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O C E A N O G R A P H Y

Marine emissions of methanethiol increase aerosol 
cooling in the Southern Ocean
Charel Wohl1,2†, Julián Villamayor3†, Martí Galí1†, Anoop S. Mahajan4, Rafael P. Fernández5,  
Carlos A. Cuevas3, Adriana Bossolasco3,6, Qinyi Li7, Anthony J. Kettle8, Tara Williams9,  
Roland Sarda-Esteve10,11, Valérie Gros10, Rafel Simó1*, Alfonso Saiz-Lopez3*

Ocean-emitted dimethyl sulfide (DMS) is a major source of climate-cooling aerosols. However, most of the marine 
biogenic sulfur cycling is not routed to DMS but to methanethiol (MeSH), another volatile whose reactivity has 
hitherto hampered measurements. Therefore, the global emissions and climate impact of MeSH remain unex-
plored. We compiled a database of seawater MeSH concentrations, identified their statistical predictors, and pro-
duced monthly fields of global marine MeSH emissions adding to DMS emissions. Implemented into a global 
chemistry-climate model, MeSH emissions increase the sulfate aerosol burden by 30 to 70% over the Southern 
Ocean and enhance the aerosol cooling effect while depleting atmospheric oxidants and increasing DMS lifetime 
and transport. Accounting for MeSH emissions reduces the radiative bias of current climate models in this cli-
matically relevant region.

INTRODUCTION
In the sulfate-rich ocean, around 50% of the sulfur assimilated by ma-
rine primary producers is routed to the methylated sulfonium com-
pound dimethylsulfoniopropionate (DMSP) (1–3). With a global 
production rate of ~2 Pg S year−1 (4), this labile metabolite channels a 
large share of reduced sulfur cycling in upper-ocean microbial food 
webs (5) and its biological degradation releases volatile sulfur (2, 6). 
Subsequent sea-to-air emission and atmospheric oxidation of this 
biogenic sulfur fuel the formation and growth of sulfate and methane-
sulfonate aerosols (7, 8), which cool the Earth by scattering sunlight 
[direct radiative effect (DRE)] and increasing cloud albedo [indirect 
radiative effect (IRE)] (7, 9). The climatic importance of marine sulfur 
emissions to the atmosphere is maximized in remote marine regions 
(10–12) far from the dominant effects of continental sulfur emissions 
of largely anthropogenic origin (13). Despite being among the most 
studied climate forcers, quantification of the radiative effects of sulfur 
aerosols remains a challenge for global climate models, especially in 
the Southern Ocean where notable radiative differences between cli-
mate model simulations and satellite observations suggest that the ef-
fects of natural aerosols are being underestimated (10).

Hitherto, dimethyl sulfide (DMS) has received all the attention as 
the main form in which the oceans emit aerosol-forming volatile sul-
fur (2, 7). This has fostered decades of research from which global 
maps of seawater DMS concentrations became available (14) to be 
implemented in climate models (12). Yet, only around 15% of the 

DMSP consumed by marine microbes is routed to DMS according to 
in situ rate measurements (2, 15, 16). The remainder is mostly routed 
through the demethylation pathway, which ultimately results in re-
duced sulfur assimilation but produces methanethiol (MeSH) through 
an intermediate demethiolation step (2, 6). The demethylation/deme-
thiolation pathway is ubiquitous in upper-ocean metagenomes and 
metatranscriptomes (1, 17, 18), implying a large potential for MeSH 
production that is also supported by sensitive radiotracer measure-
ments (15) and by the observation of MeSH release by cultured ma-
rine bacterial strains upon DMSP addition (19–22). Despite the 
biochemically proven relevance of marine MeSH production, analyti-
cal difficulties arising from high MeSH reactivity to metals and sur-
faces (6) have hindered extensive surveys of MeSH in seawater, let 
alone global-scale mapping. The few existing measurements of con-
centrations in seawater (23, 24), marine air (25–27), tank experiments 
(28), and sea-to-air fluxes (26) consistently indicate that MeSH repre-
sents a substantial proportion of the ocean’s volatile methylated sulfur 
(VMS) (i.e., DMS and MeSH) pool and emission. However, factors 
controlling this proportion and the MeSH distribution are unclear, 
which hindered previous global emission estimates.

