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Supplementary Materials 

Supplementary Methods 

Empirical model performance  
Fig. S7a shows the regression of the predicted methanethiol concentrations against the observation-
based training dataset, for a regime cut-off temperature of 8 °C. This illustrates that the model has been 
trained well on the available data. Fig. S7b indicates that the model overestimates methanethiol at low 
concentrations (below 0.25 nmol dm-3) and generally underestimates concentrations above 3 nmol dm-

3, though these extremely high concentrations only occur at 2.5 % of the data points used for model 
development. A regression plot of the residuals against other in situ variables (Fig. S7c,d,e) does not 
support the inclusion of other co-sampled variables. Mean (± 95 % confidence interval) performance 
parameters of the model ensemble with 8 to 12 °C varying temperature cut-offs are: root mean square 
error (RMSE) 0.376 (0.004) nmol dm-3, mean absolute error (MAE) 0.254 (0.002) nmol dm-3, mean 
bias (meanBias) 0.030 (0.004) nmol dm-3. 

The model could probably be improved in terms of precision, as testified by a relative MAE of 52%. 
The model’s relative MAE is not substantially worse than the methanethiol measurement error in the 
observations, estimated at 15 – 30 % across all campaigns and measurement techniques. In summary, 
the model seems to be highly accurate but could be improved in terms of precision, which implies that 
it is better suited for large-scale estimates.  

Statistical validation of the empirical model  
As done for determining the temperature cut-off, we employed a random subsampling method to 
validate the model, keeping the temperature threshold at 8 °C. The model was trained on a randomly 
selected subset of 80 % of the observations and used to predict the remaining, “unseen” 20 % of the 
dataset. This process is repeated for a total of 5,000 simulations. Model coefficients and skill metrics 
are shared here (Fig. S8). Scatter plots of the randomly generated coefficients and the predicted vs 
observation-based training dataset indicate a negative correlation. This is because of the effect of noise 
on regression statistics. In the high MeSH:DMS regime, specific validation runs result in low R2 
values. This may indicate a limited number of outliers in this category. It is worth noting that this 
scenario only applies to a small number of data points and does not seem to substantially impact the 
overall model validity. The histograms illustrating the 5,000 randomly generated skill metrics are 
notably centred around the metrics obtained in the ensemble runs with varying temperature cut-offs. 
Therefore, these metrics can reliably be employed to gauge model performance. 

MeSH and DMS flux calculations  
We used the climatological maps of MeSH seawater concentrations to calculate the sea-to-air flux of 
MeSH. We use the solubility for methanethiol recommended by Burkholder et al. (54): 
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dimensionless water over air form of the solubility. The waterside Schmidt number of DMS was 
calculated as per Johnson (60). We assume the Schmidt number of methanethiol (𝑆𝑐.123) has the 
same temperature dependence as DMS and scale them at 25 °C (listed in ref. (61)): 

𝑆𝑐.123(𝑇) = 2815.7 − 204.01𝑇 + 9.09𝑇$ − 0.27𝑇( + 0.004𝑇& Eqn. 2

The waterside transfer velocity of DMS and methanethiol (kw) was calculated as a linear function of 
friction velocity (62). At wind speeds lower than 2 m s-1, kw was set to 1.1 cm h-1. Friction velocity 
was calculated according to Johnson (60). Airside transfer velocities are calculated using the 
parametrisation by Yang et al. (63). For each compound “i”, the total ocean-to-atmosphere transfer 
velocity was calculated as the reciprocal sum of water (𝑘4,6) and air (𝑘/,6) transfer velocities (Eqn. 3): 
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Eqn. 3

Finally, gas fluxes were calculated using 𝑘6, seawater gas concentrations (Cw,i) and fractional sea ice 
cover (𝑓6!1𝑎𝑠0 − 1): 

𝐹6 = 𝑘6 × <𝐶4,6 − 𝐻6 × 𝐶/,6> × (1 − 𝑓6!1); 𝑓6!1 ≤ 0.85 
𝐹6 = 0  𝑓6!1 ≫ 0.85 

Eqn. 4

Airside DMS concentration is considered to be zero for consistency with previous climatologies. Air-
side methanethiol can be considered to be zero in the flux calculation on this global scale because 
methanethiol is likely consistently highly supersaturated in the surface ocean as suggested by 
measurements (23, 26) (i), and methanethiol has a very short lifetime in the atmosphere (ii). Given (i) 
and (ii) it is unlikely that atmospheric transport from anthropogenic sources (64) substantially impacts 
the calculated flux. The sea-to-air flux was scaled linearly to the open water fraction up to 85 % ice. 
Above this threshold, we assumed no air-sea exchange was occurring.  

Global fluxes were calculated at 1°x1° monthly resolution using gridded MeSH and DMS sea-surface 
concentrations. Wind speeds were taken from MERRA_v2 hourly 10-m wind speed, which was used 
to calculate a monthly climatology for the 1998-2022 period. Observational climatologies of sea ice 
cover and SST were obtained from the Hadley Centre HadISST gridded database (65) over the 1998-
2022 period. Based on the land mask of the Community Earth System Model (CESM) used in this 
work, coastal pixels composed of a mixture of continent and ocean were treated as terrestrial, thus 
assuming no air-sea exchange. 

