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Abstract. Inclusion of methanethiol (MeSH) in global atmospheric chemistry–climate model assessments has
shown that MeSH emissions increase SO2, particulate sulfate and aerosol cooling over the Southern Ocean.
However, measurements in the Southern Ocean are sparse. In February and March 2023, we deployed three
online high-resolution mass spectrometers to measure MeSH and dimethyl sulfide (DMS) in seawater (down to
100 m in depth) and air during a cruise on the west side of the Antarctic Peninsula and in the Weddell Sea. MeSH
concentrations in surface seawater (mean 0.5, range 0.11 to 1.7 nmol dm−3) were within the range previously
reported for polar and subpolar regions. Considering concurrent DMS seawater concentrations (mean 1.6, range
0.45 to 11.3 nmol dm−3), MeSH represented 28± 8 % of the ocean’s volatile methylated sulfur (VMS = DMS
+ MeSH). Depth profiles of MeSH showed higher concentrations in the euphotic layer. Sea to air fluxes of
MeSH (mean 0.9, range 0.03 to 4.3 µmol m2 d−1) were comparable to those of DMS (mean 1.7, range −0.6
to 8.6 µmol m2 d−1). Ambient air MeSH (mean 0.015, range 0.001 to 0.060 ppbv) was low and similar to other
observations. Air DMS concentrations were about a factor of 10 higher than MeSH (mean 0.25, range 0.008
to 1.35 ppbv) and there was excellent agreement between two different instruments using different ionization
chemistries. MeSH seawater concentrations, sea–air fluxes, and atmospheric mixing ratios displayed depletion
during daytime. Overall, this dataset represents a useful resource for model integration and validation.
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1 Introduction

The Southern Ocean is a region of rapid climatic change
that impacts the regional ocean biogeochemistry (Henley et
al., 2020) and biology (Petrou et al., 2016), which, in turn,
elicit feedback impacts on climate. At the same time, the
Southern Ocean is a region of consistent radiative model
bias, where models underpredict the true amount of aerosol-
related cooling due to cloud cover and radiation scattering
(Mallet et al., 2023). This leads to large uncertainties in
global climate models and local weather predictions (Fid-
des et al., 2022). In particular, summertime measured aerosol
concentrations are consistently higher than models suggest
(Schmale et al., 2019). This could be due to an under rep-
resentation in the models of natural marine aerosol forming
processes (McCoy et al., 2015), such as through sulfuric acid
and methane sulfonic acid production from the oxidation of
ocean-derived dimethyl sulfide (DMS, Hossain et al., 2024).
Alternatively, it could be due to missing formation pathways
involving other species, such as organics, iodine or amines
(He et al., 2026). Scaling of methanethiol (MeSH) to DMS,
using in situ measurements, has shown that the sea–air flux of
methanethiol (MeSH) makes a hitherto overlooked, substan-
tial contribution to the Southern Ocean atmospheric sulfate
burden (Tashmim et al., 2025), and subsequent atmospheric
chemistry–climate modelling suggests that the inclusion of
MeSH emissions reduces a small proportion of the radiative
bias (Wohl et al., 2024).

The distribution of MeSH in the surface ocean remains
poorly described, largely due to a paucity of measure-
ments which hampers our understanding of the biogeo-
chemical cycling of this compound. Dimethylsulfoniopropi-
onate (DMSP) is the common precursor of MeSH and DMS
(Kiene, 1996). DMSP is produced in the surface ocean by
plankton and enhanced under specific settings of community
composition and environmental conditions (Hopkins et al.,
2023). DMSP is released mainly by the mortality of phyto-
plankton cells, especially during viral lysis or sloppy graz-
ing by zooplankton (Archer et al., 2002; Stefels et al., 2007).
Once in the water column, bacteria rapidly take up DMSP
and either assimilate its sulfur into proteins (Kiene et al.,
1999), with intermediate production and leakage of MeSH,
or break it down into DMS (Bürgmann et al., 2007; Sun et
al., 2016; Hopkins et al., 2023; Wohl et al., 2023a). Studies
have shown that the microbial switch (Simó, 2001) gives rise
to variable proportions of DMS or MeSH as intermediate or
final products of DMSP catabolism, and have suggested that
DMSP availability relative to bacterial sulfur demands for
growth act as the main driver for this variability (Kiene et al.,
2000). Genetic studies (Landa et al., 2019; Hopkins et al.,
2023) and experiments with radiolabelled DMSP (Kiene and
Linn, 2000) have shown that the route through MeSH domi-
nates bacterial DMSP catabolism over most of the ocean. On
the other hand, many high DMSP-producing phytoplankton,
notably dinoflagellates and haptophytes (including bloom-

forming polar species of Phaeocystis), (Schoemann et al.,
2005; Vaqué et al., 2025) preferentially cleave DMSP into
DMS (Hopkins et al., 2023).

The largest sink for MeSH and DMS in the surface ocean
is thought to be biological consumption by bacteria, giving
MeSH a lifetime in the surface ocean on the order of hours
(Kiene and Linn, 2000), compared to 0.5–2 d for DMS (Galí
and Simó, 2015). Some of the DMSP, DMS and MeSH pro-
duced in the euphotic zone sink down into the water column,
where it is thought to be consumed by bacteria (Teng et al.,
2021; Wohl et al., 2022). The abiotic sinks for MeSH are
poorly understood. MeSH has been shown to be photochem-
ically degraded, possibly into carbonyl sulfide (OCS) (Flöck
and Andreae, 1996; Ulshöfer et al., 1996). Additionally, fast
reactions with dissolved organic matter (Kiene, 1996) and
chelation with dissolved metals (Bjørklund et al., 2019) rep-
resent hitherto unquantified sinks for MeSH in the surface
ocean and throughout the water column. Due to fast biolog-
ical incorporation and the abiotic losses, surface ocean dis-
solved MeSH concentrations are generally lower than those
of DMS, although episodes of MeSH dominating the volatile
methylated sulfur pool have been observed (Kettle et al.,
2001; Kiene et al., 2021; Gros et al., 2023; Deschaseaux et
al., 2025).