Atmospheric chemistry pathways for VMS indicate that MeSH 
oxidation is faster and has a higher effective sulfur dioxide (SO2) 
yield than DMS oxidation (26), hence greater potential for aerosol 
formation. However, climate models used in international climate 
assessments, such as those included in the Sixth Assessment Report 
of the Intergovernmental Panel on Climate Change (29), have so far 
omitted marine MeSH emissions, arguably as a consequence of the 
poor knowledge of seawater MeSH concentrations and subsequent 
emissions to the atmosphere. Here, we assess MeSH and DMS co-
emission patterns on the global scale through the compilation and 
analysis of new and available measurements and use a state-of-the-
art global climate model to quantify the impact of added sulfur from 
MeSH on atmospheric chemistry and aerosol radiative forcing. Our 
results show that MeSH emission causes a large and nonlinear in-
crease in the atmospheric burden of VMS. The additional formation 
of SO2 from MeSH ultimately translates into a shortwave radiative 
cooling due to increased sulfate aerosol (SO4

2−) that is largest over 
the Southern Ocean.
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RESULTS
Marine MeSH emission
We compiled surface seawater measurements of concurrently mea-
sured MeSH and DMS from all available cruises (see Materials and 
Methods), namely, AMT7 (temperate and tropical Atlantic, September 
to October 1998) (23), TRANSSIZ (Nordic Seas, May to June 2015) 
(24), and OC1607A and OC1708A (Northeast Pacific, July 2016 and 
August 2017). To these data, we added unpublished measurements 
from the POLAR-CHANGE cruise (Southern Ocean, February to 
March 2023) and year-round measurements from the Blanes Bay ob-
servatory (Mediterranean Sea, 2022). The resulting dataset (Fig. 1A) 
covers a wide range of latitude (67.8°S to 80.9°N), sea surface tem-
perature (SST) (−0.7° to 31.7°C), and biological productivity as prox-
ied by chlorophyll a (Chl a) concentration (0.04 to 18.04 μg dm−3). 
The mean (median) surface ocean MeSH concentration is 0.78 (0.57) 
nmol dm−3, with lower and upper quartiles of 0.35 and 0.91 nmol 
dm−3. For the same measurement points, the mean DMS concentra-
tion is 2.32 nmol dm−3, which is close to the global mean (14).

Our analysis reveals that MeSH linearly, but moderately, corre-
lates with concurrently measured DMS (R2 = 0.49, P value < 0.001, 
n = 584). The statistical fit between MeSH and DMS improves by 
defining two regimes based on in situ SST and bathymetry thresh-
olds (Fig. 1B). We coin them the high and low MeSH:DMS regimes. 
Measurements taken on continental shelves (bathymetry < 250 m) 
fall into the low MeSH:DMS regime, independent of SST. The re-
maining, open-ocean measurements fall into the low MeSH:DMS 
regime for an SST above 12°C, and into the high MeSH:DMS regime 
for an SST below 8°C. Although the 8°C cutoff provides an optimal 
regime separation in our dataset (Fig. 1B), the regime-specific linear 
fits between MeSH and DMS are statistically indistinguishable for 
cutoff temperatures between 8° and 12°C but degrade outside this 
range (see Materials and Methods). Thus, on a global scale, the SST 
and shelf sea versus open ocean seem to control the ratio between 
MeSH and DMS concentrations in seawater.

The fitted model implies a bimodal distribution of the MeSH:DMS 
concentration ratio, with interquartile ranges of 0.39 to 0.65 and 0.10 

