concentration share the same overall annual
cycles, indicating that they are also strongly correlated
(Figure 6).
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Figure 8. May DMS emissions and physical drivers. (a, b) Climatological mean number of days with DMS emissions
greater than 2.5 umol S m~* d~' in May and (c) associated change from present 2016-2035 to late 21st century
2066-2085. (d, e) Climatological mean May sea ice concentration and (f) associated change. (g, h) Climatological
mean near-surface wind speed and (i) associated change.
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Figure 9. August DMS emissions and physical drivers. (a, b) Climatological mean number of days with DMS
emissions greater than 2.5 umol S m™2 d™' in May and (c) associated change from present 2016-2035 to late
21st century 2066—2085. (e, f) Climatological mean May sea ice concentration and (g) associated change. (h, i)
Climatological mean near-surface wind speed and (j) associated change.
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Figure 10. Ice and mixed layer mean DMS concentration. (a, b) Climatological mean sea ice DMS concentration in
May and (c) associated change from present 2016—-2035 to late 21st century 2066—2085. (d, e) Climatological mixed
layer mean DMS concentration in May and (f) associated change. (g, h) Climatological mixed layer mean DMS
concentration in August and (i) associated change.
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Figure 11. Slopes of ocean surface DMS versus phytoplankton relation. Slopes obtained from the linear
regression of ocean surface DMS concentration as a function of ocean surface total phytoplankton biomass. Linear
regressions were computed for each month of every year using model output from all grid cells of a given region. The
20-year monthly mean slopes are plotted, with shaded areas corresponding to the interdecile range over 20-year
periods, for the present 20162035 and late 21st century 2066-2085. Values are plotted only when the mean r? of

the linear regressions is greater than 0.8.

3.2.2. Annual cycle of DMS concentrations

During spring, DMS production at high latitudes begins in
sea ice and closely follows primary production, with sea
ice DMS concentrations reaching a maximum in May
when ice algal biomass peaks. Both increases and
decreases in May sea ice DMS concentrations are simu-
lated from the present to the late 21st century
(Figure 10a—c), with substantial reductions in the Beau-
fort Sea and Baffin Bay but a strong increase in the East
Siberian Sea. In both periods, sea ice DMS concentrations
reach high levels in productive regions and are up to one
order of magnitude higher than ocean surface DMS con-
centrations. The accumulation of sea ice DMS in the late
21st century does not begin earlier in the year than in the
present, except in the Chukchi and East Siberian seas
where changes in the timing of sea ice DMS production
are small compared to the large changes in sea ice
(Figure 6). The absence of a major shift in the onset of
sea ice DMS production is associated with only small
changes in the timing of ice algal blooms. The low sensi-
tivity of ice algal phenology has been attributed to a later
sea ice freeze-up in the future, leading to a reduction of
overwintering ice algae in model simulations (Haddon
et al., 2024). The resulting lower initial biomass at the
beginning of spring then causes a delay in the develop-
ment of sympagic blooms, offsetting earlier light from
thinner ice.

To analyze the annual cycle of DMS concentrations in
the ocean, we plotted in Figures 12, S4, S5, and S6 the
regional vertical profiles of DMS concentration along with
the main controls of primary productivity, photosynthetic
active radiation (PAR), and nitrogen. In contrast to what
occurs in sea ice, the timing of DMS concentrations in the
ocean responds to changes in sea ice thickness, with thin-
ner sea ice in the future allowing for an increase in PAR
earlier in the year and thus more favorable growing

conditions during spring (Figure 12). As a result, under-
ice DMS production begins earlier in the late 21st century
in ice-covered regions, with more than a month change in
the Chukchi Sea.

In addition to changes in timing, spring ocean DMS
concentrations in sea ice-covered regions increase substan-
tially from present to late 21st century (Figure 10d-f).
Figure 6 shows that the regional averages of ocean surface
DMS concentration and averages restricted to under sea ice
are very close until June in all regions of the Arctic, except
for the Barents and GIN seas. This pattern indicates that in
the high Arctic where sea ice cover remains extensive dur-
ing spring even in the late 21st century, early DMS concen-
trations in the ocean are the result of under-ice blooms.
Changes from present to late 21st century in May mixed
layer DMS concentrations are therefore caused by earlier
and more substantial under-ice blooms. This higher produc-
tivity can be linked to stronger winter mixing, leading to
increases in ocean surface nitrogen concentrations at the
onset of spring, notably in the Beaufort and Chukchi seas
(Figure 12).