A small fraction of MeSH and DMS produced in the sur-
face ocean is ventilated to the atmosphere as a function pri-
marily of wind speed. Once in the air, DMS is mostly oxi-
dised by the day time oxidant radical OH (Fung et al., 2022).
The reaction of MeSH with OH is 2–5 times faster than that
of DMS (Lawson et al., 2020; Novak et al., 2022), contribut-
ing to the generally lower abundance of MeSH in the atmo-
sphere compared to DMS. MeSH is oxidized in several steps
into SO2 while DMS is oxidized into SO2 and methanesul-
fonic acid (Novak et al., 2022; Jacob et al., 2024). The final
oxidation products of DMS and MeSH, namely sulfuric acid
and methanesulfonic acid, could lead to new particle forma-
tion and particle growth (Ishino et al., 2026). These particles
contribute to the cloud condensation nuclei (CCN) budget
and therefore ultimately impact aerosol-related cooling glob-
ally and especially over the remote Southern Ocean where
background aerosol concentrations are low and episodically
high biological productivity provides a strong marine sulfur
source (Hodshire et al., 2019).

Here we present measurements of MeSH and DMS in sur-
face seawater, along the water column down to 100 m, and
in ambient air around the Antarctic Peninsula and in the
northern Weddell Sea. Using measurements in air and wa-
ter, we calculate two-layer sea–air fluxes. We explore the po-
tential links between the MeSH and DMS distribution pat-
terns and our observations of concurrent biological and bio-
geochemical measurements. A better understanding of the
factors influencing MeSH and DMS in this region will fos-
ter a process-based understanding of their cycling and more
informed projections of how their emissions will evolve in
a changing climate. The concentration and emission pat-
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Figure 1. Map showing the cruise track with date markers and
the locations of the CTD samples discussed in this paper. The box
shows an expanded view of the Weddell Sea. Map created from pub-
lic GIS data found at Natural Earth (https://www.naturalearthdata.
com/, last access: 8 May 2020).

terns described here are also useful resources for chemistry–
climate models that should attempt to fix radiative biases in
this climate-relevant region.

2 Measurements

2.1 Cruise overview

The POLAR-CHANGE (Aerosol Emissions from POLAR
CHANGing Environments) cruise was conducted on board
the BIO Hespérides (A33) from 14 February to 17 March
2023. Figure 1 shows the ship track below 60° S. The ves-
sel serviced research bases in the South Shetland Islands be-
fore commencing a transect southwards on the western side
of the Antarctic Peninsula. It traversed the Gerlache Strait
and chose a more open ocean pathway south of 65° to arrive
at Rothera Research station on Adelaide Island. From there,
the vessel retraced its pathway northwards to go via Esper-
anza (Hope) Bay to the Weddell Sea. Then it traversed among
multiple ice floes to encounter floating ice strips detached
from the sea ice edge of the Weddell Sea during a record
low sea ice year in 2023. Multiple Conductivity Temperature
Depth (CTD) profiles were carried out in the northern Wed-
dell Sea, the locations of which are indicated in Fig. 1. The
ship then carried out a transect part way towards the South
Orkney Islands and back to Marambio Island where it re-
mained until the end of sampling.

Sea surface temperature (SST, °C) and sea surface salin-
ity (SSS, g dm−3) were measured every 5 s in seawa-
ter from the underway water inlet of the ship located at
4 m depth (Fig. 2a). Measurements are averaged to 1 h in
Fig. 2a. There was good agreement between the under-
way SST and SSS and the CTD sensors (SeaBird SB21),
confirming that the underway sensors were well calibrated.
Bathymetry data (Fig. 2b) were obtained by matching mea-

surement coordinates with the General Bathymetric Chart of
the Oceans (https://gebco.net/data_and_products/gridded_
bathymetry_data/, last access: 5 June 2025; GEBCO_2023
sub ice topo, last accessed June 2025). Underway seawater
chlorophyll related fluorescence was measured every 5 s and
is averaged to 1 h in Fig. 2c. The fluorescence measurements
were calibrated for total chlorophyll a (Chl a) concentration
by frequent (every 6 h, using only nighttime data) discrete
measurements of Chl a extracted in acetone using the on-
board Turner 10AU fluorometer, calibrated with a spinach
derived chlorophyll standard (Sigma C5357) and verified
with a Beckton–Dickinson spectrophotometer (Fig. 2c). We
also simultaneously measured Chl a concentration in sea-
water samples passed through a 3 µm filter, to estimate the
contribution of the smallest size photosynthetic organisms
(< 3 µm).

2.2 Biological measurements

Biological and biogeochemical measurements were con-
ducted every 6 h over most of the cruise at 06:00, 12:00,
18:00 and 24:00 LT. A brief overview of the methodology is
presented here while extensive details are given in Rocchi et
al. (2025). Seawater samples were collected from the under-
way water inlet for the estimation of bacterial (2.0 cm3, pre-
served with 1 % paraformaldehyde plus 0.05 % glutaralde-
hyde, final concentration) and pico- and nano-phytoplankton
(5.0 cm3, preserved with 1 % glutaraldehyde, final concen-
tration) cell abundances. All samples were stored at −80 °C
until analysis at the ICM-CSIC within 5 months. A Cytoflex
flow cytometer was used for estimation of bacterial number
and a CyFlow Cube 8 (Sysmex) was used for pico- and nano-
plankton abundances. Photochemical efficiency of photosys-
tem II (Fv : Fm) was measured on board using a Mini-FIRe
fast repetition fluorometer (Gorbunov et al., 2020). Seawater
samples for this analysis were collected into a 25 cm3 quartz
cuvette and analysed immediately, without dark acclimation.
Fv : Fm varies based on phytoplankton population compo-
sition in an unpredictable way, but for a given population
composition, a low Fv : Fm ratio is thought to indicate phy-
toplanktonic light stress as an average across the population
(Tan et al., 2019).

Total DMSP (DMSPt) samples were collected unfiltered
from the underway seawater inlet in ∼ 30 mL borosilicate
serum vials. Following Kinsey and Kieber (2016), the un-
capped vials were individually heated by microwave until
they began to boil. After the first bubble formed, the mi-
crowave was stopped and the vial was left to cool. Subse-
quently, 30 µL of 37 % HCl (Analytical Grade) were added to
each vial to remove the DMS present and preserve the DMSP.
Acidified samples were stored at room temperature in the
dark. Within 6 months after the cruise, DMSPt was converted
to DMS by alkaline hydrolysis with NaOH for at least 24 h.
The resulting DMS was quantified with a cryogenic purge
and trap system coupled to a Thermo Fisher TRACE 1300
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Figure 2. (a) Underway surface seawater salinity (SSS) and temperature (SST), (b) sea depth, (c) underway surface seawater fluorescence
calibrated to the discrete fluorometer measurements of total Chl a, and the Chl a concentration in the < 3 µm size fraction plotted on a log
scale, and (d) photosynthetic active radiation (PAR) and Fv : Fm, a measure of photosynthetic efficiency. Green shaded area indicates when
the ship was west of the Antarctic Peninsula and blue shaded area indicates when the ship was in the Weddell Sea.

gas chromatograph with flame photometric detection follow-
ing Masdeu-Navarro et al. (2022).