Fig. 1. Large scale patterns of MeSH concentrations and emission fluxes. (A) Geographical distribution of the in situ measurements. The points are colored by the 
seawater MeSH concentration (cut off at 3 nmol dm−3). (B) Scatter plot illustrating data point classifications (using a cutoff temperature of 8°C) and the linear fits for the 
high and low MeSH:DMS regimes. (C) Annual mean sea-to-air flux of MeSH (FMeSH). (D) Zonal mean MeSH sea-to-air flux. d, day. (E) Zonal mean contribution of MeSH to 
VMS sea-air fluxes (FMeSH/FVMS). Zonal means in (D) and (E) are colored by seasons. The horizontal dashed lines in (C), (D), and (E) bound the Southern Ocean area.
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to 0.32 in the high and low regimes, respectively. The significant posi-
tive intercepts of the regressions between MeSH and DMS result in 
high MeSH:DMS ratios at very low DMS and MeSH concentrations. 
Variability in the MeSH:DMS ratio likely reflects the effects of various 
environmental drivers on the dynamic balance between the sources 
and sinks of each compound. Laboratory cultures of widespread ma-
rine bacterial strains showed MeSH:DMS production ratios of around 
1:3 (19, 22) and 1:1 (21) upon DMSP addition. In natural samples, 
Kiene and Linn (15) found a much higher MeSH:DMS production 
ratio of ~7:1 using trace additions of radiolabeled DMSP. Unlike 
DMS, most of the produced MeSH was rapidly (<3 hours) assimilated 
by microorganisms, implying a large difference between gross and net 
MeSH yields. The same study suggested lower MeSH assimilation 
(hence higher MeSH yields) at lower temperatures and offshore, con-
sistent with observed MeSH:DMS patterns (Fig. 1B). Besides biological 
consumption (6, 15, 30), fast scavenging by dissolved organic matter 
and metals (2, 6, 15) and photochemical loss (31, 32) would keep 
aqueous MeSH concentrations below DMS ones. As a result, dis-
solved MeSH appears to turn over much faster (<1 to 7 hours; n = 11) 
(6) than DMS (1 to 6 days; n = 196) (16). Given the current state of 
knowledge, explanations for the variability in the MeSH:DMS con-
centration ratio remain speculative. Nonetheless, our analysis indi-
cates that variability in this ratio must be accounted for to quantify 
the atmospheric effects of MeSH and DMS emission.

The two-regime empirical model allowed the construction of 
monthly global ocean fields of MeSH seawater concentrations and 
emissions, drawing from climatological DMS concentrations (14), 
observational SST fields, and bathymetry. Combining the constructed 
monthly fields of sea surface MeSH concentration with concurrent 
monthly fields of SST and 10-m wind speed (the three variables 
on which the air-sea flux depends the most; see Supplementary 
Methods), we calculate a global annual MeSH emission of 5.7 ± 0.6 Tg 
S year−1, with a corresponding global annual DMS emission of 
23.5 Tg S year−1. The confidence interval reported for MeSH emis-
sion corresponds to the ±2σ range of a statistical ensemble of sea 
surface MeSH fields obtained through bootstrapping while keeping 
DMS and geophysical fields fixed (see Supplementary Methods). 
The DMS emission reported here is based on a state-of-the-art 
gas transfer parameterization, lowering by 13% a previous bench-
mark estimate (14).

Oceanic MeSH emissions peak at the high latitudes during each 
hemispheric summer (Fig. 1D), similar to DMS (14). Yet, the pro-
portion between MeSH and DMS emission fluxes is far from con-
stant across regions and seasons (Fig. 1E). The contribution of 
MeSH to the total VMS emission spans from around 15 to 20% in 
the tropics to around 25 to 37% in the subpolar oceans. Globally and 
annually, MeSH accounts for 19% of the revised global ocean bio-
genic sulfur emissions with largest contributions to the polar oceans’ 
sulfur flux. Covering 21% of the global ocean area, the Southern 
Ocean 40°S to 70°S latitude band accounts for an equivalent propor-
tion (21%) of global marine VMS emissions but around 27% of 
global MeSH emissions, owing to higher MeSH:DMS ratios in cold 
ocean waters.

Atmospheric methylated sulfur burden
Monthly sea-to-air MeSH fluxes were included in the Community 
Atmosphere Model with interactive chemistry (CAM-Chem, ver-
sion 4) (33, 34), along with an updated sulfur chemistry scheme (see 
Materials and Methods). Our simulations were conducted using a 

specified dynamics setup (34) nudged to the Modern-Era Retro-
spective analysis for Research and Applications version 2 (MERRA2) 
reanalysis representing the 5-year period of 2018 to 2022. Sensitivity 
tests confirmed the robustness of our simulation setup against 
uncertainties in the updated sulfur chemical scheme and the newly 
developed MeSH emission field presented in this work (see Materials 
and Methods). This allows us to confidently quantify the MeSH 
contribution to the atmospheric VMS, SO2, and SO4

2− burdens by 
analyzing the difference between a simulation including the MeSH 
flux (“MeSH”) and a baseline run with the same model configura-
tion but omitting the MeSH flux (“noMeSH”).