As the regions of the Atlantic Arctic are mostly ice-free
already in the present, a strong pelagic bloom develops in
the spring, and there is no change in the timing of the
ocean surface DMS concentrations peak from present to
late 21st century (Figures 6 and 12). In these regions,
strong spatial variability is simulated with both areas of
high and low May DMS concentrations in the late 21st
century (Figure 10d—f). Mean surface wind speeds in May
increase substantially over the 21st century (Figure 8),
leading to a deep mixed layer throughout the Barents Sea
(Figure 13). Strong spatial variability is also simulated in
the May mixed layer depth (MLD), and although it is not
apparent in the 20-year climatologies, it is clearly seen in
individual years (not shown). Deep mixing dilutes the
DMS produced in seawater over a greater depth, leading
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Figure 12. Annual cycles of vertical profiles. Annual cycles of regionally averaged vertical profiles of DMS
concentration (left), photosynthetic active radiation (PAR, center) and total nitrogen (right), for the Beaufort,
Chukchi, and Barents seas. Also shown is the regional mean mixed layer depth (MLD, red line), the vertically
integrated monthly mean total DMS above the MLD (green) and below the MLD to 60 m (gray line), daily sea ice
concentration (blue line) and vertically integrated total nitrogen above the MLD (orange line). Climatological averages
computed over 20 years, for the present 2016—-2035 and late 21st century 2066—2085.
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Figure 13. May and September mixed layer depth. Climatological mixed layer depth in May (a—c) and September
(d—f). Climatological averages computed over 20 years, for the present 2016—2035 and late 21st century 2066—2085.

to a reduction of surface DMS concentrations. The role of
dilution by vertical mixing is illustrated through consider-
ation of total DMS integrated down to the MLD, which
shows much less spatial variability and is high throughout
the Barents Sea (Figure S7).

In the deep oceanic basins of the Beaufort Sea and of
the Atlantic and Central Arctic, as well as in Baffin Bay,
ocean surface DMS concentrations decrease strongly at
the end of spring as surface nutrients become depleted
(Figures 12, S4-S6). Primary production and DMS pro-
duction can still occur at depth, where nutrients are avail-
able, and as a result deep chlorophyll and DMS maxima
develop during summer. In ice-covered regions, this deep-
ening of DMS production occurs earlier in the year by late
21st century, from earlier ocean surface blooms. As the
mixed layer is particularly shallow in the Arctic during
summer, substantial amounts of DMS are produced below
the MLD. Comparing integrated DMS from the surface to
the MLD and from the MLD down to 60 m (Figure 12)
shows that the DMS stock below the MLD in these regions
can be greater or equal than the DMS stock above the

MLD. While this deep DMS stock represents a substantial
source of DMS during summer, the DMS remains trapped
at depth below the MLD instead of being ventilated to the
atmosphere and thus does not lead to strong summer
DMS emissions.

In the Eastern Arctic, such as the Chukchi Sea, in the
present the ocean surface DMS concentration reaches
a peak in June (Figure 12). However, on these shallow
continental shelves, DMS production above the MLD con-
tinues during summer, as surface nutrient concentrations
are depleted later in the year compared to other regions.
Surface DMS concentrations are lower in August than in
May due to higher sea-to-air fluxes from reduced sea ice
concentrations. From present to the late 21st century
a strong increase is simulated in the August MLD mean
DMS concentrations (Figure 10g—i), and in the Chukchi
Sea the annual peak in ocean DMS concentration shifts
from June to August (Figure 6). This increase in summer
DMS concentrations can be attributed to stronger winter
mixing both locally and in upstream regions in the late
21st century, leading to higher surface nitrogen

G202 JoqUanoN 61 UO Jasn Aleiqi] a1emelaq Jo AsieAiun Aq Jpd-06000°+Z0g BIUBWSR/0Z6£06/06000/ L/€ /4Pd-ajoie/eluswIaje/npe-ssaidon-auljuo//:diy Wwoly pepeojumoq



Haddon et al: Future Arctic dimethylsulfide concentrations and emissions

Art. 13(1) page 17 of 26

May—August mean ocean surface DMS concentration

. (a) historical «—— [ — SSP585 / RCP 8.5

4 ] ———— -
C N\/\N\MM\/\MNWW R
) 37 B —— Gali et al., 2019
[a)

