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Abstract. The biogeochemical behaviour-behavior of the Southern Ocean is complex and dynamic —The-proecesses—that

aﬁee%fh&beh&wmwe—htg&ﬂdepe&de&%e&%m@yvphyswal chemical, and biological eenstraints;which-are-pootly
ions_processes. Such processes leads to the formation of dimethyl
sulfide (DMS), WWW&W& sulfate aerosol 5
change-over the Southern Oceanwhen

Usinganudged However, DMS production is poorly constrained in Earth system models. Using an atmosphere-only nudged to
observations configuration of the atmesphere—eﬂlryLUmted Klngdom Earth System Model --(UKESM1-AMIP), we performed
ferent-for the recent past
Q\QVOv9vv2VOvl§v)W\ngvthestedfourseawater DMS data sets afﬁested—&s—mpuf%ﬁhese—smaﬂ}aﬂeﬂs—?hfeedfffefeﬂkand three DMS
ti-transfer velocity parameterizations.
All data sets and parameterizations are commonly used by present-day Earth system models, with the exception of one data
set that we developed from satellite chlorophyll-a data. We evaluate simulated oceanic DMS, sea-to-air fluxes-transfer of
DMS, and atmospheric DMS threugh-these-different-simulations-during austral summer. The-mean-spread-across-ati-the-In
simulations with different eceanic-DMS-datasets;-seawater DMS data sets but the same sea-to-air flux parameterizations:is

arameterization, Southern Ocean summertime DMS varies by 112% (3.3 to 6.9 TgS Yr~'). Fhe-mean-spread-in-This is
approximately twice as much as the simulations using the same oceanic- DMS-dataset-seawater DMS data set but differing sea-

to-air flux parameterisations-is-parameterizations, in which DMS varies by 50-60% (2.9 to 4.7 TgS Yr~!). The choice of BMS
emwe&p&mmﬁeﬁwﬁmmm has a larger influence on atmospheric DMS than the choice of eceanie- DMS

nine-eight 10-year simulations using

sea-to-air 1

emission. Simulations testing different sea-to-air transfer velocity parameterizations show that simulating a linear dependence
of DMS gas transfer velocity as a function of wind speed results in a more accurate representation of atmospheric DMS
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distributions than using quadratic relationships. Simulations

s-using seawater DMS derived from satellite eklorephyH-a

spatiotemporal variability in DMS and when combined with a recently developed transfer velocity parameterization for DMS,
the model shows good agreement with atmospheric DMS observationsand-are recommended-to-be-includedinfuturesimulations,
As a precursor for natural sulfate aerosol and cloud condensation nuclei, DMS plays an important role in the radiative balance
over the Southern Ocean. This work recommends—forEarth-SystemMedels—to-inelide—a-highlights that the seawater DMS
data sets and sea-to-air transfer velocity parameterizations for DMS commonly used in climate models are poorly constrained

for the Southern Ocean region. We recommend that models use a DMS sea-to-air parameterization that is-apprepriate-was
developed specifically for DMS, and for oceanic DMS datasets to include-inter-annual-incorporate spatial variability based on

observed marine biogenic activity. Such improvements will provide a more accurate process-based representation of oceanic

and atmospheric DMS, and therefore sulfate aerosol, in the Southern Ocean region.

1 Introduction

The representation of aerosols over the Southern Ocean is a large source of uncertainty in climate models due to the lack of ob-
servational data and large seasonal variability (Revell et al., 2019). Poor representation of aerosols contributes to the large biases
in future climate projections over the Southern Ocean (Myhre et al., 2014). Sea spray and dimethyl sulfide (DMS; CH3SCH3)
are fundamental sources for aerosol formation over this region (Revell et al., 2021; Bhatti et al., 2022). The dominant source
of sulfate over the marine atmosphere is the biogenic marine aerosol precursor DMS, controlled by phyteplankton-produetivity

. Revell et al. (2019) found sulfate aerosol production from DMS was responsible for around 60% of the austral summer aerosol

optical depth over the Southern Ocean. Atmospheric DMS therefore has the potential to greatly influence cloud condensation
nuclei during austral summer -due-to-its-highrate-efemissions-(Kloster et al., 2006; Revell et al., 2019; Korhonen et al., 2008;
Pandis et al., 1994).

The Southern Ocean contains extremely high phytoplankton and marine biota productivity during austral summer (Peeember;
Januvary-and-FebruaryDJF, December—February) (Deppeler and Davidson, 2017). Phyteplankton-Marine biogenic activity plays
a key role in chlorophyll-a (chl-a) production and is considered to be a key driver of oceanic DMS production (e.g. Uhlig et al.,
2019; Townsend and Keller, 1996; Anderson et al., 2001; Deppeler and Davidson, 2017). Earth System Models (ESMs) repre-
sent the process of oceanic DMS formation through multiple mechanisms;-with-varyingfoeus-approaches that are dependent
on chl-a, nutrients, light, mixed-layer depth, zooplankton, and dimethylsulfoniopropionate concentration (Bock et al., 2021).
The UKESMI1 and MIROC-ES2L models use a diagnostic approach to represent chl-a (Sellar et al., 2019; Anderson et al.,
2001; Hajima et al., 2020). The CNRM-ESM2-1 and NorESM2-LM feeus-en-models use a prognostic approach, closely related
to zooplankton and dimethylsulfoniopropionate --abundance, which are both precursors of oceanic DMS (Seland et al., 2020;

Séférian et al., 2019). Bock et al. (2021) evaluated oceanic DMS in CMIP6 models simulate-biases-in-oceanie DPMSproduction
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eompared-and found that all models are biased in comparison with observational climatologies of DMS in the Southern Ocean
region(Beek-et-al52021).

Atmosphere-only global climate models use climatologies to approximate—prescribe the global concentration of oceanic
DMS. Lana et al. (2011) and Kettle et al. (1999) constructed observational climatologies of oceanic DMS which are used
within-elimate-by such models. However, there is a limited amount of data available within the Southern Ocean, which can
lead to biases-when-compared-to-otherregions-errors in the representation of oceanic DMS (e.g. Bock et al., 2021; Mulcahy
et al., 2020). A limitation of representing oceanic DMS as a static climatology is that it does not account for the large temporal
variations in DMS concentrations observed. For instance, El Nifio Southern Oscillation (ENSO) events, wildfires, and volcanic
eruptions all significantly influence oceanic DMS within the Southern Ocean (e.g. Yoder and Kennelly, 2003; Tang et al., 2021;
Wang et al., 2022; Browning et al., 2015; Longman et al., 2022). Calculating oceanic DMS online using a biological proxy
would resolve these perturbing events to some degree (Gali et al., 2018).