The results reveal that adding MeSH emissions to the model in-
creases the annual global mean VMS atmospheric burden by 34% 
(Fig. 2). This enhancement is particularly pronounced in the Southern 
Ocean between 40°S and 70°S, where the annual mean VMS burden 
increases by a remarkable 51% when MeSH emission is considered. 
Thus, including MeSH emissions increases the atmospheric VMS bur-
den by more than the MeSH emissions themselves add alone. This is 
explained by a concomitant increase in the DMS burden by 11% glob-
ally and 17% over the Southern Ocean, despite DMS sea-to-air fluxes 
remaining unchanged. MeSH emission, therefore, not only adds new 
sulfur but also increases the DMS burden, the latter accounting for 
one-third of the overall VMS increase (Fig. 2D). This amplification 
also exhibits seasonal variation, peaking in the summer, when the 
DMS enhancement accounts for nearly half of the total VMS increase 
over the Southern Ocean (fig. S1).

The amplification of the DMS burden is caused by a MeSH-
mediated depletion of oxidants (OH, BrO, NO3, and Cl) that react 
with both species (Fig. 2C and fig. S2). Because of MeSH’s shorter 
oxidative lifetime (23, 26), MeSH efficiently competes with DMS for 
oxidants. This competition alters the concentration of oxidants and, 
consequently, the vertical distribution of DMS concentration and 
the altitude of DMS oxidation (fig. S3). The presence of MeSH ef-
fectively decreases DMS loss near its oceanic emission sources, ex-
tending its local chemical lifetime by 1.2 days in the Southern Ocean 
lower troposphere (averaged below 850 hPa). Globally averaged, the 
atmospheric lifetimes of DMS and MeSH are 2.1 and 1.5 days, re-
spectively. The extended lifetime of DMS leads to a wider spatial 
VMS distribution, both vertically and meridionally, away from the 
main source regions (Fig. 2C).

Sulfate aerosol DRE
Accounting for MeSH emissions leads to an enhancement of SO2 
production, doubling its budget near the surface of the ocean around 
65°S (Fig. 3A). This, in turn, enhances SO4

2− aerosol formation over 
the Southern Ocean. The strongest increase in SO4

2− production oc-
curs near the area with the highest MeSH emission around 65°S. In 
the regional lower troposphere, this increase exceeds 70%. The en-
hancement in SO4

2− extends vertically and meridionally, with up to 
10% additional SO4

2− reaching the mid-troposphere (~500 hPa), 
and is noticeable in the lower troposphere from the tropics to the 
South Pole (Fig. 3A). The impact of MeSH emission on sulfate aero-
sol, hence, extends across the Southern Hemisphere.

Our simulations show that increased SO4
2− associated with 

MeSH emissions exerts a large increase in aerosol cooling centered 
over the Southern Ocean, with an average annual increase in the 
sulfate DRE (see Supplementary Methods) of 28% between 40°S and 
70°S and a peak increase of 50% around 65°S (Fig. 3A). The DRE 
exhibits strong seasonality, reaching a maximum of −0.075 W m−2 
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Fig. 2. Increase in the tropospheric annual mean burden of VMS accounted for by MeSH emissions. (A) ∆VMS averaged in the lower troposphere (below 850 hPa) in 
parts per trillion by volume (pptv). (B) Meridional distribution of the zonal mean lower troposphere VMS in the “noMeSH” (dashed line) and “MeSH” (solid line) simulations, 
the latter decomposed into the MeSH (green shade) and DMS (brown shade) shares. (C) Vertical distribution of zonal mean ∆VMS (shading) and relative change of OH 
(dashed contours). (D) Bar charts of the relative increase (%) of the VMS emission flux (purple) and the total atmospheric VMS burden (green for MeSH and brown for DMS) 
averaged globally (left) and over the Southern Ocean (right). Error bars show the 95% confidence interval of ∆VMS. Dashed lines in (A) and (B) bound the Southern Ocean.