' NorESM2-LM
2 J A | A " (ﬂ ) .
YV VG T Vo WY Oy Y 7 (3 hist; 1 SSP585)
AT W \IV‘\!f\w\fv g Wt Liad
1 ___ MIROC-ES2L
(10 hist; 10 SSP585)
1850 1900 1950 2000 2050 2100 CNRM-ESM2-1
) (11 hist; 5 SSP585)
May—August mean DMS sea-to-air flux

6 UKESM1-0-LL
- " (16 hist; 5 SSP585)
:? = = Hulswar et al., 2022
IE == Wang et al., 2020
wn
S
IS
2
x
3
=
[%2]
s
[a)

o T T T

1850 1900 1950 2000 2050 2100

Year

Figure 14. Comparison with other models and data products. May—August mean (a) ocean surface DMS
concentration and (b) DMS sea-to-air flux, averaged over polar regions north of 70°N. This figure compares the
model used in this study (CSIB-CanOE-NAA) with models participating in the Coupled Model Intercomparison
Project (CMIP6) that computed ocean DMS (NorESM2-LM, MIROC-ES2L, CNRM-ESM2-1, UKESM1-0-LL) and
observation-based data products (Gali et al., 2019; Wang et al., 2020; Hulswar et al., 2022). For CMIP6 models,
lines correspond to a single simulation and shaded areas show the range of values across all ensemble members,
with numbers in the legend indicating the size of the ensemble. The observation data products Wang et al. (2020) and
Hulswar et al. (2022) are monthly climatologies, and the May—August means of these products are plotted as constant
values over the time range of the observations used. For the DMS emissions from (Hulswar et al., 2022), we show both
the climatological mean computed with and without a sea ice mask, the lower value corresponding to the mean with

a sea ice mask.

concentrations (Figure 12). Nutrients above the MLD are
therefore not completely depleted during summer in the
future, and as a result sustained DMS production con-
tinues throughout summer. Moreover, substantial DMS
production also occurs below the MLD in these regions
in both periods, with similar integrated DMS quantities
above and below the MLD in summer.

Throughout the Arctic, as the MLD deepens in the fall,
surface nutrients are replenished and are no longer at
growth-limiting concentrations. This transition occurs ear-
lier in the year in the late 21st century, as indicated by
a deepening of the September MLD in the future for most
the Arctic (Figure 13). However, there is little impact on
DMS concentrations which remain low in September in
both the present and late 21st century. Instead, at high
latitudes, the surface irradiance is the limiting factor, with
light limitation beginning when PAR is below 4 W m ™2 in
the model, and thus the onset of light limitation of pri-
mary production occurs in late September (Figure 12).
Furthermore, the deepening of the MLD in the fall

exacerbates light limitation by reducing the mixed layer
mean PAR.

4. Discussion

4.1. Future DMS emissions and concentrations

This study presents results from a single model driven by
a single realization of atmospheric variability. As such it
cannot directly quantify uncertainty associated with
internal variability or choice of driving model. To put our
analysis into perspective, we compared the model used
here (CSIB-CanOE-NAA) with the four CMIP6 models
incorporating oceanic DMS (NorESM2-LM, MIROC-ES2L,
CNRM-ESM2-1, UKESM1-0-LL), and three observation-
based data products (Gali et al., 2019; Wang et al., 2020;
Hulswar et al., 2022). Figure 14 presents pan-Arctic May—
August means of DMS ocean surface concentration and
DMS emissions. These various estimates of Arctic DMS
concentrations and emissions show large differences, and
observation-based data products also differ substantially.
The spread in the estimate of mean DMS emissions from
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observation-based data products is greater than from
models for the same period, which can be attributed
mainly to large differences in the sea ice masks used by
the observation-based data products. For both DMS con-
centrations and emissions, models differ substantially in
the characteristics of variability, with strong differences in
interannual and decadal variability, as well as in the spread
across ensemble members.