DBMS-is-emitted-The flux of DMS from the ocean to the atmosphere aﬂd—has—&s&efrg—depenéeﬂeeeﬁfhedgpgggéms\
Wmmsurfaw wind speed i

arameterizations have been developed, but most use transfer velocities measured for gases other than DMS (Wanninkhof, 1992, 2014; Nigl

. Some studies, including Blomgquist et al. (2017) and Yang et al. (2011), used DMS measurements to derive a relationshi

between wind speed and DMS. Depending on the solubility of the gas measured, gas transfer velocities typically have a linear
or quadratic dependence on wind speed. Linear relationships best represent gases with intermediate solubilities, such as DMS

equations are better suited for highly soluble gases like CO5 (Wanninkhof, 2014; Nightingale et al., 2000; Wanninkhof, 1992).
Oceante-DMS-observations-Uncertainty in DMS emissions remains high, particularly in the Southern Ocean are-highly

with-spatio-temperal-variabilitybased-enreal-werldregion where wind speeds are high and observational data sparse (e.g. Elliott, 2009; Smi
. ESMs use a variety of transfer velocities to represent DMS emissions (Bock et al., 2021). UKESM 1 uses the Liss and Merlivat (1986)

arameterization even though it was constructed for gases other than DMS.

Here we examine whether incorporating realistic oceanic DMS variability, based on remotely-sensed chl-a observations
improves the simulation of atmospheric DMS. i

Using a nudged configuration of the atmosphere-onl
United Kingdom Earth System Model (UKESM1-AMIP—We-—caleulate—), we use three established oceanic DMS datasets

. Blomquist et al., 2017; Goddijn-Murphy et al., 2016; Bell et al., 2015; Yang et al., 2011; Huebert et al., 2010), while quadratic



90 and three transfer velocity parameterizations. We also test a 10-year monthly time series eatentated—from—ehl-a—in which
seawater DMS is calculated offline from MODIS-aqua satellite dats i

elimatology usedby UKESMI-AMIP (Settar et-al2049)-chl-a data using the Anderson et al. (2001) oceanic DMS parameterization
which is used by UKESMI (Sellar et al., 2019). We evaluate sea-to-air fluxes of DMS and oceanic and atmospheric DMS

95 concentrations relative to station and ship-based observations. The observational data sets are described in Section 2.4, the
@WMDMS emﬁ%ﬂ%-afeeaieuk&feéﬂ%g%ﬂwdfaﬁe

data sets and sea-

100 g
the-souree(oceanic DPMSand-emissions—transfer velocity parameterizations tested are in Sections 2.2 and 2.3, respectively.

Results follow in Section 3.

2 Methods
2.1 Model Configuration and Evaluation

105 Simulations were performed using the atmosphere-only configuration of the coupled UK Earth System Model (UKESM1; Yool
et al., 2020; Sellar et al., 2019; Mulcahy et al., 2020). By default, atmospheric DMS is produced via the Lana et al. (2011)

oceanic DMS data set and Liss and Merlivat (1986) sea-to-air transfer velocity parameterization. Atmospheric DMS then

oxidises to form sulfate acrosols. In UKESM st

110

removal are handled by the GLOMAP-mode scheme (Mulcahy et al., 2020).

Wind and temperatures wi

115 use-of-the-are nudged to 6-hourly ERA-5 reanaly51s data (Hersbach et al., 2020) The full descnpuon of hewnudgingis

in—the nudging configuration is outlined in Telford et al. (2008). Nudging ensures that wind speeds, which are pivotal to the

120 formation of atmospheric DMS-

meastrernents que d“ﬁ‘ﬂg Voyages:




-, are accurately
represented (Pithan et al., 2022; Kuma et al., 2020) and allows like-for-like comparisons against observations. Sea surface temperature
125 Nglvrgglvzlvtlggg are 10 years long, spanning from 2009 to 2018. We-focus-on-the-austral-summer-months(December—February;
rThis period was chosen to coincide with the availability

esAtmospheric DMS concentrations
are analyzed at the lowest model level, at 20 m during DJF, which is the most productive season for DMS (Deppeler and Davidson, 2017; Jar

130 . Hourly output was saved to compare with observations where applicable (for example, voyages provide observations at
hourly temporal frequency). To evaluate variability, we use the coefficient of variation (CoV)whieh-is-a-statistical-measure-that

- A higher
CoV suggests that the variability or dispersion of the data is relatively large compared to its mean. Where uncertainty is re-

135 ported, +-standard-deviation-through-time-and-space-one standard deviation calculated over the relevant domain and time period

is stated.
2.2  Oceanic DMS

We input four oceanic DMS data sets into the atmespherie-model: three climatologies and one 10-year time-series-between

2009-to-2018-Two-are-observational-based-climatologies-time series. Observational-based climatologies are from Lana et al.
140 (2011) (hereafter ‘Lana’) and Hulswar et al. (2022) (hereafter-"Hulswar’). The ‘MEDUSA’ climatology (1979-2014) is-seureed
originates from the UKESM1 CMIP6 repeository, MEDUSA-(Yool-etal;202+;-Sellar-et-al-2049)-See( Yool et al., 2021; Sellar et al., 2019
. Table 1 for-an-eutline-of-outlines the oceanic DMS elimatologies-and-dataset-used—datasets used. Ocean biogeochemistry is
simulated in the UKESM1 via MEDUSA?2.0 (the Model of Ecosystem Dynamics, nutrient Utilization, Sequestration, and Acidification;
- The time series was calculated offline using a combination of satellite data and the UKESM1 approach to calculating seawater
145 DMS, as described below.
The-In UKESM luse irg-, oceanic

DMS concentrations are calculated using a diagnostic method from Anderson et al. (2001), using surface daily shortwave
radiation (J), dissolved inorganic nitrogen (@), and surfacechl-a (C'):

Y

Oceanic DM S = a, forlog(CJQ) <s (1)
150

Oceanic DM S = bllog(CJQ) — s]+ 1, forlog(CJQ) > s (2)

The fitted-parameter values are a=1, b=8, and s=1.56, as described by Sellar et al. (2019). The-enline-oceanic PMSHrom
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Table 1. Oceanic DMS data sets used in the model simulations.

Oceanic DMS dataset | Source Citation Year of Data
Lana Oceanic DMS observations Lana et al. (2011) 1972 - 2009
Hulswar Oceanic DMS observations Hulswar et al. (2022) 1972 - 2021
MEDUSA UKESM1 CMIP6 simulations Anderson et al. (2001); Sellar et al. (2019) 1979 - 2014
MODIS-DMS MODIS-aqua chlorophyll-a via N/A (produced for this study) 2009 - 2018
Anderson et al. (2001)

used-for the MEDUSA climatology. The Anderson et al. (2001) parameterization produces positive biases in DMS over the

Southern Ocean within MEDUSA (Bock et al., 2021) due to the set minimum oceanic concentration of 1, which leads to

large average DMS concentrations (Yool et al., 2021; Bock et al., 2021). Recent research suggests that chl-a may not be an

ropriate proxy for oceanic DMS (Uhlig et al., 2019; Bell et al., 2021), and well-validated-method-for-caleulating-oceanie

future work will explore alternative
methods for calculating oceanic DMS within UKESM . Nonetheless, chl-a is widely used by CMIP6-era models to calculate
oceanic DMS, and we explore here whether using an observationally derived chl-a dataset—This-data-set-concentration field
leads to changes in the spatial and temporal variability of atmospheric DMS. Monthly-mean chl-a concentrations from the
Moderate Resolution Imaging Spectroradiometer (MODIS)-aqua satellite instrument were used to construct a time series of
oceanic DMS between 2009-2018 (Table 1; Hu et al., 2019; OReilly and Werdell, 2019). This time series, which we term the
‘MODIS-DMS’ -is-a-continuous-time-series-between2009-t0-2018-MODIS-DMS-is-data set, is calculated offline using the

same diagnostic parameterlzatlon GAﬁdefseﬁe%al—ZOM—SeHafePal%G}%—as Equatlons 1 and 2. The UKESM1-has-a—+6
!AZ 72 ] . E J 5 . .