2.3 Seawater MeSH and DMS measurements

Seawater concentrations of MeSH and DMS were measured
with a Vocus PTR (Aerodyne Research/Tofwerk AG, SN
P4Q-188) installed in one of the laboratories in the hull of
the ship with access to an underway seawater tap and have
been reported previously in Wohl et al. (2024). Here we re-
port updated analysis and additional measurements of depth
profiles. A segmented flow coil equilibrator (SFCE) (Wohl
et al., 2019) was used to extract gases from seawater into
zero air carrier gas (generated by a Pt catalyst zero air gen-
erator, Tofwerk AG) which was then measured by the Vocus
PTR. As in previous deployments of the SFCE (e.g., Wohl
et al., 2023b), for underway sampling the inlet of the equili-
brator was used to draw seawater from the underway tap via
the bottom of a slightly overflowing glass bottle. For discrete
samples (e.g., from the CTD), the SFCE sampled from the
bottom of a 500 cm3 bottle. Further details on cruise specific
operation, calibrations and calculating dissolved concentra-
tions are provided in the Supplement (Sects. S1–S2).

Seawater MeSH concentrations are not reported for the
first part of the cruise due to bacterial growth in the SFCE
causing unrealistically high concentrations (Sect. S3). This
issue was dealt with by daily rinsing of the tubing with
3.7 % HCl. Thereafter, we checked for bacterial growth in
the SFCE and the underway seawater supply lines of the
ship by comparisons to concentrations measured in the 5 m
Niskin bottle from the CTD casts. Both MeSH and DMS

agreed well between the underway seawater supply and the
5 m Niskin bottle indicating that biofouling and contamina-
tion were minimal (Sect. S4).

2.4 Ambient air MeSH and DMS measurements

Gas-phase concentrations of MeSH and DMS were mea-
sured with a Vocus PTR (Aerodyne Research/Tofwerk AG,
SN P4Q-171) installed in the cabin of the chief scientist, lo-
cated just under the bridge of the BIO Hespérides. A hole
was bored through the wall facing the bow (front) at about
12 m above the sea surface. A downward facing 90° bent
metal tube was mounted on the outside to prevent sea spray
and precipitation entering the room. A main sampling line of
1.3 cm outer diameter (OD) PFA tubing was passed through
the metal tube to sample outside air. The main sampling line
carried a sample flow of 14 dm3 min−1. After 1.5 m, the main
sampling line was split in two, with 8 dm3 min−1 flowing
through a 0.95 cm OD, 1.1 m long PFA line to the Vocus
PTR. The Vocus PTR subsampled 250 cm3 min−1 through
a 250-mm inner diameter (ID) capillary. The estimated resi-
dence time in the sampling line was 0.7 s and flow was close
to laminar. Calibrations with a standard gas mixture con-
taining DMS were performed every 4 h with zeros using a
Pt catalyst zero air generator (Tofwerk AG) before and af-
ter each calibration. Calibration for MeSH using a perme-
ation tube was performed after the campaign (Vici, emission
rate of 103.8 ng min−1 at 40 °C, held in a perm tube oven
at 40 °C, diluted with 2 to 5 slpm of zero air). Data was ac-
quired at 1 Hz and averaged to 1 min before being analysed
with Tofware 4.0.2. Due to the low ambient concentrations
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of DMS and MeSH, careful peak fitting was required to re-
move interferences from background compounds at nominal
m/Q 49 and 63. Further details on the analysis are provided
in the Supplement (Sect. S5).

Gas-phase DMS was also measured with the benzene
cation channel of a fast polarity switching high-resolution
time-of-flight chemical ionization mass spectrometer (Vo-
cus B, Aerodyne Research, SN P4B-002) (Aggarwal et al.,
2025; Chang et al., 2026). The Vocus B switches every 0.5 s
between two different polarity mass spectrometers and be-
tween two different vacuum ultraviolet (VUV) ion sources,
one generating benzene cations and iodide anions and the
other generating acetone cations and O2 anions. At the split
in the main sampling line, a 1.3 cm OD, 0.1 m long PFA tube
carried 6 dm3 min−1 to the Vocus B inlet. The Vocus B sub-
sampled 1.5 dm3 min−1 through a 0.5 mm pinhole into the
Adduct Ionization Mechanism (AIM) reactor held at a fixed
pressure between 85 and 95 mbar. The inlet was zeroed every
4 h with dry gas from a nitrogen generator (LNI). Calibration
for DMS was performed after the campaign using the same
calibration gas as for the Vocus PTR. The calibrations were
conducted over a range of relative humidities (RH) and used
to correct the data for changes in sensitivity due to changes in
water vapor concentration in the AIM reactor. In particular,
the difference in sensitivity between the dry zeros and the
ambient measurements (RH 46 to 100 %) needed to be ac-
counted for in the calibrations. The sensitivity also depends
on the pressure in the AIM reactor and calibrations were per-
formed at the three pressures used during the campaign to
correct for this. The data was acquired at 0.5 Hz and aver-
aged to 1 min before being analysed with Tofware 4.0.2. We
were not able to detect MeSH with the Vocus B.

Gas-phase ambient concentrations of MeSH and DMS
were additionally measured with a quadrupole PTR (Ioni-
con) as part of experiments with two Air-Sea Interface Tanks
(ASITs) located on a rear deck. These measurements are de-
scribed in detail in Chamba et al. (2026).