Despite the differences in historical DMS emissions,
this comparison with CMIP6 models confirms the robust-
ness of the increasing trend for pan-Arctic DMS emissions
seen in the model analyzed here. Indeed, all CMIP6 mod-
els project an increase in DMS emissions, even for models
which simulate a decrease in the mean ocean surface DMS
concentration. Bock et al. (2021) showed that this trend is
controlled primarily by the strong sea ice decline, which
results in more surface area for air-sea gas exchanges by
the end of the 21st century. This correlation between DMS
emissions and sea ice area is also reinforced by model
parametrizations, as all CMIP6 models scale DMS emis-
sions linearly with sea ice concentration. However, recent
studies challenge this simple relationship. Firstly, a partial
sea ice cover can have an effect on interfacial turbulence
thereby impacting air-sea fluxes, as confirmed by field
observations showing that gas transfer velocities scale
non-linearly with sea ice concentration (Loose et al.,
2017). Secondly, the assumption in model parametriza-
tions that the simulated sea ice is impermeable to gas
transfer has been challenged by observations (Gourdal
et al., 2019). Thirdly, the biogeochemistry of marginal sea
ice zones might not be accurately represented, especially
in coarse resolution models, which could lead to an under-
estimation of DMS emissions. A recent study combining
satellite remote sensing and field data estimated that
north of 80°N, DMS emissions from the marginal ice zone
are increasing and likely exceed open-water emissions in
June and July (Gali et al., 2021). Considering the low res-
olution of CMIP6 models and their poor representation of
small leads, Bock et al. (2021) conclude that CMIP6 mod-
els likely underestimate DMS emissions in ice-covered
areas. The model analyzed here is of higher resolution
than CMIP6 models and includes a nonlinear dependence
of the DMS sea-to-air flux on sea ice concentration, with
an enhancement of fluxes when sea ice concentrations are
high. However, these extra features do not result in DMS
emissions higher than all CMIP6 models, and instead the
simulated time series of pan-Arctic means from CSIB-
CanOE-NAA and CNRM-ESM2-1 are remarkably similar.

There is no consensus on the future trend of Arctic
DMS concentrations, with CMIP6 models projecting both
increases and decreases of the mean ocean surface DMS
concentration. Two CMIP6 models have prognostic DMS
cycles (NorESM2-LM, CNRM-ESM2-1) whereas the other
two have diagnostic schemes, but these differences do not
explain future trends, and each type of model simulates
increases and decreases of ocean DMS concentrations. In
their analysis of CMIP6 models, Bock et al. (2021) showed
that DMS concentrations were strongly correlated to net
primary production, similarly to the relationship found
here between ocean surface DMS concentration and
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phytoplankton biomass. Therefore, the uncertainty in
mean ocean surface DMS concentration can be linked to
inter-model variability in the simulated trends for Arctic
net primary production.

A source of uncertainty in future projections from
climate models stems from scenario uncertainty, which
can be assessed with simulations forced with different
future emissions scenarios. Such an analysis has not been
carried out for DMS production and emissions from
CMIP6 models, but we have also run our model with the
RCP4.5 scenario, corresponding to reduced emissions
compared to RCP8.5. Comparison of pan-Arctic means
shows that the increasing trends of future ocean surface
DMS concentrations and DMS emissions are similar for
both scenarios (Figure S8). Future projections from our
model differ mainly in the timing when a given threshold
is crossed, and for both variables considered here a given
level reached by the simulation from RCP8.5 is attained by
the simulation from RCP4.5 with a delay. This feature of
climate model simulations is well documented for many
variables; for example projections of Arctic sea ice area
from various scenarios differ in the timing but not occur-
rence of sea-ice-free summers (Notz and Community,
2020). More generally, differences between projections
from various emissions scenarios are reduced when con-
sidering a specific warming level rather than a specific
time (Evin et al., 2024).

In contrast to CMIP6 models, the model analyzed here
includes sea ice DMS production. The previous work from
Hayashida et al. (2020) analyzing the CSIB-CanOE-NAA
model simulations over the historical period found a sub-
stantial relative contribution of sea ice DMS to the overall
production, especially during spring in regions of the high
Arctic. Our analysis of future simulations shows that the
contribution of sea ice DMS production could increase in
the future, following trends of ice algal growth. Early in
the 21st century, simulated reductions in sea ice thickness
combined with small changes in the timing of sea ice
break-up will result in the emergence of productive
regions at high latitudes (Haddon et al., 2024). However,
if the sea ice decline accelerates by the end of the 21st
century, as projected by simulations with the high-end
emission scenarios RCP8.5 and SSP585, some regions
could see strong decreases in spring sea ice area, leading
to loss of sea ice DMS production.