{Sehuddeboom-and MePonald; 202H—TFhe—-—and @ used to calculate MODIS-DMS remain the same to-MEDUSA;but—=a
ﬂewmeﬂmly-mea& s MEDUSA. Through this, we capture spatial and interannual chl-a ﬁe}é{@ﬂ%m&educ—eé%l\%def&te

variability, indicating biological productivity. Bi-linear 1nterpolat10n is used to fill in small gaps (around 1% for monthly av-

erages) of spatial chl-a data. Using

where they coincide within the sea-ice zone from HadISST.
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Severalstudieshave-validated-the-In general, the MODIS-aqua Ocean Color chl-a retrieval -finding itto-generally-underestimate

vartability-which-eannotbe-captured-by-climatologies—observations during summertime makes it useful to explore spatiotemporal
variability in atmospheric DMS.

2.3 DMS Sea-to-Air Flux

Liss-and-Merlivat-(1986), Table 2). Two are linear equations from Liss and Merlivat (1986 (hereafter LM86}ﬂseeF€92*aﬂé

O < O1to "c“cvc parad atto a p1€d atr-o baatrd aepena O s O gas:

LMB&86 is used-as-the-default-fluxparameterization—within-the default parameterization within UKESM1 (Sellar et al., 2019)
and is-thus-used-on-with-oceanic DMS-datasetswas evaluated in combination with all oceanic DMS data sets. The quadratic

formula from Wanninkhof (2014) (hereafter ‘W14’) is also tested. Using these different parameterizations provides an estimate
ofa WW the spread of DMS emissions %%&H&eeeameBMS—ehmafe}egyﬂs—&es{edw&hﬂae%%d

he-due to the upper and lower
limits of eceanic- DMS-coneentrations—to-assess—the—vartationfromthetime-seriesDMS transfer velocity tested from in-situ

DMS measurements (e.g. Goddijn-Murphy et al., 2016; Blomquist et al., 2017). Table 2 eutlines—the—sensitivity—simulations
performedfor-thisstudy,deseribed-by-summarizes the sensitivity simulation names performed. Simulations are named with the
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Table 2. Simulations used in this study, named with the oceanic DMS data-sets-as-the-nameconcentration used, folewed-by-subscripted with
the PMS-flux-parameterization-sea-to-air transfer velocity used.

Simulation name Oceanic DMS source DMS flux-transfer velocity parameterization
Lanar arse Lana et al. (2011) Liss and Merlivat (1986)
Lanapi7 Lana et al. (2011) Blomquist et al. (2017)
Lanay14 Lana et al. (2011) ‘Wanninkhof (2014)
Hulswary, ars6 Hulswar et al. (2022) Liss and Merlivat (1986)
MEDUSA 1 86 Anderson et al. (2001); Sellar et al. (2019) Liss and Merlivat (1986)
MODIS, rrs6 N/A (produced for this study) Liss and Merlivat (1986)
MODIS 17 N/A (produced for this study) Blomquist et al. (2017)
MODISw14 N/A (produced for this study) ‘Wanninkhof (2014)

oceanic DMS concentration used, subscripted with the sea-to-air flux-transfer velocity used. For example, Lanay,ysg6 means

that the simulation used the Lana et al. (2011) climatology as its oceanic DMS source, and the DMS flux—parameterisation
transfer velocity parameterization of Liss and Merlivat (1986).

o atha f] af-1ON\ he hidt nyioahae o RNV

the-transfer-veloeity-of-gasfrom-the-sea-to-airrepresents the viscosity/diffusion properties of a gas, varying with respect to sea
surface temperature (T in °C). We update the Schmidt number of DMS (Scpass) used in the UKESM1 from the formulation

used in Saltzman et al. (1993) to Wanninkhof (2014), as shown in Equation 3:

Scpars = 2855.7 4 (—177.63 + (6.0438 4 (—0.11645 +0.00094743 - T) - T) - T) - T 3)

: ion4-Where T is derived from HadISST (Titchner and Rayner, 2014). Uy is-the-wind-speed-at-(m s~ ') represents
near-surface (10m-above-the-surface- m) wind speed and K, (cm h™!) represents the transfer velocity of DMS, Equation 4

represents the LM86 transfer velocity of DMS:




for uig <3.6:

2
H
Kw:O.17< 600 ) u10,
Scpums

for 3.6 <wuig < 13:

1 2
600 2 600 3
K, =2.85 —3.6 0.612 ,
<SCDMS) (w0 )+ <SCDMS>

for uig > 13:

1 1 3
600 \ 2 600 2 600 \?
5-9(u10 ~13) (SCDMS) 6.79(u10 =3.6) (SCDMS> 00 <SCDMS) @

230 W14 uses a quadratic formula (equation 5) to-empirtcatty-fit-observations-of €COy-as-a-for sea-to-air transfer. W14 is also
very-frequentty-used to calculate DMS emissions amongst CMIP6 simulations-models (e.g. Tjiputra et al., 2020).

1
660 2
K, =0.251 -2 () 5

A Separs )

Finally;B17 is the only parameterization used-tested in this study which-ealeulates-a-transfer-veloeity-for which the transfer

velocity is based on real-world observation of DMS (equatienEquation 6). B17 is a superlinear and-sub-quadratie-parameteri-
235 zation, however, for simplicity and the wind speeds used in this study, we label B17 as a linear parameterization.

1
660 2
Ky =0.7432 - ui® ( SCDMS) (6)

To assess the inter-annual variability of DMS emissions and atmospheric DMS concentrations, we performed an additional
10-year simulation, MODIS p17CLIM. While MODIS used a 10-year time series of oceanic DMS derived from MODIS

chlorophyll-a data, MODIS g1~-CLIM used a climatology calculated from monthly-mean data for the 10-year MODIS time
240 series.

2.4 Observational Datasets

241 DMS Datasets

Two Southern Ocean voyages are used to validate-evaluate our simulations: the SOAP (Surface-Ocean-Aerosol-Production;—Bel-et-al5 2015
eampatga-campaign (Surface Ocean Aerosol Production; Bell et al., 2015; Law et al., 2017) and RV Tangaroa voyage (TAN1802;
245 Kremser et al., 2021). The SOAP voyage measured oceanic and atmospheric DMS from Feb-March 2012 near the Chatham

Rise (within 42-47 °S, 172-180 °E) off the east coast of New Zealand ;a-highly-biolegically productive region-of the-Seuthern
Oeean-(Bell et al., 2015; Smith et al., 2018). The TAN1802 voyage measured oceanic DMS along a-transeetin-the Southern



250

255

260

607 —— LM86 - CO, & N,O & SF¢

=« W14 -CO,
50 B17 - DMS 2

40

301

20 1

104

Gas Transfer Velocity (cm hr1)

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Ui (Mms™1)

Figure 1. DMS sea-to-air-flux-parameterizations-transfer velocities tested in this study. LM86 = Liss and Merlivat (1986); W14 = Wanninkhof

(2014)and-; B17 represents= Blomquist et al. (2017). The gases labelled in the legend are the measurements taken to identify the gas exchange

relationship.