2.5 Calculations of sea–air flux

Sea–air fluxes were calculated using the two layer model
(Liss and Slater, 1974) with the equation

Flux=Kw (Cw−CaH )0.24 (1)

where Flux (µmol m−2 d−1) is the sea–air flux, Kw (cm h−1)
is the total transfer velocity from the sea to the air,
Cw (nmol dm−3) is the concentration in the seawater, Ca
(nmol dm−3) is the concentration in air and H is the unit-
less Henry’s law solubility for water over air. The solubilities
for DMS and MeSH are from Sander (2023), scaled to mea-
sured seawater temperature and salinity. The factor of 0.24
converts the units on the right-hand side of the equation to
the units on the left-hand side. Kw is calculated as

Kw =

[
1
kw
+

H

ka

]−1

(2)

where kw (cm h−1) is the water side transfer velocity and
ka (cm h−1) is the air side transfer velocity. kw is a func-
tion primarily of windspeed and secondarily of the waterside
Schmidt number which is in turn a function of SST and dif-
fusivity. kw is calculated from

kw = k660

(
Sc

660

)0.5

(3)

where k660 is kw at a Schmidt number (Sc) of 660 and is
based on a linear fit to data for DMS versus windspeed
over the Southern Ocean presented in Table 2 of Yang et
al. (2011) with k660 set equal to 1.1 for windspeeds less than
2 m s−1. The Schmidt number for DMS is calculated as in
Wanninkhof (2014). The Schmidt number for MeSH is cal-
culated with the supplementary R code provided in Johnson
(2010). The air side transfer velocity (ka) is calculated using
the parametrisation by Yang et al. (2013b), where the fric-
tion velocity was calculated as per Johnson (2010). Apparent
wind speed (m s−1) was measured on the BIO Hespérides at
a height of 27.3 m and converted to true wind speed (TWS,
m s−1) using the data for ship speed and direction. TWS was
converted to a height of 10 m using the equation in Hsu et
al. (1994). Despite the vessel spending some time in the sea
ice zone of the Weddell Sea, we did not explicitly account
for suppression of gas transfer due to sea ice because sea ice
cover was generally less than 15 %.

3 Results and Discussion

3.1 Seawater concentrations of MeSH and DMS

Figure 3 shows underway (4 m) seawater DMS and
MeSH concentrations averaged to 1 h. DMS concentrations
ranged from 0.45 to 11.3 nmol dm−3, with an average of
1.6 nmol dm−3, which are similar to previous measurements
in the region at this time of year (Wohl et al., 2020; Zhang et
al., 2020) and close to the climatological range for March of
1–3 nmol dm−3 (Hulswar et al., 2022). Higher DMS concen-
trations are typically observed earlier in the season (Decem-
ber to early February, Hulswar et al., 2022). As in previous
studies (e.g., Webb et al., 2019), we observed a few local-
ized episodes of much higher than average hourly DMS con-
centrations (> 8 nmol dm−3). The estimated uncertainty for
DMS is ± 20 % (Sect. S2). Additional statistics, such as me-
dian, standard deviation, 25th percentile and 75th percentile,
are given in Table S1 in the Supplement for the seawater and
air measurements presented here.

The hourly seawater MeSH concentrations ranged from
0.11 to 1.7 nmol dm−3, with an average of 0.5 nmol dm−3,
though this measurement has an estimated uncertainty of
± 30 % (Sect. S2). This average concentration was some-
what higher than average measurements across the Atlantic
of 0.39 nmol dm−3 (Kettle et al., 2001), near the Mediter-
ranean coast of 0.3 nmol dm−3 (Wohl and Simó, 2024) and in
the Great Barrier Reef of 0.49 in 2021 and 0.34 nmol dm−3
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Figure 3. (a) Sea surface density, (b) surface seawater concentrations of MeSH, DMS, and DMSPt and (c) the ratio of MeSH :DMS from
the continuous underway seawater inlet. PAR is also shown in (c).

in 2022 (Deschaseaux et al., 2025). These MeSH concen-
trations were lower than measurements in the Arctic of
2.96 nmol dm−3 for polar water (Gros et al., 2023) and sim-
ilar to measurements in the sub-Arctic of 0.57 nmol dm−3,
average of cruise OC1607 and OC1708 (Kiene et al., 2021),
where episodes of higher than 1.5 nmol dm−3 MeSH were
also observed.

The mean seawater MeSH : DMS ratio was 0.41 (range
0.14 to 1.0), which was higher than in warmer ocean re-
gions, where it has been reported to range from 0.05 to
0.3 (Kettle et al., 2001; Gros et al., 2023; Wohl and Simó,
2024; Deschaseaux et al., 2025). Expressed as a percent-
age of volatile methylated sulfur (VMS=MeSH+DMS),
MeSH represents a substantial (28± 8 %) portion of the sur-
face ocean VMS in Antarctic waters in late summer. Be-
tween 6 and 8 March 2023, during the transect towards the
South Orkney Islands, two brief episodes were encountered
of high seawater DMS where concentrations increased by ten
times with respect to the background levels to reach 8.8 and
11.3 nmol dm−3. During these two episodes, seawater MeSH
concentrations also increased but only by factors of 1.5–3. In
other words, there was episodic decoupling between the two
compounds, where large DMS increases were not accompa-
nied by proportional increases in MeSH. The lowest seawater
MeSH concentrations (∼ 0.3 nmol dm−3) and MeSH : DMS
ratios (< 0.4) were observed between 2 and 5 March in the
Weddell Sea near sea ice floes, in agreement with lower
MeSH concentrations encountered previously near the sea
ice in the Arctic (Gros et al., 2023). These commonalities
suggest conditions of lower MeSH production (or enhanced
MeSH loss) in low productivity waters near sea ice in polar
regions.

Figure 4 shows seawater MeSH plotted against seawater
DMS with the points coloured by Chl a (from the contin-
uous fluorescence-based measurement). The error bars indi-
cate the estimated uncertainty of± 20 % in DMS and± 30 %
in MeSH (Sect. S2 in the Supplement). The regression be-
tween the two compounds displays different behaviour at
higher and lower DMS concentrations. Focussing on data
collected at lower DMS concentrations (< 4 nmol dm−3), the
two compounds are positively correlated with a Pearson r

of 0.8. This tight correlation between MeSH and DMS in
surface seawater for the majority of the measurement points
(98 % of the points in Fig. 4 have less than 4 nmol dm−3

DMS) suggests that the sources and sinks of these two com-
pounds are tightly coupled and similarly balanced. Since the
dominant known source of MeSH in surface seawater is bac-
terial DMSP demethylation (Kiene and Linn, 2000), and that
of DMS is algal and bacterial DMSP cleavage (Kiene and
Linn, 2000; Hopkins et al., 2023), this result suggests that the
biological community dominating the Southern Ocean and
Weddell Sea at the time of sampling was capable of under-
taking both DMSP degradation pathways.