These uncertainties in DMS concentrations and
emissions in the sea ice zone indicate that a better repre-
sentation of sea ice processes is still needed to accurately
simulate sulfur biogeochemistry in the Arctic. Likewise,
Elliott et al. (2012) have also included ice algal DMS pro-
duction in their model, noting difficulties and uncertain-
ties in the development and evaluation of the sulfur
biogeochemistry component due to the paucity of data
for the Arctic. This paucity highlights the importance of
detailed observations of both DMS emissions and the pro-
cesses involved in the production and emissions of DMS to
improve the representation of the sulfur cycle in models.
Model simulations as the ones analyzed here can help
identify regions of potential strong future changes, which
could represent areas of focused observations to
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understand the impacts of climate change on future S
biogeochemistry. The southern Beaufort Sea and western
Baffin Bay are projected to be among the first areas to lose
a large portion of their sea ice DMS production; docu-
menting such declines could provide insights on the con-
sequences of sea ice loss. In contrast, the strongest
increases in DMS emissions are simulated in the northern
Barents Sea and the Chukchi Sea, such that these areas
represent potential emerging hot-spots of interest.

4.2. Temporal variability of DMS emissions

4.2.1. Wind variability

The DMS emissions simulated by the CSIB-CanOE-NAA
model are characterized by a strong temporal variability,
with bursts of emissions that last a few days with high
fluxes. The occurrence of short-term spikes in DMS emis-
sions that are much greater than their monthly or sea-
sonal averages implies that DMS can have an effect on
atmospheric dynamics even in areas of low mean DMS
emissions, albeit episodically.

The intermittency of DMS emissions highlights the
necessity of using high-frequency data to capture the var-
iability of DMS emissions and to fully account for the
impact of DMS on the climate system. To the best of our
knowledge, the strong temporal variability of DMS emis-
sions has not been reported in previous 3D model studies,
which could be due to the prevalence of analyzing model
output with only monthly or seasonal averages. Further-
more, using a monthly climatology of DMS sea-to-air
fluxes is insufficient to capture short bursts of DMS emis-
sions and may lead to an inaccurate estimation of the role
of DMS as a climate-active gas. A better alternative is to
compute fluxes using a monthly climatology of ocean
surface DMS concentrations in association with a daily
surface wind speed data product. Such an approach, how-
ever, would neglect the strong spatio-temporal variability
of DMS ocean concentrations from the patchiness of phy-
toplankton blooms, as discussed later.

Spikes of DMS emissions have been observed in polar
regions (Trevena and Jones, 2012) and were documented
as a regular feature during a 5-year study of a coastal area
of the Western Antarctic Peninsula (Webb et al., 2019).
Observations from Webb et al. (2019) resemble model
simulations for the Eastern Arctic regions in the late
21st century, with the highest spikes during summer,
when sea ice concentrations are between 10 and 40% and
high levels of DMS have accumulated, potentially from ice
algae and under-ice production. In observations and the
model simulations presented here, the occurrence of
these pulses require high ocean surface DMS concentra-
tions, but the high frequency variability is the result of
surface wind speeds variability. Such bursts of emissions
occur also at lower latitudes, and high frequency sampling
has shown a rapid and strong response of surface DMS
concentrations to high wind events (Royer et al., 2016).

Simulated DMS emissions depend upon how fluxes are
parameterized. Recent observations have found a reduc-
tion of DMS emissions for instantaneous wind speeds
greater than 11 m s, resulting from the interactions
between waves and wind (Zavarsky et al., 2018). In
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contrast, a study focusing on high wind speeds found that
gas transfer velocities for DMS were not suppressed sig-
nificantly by large waves (Blomquist et al., 2017). Further-
more, the quadratic wind speed parametrization from
Nightingale et al. (2000) has been challenged by a number
of studies (Marandino et al., 2007; Blomquist et al., 2017
Zavarsky et al., 2018; Fairall et al., 2022). Comparing the
gas transfer velocity used in our model (kxgo; Nightingale
et al., 2000) with a linear wind speed parametrization
(kz1s; Zavarsky et al., 2018) shows that for wind speeds
lower than 8 m s™' the gas transfer velocities are close,
with k4 slightly higher than £y, (Figure S9). For higher
wind speeds, however, £y parametrization gives a much
stronger gas transfer velocity than £z5. To assess the
impact of the choice of parametrization on our results,
we compared May and August climatological means from
DMS emissions re-computed with both parametrizations
(Figures S10 and S11). This analysis revealed that the &g
parametrization would lead to higher average DMS emis-
sions but unchanged spatial patterns, which is expected as
daily mean wind speeds rarely exceed 10 m s~' during
summer when DMS production occurs in the Arctic
(Figure 7). The choice of gas transfer velocity parametri-
zation could also impact the temporal variability of DMS
sea-to-air fluxes due to the strong influence of wind var-
iability on DMS emissions intermittency, but the temporal
distributions of daily DMS sea-to-air fluxes with both para-
metrizations are similar (Figures S12 and S13). With the
linear wind speed dependence of 4,3, there are still sub-
stantial spikes of DMS emissions, and their occurrence
is not strongly reduced. This analysis suggests that our
results would hold qualitatively with a linear wind speed
parametrization, but a focused study with different sea-to-
air flux parametrizations would be necessary for a quanti-
tative assessment of the uncertainty associated with the
choice of parametrization. Such a sensitivity analysis is still
lacking, in particular in a polar context where it is neces-
sary to take into account the complex interactions
between the ocean, sea ice and wind.