Ocean during Feb-March 2018 between latitades-40 °S to 70 °S, 180 °E (Kremser et al., 2021). Othervoyages-outside-the

the ANDREXII voyage between Feb - April 2019 for atmospheric DMS concentrations as this voyage mostly measured during.
consider SOIREE for atmospheric DMS analysis from Feb 1999 aﬂekmea%&feéi&me%pheﬂc—DMSreeﬂeeﬂfmﬁefr(Boyd and
Law, 2001) between 42 - 63 °S, 139-172 °E. ANDR

We used oceanic DMS measurements for TAN1802 Kremser et al. (2021), SOAP (Bell et al., 2015), and ERA-5 surface wind
speeds (Hersbach et al., 2020) to calculate hourly DMS emissions. The Wanninkhot-(264+4)-Wanninkhof (2014) DMS Schmidt

number is calculated using the same parameters used within the simulations, for consistency with comparisons to simulated

fluxes.

wind speed data were obtained for the same time and location as the two voyages (within the nearest retghbeurneighbor grid
cell). We applied three different sea-to-air flux parameterizations (LM86, B17, and W14) to both SOAP and TAN1802 voyage

paths (See section 3.2).

10



‘We compare our simulations to the voyage dataset using the hourly model output and identify the nearest neighbourneighbor

265 grid cell to the ship location. Analysis of oceanic DMS data used in the models is also synchronized to TAN1802 and SOAP
voyages, using the same timescales for comparing the voyages with model data.

We also validate the model using atmospheric DMS concentrations measured at three-two stations: Cape Grim (1989 to

1996; 41 °S and 145 °E) ;-AmsterdamIsland-(1987t6-2008:38°S;-78°E);-and King Sejong Station (2018 to 2020; 62 °S,

58 °W). King Sejong is located on the Antarctic Peninsula, where sea ice melt occurs during our study period, which can

270 profoundly increase DMS emissions, as previously found by Berresheim et al. (1998); Read et al. (2008). The-climatologies

: o Island-and Cane-Grimstati

2.4.2  Cloud and Aerosol Observations

MODIS-aqua aerosol optical depth (AOD) measurements at 550 nm (Platmck etal., 2017) are compared with the-medel

275 memmmmwwwmy@wmww%@m
Bennartz and Rausch (2017) were used to compare the cloud droplet number concentration (CDNC) with our daily-averaged
simulations. Finally, to evaluate cloud condensation nuclei (CCN), we used Choudhury and Tesche (2023) at 818 m, in comparison
with simulated CCN at 800 m. The description and evaluation of using MODIS-observed AOD compared with a related
configuration of UKESMI-AMIP is discussed in more detail in Revell et al. (2019) and Mulcahy et al. (2020). We calculate an

280  austral summertime climatology for these observational datasets, which we use over the Southern Ocean.

3 Results and Discussion

3.1 Oceanic DMS

Figure 2a-d shows the spatial distribution of the-oceanic-DMS{rom-the-different-datasets—used-in-this-studyeach oceanic
DMS dataset. Each distribution has key defining characteristics, although Hulswar (Figure 2d) is stmilar-al &Agp\cigtgio Lana

285

gllsAtlAnctlcmbwm MODIS-DMS and MEDUSA oceanic DMS is-the-calculations is chl- ampﬁt—hewever—ﬁaemﬁhs%ﬁb&&eﬁs
of-oceante DMS-in-the-Seuthern-Ocean-arelargely-different, as-ilustrated-which results in distinctly different distributions

290 as shown in Figure 2e. Observational-based climatologies, such-as-in-like Lana or Hulswar(Figure2e;-¢);-do-not-consider

distribution-of-, do not align with the chl-a distribution in the Southern Ocean, particularly along the Antarctic Circumpolar

Current, as

ton;-concentrating oceanic DMS in specific regions based
only on observations of oceanic DMS (Lana et al., 2011; Hulswar et al., 2022). The mean difference between the mean-of

11
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MODBIS-and-MEDUSA-(the-dowest-and-highest-lowest (MODIS-DMS) and highest (MEDUSA) mean of all the oceanic DMS
datasets used }-s 107%;+respeetively.

MEDUSA produces the most homogeneous oceanic DMS distribution in the summertime Southern Ocean, with the highest
mean of 488 nM-—Additionally,-it-has—the-and smallest standard deviation f-(4.88+0.87 nM¢and-). It also has the lowest
CoV of £17% indicating a small spread of variance)—The-ehl-. Chl-a ealeulated-by-MEPUSA-has-in MEDUSA shows a

posmve bias whea»eempafedfer W observations in the Southern Ocean duringsummer-{Yooletal;2013;2021H)
s(Yool et al., 2013, 2021). In contrast, the-MODIS-DMS
dataset-produees-has low oceanic DMS concentrations in open ocean regions, but-very-and high concentrations in biologically

productive regions (near the subtropical front), such as the Chatham Rise and coastal South America (Behrens and Bostock,
2023). MODIS-DMS exhibi

has the largest spatial variability in
WM&@M 2.3641.57 nM€oV-6£-67%), which is outside
the range of eceaniec DPMS—produced-by-MEDUSA, highlighting the sensitivity of the Anderson et al. (2001) parameterization
to the-chl-a eoneentrationconcentrations.

In the MODIS-DMS simulation, oceanic DMS concentrations vary each stummertime-summer across the Southern Ocean

éuﬂﬂg%h&%@ﬁea%owml’g\yg@yhmatology (See Figure 2?-in-the-supplementary-materials??a in the appendix). The year

V—aﬂﬂbﬁi—fy—tﬂM@BI—S—DM—&mOSt significant interannual variability occurs around New Zealand and the-East-Coast-of-Seuth

ine-South America’s East Coast, likely from
hytoplankton blooms influenced by ENSO (e.g. Santoso et al., 2017; Thompson et al., 2015; Yoder and Kennelly, 2003)

Figure 2a). The Lana and Hulswar simulations have similar means and-CoV;respeetively,-across-the-entire-Seuthern-Ocean
during-austral-summer<(3.87 nM and 3.51 nM%%%ﬂ%%ﬁwmﬁmm%mm
i izing- Oceanic DMS

maximises at 30 nM eempared-to-in Lana, and at 14 nM #emHtﬂswar—Usmgm Hulswar. The MEDUSA simulation usin
the Anderson et al. (2001) parameterization while

shows oceanic DMS maximising at 11 nM, whereas-MODIS-DMS-is-64%-greater-maximizing-while when a variable chl-a

but differ in their distribution (Figure 2e)is
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(a) MEDUSA (b) MODIS (c) Lana (d) Hulswar

6
Oceanic DMS Concentration (nM)
(e)

Hulswar - ¢ ——— GO D

L
Lana }—- | ®OO® O 0D @O® O 000 o oo
MODIS -—— © o
MEDUSA - o cxm-_"—.—_-mv

0 5 10 15 20 25 30
Oceanic DMS (nM)

Stmertime

Figure 2. Summertime (DJF) Oceanic DMS in the Southern Ocean (40 - 60 °S). The spatial distribution (a-d) shows the (a) UKESMI1
climatology from MEDUSA, (b) the climatology from MODIS-DMS, and observational-based climatologies of (c) Lana and (d) Hulswar.