3.2 Depth profiles of MeSH and DMS

Figure 5 shows average depth profiles of MeSH and DMS
taken during 6 CTD casts between 28 February and 9 March
in the Weddell Sea. Two of the CTD casts (CTD 4 and 9)
were taken at 09:00–10:00 solar time (approximately 4 h af-
ter sunrise), while the other four casts (CTD 5–8) were taken
at 17:00–18:00 solar time (approximately 1 h before sunset).
The mid-morning casts may represent the accumulated con-
ditions over the night, while the late afternoon casts represent
accumulated conditions during the day. This grouping of the
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Figure 4. Scatter plot of seawater MeSH vs seawater DMS,
coloured by Chl a.

Figure 5. Averaged vertical profiles of MeSH and DMS in seawa-
ter, grouped by (a) mid-morning and (b) late afternoon casts, with
the ratio indicated in panel (c). Shaded areas in the mid-morning
casts illustrate range (N = 2), while they illustrate standard devia-
tion in the late afternoon casts (N = 4). Shaded areas in (c) are the
propagated uncertainty in the ratio. (d) Salinity and temperature for
mid-morning and late afternoon casts. (e) Chl a from fluorescence
for mid-morning and late afternoon casts.

CTD casts also splits them by location, as the morning casts
were closer to land and with no ice present, while the after-
noon casts were located in the Weddell Sea near sea ice floes.

The mid-morning casts showed more uniform MeSH and
DMS concentrations in the 25 m near the surface with a ratio
that is similar to the campaign average of about 0.4. Below
25 m, concentrations were lower and gradually decreased to
near zero at 100 m depth. The late afternoon casts showed on
average higher maximum concentrations of both compounds,
which also decreased sharply below 25 m. Higher concentra-

tions in sunlit waters are in line with previous observations
in the Southern Ocean which generally show more DMS near
the surface than at depth (Jones et al., 1998; Rellinger et al.,
2009; Li et al., 2024), as light enhances biological produc-
tion over abiotic consumption (Galí and Simó, 2015). The
fact that MeSH exhibited the same pattern supports a dom-
inant biological net source for MeSH, too. One of the most
prominent differences between the mid-morning and late af-
ternoon casts is the notable depletion of both compounds
near the surface in the latter (Fig. 5b). Despite the fact that ex-
posure to high sunlight favours gross DMS production (Galí
et al., 2011), depletion of surface DMS concentrations dur-
ing the course of the day is a common feature, due to fast
photochemical loss in the presence of fresh coloured dis-
solved organic matter or high nitrate concentrations (Yang
et al., 2013a; Royer et al., 2016; Galí et al., 2023). MeSH is
expected to behave similarly, as it is known to be sensitive
to photochemical oxidation (Flöck and Andreae, 1996). The
MeSH : DMS ratio near the surface is slightly smaller in the
afternoon casts, suggesting that photochemical loss is faster
for MeSH. Another difference between the mid-morning and
late afternoon casts is the profiles of MeSH and DMS below
40 m. While in the mid-morning MeSH paralleled DMS in
their slow decrease to the deep (Fig. 5a), in the late afternoon
MeSH increased again around 60 m while DMS steadily de-
creased (Fig. 5b). As a result, the MeSH : DMS ratio in-
creased below 40 m during the day and reached values well
above 1 at 50–80 m (Fig. 5c). These depths correspond to
the deeper part of the high Chl a fluorescence region of the
water column (Fig. 5e), suggesting that either DMSP degra-
dation is more geared to MeSH production in high Chl a –
low light waters, i.e., is dominated by bacterial activity on
sinking or decaying phytoplankton, or MeSH loss decreases
substantially in low light, or both. Below 70–80 m (i.e., be-
low the pycnocline), both DMS and MeSH concentrations
were lower because the lack of light prevented phytoplank-
ton growth and DMSP production, and bacterial consump-
tion and convection drove the loss of sinking compounds.

3.3 Air concentrations of MeSH and DMS

Hourly measurements of the air concentration of DMS and
MeSH are shown in Fig. 6. Mean DMS ambient air concen-
tration measured with the Vocus PTR was 0.25 ppbv with a
range of 0.008 to 1.35 ppbv. DMS measured with the Vo-
cus B was within ± 10 % of the Vocus PTR measurement
(see Appendix A). These ambient air mixing concentrations
are typical for DMS over the Southern Ocean (0.1 to 1 ppbv,
Read et al., 2008; Wohl et al., 2020; Bhatti et al., 2023; My-
nard et al., 2025). The mean MeSH ambient air concentra-
tion was 0.015 ppbv with a range of 0.001 to 0.060 ppbv.
These MeSH air mixing ratios are similar to previous mea-
surements in marine air of the North East Pacific (0.019 ppbv,
Novak et al., 2022), the eastern North Atlantic (0.015 ppbv,
Kilgour et al., 2024), the North Sea (0.016 ppbv, Wohl et
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al., 2025), the southwest Pacific Ocean (0.018 ppbv, Lawson
et al., 2020) and the Southwest Pacific Ocean east of New
Zealand (0.040 ppbv, Rocco et al., 2025). Our measurements
are within the range of MeSH observations over the Southern
Ocean near the sea ice edge binned by latitude between 62
and 66° S (medians 0.014–0.064 ppbv, Mynard et al., 2025).
Measurements of DMS and MeSH with the Quad PTR were
in reasonable agreement with the measurements from the Vo-
cus PTR (Sect. S6).

Figure 7 shows the scatter plot of air MeSH vs air DMS
coloured by source region of the 24-h backtrajectory at an
arrival height of 10 m. When the backtrajectories pass over
open sea or land, MeSH and DMS are positively correlated
with a Pearson r = 0.7. The slope of a least orthogonal dis-
tance fit is 0.064, corresponding to an MeSH : DMS ratio of
roughly 1 : 15. This significantly lower ratio than in seawater
(roughly 1 : 2.5) is explained by the fact that MeSH reacts
2–5 times faster than DMS with the most common daytime
atmospheric oxidant, OH (Lawson et al., 2020; Novak et al.,
2022). In contrast, when backtrajectories pass over broken
sea ice (sea ice concentration < 50 %), DMS is much higher
relative to MeSH with a slope of 0.019, corresponding to
an MeSH : DMS ratio of about 1 : 50. Mynard et al. (2025,
Fig. 3h) also observe a more variable MeSH : DMS ratio in
air when air masses originated from a mixture of open ocean,
Antarctic continent and the ice edge. Only a few of the time-
points with high air DMS concentration correspond to times
with high sea DMS concentration. Thus, the air DMS con-
centration is impacted both by local flux and by transport,
more so than the air MeSH concentration with its shorter life-
time.