Fig. 3. Increase in the annual mean tropospheric burdens of SO2 and SO4
2− and the radiative effect accounted for by MeSH emissions. (A) Vertical distribution of 

the zonal mean relative change of sulfur dioxide (∆SO2; color shading) and sulfate aerosol (∆SO4
2−; black dashed contours) and the relative amplification of the SO4

2− DRE 
(red line in %; right axis). The vertical dashed lines bound the Southern Ocean. (B) Seasonal variation of the SO4

2− DRE averaged in the Southern Ocean (W m−2) ± the 95% 
confidence interval (error bars).



Wohl et al., Sci. Adv. 10, eadq2465 (2024)     27 November 2024

S c i e n c e  A d v an  c e s  |  R e s e ar  c h  A r t i c l e

5 of 9

in January (mid-summer) (Fig. 3B). This coincides with the highest 
MeSH and DMS emissions and the peak in solar irradiance that favor 
the largest increase in SO2 and SO4

2− formation in the summer (fig. S4).
The large anthropogenic contribution to the SO4

2− burden out-
side of the pristine Southern Ocean dwarfs the global mean MeSH-
mediated DRE, which increases by 4% (−0.016 W m−2). To put this 
global effect in context, the absolute magnitude of MeSH-mediated 
DRE is about one-third of the warming that occurred over 1900 to 
2015 resulting from mitigated anthropogenic SO2 emissions (round-
ed to +0.05 W m−2) (35).

Influence of MeSH on climate
From the aforementioned estimate of the present-day DRE of MeSH, 
the IRE of MeSH-derived sulfate aerosols through aerosol-cloud in-
teractions over the Southern Ocean in the summer, yet largely un-
certain, can be estimated to be −0.3 to −1.5 W m−2 in January, based 
on the 4- to 20-fold proportionality between the IRE and DRE of 
sulfate aerosols over the Southern Ocean (36, 37). This is particu-
larly relevant because current global climate models such as those of 
the Coupled Model Intercomparison Project phase 6 (CMIP6) pres-
ent an as yet unresolved radiative bias of +4 to +15 W m−2 in the 
Southern Ocean in the summer (10), which has implications for re-
gional and global climate simulations (38–40). The radiative bias 
consists of an excess of modeled shortwave solar radiation reaching 
the surface and is mainly attributed to the incorrect representation 
of cloud properties in climate models, including aerosol effects on 
cloud micro- and macrophysics (39). The peak of the overpredicted 
solar radiation occurs around 60°S to 65°S (40), coinciding with the 
peak of sulfate aerosols from MeSH emission. Therefore, our revised 
ocean sulfur emissions, with inclusion of MeSH, should contribute 
to reduce the modeled excess solar radiation in a region of major 
relevance for global climate.

DISCUSSION
The robust statistical predictors obtained in the construction of the 
global MeSH climatology reveal that the polar oceans constitute 
emission hotspots during the summer. Including the novel MeSH 
sea-to-air fluxes in an atmospheric chemistry-climate model results 
in a net radiative effect that has far-reaching implications (Fig. 4), 
especially over the pristine Southern Ocean, ranging from increases 
in the atmospheric burdens of VMS and SO4

2− aerosols to a de-
crease in OH, which is the major atmospheric oxidant (fig. S2), 
along with enhanced transport of DMS and its oxidation products 
toward the equator, poleward, and further aloft. Besides contribut-
ing to aerosol radiative effects, MeSH causes changes in the oxida-
tive capacity that indirectly affect other atmospheric species that 
contribute to the radiative balance, such as methane, halogens, and 
secondary aerosol-forming organics (41–43). Our results highlight 
MeSH as a previously overlooked agent that needs to be included in 
global climate models for accurate assessment of the atmospheric 
oxidative capacity and the radiative balance in the reconstruction of 
preindustrial scenarios as well as in projections of global warming as 
anthropogenic sulfur emissions continue to decline (13).