While wind clearly plays a central role in the variability
and magnitude of sea-to-air fluxes, it impacts DMS emis-
sions in a variety of other ways. Wind-driven mixing influ-
ences the mixed layer depth and can therefore affect
ocean DMS concentrations, as will be discussed later. In
particular, rapid changes of the MLD have been shown to
impact the temporal variability of DMS concentrations
and emissions (Steiner et al., 2012).

The future of DMS emissions will depend strongly on
how climate change affects wind. In the simulations pre-
sented here, both mean DMS emissions and the frequency
of high DMS emissions increase from present to late 21st
century. These changes can be linked to increases in mean
wind speeds and greater occurrence of strong wind events.
Both CMIP5 and regional models also project increases in
monthly mean and monthly averages of daily maximum
wind speeds, throughout the Arctic for both RCP4.5 and
RCP8.5 scenarios (Reader and Steiner, 2022). A major fac-
tor influencing surface wind speeds in polar regions is the
sea ice cover, as it impacts surface roughness, with the
presence of sea ice leading to lower near-surface wind
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speeds. The substantial loss of sea ice during summer is
therefore expected to result in increases in mean wind
speeds. Projecting the future of wind speed distributions
and in particular the frequency of high wind speed events
is much less straightforward. There is a high degree of
uncertainty in future changes in atmospheric dynamics
affecting wind, as a number of interdependent atmo-
spheric processes could be impacted in a variety of man-
ners by climate change (Reader and Steiner, 2022; Ruman
et al., 2022; Miyawaki et al., 2023). For example, a partic-
ular feature of high latitude regions are polar lows, which
are intense maritime mesoscale weather systems lasting
less than 3 days that can lead to high DMS emissions
events. However, until recently the resolution of atmo-
spheric models was too coarse to reproduce polar lows
accurately, and there is still a high uncertainty on the
future of these storms and how they will be impacted
by climate change (Moreno-lbafiez et al., 2021).

The strong impact of wind on DMS emissions also
raises the issue of the dependence of simulations on the
atmospheric forcing used for ocean models. Here in par-
ticular, the forcing used has a 25 km resolution, and there-
fore small-scale wind patterns are not represented,
causing an underestimation of the spatial variability of
wind and thus of DMS emissions (Bessac et al., 2019).

4.2.2. Sea ice processes

Field studies in the sea ice zone have reported short but
strong out-gassing events as sea ice starts to break-up,
when DMS trapped in and below sea ice can be vented
to the atmosphere through the first narrow leads (Trevena
and Jones, 2012). This process represents another form of
temporal variability, controlled by sea ice dynamics at
a small scale. However, the model used here does not
simulate these out-gassing events that occur at the onset
of sea ice break-up. The current model resolution and the
absence of a sub-grid representation of leads clearly limits
the ability to reproduce such bursts of DMS emissions. In
addition, despite the simulated accumulation of high con-
centrations of DMS in sea ice, the model does not repre-
sent direct emission from sea ice to the atmosphere.
Instead, DMS produced by ice algae must first be released
to the ocean surface layer, where it is diluted due to the
large thickness difference between the ice skeletal layer
and ocean surface layer (3 cm versus 1 m). This dilution
results in ocean surface DMS concentrations lower than in
sea ice, which strongly reduces the potential for high DMS
emissions from ice algal production.