3.4 Sea-to-air fluxes

Calculated two-layer fluxes of MeSH and DMS are presented
in Fig. 8, along with the true wind speed. The gap between
1 and 5 March is due to a failure of the wind sensor. The
mean MeSH sea–air flux was 0.9 µmol m2 d−1 with a range
of 0.03 to 4.3 µmol m2 d−1 and the mean DMS flux was
1.7 µmol m2 d−1 with a range of−0.6 to 8.6 µmol m2 d−1 (or
mean 1.5 µmol m2 d−1 for the time period with both MeSH
and DMS flux measurements). The MeSH flux was within
the range of previous measurements, including eddy co-
variance flux measurements in coastal temperate waters of
0.74 µmol m2 d−1 (Novak et al., 2022), estimates from the
nighttime accumulation technique of 0.47–5.4 µmol m2 d−1

(Rocco et al., 2025), and two-layer fluxes calculated using
air and seawater measurements in the Great Barrier Reef
of 1.2 µmol m2 d−1 (Deschaseaux et al., 2025). Our DMS
fluxes were somewhat lower than previous measurements
in the Southern Ocean, reported to be mostly between 2.5
and 5.5 µmol m2 d−1 (Yang et al., 2011; Wohl et al., 2020;
Zhang et al., 2020), likely because we sampled after the DMS
emission peak typically observed in December through early
February (Hulswar et al., 2022).

Equation (1) shows that the flux is driven by two terms,
the total transfer velocity (Kw), mostly dependent on wind
speed, and the difference between the sea water concen-
tration (Cw) and the air concentration times the solubility
(CaH ). The average dimensionless solubilities at ambient
conditions during this cruise were similar for both com-
pounds (20 for MeSH and 28 for DMS). For MeSH, seawater
concentrations were on average 60 times larger than CaH ,
indicating that the seawater was strongly supersaturated rel-
ative to the air. As a result, the thermodynamic driving force
consistently favoured sea to air transfer. In other words, the
air concentrations were so low that they did not make a dif-
ference to the flux calculation. For DMS, the seawater con-
centration is on average 18 times larger than CaH , meaning
that the driving force was predominantly sea to air transfer
too, although there was one short period on 9 March when
the air concentration was high enough to drive net air to sea
transfer.

3.5 Diel variability

Although not visually pronounced in the cruise mean data,
we observed significant diel variability in surface seawater
concentrations, sea–air fluxes, and ambient air mixing ra-
tios of MeSH (Fig. 9). The mean MeSH seawater concen-
tration during darkness (0.56 nmol dm−3) was significantly
higher than the mean during daylight (0.45 nmol dm−3, P =

0.0006, 2-tailed T Test, n= 11 for dark and n= 13 for light).
Depleted seawater MeSH concentrations by about 20 % dur-
ing the day were consistent with the near surface depletion in
depth profiles during the day (Fig. 5b), indicating either rapid
photochemical loss (Flöck and Andreae, 1996; Ulshöfer et
al., 1996) or an as yet unknown light driven decrease in mi-
crobial MeSH production or increase in consumption. The
diel changes in MeSH were particularly pronounced while
the ship was sampling near sea ice in the Weddell Sea be-
tween 2 and 5 March (Fig. 3). These were the least pro-
ductive (lowest Chl a concentrations) hence clearest waters
of the cruise. The night–day difference in the underway (in
vivo) fluorescence, and the low level of photosynthetic ef-
ficiency as depicted by the Fv : Fm ratio (Fig. 2) also sug-
gest that phytoplankton were particularly light stressed in this
area during the day, supporting the notion of clearer waters
and more exposure to solar radiation. Diatom cultures indi-
cate higher MeSH concentrations during periods of illumi-
nation (Kameyama et al., 2011; Padaki et al., 2025), suggest-
ing higher production by the algal-bacterial coupling during
the day. Similarly, on board incubations of bubbled seawater
samples during a previous cruise found that daytime produc-
tion rates of MeSH are possibly higher than at night (Davie-
Martin et al., 2020). However, in our field observations, con-
sistent daytime MeSH depletion suggests that UV exposure
and photo-oxidation may have controlled the MeSH concen-
tration near the surface.
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Figure 6. Air concentrations of (a) DMS measured with Vocus PTR and Vocus B and (b) MeSH measured with Vocus PTR.

Figure 7. Scatter plot of air MeSH vs air DMS. Colour indicates
24-h backtrajectory passing over open sea, sea ice (< 50 %) or land.

In contrast to MeSH, the surface seawater DMS concen-
trations over the entire cruise did not show a statistically
significant diel change, although the vertical profiles in the
Weddell Sea showed near-surface depletion during the day.
The diel variability in surface seawater DMS depends on a
delicate balance between a range of biological sources and
biotic and abiotic sinks, which are tightly coupled and highly
dependent on season and location (e.g., Royer et al., 2016).
Our current understanding is that DMS cycling rates display
diurnal variability, with high solar radiation favouring gross
biological DMS production (Archer et al., 2010; Galí et al.,
2011; Kinsey et al., 2023) but also photochemical loss (Galí
et al., 2013, 2023), processes that may balance out and lead
to large, opposite, small or no substantial diel changes in

DMS seawater concentrations (Royer et al., 2016). The mean
MeSH : DMS ratio during darkness was 0.46, while during
daylight hours it was 0.37, 20 % lower and a diel change of
similar magnitude to MeSH alone. Overall, the diel cycles
of MeSH and DMS concentrations in surface seawater in-
dicate that MeSH is more net sensitive to light than DMS.
In any case, as has been done for DMS (e.g., Royer et al.,
2016), high temporal resolution measurements and mecha-
nistic studies assisted by modelling, are necessary to further
elucidate what drives MeSH diel variability in seawater and
how widespread it is.