Almost four decades ago, the CLAW (for Charlson, Lovelock, 
Andreae & Warren) hypothesis (7) postulated that the marine biota 
act as a climate regulator through the emission of volatile sulfur into 
the atmosphere, its subsequent oxidation to form aerosols, and the 
large impacts of aerosols on dimming downwelling solar radiation. 

If the magnitude of volatile sulfur production by plankton, in turn, 
responded positively to solar radiation or seawater temperature, 
then a negative (regulatory) feedback would be in action between 
marine life and climate. The search for evidence for or against this 
hypothesis has focused on DMS as the only chemical form for ma-
rine sulfur emissions (11, 44–52). Here, we show that the MeSH dis-
tribution, its biological and chemical cycling in the surface ocean, its 
interaction with sunlight and temperature, and its atmospheric 
chemistry must be experimentally quantified and numerically mod-
eled in parallel to those of DMS when investigating the potential 
feedback between ocean-emitted biogenic sulfur and climate.

MATERIALS AND METHODS
BLANES 2022 and POLAR-CHANGE 2023 measurements
Mediterranean surface seawater sampling at the Blanes Bay Microbial 
Observatory was carried out monthly during 2022, except January, 
March, and April. Seawater was hand collected in glass sampling 
bottles around 11:00 a.m. and taken to the lab for analysis as 
described below. The POLAR-CHANGE cruise was conducted in 
February and March 2023 on board the BIO RV Hesperides A33 in 
waters of the Antarctic Peninsula and the Weddell Sea. A Vocus 
PTR-ToF (TOFWERK AG, Thun, Switzerland, Vocus Scout) 
coupled to a segmented flow coil equilibrator (SFCE) (53) was used 
to measure DMS and MeSH in seawater from the underway seawater 
inlet. Details on the operation of the Vocus will be largely reserved 
for a future manuscript describing the POLAR-CHANGE Southern 
Ocean measurements. A brief overview is provided here. To monitor 
instrument performance and drift, the Vocus was calibrated at least 
daily using a multicompound gas standard (nominal mole fraction 
500 nmol mol−1 [= parts per billion by volume (ppbv)]; containing 
DMS, Apel-Riemer Environmental Inc., Miami, FL, United States) 
serially diluted in zero air (Vocus Clean Air System). The hourly zero 
air was used as a blank for the seawater equilibrator headspace mea-
surement. With the Vocus, we found no indication that the SFCE 
permeates or emits DMS or MeSH. During the POLAR-CHANGE 
cruise, we observed extremely high MeSH concentrations at the begin-
ning of the cruise. After cleaning the equilibrator daily with 10% HCl, 
concentrations dropped down to within previously observed ranges. 
We decided to exclude all MeSH measurements before regular clean-
ing commenced as these data points are likely affected by biofouling.

During deployments, measured equilibrator headspace ions per 
second of MeSH were converted to nmol mol−1 using the internal 
calibration curve of the instrument (= relationship between kPTR and 
sensitivity and accounting for transmission efficiency). We assume a 
kPTR(MeSH) of 1.8 × 10−9 cm3 s−1. Dissolved MeSH and DMS con-
centrations were calculated using published solubility values (54). 
We additionally calibrated the setup for MeSH by serial dilution of 
sodium methanethiolate in seawater in the laboratory (fig. S5).

The agreement between measured and expected calibration slopes 
or headspace mixing ratios confirms this approach of calculating dis-
solved MeSH concentrations. The limit of detection due to measure-
ment noise is 0.0006 nmol dm−3 for DMS and 0.0019 nmol dm−3 for 
MeSH. We estimate that the total error of our measurements is less 
than 5% for DMS and 15% for MeSH.

MeSH database
Underway measurements from AMT7 were extracted from the 
graphs in the published manuscript using an image extraction 
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technique (https://apps.automeris.io/wpd/). To ensure concurrency 
of the measurements and deal with the error in the time stamp re-
lated to the use of an image extraction technique, data from AMT7 
were binned in 6-hourly bins. Positional data for AMT7 are available 
online at https://bodc.ac.uk/resources/inventories/cruise_inventory/
report/5625/. The data from cruises OC1607A and OC1708A are 
available online at https://hdl.handle.net/1912/27278. The data from 
the TRANSSIZ cruise are available online at https://doi.pangaea.
de/10.1594/PANGAEA.953917. We binned data from the TRANSIZ 
and POLAR-CHANGE cruises into hourly bins to avoid over-
representation of these high-resolution datasets. Bathymetry data 
were obtained by matching measurement coordinates with the 
General Bathymetric Chart of the Oceans (https://gebco.net/
data_and_products/gridded_bathymetry_data/; GEBCO_2023 sub 
ice topo, last accessed March 2024).