(e) The box plot shows the distribution of each oceanic DMS dataset used—Fhe-data—points-outside-the-whiskersrepresent6:7%—, where
MODIS-DMS contains all 10 years of the-datasetdata, hightighting-while the euthiers-of-the-distributionclimatologies contain 12 months.
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concentration field is used in the MODIS-DMS simulation, oceanic DMS maximises at 18 nM (64% higher than in the
MEDUSA simulation).

g-the-To examine how the

simulations compare with observations, we compare the oceanic DMS distribution against TAN1802 and SOAP voyages for
the regions and times at which those voyages took place (Flgure SHﬁd—SQAILQWFlgure 4)voyages—in—comparison-—to-each

—measured oceanic DMS aligns closely with
the Lana simulation. MODIS-DMS and MEDUSA have the-towest-means—lower means of 1.19 and 1.52 nM, respectively, but

MODIS-DMS has a higher-high CoV of 79% due to higher concentrations at lower latitudes (45 °S) of the Southern Ocean.
TANI8OZ-has-a-CoV-of 105%;-similar-to-Lana’s- H4%Hulswar-Oceanic DMS in the Hulswar simulation overestimates DMS
concentrations by a factor of two between 45-and-6545-65 °S.

i Eguhsé%wwgsw&g%phytoplankm
(42-47°S, 172-180°E).
WM@W&WMNM TAN1802 data(Fig-3)and-wotld
s-voyage (Figure 4). In contrast, TAN1802 transected the
Southern Ocean without specific focus on bloom activity, yielding a range of DMS concentrations. We consider that SOAP is

still useful as it offers insights into extreme conditions not reflected in other data sets. All simulations fail to capture the hlgher
concentrations measured by SOAP;-i

clustered-between2-4nM- MM MODIS-DMS has-the-greatestexhibits the highest variability (CoV of 36%),
highest-average;—and-largest-mean, and maximum concentration. MODIS-DMS also has-the-best-linear—relationship-aligns

best with SOAP, where-in that it captures some of the high DMS concentrations resulting from phytoplankton blooms. The
MODIS-DMS

simulation captures around half of the variability of

SOAP measurements, whereas the other simulations only match between 7% to 18%. MODIS-DMS also-stmulates-itstowest

highestconeentration-tover +0-nMpis within 11% of the SOAP mean, whereas the other simulations are 22% to 218% lower.
See Figure ?? and ?? for simulated comparisons of DMS emission to SOAP and TAN1802.
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Figure 3. Violin plots of TAN1802 data (grey). Overlaid are the oceanic DMS datasets used in the model simulations (Feb to March

2018, 40 °S to0 70 °S, 180 °E) from MEDUSA (purple), MODIS-DMS (blue). Lana (green), and Hulswar (yellow). Violin plots depict
data distribution and density. The width of each ’violin’ corresponds to the frequency of data points within that value range, while the
length indicates the range of values. The frequency axis, represented by the width, allows for an immediate visual comparison of how often
particular ranges of values occur in each category. This offers a comprehensive view of both the distribution and frequency of data across

The Anderson et al. (2001) eceanie-DMS-parameterization assumes chl-a has-a-central-role-informing-oceanie DMS—
Fhe-known-global-correlation-is central to oceanic DMS formation. Previous correlations between chl-a and oceanic DMS,
deseribed-given by the coefficient of determination (:R?), is-betweenrange globally from 0.11 to 8-848-where hicher latitudes
tend-to-have higher£0.93, with higher latitudes having increased R? values due to factors like nutrient availability and prolonged
summer daylight, coupled with heightened wind speeds (Uhlig et al., 2019; Townsend and Keller, 1996; Tison et al., 2010; Ma-

trai et al., 1993). The-Anderson-etal(2001)-parameterization-used-Gros et al. (2023) estimated an R? of 0.93 towards sea ice

latitudes, while Bell et al. (2021) found chl-a explains just 15% of oceanic DMS variability. Using the Anderson et al. (2001)

parameterization in MODIS-DMS, has-a-strong+we determined a large R? vatue-of 0.75 in the Southern Ocean;-validating

15
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Figure 4. Same as Figure 3, but for the SOAP 2012 voyage (Feb to March 2012, 42-47 °S, 172-180 °E).

chl-a with oceanic DMS has discrepancies (Gros et al., 2023; Bell et al., 2021), we show that using Anderson et al. (2001)

with satellite chl-a p

better represents Southern Ocean summertime DMS compared with the Andersen-et-al+200)-MEDUSA configuration.
Chl-qa is used to calculate oceanic DMS withinhatf-the Earth-SystemMeodets-in two of the four ESMs with interactive

biogeochemistry participating-in CMIP6 (Bock et al., 2021). These models reveal discrepancies between each other and

observed oceanic DMS data sets, indicating ongoing uncertainties in CMIP6 ESMs concerning oceanic DMS and its flux

accurately capture DMS—climate feedbacks. CNRM-ESM2-1 use
by-adopts an approach considering zooplankton and DMSP ;-rather than chl-a—Hewever—this—is—very-difficult-to-validate

i but its validation is challenging due to limited observational data (Belviso et al., 2012).
NorESM2 uses an alternative mechanism for DMS production, by using detritus export production and sea surface temperature
Tjiputra et al., 2020). An oceanic DMS algorithm developed by Gali et al. (2018) includes sea-surface temperature, chl-a,

photosynthetically active radiation, and the mixed layer depth, where-but oceanic DMS has a general overestimation along
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coastal regions (Galf et al., 2019; Hayashida et al., 2020). Gali et al. (2018) also produced a time series of oceanic DMS

over parts of the Northern Hemisphere, finding similar-high inter-annual variability by using chl-a satellite data. We-concur

e-Adopting temporally variable oceanic

DMS inputs within the model may better reflect inter-annual variability-over-the-Seuthern-Oeean~partienlarty from-Southern
Ocean variability due to ENSO events and biologically productive years. One such way to achieve this for future projections

would be through a stochastic approach of capturing all chl-a years from the satellite (e.g. SeaWiFS and MODIS-aqua) archive;