The mean nighttime MeSH emission flux was
1.0 µmol m2 d−1 and decreased by 18 % to 0.82 µmol m2 d−1

during daytime (P = 0.017, 2-tailed T Test). Wind speed did
not show any marked diel variation and MeSH was highly
supersaturated in seawater throughout the cruise, implying
that the diel changes in the sea–air flux were due to changes
in seawater concentration alone. Conversely, the DMS flux
did not show significant diel variability, which is consistent
with the lack of a diel change in seawater DMS and in line
with previous high-resolution measurements in the Southern
Ocean (Wohl et al., 2020; Zhang et al., 2020).

The mean air MeSH concentration at night was
0.00068 nmol dm−3 (0.013 ppbv), while the mean during
daytime was 0.00059 nmol dm−3 (0.011 ppbv). This is a
13 % decrease on average from night to day (P = 0.0073).
The lowest MeSH concentrations were measured at solar
zenith coinciding with the hours of highest OH concentra-
tions. OH is thought to be the largest sink for MeSH in the re-
mote pristine atmosphere (Novak et al., 2022). The few exist-
ing studies of MeSH in marine air report a diel change in the
mixing ratio (e.g., Lawson et al., 2020; Novak et al., 2022;
Kilgour et al., 2024; Wohl et al., 2025). However, we note
that the diel variability of MeSH in air reported for this cruise
is markedly smaller than the diel change observed at lower
latitudes (typically about 0.015–0.030 ppbv night to day dif-
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Figure 8. (a) Sea to air fluxes of DMS and MeSH, and (b) true wind speed (TWS, relative to ground).

Figure 9. Diel changes in surface seawater concentration of (a)
MeSH and (b) DMS, the sea–air flux of (c) MeSH and (d) DMS,
the ambient air concentrations of (e) MeSH and (f) DMS and the
changes in the MeSH : DMS ratio in (g) sea and (h) air. The points
show the mean and the shaded areas show one standard deviation.
Nighttime is indicated with the grey boxes.

ference). As also pointed out by Mynard et al. (2025), this is
likely due to lower daytime OH concentrations at higher lat-
itudes (Wolfe et al., 2019). MeSH reacts faster with OH than
DMS does (Lawson et al., 2020; Novak et al., 2022) and, in-
deed, air DMS concentrations did not display a significant
diel change. The invariance in atmospheric DMS indicated
that diel changes in the boundary layer height were not be-
hind the MeSH diel variation. Since the night–day change for
air MeSH is a somewhat smaller relative decrease than for the
seawater MeSH, the night–day change in emission flux may

be a stronger driver of the air MeSH diel changes than the
oxidation rates. All in all, this diel behaviour illustrates the
complexity in modelling MeSH in the marine environment as
difficulties in accurately representing the diel variation may
impact mean modelled concentrations.

3.6 Potential surface seawater biological drivers of
MeSH and DMS

The biological variables monitored (Fig. 2; Table 1) paint a
typical picture of the Chl a, DMSPt and DMS system for this
time of year. Chl a (which ranged 0.15–9.6 µg dm−3, Fig. 2c)
correlated best with the abundance of large nanophytoplank-
ton (15–20 µm, R2

= 0.70) as well as with the biomass of di-
noflagellates (> 40 µm) and diatoms (R2

= 0.90) (Fig. S6 in
Rocchi et al., 2025). In other words, the largest contribution
to Chl a was from large phytoplankton (mainly Corethron,
heterotrophic dinoflagellates and large cryptomonadales),
consistent with previous measurements in Antarctic waters at
this time of year (late summer, Alvain et al., 2008; Deppeler
and Davidson, 2017). As a phytoplankton product, DMSPt
(7–284 nmol dm−3; Fig. 3b) correlated positively with total
Chl a, with a stronger correlation to the small size frac-
tion Chl a (≤ 3 µm). Like Chl a, DMSPt showed lower
concentrations in the sea ice zone of the northern Wed-
dell Sea and higher concentrations on the west side of the
Antarctic Peninsula. Among phytoplankton, DMSPt corre-
lated better with microscopy-counted flagellated cells in the
size range of 10–20 µm, and particularly with the pigment-
distinguishable cryptomonadales (Table 1), known to be high
DMSP producers in polar waters (McParland and Levine,
2019). The peak of DMSPt concentration on 21 February
(284 nmol dm−3) coincided with high abundance of cryp-
tomonadales (2005 cell cm−3) at the entrance of the Gerlache
Strait. The other DMSPt peak on 26 February coincided with
a high abundance (387 cell cm−3) of large nanophytoplank-
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Table 1. Pearson correlation coefficient (r) and number of samples (in parentheses) for seawater MeSH, DMS, MeSH : DMS ratio and
DMSPt with selected biological parameters measured during the cruise. Values in bold show that the two-tailed p value of the correlation is
less than 0.01, indicating statistically significant linear correlation.

Pearson correlation coefficient r

MeSH DMS MeSH : DMS DMSPt

DMSPt (nmol dm−3) 0.33 (41) 0.23 (68) 0.03 (41)
Chl a (total) (µg dm−3) 0.02 (41) 0.19 (70) 0.27 (41) 0.56 (68)
Chl a (≤ 3 µgm) (µg dm−3) 0.00 (41) 0.00 (70) 0.37 (41) 0.77 (68)
Chl a (fluo, hourly) (µg dm−3) 0.49 (351) 0.49 (483) 0.3 (343)
SST (°C) 0.56 (41) 0.41 (70) 0.07 (41) 0.28 (68)
SST (°C, hourly) 0.59 (351) 0.63 (483) 0.22 (351)
Total bacteria (cell cm−3) 0.24 (40) 0.00 (68) 0.41 (40) −0.17(67)
Cryptomonadales (cell cm−3) 0.24 (13) 0.20 (24) −0.20 (13) 0.72 (24)
Flagellates 10–20 µm (cell cm−3) −0.09 (12) 0.47 (21) 0.12 (12) 0.70 (21)
Phaeocystis sp. (cell cm−3) −0.07 (13) −0.19 (24) 0.43 (13) 0.17 (24)

ton. Note that no significant correlation was observed with
cell abundances of nanoalgae of the genus Phaeocystis (Ta-
ble 1), despite these being known DMSP producers, particu-
larly in the Southern Ocean (Wang et al., 2015). During the
cruise, Phaeocystis cell abundances were always less than
550 cell cm−3, 100 times lower than earlier in summer (e.g.,
Vaqué et al., 2025). Overall, most of the DMSPt variance
was explained by nanophytoplankton abundance (Rocchi et
al., 2025), in agreement with previous studies (Belviso et al.,
2008; Sheehan and Petrou, 2020; Hopkins et al., 2023).