Empirical model development
We decided to exclude eight surface CTD measurements from 
TRANSSIZ as there is a large discrepancy between underway and 
surface CTD MeSH concentrations reported from this cruise. We 

also excluded four measurement points from OC1607A with a Chl a 
concentration of more than 10 μg dm−3 as they could be affected by 
bloom-specific artifacts. Measurements with DMS > 12 nmol dm−3 
were excluded from all cruises from the model development as they 
disproportionately affected our regression model and could also 
be affected by bloom-specific artifacts. The following number of 
MeSH concentration measurements is contributed to the data-
base by each measurement campaign (in parentheses, measure-
ments from each cruise containing SST and bathymetry data, with 
DMS < 12 nmol dm−3): POLAR-CHANGE 356 (355), BLANES 
2022 9 (9), TRANSSIZ 146 (73), AMT7 101 (85), and OC1607A 40 
and OC1708A 28 (both 62).

The empirical model for MeSH prediction has thus been con-
structed using exclusively observational (in situ) datasets in the 
following ranges: MeSH, 0.07 to 5.0 nmol dm−3; DMS, 0.33 to 
11.7 nmol dm−3; Chl a, 0.04 to 19.7 μg dm−3; SST, −0.7° to 31.7°C; 
and latitude, −67.8° to 80.3°. This DMS range covers 99% of the 
climatological distribution of DMS. The data were generally collected 
during each hemispheric summer, the BLANES 2022 dataset being 
the only dataset with close to year-round sampling.

Fig. 4. Conceptual representation of the revised ocean-atmosphere sulfur cycle and the MeSH emission effects over the Southern Ocean. (A and B) In chemistry-
climate models, DMS was hitherto considered the sole volatile sulfur compound emitted to the atmosphere (dark blue) from planktonic DMSP degradation. From observations, 
MeSH was known to be a DMSP degradation product with a substantial sea-to-air flux but not considered by climate models due to lacking global emission estimates. In the 
atmosphere, DMS reacts with oxidants (orange), initiating chemical chain reactions (black arrows) that ultimately form sulfur dioxide (SO2) as the primary product, alongside 
secondary products like methanesulfonic acid (MSA) and intermediates like HPMTF (12, 51). SO2 further oxidizes to form sulfate aerosol (SO4

2−) (gray dots), which exerts direct 
radiative cooling by reflecting and scattering downwelling solar radiation. (B) Including MeSH in chemistry-climate models has a substantial impact on the atmosphere. MeSH 
reacts faster than DMS with atmospheric oxidants (OH, BrO, NO3, and Cl), effectively reducing the atmospheric oxidative capacity, extending DMS chemical lifetime near its 
emission source and facilitating its transport across latitudes and altitudes (blue dashed arrow). In addition, MeSH oxidation contributes to more SO2 production (26). These 
combined effects lead to a broader distribution and increased production of SO4

2−, ultimately enhancing the Southern Ocean’s overall radiative cooling effect.

https://apps.automeris.io/wpd/
https://bodc.ac.uk/resources/inventories/cruise_inventory/report/5625/
https://bodc.ac.uk/resources/inventories/cruise_inventory/report/5625/
https://hdl.handle.net/1912/27278
https://doi.pangaea.de/10.1594/PANGAEA.953917
https://doi.pangaea.de/10.1594/PANGAEA.953917
https://gebco.net/data_and_products/gridded_bathymetry_data/
https://gebco.net/data_and_products/gridded_bathymetry_data/
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After having examined several alternative model equations and 
sets of predictors, we adopted a model that used two different linear 
equations, coined the high and low MeSH:DMS regimes, to predict 
MeSH from DMS depending on bathymetry and SST cutoff criteria. 
Compared to more complex multivariate models with nonlinear 
equations, this simple model based on the separation of high and 
low MeSH:DMS regimes achieved very similar predictive skill using 
fewer and more significant model coefficients.