3.2 DMS Flux

Having established that the-oceanic DMS from the MODIS-DMS data

with-observations—(simulation aligns well with summertime observational voyages as seen in Figure 3);we-new-test-, 4, we
now assess the sensitivity of atmospheric DMS to a-suite-of-various sea-to-air transfer functions for-different-oceanic- DPMS

sourees(Figure 5, 7?). Figure 5 shows the DMS flux during ¢

summer in the Southern Oceanregion(40-t0-60-2S),-which ranges;-on-average,-, averaging between 2.9 to 7.3 TgS Yr—!. Fhe
spread-of-This is consistent with Jarnikovd and Tortell (2016) estimation of 3.4 Tg S, aligning most with the MODIS-DMS

linear parameterizations (LM86 and B17). The spread in average Southern Ocean summertime DMS fluxes across the mean
flaxes-across-all-eight simulations is 153%, which is greater than the differenee-spread between all the eceanic- DMS-inputs;a

simulations testing different oceanic DMS sources, at 107 %spread-in-mean-oceanic PMS-—coneentration. The lowest CoV-value
CoVs within both oceanic DMS and DMS emissions are found in the MODIS-DMS simulations, specifically, the Blomquist
et al. (2017) parameterization (MODIS 517) with a mean of 2.9 & 0.84 TgS Yr~!. The upper range of simulated DMS flux, 7.3

the austral

+ 1.8 TgS Yr—!, comes from the W14 quadratic formula used with the Lana DMS climatology (Lanayy14).

The largest DMS emissions are seen in the MEDUSA 56 simulations, due to the relatively large underlying seawater
due to the quadratic dependence of the gas transfer velocity on wind speed (Figure 1). Overall, the W14 guadratic formula
yields about 33% more emissions than the LM86 has-a-and BI17 linear formulas. For the transfer velocity parameterizations
W&%@W&W&&&Mmghﬂ transfer velocity than B17 for wind speeds
gfea{eﬁfhafrabove 7.5 m s~! (Figure 1).

flux-produees-Given the Southern Ocean’s predominant high wind speeds (Bracegirdle et al., 2020a), simulations indicate that
LMB86 yields 14% more WMMMMWW (Flgure H—b&ﬂiﬁwwﬂely
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Figure 5. Summertime (December — February) Southern Ocean sulfur emissions in Tg Year™
error bars represent the spatial and temporal standard deviation. The different colors represent different oceanic DMS climatologies (Purple:
MEDUSA ((Sellar et al., 2019; Anderson et al., 2001), Green: (Lana et al., 2011) and Orange: Hulswar ((Hulswar et al., 2022), and time
series (Blue: derived from MODIS-DMS chl-a) used in this work. + marker represents simulations performed with the Liss and Merlivat

(1986) sea-to-air flux, the dot marker represents Wanninkhof (2014), and the square marker represents Blomquist et al. (2017).

Fer-simulations-using-the-same-The LM86 sea-to-air-flux-parameterizations;-but-different-flux parameterisation was tested
with all oceanic DMS sources, the spread-of aH-means-isas it is currently the parameterisation used by defaultin UKESM1-AMIP.
Simulations using LM86 have a spread in average summertime Southern Ocean DMS emissions of 112% (3.3t06.9 TgS Yr™1).
The means-derived-from-different DMS-In contrast, simulations using the same oceanic DMS source (MODIS-DMS and Lana)
but flux parameterizations (LM86, B17, and W14) within-MODIS-DMS-and-l-ana-are spread-between-have a spread in average
summertime Southern Ocean DMS emissions of 51% (MODIS-DMS simulations) to 62% (Lana simulations). The choice of

the oceanic DMS source is-therefore-more-important-than-the choice- of DPMS-em onflux-Chaneins-oceanic DMS-within-the

therefore impacts DMS emissions more than the transfer velocity parameterization within these simulations.
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Table 3 pfeseﬂ%s—ﬁmulafed—daiw—Set&hem—QeeaﬁDMS—ﬁﬁ*egdetalls simulated daily DMS fluxes over the Western Antarctic

Peninsula during the austral summer-

for comparison with observations, includin,
Webb et al. (2019). DMS emissions in this period constitute 33-52% of the annual flux, s&bsfmﬁmﬂy%eweﬁh&w%gg
with the 72% reported by Webb et al. (2019). H

Peninsula(67:54->5;-6835-Wanareaknown-for-high-Jevels-of-The region exhibits significant sea-ice melt and high DMS
emissions during DJF. Fhe-Our simulations daily mean flux from-oursimutations-during DJF is 22:24.6 + 5-43-4 pmol m™

1‘€empafed—wﬁh+he—22—7‘ below Webb et al. (2019)’s 29 ypmolm—2d~ ﬁﬂHepeﬁed—by—WebbePal—%%for Ryder Bay
a-(07.54 °S, 68.35 °W)

(67.54°5, 68.35 "W).

However, our results align with the emissions from Jarnikova and Tortell (2016); Berresheim et al. (1998); Asher et al. (2017).

Like in Jarnikov4 and Tortell (2016) and Webb et al. (2019), we find periodic hot spots of DMS emissions above 50 gmol m >

d—! over these sub-Antarctic regions, but at 10% the magnitude of the maximum found by Webb et al. (2019).
A 2018 Southern Ocean voyage during February ea}eula{eéw mean daily flux to-be-between-of 2.6 &£ 3.5 umol

m2d- ! within-over the open ocean (Zhang et al., 2020).

shews—fluxes-—varied-between-Our simulations are in good agreement with this, showing DMS fluxes of 2.7 ymol m—2 d~!

from—(MODIS B17Lt0 8.9 wmol m~2 d~! in~(Lanay14) for the same region and period of time. Shon et al. (2001) es-
timated the e-a_daily flux of 2.6 &+ 1.8 ymol m—2 d~!

Onty-around early December. Only the MODIS 17 eeiﬂetdes—wtf}k%lm these dally fluxesaeress-thislatitadinal
region—Our-. Furthermore, the linear MODIS-DMS simulations usi i

MODIS and MODIS are in good agreement with the 12 £ 15 ymol m~2 d~! measured by Marandino et al. (2009)
and the 2.8 pmol m~2 d—! measured by Lee et al. (2010) in the Southern Ocean.
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Table 3. Mean daily DMS flux over the Seuthern-Oeean-Western Antarctic Peninsula, by Ryder Bay during the austral summer period for
each simulation. The percentage shows the proportions of the total annual DMS flux which occurs during the summer months. Additionally,

the total DJF flux shows the mean daily DMS flux (zmol m~2 d~1) and standard deviations. Fhe-lastrow-outlines-the-overall- DMS—fux

MEDUSALuss  MODISLarse MODISw 14 MODIS 517 Lanaz vss Lanaw 14 Lanapi7 Hulswarg ars6 Webb et al, (2019)
Total DIF % 38444 31834 31733 44936 4649 46 40352 46 72
Total DIF (umol 31843L594 1532242725 20627£383 1331914262 261564651 344845575 2235313942 246+ 37 Total DIE Gabove 2.5 prmobm—2-d-15,2 17355262 76:8566629.