In general, biological variables had poor predictive capa-
bilities for MeSH and DMS (Table 1), with correlation coef-
ficients below 0.5. MeSH and DMS showed a similar general
pattern to DMSPt (Fig. 3b). Yet, covariation was not strong
enough to yield significant correlation (Table 1), partly be-
cause the large increase in DMSPt on 21 February was not
accompanied with an increase in DMS or MeSH concentra-
tions, and the two high-DMS episodes in early March were
unrelated to the DMSPt concentration. Only the DMSPt peak
on 26 February coincided with elevated concentrations of
DMS and MeSH. This may be because MeSH and DMS are
produced from the available dissolved DMSP pool, while the
total DMSP (DMSPt) measured here is contributed mainly
by the particulate form (Kiene and Slezak, 2006). Hence,
peaks of DMSPt correspond to snapshot conditions of high
abundances of strong DMSP producing phytoplankton, not
necessarily accompanied by high rates of mortality and dis-
solved DMSP release.

As for the MeSH : DMS ratio, it correlated significantly
only with bacterial abundance (Table 1). This could be be-
cause bacterial catabolism of DMSP produces both MeSH
and DMS (Kiene and Linn, 2000; Omori et al., 2025) while
algal enzymes produce only DMS (Stefels et al., 2007; Shemi
et al., 2023). However, abundance alone is not a quantita-
tive surrogate for bacterial activity (Hunt et al., 2013). No
clue was obtained either as to why the MeSH : DMS ra-

tios were higher in this cruise than in warmer ocean basins
with SST > 12 °C (Wohl and Simó, 2024). It appears that
polar conditions favoured the proportion of MeSH in bio-
logical VMS production. Yet, within the polar conditions of
the cruise, MeSH and, to lesser extent, DMS significantly
correlated positively with SST, with lowest concentrations
and SST observed in the sea ice-influenced zone of the Wed-
dell Sea, coinciding with low Chl a concentration (Figs. 2,
3). Both MeSH and DMS showed a better correlation with
hourly measurements of Chl a concentration based on fluo-
rescence, probably because the discrete measurements dur-
ing the later part of the campaign were only conducted twice
a day and likely did not capture the diel variation in Chl a

concentration (Fig. 2c).

3.7 Comparison with Model Results

The average air DMS concentration was approximately half
the concentration modelled by Wohl et al. (2024) for March
over the Southern Ocean in the quadrant of this cruise
(0.438–0.557 ppbv in the model). This discrepancy may be
due to the larger mean sea–air flux used in the model for
DMS (4.91 µmol m2 d−1) compared to the 1.7 µmol m2 d−1

estimated here. The discrepancy between measurement and
model was much larger for MeSH, on the order of a factor of
ten for air concentrations (0.136–0.170 ppbv in the model).
This could be partly due to the afore mentioned difference
in DMS, as Wohl et al. (2024) estimated the seawater MeSH
concentration from the climatological seawater DMS (Hul-
swar et al., 2022). The ratio of seawater MeSH : DMS used
in the model (∼ 0.5) and the mean sea–air MeSH flux in
the model (1.28 µmol m2 d−1) are similar to the results given
here. Tashmim et al. (2025) modelled an annual mean MeSH
mixing ratio for 2018 of above 0.050 ppbv for the Southern
Ocean, which is about three times larger than what was mea-
sured here. Therefore, the discrepancy in air MeSH concen-
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tration between models and observations might be due to an
underestimate of the oxidants, particularly OH, in the mod-
els, or to as yet unknown MeSH oxidation pathways.

4 Conclusions

Overall, this study confirms that the sector of the Southern
Ocean around the Antarctic Peninsula is a substantial source
of MeSH and DMS to the atmosphere. The distributions of
MeSH and DMS in seawater reveal that both compounds
are tightly linked, with sporadic decoupling observed dur-
ing events of high DMS concentrations. Depth profiles con-
firm that the origin of MeSH, like that of DMS, is biologi-
cal, but no single biological predictor stood out as controlling
DMS and MeSH concentrations, not even the concentration
of their main known precursor, DMSP. This illustrates that
the transformation of DMSP into its main catabolic products
occurs through a complex web of processes and actors, so
that MeSH and DMS concentrations do not only depend on
the size of the DMSP pool but on how efficiently it is released
and degraded (Simó, 2001). This hinders attribution of cause
and effect relationships between organism abundances and
MeSH or DMS concentrations in regional surveys.

Depth profiles and diel variability near the surface sug-
gest that MeSH is more prone to light driven loss than DMS.
Air concentrations of MeSH and DMS correlated most of
the time, with a much lower MeSH : DMS ratio in air than
in seawater due to faster gas-phase oxidation of MeSH com-
pared to DMS. Episodes of proportionally more DMS in air
were associated with air masses passing over the sea ice edge
before sampling. Diel changes in seawater MeSH concentra-
tions, sea–air fluxes, and atmospheric concentrations, all de-
creasing during daytime, call for the need to accurately rep-
resent the diurnal variability when modelling this compound
in the marine environment.

This study was part of an emerging effort to characterise
the distribution of MeSH in more detail in the ocean, es-
pecially the Southern Ocean, and how this relates to bio-
geochemical processes. This is particularly timely given that
MeSH has received comparatively less attention than DMS
so far, despite its important role in the Southern Hemisphere.
Our measurements show that MeSH and DMS share many
similarities due to their common precursor, but MeSH is
more reactive in seawater and in air, resulting in a slightly
distinct behaviour. The data here is also a useful dataset for
model comparison and development.

Appendix A: Comparison of Vocus B and Vocus PTR
DMS

Figure A1 shows the comparison between air DMS mea-
sured with the Vocus B and measured with the Vocus PTR.
The estimated ±15 % uncertainty in both instruments is in-
dicated with error bars. At higher concentrations (> 0.5 ppb)
the agreement between the two instruments is excellent as in-
dicated by the 1 : 1 line. At lower concentrations, the Vocus
B concentrations were about 10 % lower as indicated by the
slope of 0.91 for the least orthogonal distance fit with both x

and y data weighted by the uncertainty.

Figure A1. Vocus B air DMS vs Vocus PTR air DMS with a 1 : 1
line and the least orthogonal distance fit.
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