To assess the robustness of the regime cutoff temperature, we 
randomly subsampled 80% of the observations and varied the tem-
perature cutoff in increments of 1°C between 6° and 15°C. A total of 
100 runs with randomly subsampled data was carried out at each 
temperature cutoff. The slopes and intercepts of the linear regression 
of model predicted versus the “unseen” 20% of the observations are 
used to evaluate the temperature cutoff value (fig. S6). Varying the 
regime cutoff SST revealed that the temperature threshold of 8°C 
gives the best performance statistics, defined by the predictions ver-
sus observations slope (intercept) closest to 1 (0). However, it is 
nondistinguishable whether a threshold of 8 to 12°C is used. Out-
side this range, the model performance statistics degrade. Mean en-
semble statistics (±95% confidence interval) of the MeSH model 
runs using cutoff temperatures between 8° and 12°C (n = 500) are as 
follows: high MeSH:DMS regime, slope = 0.294 (0.002), intercept = 
0.273 (0.002), and R2 = 0.762 (0.003); low MeSH:DMS regime, slope = 
0.094 (0.001), intercept = 0.242 (0.003), and R2 = 0.272 (0.005).

CAM-Chem model experimental setup
The atmospheric component of the Community Earth System Model 
(CESM) version 1.1.1 (55), the Community Atmosphere Model with 
interactive chemistry (CAM-Chem, version 4) (34), was used in this 
work to evaluate the global impact of oceanic MeSH emission. The 
CAM-Chem model was used with a spatial resolution of 1.9° in latitude, 
2.5° in longitude, and 26 vertical levels from the surface to 3.5 hPa 
(34, 56). We conducted two different simulations: one that included 
the global field of MeSH emission flux calculated in the first part of 
this work, referred to as “MeSH,” and a second baseline simulation 
omitting MeSH emission, referred to as “noMeSH.” Both simulations 
included the same DMS emission inventory.

The “standard” chemical scheme of the CAM-Chem model in-
cludes 169 species with comprehensive photochemistry (gas-phase 
and heterogeneous reactions) and is coupled to the radiation scheme 
(55), which is updated with chemical processing of short-lived halo-
gens. The later includes chlorine, bromine, and iodine species and 
implements state-of-the-art chemical mechanisms for halogens in the 
troposphere and stratosphere, broadly validated in previous works 
(33, 57). In this work, the atmospheric sulfur chemistry scheme 
was extended to update and include the chemical processing of 
MeSH. The DMS oxidation scheme in CAM-Chem was updated to 
include the hydroperoxymethyl thioformate (HPMTF) (HOOCH-
2SCHO) chemistry [see table S1 in (51)]. In addition, the MeSH 
chemical scheme was implemented following recent works (26, 58) 
by including the main reactions leading to SO2 formation (table S1).

Model uncertainties
A set of experiments was also conducted to evaluate the sensitivity of 
the CAM-Chem model results to the MeSH chemical scheme imple-
mented in the model. The amplifying chemical effect of MeSH on 
the global VMS burden (34%) was evaluated by varying the chemi-
cal kinetics of the dominant MeSH oxidation reaction. Documented 

upper and lower limit reaction rate values of the dominant MeSH 
oxidation reaction with OH were considered (59), resulting in 
a ±2.0% confidence range in our result associated with the chemical 
scheme uncertainty. The uncertainty of the MeSH emission inven-
tory was also assessed. Two sensitivity experiments including the 
MeSH flux field ± twice the SD obtained from the ensemble-based 
approach were performed, resulting in a ±4.0% confidence range in 
our result. Such low uncertainty values underscore the relevant role 
of MeSH in modulating the atmospheric sulfur cycle and amplifying 
the aerosol radiative cooling effect reported in this work. On the 
other hand, the interannual variability of climate conditions, which 
determine the chemical transport and reaction kinetics, was found 
to introduce the largest uncertainty in our result (±7.4%). Therefore, 
to comprehensively represent the reliability of our conclusions, the 
uncertainty of the CAM-Chem results is expressed in this work as 
the 95% confidence interval of the annual mean values.
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