-2 -1

Many CMIP6 models use the quadratic sea-to-air flux parameterization detailed in Wanninkhof (2014) to-eateutate-for DMS
emissions (e.g. Salzmann et al., 2022; Seland et al., 2019; Neubauer et al., 2019; Tatebe and Watanabe, 2018; Wu et al., 2019);

howeverrecent-literature-suggests—that-DMS-has-,_Yet, recent studies indicate a linear relationship with-between DMS and
470 wind speed (e.g. Blomquist et al., 2017; Goddijn-Murphy et al., 2016; Bell et al., 2013; Zavarsky et al., 2018; Vlahos and

Monahan, 2009; Bell et al. 2015) We shewdwgrvngggtvrggg that linear DMS efmSﬂeﬁﬁﬂayLﬂeHepfeseﬂtheﬂppeﬁrafngeﬁf

475

coneentrations-to-caleulate-historical-eceanic PMStransfer velocities represent the DMS flux ranges better than the quadratic
W14 flux when compared to Southern Ocean observations.

480 3.3 Atmospheric DMS

We-now-We next evaluate atmospheric DMS in our sensitivity simulations. Figure 6 compares all simulated atmospheric DMS

with observational datasets. Data in Figure 6

ng—sejeﬁg—S{aﬂOH)—&Hd—ﬂ’tfe&IS from three Southern Ocean voyages (SOAP, SOIREE, &Hd—ANDRE?HB—M%h—aﬁ—cweﬁgeaﬁd—a

two stations (Cape Grim and King Sejong Station; Figure 6d-e). Figure 6f shows aggregate averaged DMS concentrations from
all five observational sources, and has an average summertime concentration of 129 ppt{Smith-et-al;2018; Wohl-etak; 2020 Boyd-and Lbay

T oheric DMS Hsimulationsis 276 L 17 _and-is-within o ¢ the-of ons—Tn-addition.
Hig i : i i i ppt (Smith et al., 2018; Wohl et al., 2020; Boyd and Law, 200

490 . The simulations using the MODIS-DMS eombined-with-afinear DMS flux-parameterisation-oceanic source and linear DMS

transfer models (LM86 and B17) mmﬂwwmmmmm;mwnh the ob-
servational mean, averaging—+64-of 106 +

485
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DPMS-coneentrations-at145-66 ppt and 100 +

the-summer months;-00 ppt for MODIS £.y78¢ and MODIS 7, respectively. The mean total spread in summertime Southern
Ocean atmospheric DMS across all simulations is 171%, compared with the spread of 153% in DMS emissions.

Our simulations, compared to coastal Antarctic measurements. offer insights into the performance of sea ice-influenced
regions (Gali et al., 2021). In summer, Berresheim et al. (1998) recorded mean atmospheric DMS eencentrations-of 119 ppt
(measured-at 64.8 °S, 64 °W)-by-Berresheim-et-al-(1998)-and-H4-ppt(measured:, closely matching MODIS 5,7 at 121 ppt. All
other DMS sources show concentrations which are more than twice as large as this measurement. Read et al. (2008) measured
%MLMMS 4°8S,26.2 °W)WR%¢HP@998M@

40~ best aligning with Lanap, 7 at 42
ppt. It should be noted that all simulations fall within one standard deviation of the measurements reported at Halley Station.
Preunkert et al. (2007) measured high interannual variation of atmospheric DMS at Dumont d"Urville (66.4 7S, 140 °E) during.
January, from 244 ppt in 2002 to only 60 ppt in 2003. The average January concentration over 13 years was 170 + 370
ppt-tMarandino-etat;2009);whieh-is-eonsistent-with-F-anal80 ppt. Here, the Lana and Hulswar simulations are in closest
agreement, and simulate average DMS concentrations between 92 and 141 ppt. Lastly, Lee etal. (2010) measured a 61 ppt

average over the Pacific Southern Ocean in February, closest to MODIS 17 and MODIS 1 ars6 7bttnet-as-high-asanay
o tons—(64 and 53 ppt, respectively).

(Read et al., 2008; Preunkert et al., 2007). Measurements during austral summer over the Southern Ocean show significant
variability, especially in higher latitudes. The climatologies produce higher concentrations along the coastal regions of Antarctica,
as illustrated in Figure 2a-d, but MODIS-DMS still captures much of the spatial variability (Figure ??). MEDUSA performs the

worst over these higher latitude regions, where sea ice can have a large role in producing atmospheric DMS (Gali et al., 2021

represents
atmospheric DMS more accurately than models like MEDUSA, Lana, and Hulswar when-compared-to-observations-based on

observations over the Southern Ocean during summertime.
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Figure 6. Five observational datasets measuring atmospheric DMS concentrations (ppt) are directly compared with the eight simulations (a
~¢) at the same spatial and temporal resolution. In (a) SOAP and (b) ANDREXIL we follow both voyages using the nearest grid cell along.
each hour of the simulations, matching the timescales in 2012 and 2019. For comparing the simulations with the (c) SOIREE voyage, we
also follow this voyage in an hourly timescale, but due to the voyage being outside our study period, we average this over all 10 years. The
observational station and constructed an average over 10 years along with a temporal standard deviation. From this, we construct an overall

and standard deviation for all observational measurements and simulations which can be compared directly to these observations.
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3.4 Effects from Inter-annual and Spatial Variabilit
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Figure 7. Time series of the atmospheric eeneentration-DMS probability density function between (ppt-for-the-nine-simutations—Fhe
observations-represent-asummertime-average-across-Cape-Grim;-AmsterdamIsland) MODIS 517 and King-Sejong-Station-and-three-(b)
MODIS ;7CLIM from 2009 to 2018 summer over the entire Southern Oceanveyages-. (SOAP-SOIREEand- ANDREXHc) —TFhe-error-bars

represent-the standard-deviation-through-time-difference between MODIS and spaceMODIS g17CLIM is also shown, with the R? shown

assess the impact of interannual variability in oceanic DMS on simulated atmospheric DMS, we compare the MODIS
simulation with MODIS p;7CLIM, which used a climatology of oceanic DMS calculated from the MODIS-DMS data set has

mplicationsforprimary-marine-organic-aerosoHPMOA)~whose-production-is-inflaeneed-by-(Figure 7). Both simulations are

similar (R% = 0.92) in terms of interannual variability across the Southern Ocean as a whole. (Figure 7¢). Rolling means are

resented in Figure ??b, c. While there are small differences in Southern Ocean atmospheric DMS between the simulations
the overwhelming similarities between Figure 7a and b suggest that an oceanic DMS climatology results in similar interannual
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variability in_the atmospheric DMS PDFE suggesting that oceanic DMS is not a strong driver of interannual variability in
atmospheric DMS. This result is in contrast to that of Gali et al. (2018) who used a different algorithm for producing oceanic
DMS. This difference may be due to our use of the Anderson etal. (2001) algorithm, which is known to produce limited
variability (Belviso et al., 2004; Bock et al., 2021).