The relation between sea ice concentration and DMS
emissions is more complex than the linear relation sug-
gested by both our model and CMIP6 models. Sea ice
dynamics and mechanisms controlling leads will have an
impact on the magnitude and timing of future DMS emis-
sions, and thus an improved representation of small-scale
features of sea ice are also necessary to make accurate
projections of the future sulfur cycle in polar regions. In
particular, these model improvements would allow a better
reproduction of pulses of DMS emissions, which are dispro-
portionately important to climate-relevant processes.
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4.3. Spatial variability of DMS concentrations

In both sea ice and the ocean, a strong linear relationship
between DMS concentrations and the biomass of primary
producers was found in model simulations. However, this
relationship varies in time and space, indicating that the link
between phytoplankton and DMS is not based on a simple
uniform multiplicative factor. Statistical relationships have
also been identified in observational datasets of chlorophyll
or environmental variables, such as solar irradiance (Yang
et al., 1999; Vallina and Simé, 2007). While these relation-
ships have been found to hold even globally, data in these
studies were binned over large areas, for example, by aver-
aging in 10° latitude by 20° longitude boxes. A later study
re-examining the relationship between DMS concentrations
and solar irradiance with less spatial aggregation found very
little correlation, indicating that other factors influence DMS
production (Derevianko et al., 2009). Using an artificial neu-
ral network, Wang et al. (2020) have succeeded in explaining
66% of the variance in the DMS concentration data with
avariety of environmental variables and with minimal spatial
aggregation. This result highlights the complexity and non-
linearity between DMS production and factors that influence
it. The variability of the phytoplankton-DMS relationship is
the result of the various processes involved in DMS produc-
tion but is also impacted by phytoplankton taxonomy, as
different groups of primary producers have different DMS
production capabilities (Stefels et al., 2007). The representa-
tion of this relationship is thus influenced by the choice of
parametrizations and the level of detail of the phytoplankton
model. As a result, the phytoplankton-DMS relationship is
a further source of uncertainty that could strongly impact
future projections of the Arctic sulfur biogeochemistry.

Our model simulates substantial spatial variability of
DMS concentrations. Field studies have linked observed
variability of DMS production at different scales to phyto-
plankton community composition, as different groups of
phytoplankton have different DMS production capabilities
(Luce et al.,, 2011; Steiner et al., 2012; Park et al., 2018).
Another source of variability at sub-mesoscales is the
patchiness of phytoplankton blooms, which remains
poorly represented in models due to insufficient resolu-
tion (Martin, 2003), indicating that there is likely more
spatial variability in DMS concentrations and emissions
than simulated in the model presented here.

The simulated DMS production takes place in the upper
ocean, with substantial production below the MLD during
summer. Such deep production has been observed routinely
at lower latitudes, when a deep chlorophyll maximum devel-
ops (Bailey et al., 2008; Gali et al., 2013; Royer et al.,, 2016).
The model used here has been shown to have a low biased
subsurface chlorophyll maximum (Steiner et al., 2024), and
thus our simulations could underestimate concentrations
below the MLD. At lower latitudes, the upward transport
through mixing of DMS produced below the MLD has been
estimated from observational data, showing that it is negli-
gible compared to other fluxes, such as bacterial consump-
tion (Gali et al,, 2013; Yang et al., 2013). However, Royer et al.
(2016) have shown that strong wind events can lead to
a temporary increase in mixing and result in deep DMS
being supplied to the surface layers, thereby contributing
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to emissions. Detecting such events requires a high temporal
resolution, which remains impractical for long simulation of
3D ocean models as we analyze here. Nonetheless, from the
monthly means available for this study, the majority of deep
DMS production appears to remain trapped under the MLD
and does not contribute to emissions, being degraded
instead at depth by bacterial consumption.

Potential changes in ocean mixing will also affect DMS
concentrations and emissions later in the 21st century.
Stratification is projected to increase in the Arctic Ocean,
which is expected to reduce nutrient availability for primary
production. However, these effects could be offset by
increased light availability from sea ice loss, and there is
still a high degree of uncertainty in the future of primary
production as projected by global models (Vancoppenolle
et al,, 2013; Noh et al., 2023). Vertical mixing also impacts
DMS concentrations, as it has an effect on phytoplankton
taxonomy and physiology (Stefels et al., 2007) as well as
their exposure to light (Vallina and Simé, 2007). Changes in
the MLD affect the ultraviolet radiation exposure of DMS-
consuming bacteria, which has been shown to impact DMS
concentrations sufficiently to explain the relationship
between MLD and DMS concentrations (Simé and Pedrés-
Ali6, 1999; Steiner et al., 2006; Toole et al., 2006).