To assess the impact of spatial variability in oceanic DMS on simulated atmospheric DMS, we compare simulations
performed using the MEDUSA and MODIS-DMS data sets (with low and high spatial variability in oceanic DMS, respectively)
in Figure 8. Larger variability in the MODIS-DMS oceanic DMS source leads to larger variability in simulated atmospheric
DMS, compared with the MEDUSA simulations. The spatial CoV_from MEDUSA razs6 is 45% lower than MODIS ass6.
showing greater spatial variability from MODIS-derived chl-aconcentration-in-UKESMI-(Muleahy-etal-2020)- PMOA-are

distributionsimilarto-that of eceanie PMS-. The oceanic DMS signal in the atmosphere is strong but includes large fluctuations

the wind.
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(a) MEDUSALMBG (b) MEDUSALMga (C) MEDUSALM86 (d) MEDUSAnga

360

15/12/2009 - mean = 385 ppt 15/12/2010 - mean = 463 ppt 15/12/2013 - mean = 465 ppt 15/12/2015 - mean = 376 ppt

(f) MODIS; mgs (h) MODIS; mse

(g) MODIS; g6

(e) MODIS, mge

Atmospheric DMS (ppt)

15/12/2009 - mean = 188 ppt 15/12/2010 - mean = 237 ppt 15/12/2013 - mean = 223 ppt 15/12/2015 - mean = 159 ppt

Figure 8. Atmospheric DMS concentrations comparing (a - d) MEDUSA 1, ars6 With (e - h) MODIS 1, a756 across four of the same summertime

days (15" December) in (a, e) 2009, (b, f) 2010, (c 2013, (d, h) 2015. The area-weighted Southern Ocean mean is shown below each

plot.

3.5 Aerosol and cloud response

Figure 9 shows the effect on cloud and aerosol properties of changing the atmospheric DMS distribution. Changing the
atmospheric DMS concentration yields little change to CCN, CDNC or AOD. This suggests that these variables are significantl
influenced by factors such as sea spray aerosol and the atmospheric oxidation pathways that convert DMS to sulfate aerosol

Revell et al., 2021; Fossum et al., 2020). Changes to the DMS source increase the spread in simulated CCN and CDNC over

the Southern Ocean wi

X}

into-the-parametrisation(Figare 22, PMOA-rather than changing the mean DMS emissions, which is consistent with our
findings for atmospheric DMS concentrations. Altering the DMS source affects AOD by 73% more than DMS emissions over

Q1 A PAOA

the Southern Oceaninerease-substantially-during-summer81%)—AlthoughPMOA-is-inthe preliminary-stages-of develop

proeeesses-, emphasizing the role of the ocean in producing atmospheric DMS. Box plots of AOD, CCN, and CDNC (Figure 9¢
a, ¢) show that the simulations do not capture the maxima in CDNC, CCN or AOD over the Southern Ocean. This—will-be

560 investigated-in-future-work-—
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Figure 9. Summertime climatology between 60° S to 40° S showing the (a,b) cloud droplet number concentrations, (c,d) cloud conversation
nuclei (800 m in altitude), and (d,e) aerosol fer—optical depth at 550 nm. The violin plots (a,c.,e) MEBBSA-represent all spatial and
fer-temporal data points across the 10 years over the Southern Ocean in DJF. The lowest 1% of values are excluded from the violin
Grosvenor et al. (2018) (dashed) and Bennartz and Rausch (2017) (solid) are shown for CDNC, (d) Choudhury and Tesche (2023) is shown

at 818m, and (f) AOD climatology by the MODIS satellite-retrieval is shown (Platnick et al., 2017). The mean-value-is-area-weighted-aeross
error bars represent one standard deviation either side of the Seuthern-Oeean-BHobservational mean.

4 Conclusions

MEDUSA Lana—and Hulswar)rin-examined the sensitivity of atmospheric DMS to different oceanic source data sets and
sea-to-air transfer velocity parameterizations using the UKESM 1-AMIP model. We also eonstructed-acompetingoceanic DMS
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spatially-distributed-time-series;using-satellite-chl-demonstrate the effectiveness of using a ‘MODIS-DMS’ oceanic DMS data
570 set and climatology calculated from satellite chlorophyll-a

575
MODIS-DMS-suggests-thatlarge-areas-of-open-water J&@g&mﬂm@g@mm the Southern Ocean
have lower oceanic DMS concentrations compared with-to the other three oceanic DMS data sets tested (MEDUSA, Lana, and
Hulswar: w-). Climatologies compiled from in-situ observations
%MM&W& distinct features in oceanic DMS concentrations ‘Gﬂ—avefage—&}}—feﬂfeeeame—Bi\JIS—d&msets

580

MODIS-DMS. Coastal regions have enhanced chlorophyll-a and DMS, and we demonstrate the influence of spatiotemporal
hla . . . . ) o . o

585 of biologicalactivitywithin-oceanie- DMS-over-timefluctuations on oceanic and atmospheric DMS. Atmospheric DMS in the
MODIS-DMS time series simulation shows similar interannual variability to the MODIS-DMS-CLIM simulation, indicating
that capturing realistic spatial variability is more important than capturing realistic interannual variability.
Current oceanic DMS climatologies in climate models lack realistic spatial distributions for Southern Ocean summer, evident
from voyage comparisons and atmospheric DMS spatial distribution. We show how using chl-a data from the MODIS-aqua

590 satellites offers a good spatial representation of oceanic DMS. Approaches such as this and that of Gali et al offer promising
avenues for realistically capturing spatial variability in oceanic DMS associated with marine biogenic activity. The current
approach to calculating oceanic DMS within UKESM1 (MEDUSA) shows little spatial variability and high average biases in
the Southern Ocean region, emphasizing the need for further refinement (e.g. Bock et al., 2021; Mulcahy et al., 2020; Yool et al., 2021)

~

595 We find that atmospheric DMS i

this-stady—Using-different-sensitivity to oceanic DMS changes surpasses the sensitivity to flux parameterizations in our study:.

Different oceanic DMS concentrationswith-, using the same sea-to-air parameterizationresults-in-, lead to a 112% spread across

the means within the DMS emissions. In contrast, changing just the DMS flux parameterization alone results in a spread-of
50-60% - i iti

600

spread. The total spread in average
Southern Ocean DMS emissions across all simulations is 153%, smaler-than-the-spread-across-the-atmospheric-concentration

of-while the atmospheric DMS concentration spread is 171%. Gh&ﬂgmgﬂﬂmﬁfh&@%&m&DM&ﬁ%W
DMS flux parameterization h
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625

630

theught-abeutimplementation—in—future-simulationschanges significantly influence atmospheric DMS, emphasizing the need

for careful consideration in future research.

—The Wanninkhof (2014) quadratic
DMS parameterization has-a-leads to 33% larger-influence-on-more DMS emissions than that-of-Liss and Merlivat (1986) and
Blomquist et al. (2017). Additionally;-all simulations-have-a-summertime-Southern-Oceanflux-of 22 mol-m—2-d—L
with-tinear-flux-parameterizations-aligning-Linear transfer velocity parameterizations align better with observations than-the

quadratie-flax-—Furthermore,we-found-thatusing-for DMS emissions, particularly for the MODIS-DMS simulations. Using a
linear flux parameterization ; B+7;-and--=M86;-within MODIS-DMS aligred-the-brought atmospheric DMS (164-88 £ 132-ppt)

much-eloser-to-the-observations-(185-55 ppt) closer to observations (108 & +29-61 ppt). Allsimulations-have-a-Southern-Oeean
DIE £276 - withi Jard-deviation.
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