5. Conclusions

Using a regional ocean and sea ice biogeochemical model
of the Arctic, the future of DMS concentrations and emis-
sions has been analyzed in this work. Three groups of
regions were identified:

e Eastern Arctic: Chukchi, East Siberian, Laptev, and
Kara seas. The loss of a summer sea ice cover in these
regions results in earlier and increased DMS emis-
sions from the removal of a physical barrier. On
these shallow continental shelves, simulated DMS
production and primary production are also earlier
and larger by the late 21st century. These changes are
the consequence of greater light and nutrient avail-
ability, as thinner sea ice year-round allows for more
light and momentum transfer to the ocean.

e Central and Western Arctic: Central Arctic, Beaufort
Sea, Canadian Arctic Archipelago, and Baffin Bay. In
these regions, spring DMS production remains trapped
below sea ice even in the late 21st century, as small
changes in spring sea ice concentrations are simulated.
In summer, despite strong sea ice loss, DMS produc-
tion occurs mostly below the mixed layer depth and
does not contribute to DMS emissions.

e Atlantic Arctic: Barents and GIN seas. These regions
are already mostly sea-ice-free in the present, hence
projected changes in the sulfur biogeochemistry are
small. Nonetheless, increases in the occurrence of
high wind speed events lead to a simulated increase
of the frequency of high DMS emissions bursts.

We have identified the following key mechanisms
governing Arctic DMS, and how these will be impacted
by climate change:
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1. Wind variability induces a strong short-term
temporal variability of DMS emissions. Substantial
bursts of DMS emissions are simulated throughout
the Arctic, including in areas of low DMS emissions,
indicating the possibility of an impact of DMS on
climate even in the Central Arctic and other regions
of low mean DMS concentrations.

2. Despite increasing DMS concentrations from ice
algal and under-ice blooms, the model does not
simulate DMS out-gassing events during sea ice
break-up. Better representation of leads and higher
model resolution are still necessary to capture
bursts of DMS emissions during sea ice break-up.

3. Substantial quantities of DMS are produced at depth
when a deep chlorophyll maximum develops. Dur-
ing summer, when the MLD is shallow, this DMS
remains trapped at depth, below the mixed layer
and does not contribute to emissions.

This work highlights the key role that sea ice and wind
play in controlling DMS emissions in the Arctic. These
variables are also drivers of ocean DMS concentrations
through their control of light and nutrient availability,
which regulate the primary producers responsible for DMS
production. While future work should focus on improving
the representation of these physical drivers, developments
toward a more detailed modeling of S biogeochemistry
are also still required. Notably, methanetiol (MeSH) is
another sulfur aerosol precursor produced in substantial
amounts in the ocean and sea ice, with recent evidence
suggesting that emissions of MeSH are particularly strong
in polar oceans (Wohl et al., 2024). Production and emis-
sion of this compound should be added to sulfur biogeo-
chemical models, especially considering that it is also
a product of the degradation of DMSP and thus represents
only a minor increase of model complexity.
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The supplemental files for this article can be found as
follows:

e Figure S1: RMSE in recomputing daily DMS
emissions

e Figure S2: Mean biases in recomputing daily DMS
emissions

e Figure S3: Coefficient of determination of ocean
surface DMS and phytoplankton relation.
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e Figure S4: Annual cycles of vertical profiles of the
Central and Western Arctic.

e Figure S5: Annual cycles of vertical profiles of the
Eastern Arctic.

e Figure S6: Annual cycles of vertical profiles of the
Atlantic Arctic.

e Figure S7: May mixed layer total DMS.

e Figure S8: Comparison of RCP4.5 and RCP8.5
scenarios.

e Figure S9: Comparison of DMS flux parametrizations.

e Figure S10: Comparison of present mean DMS emis-
sions for different sea-to-air DMS flux parametrizations.
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DMS emissions for different sea-to-air DMS flux
parametrizations.
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e Figure S13: Comparison of temporal distributions of
late 21st century DMS emissions for different sea-to-
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