Global monthly 1°x1° fields of sea-surface DMS concentration were obtained from the most updated 
climatology (14) and used to calculate global DMS emissions. These fields were also used in 
combination with the observational SST climatology and the General Bathymetric Chart of the Oceans 
to produce MeSH concentration fields, according to the threshold-based regression model. Rather than 
using a single set of model coefficients to estimate global monthly MeSH fields, we produced a 100-
member ensemble to better account for uncertainty in the MeSH statistical model. To this end, we 
randomly drew 20 sets of the model coefficients fitted at different cut-off temperatures between 8 and 



12°C (5 cut-offs x 20 coefficient sets = 100 coefficient sets). Finally, the ensemble mean was used to 
calculate global MeSH emissions. We also computed the ensemble median, standard deviation and 
relevant quartiles to quantify uncertainty in climatological MeSH fields and to enable sensitivity 
analyses with the CAM-Chem model. As expected, MeSH fields show larger spread in grid cells 
whose SST is in the 8–12°C range, reflecting uncertainty in their assignment to the high or low 
MeSH:DMS regime depending on the temperature cut-off used.  

It should be noted that our approach is not designed to quantify the uncertainty in global emissions, but 
to robustly quantify the effect of adding MeSH emission to a DMS-only baseline. The global DMS 
emission estimated here (23.5 TgS y-1) is within ± 20% of the most recent estimates obtained with 
various approaches (14, 66, 67), and incorporates an updated gas exchange parametrisation with linear 
wind-speed dependence. Previous studies had reported wider uncertainty ranges for global DMS 
emission (68, 69), but the extreme values (9 to 34 TgS y-1) resulted from the use of  “legacy” gas 
exchange parametrisations that nowadays are regarded as outdated and/or inappropriate for DMS (62, 
70). These “legacy” parametrisations keep being used to enable comparison with older studies (67, 
69). While uncertainties in global MeSH and DMS emissions certainly need further assessment, here 
we provide our best central estimates for their global emissions and ensuing atmospheric effects. 

Radiative effect  
The radiative effect (RE) induced by the MeSH emission was computed (33, 71) as the change in the 
net radiative balance induced by the sulfate aerosol direct effect between ‘MeSH’ and ‘noMeSH’ 
simulations, which include and omit MeSH emission respectively. The net radiative balance (RB) is 
obtained as the difference between the top-of-model net solar flux (FSNT) and net longwave flux 
(FLNT) for all-sky conditions as follows: 

𝑅𝐵 = 𝐹𝑆𝑁𝑇 − 𝐹𝐿𝑁𝑇 Eqn. 5

The MeSH-induced SO42- direct RE was then calculated as follows: 

ℜ27& = 𝑅𝐵27&.123 − 𝑅𝐵27&89.123 Eqn. 6

The component of the radiative balance attributed to the direct effect of sulfate aerosol (RBSO4) was 
calculated using model diagnostics based on a single-addition and single-subtraction analysis (72). 
This approach allows constraining the individual radiative contribution of sulfate aerosol from the total 
radiative budget using the Rapid Radiative Transfer Model for Global circulation models (RRTMG) 
radiative scheme in CESM (73). These diagnoses provide the contribution of individual radiatively 
active species by adding or removing them from the full set of climate forcing agents. This way, 
following the single-addition approach, we computed the direct radiative contribution of sulfate 
aerosol by subtracting the FSNT and FLNT variables from the RRTMG diagnosis that neglects the 
contribution from all climate forcing agents (dNoForz) from the diagnosis that considers sulfate 
aerosol as the only radiatively active component (dSO4) (Eqn. 6). Additionally, the FSNT and FLNT 
variables of the diagnosis omitting sulfate aerosol from the full set of forcers (dNoSO4) were 
subtracted from the diagnosis considering all radiative forcing (dAllForz), following the single-
subtraction approach (Eqn. 6): 



ℜ27&:/ = 𝑅𝐵;27& − 𝑅𝐵;<9=9>? Eqn. 7

ℜ27&:: = 𝑅𝐵;@AA=9>? − 𝑅𝐵;<927& Eqn. 8

Combining Eqns. 7 and 8 with Eqn. 6, we obtained the respective single-addition and single-
subtraction approaches of the MeSH-induced SO42- direct RE: 

ℜ27&:/ = (𝑅𝐵;27& − 𝑅𝐵;<9=9>?).123 − (𝑅𝐵;27& − 𝑅𝐵;<9=9>?)89.123 Eqn. 9

ℜ27&:: = (𝑅𝐵;@AA=9>? − 𝑅𝐵;<927&).1:3 − (𝑅𝐵;@AA=9>? − 𝑅𝐵;<927&)89.1:3 Eqn. 10

Following Lacis et al. (72), a normalized RESO4 was then calculated from the values obtained with the 
single-addition and single-subtraction approaches, respectively using the recommended 0.428 and 
0.572 weighting factors.  



Fig. S1. Annual cycle of the increase in tropospheric VMS concentrations accounted for by 
MeSH emission in the Southern Ocean. a. Monthly VMS concentrations averaged below 850 hPa 
generated by the ‘MeSH’ (solid line) and ‘noMeSH’ (dashed line) simulations. b. Their increment, 
decomposed into the MeSH (green shade) and DMS (brown shade) contributions. 

Fig. S2. Impact of adding MeSH on the oxidation and vertical distribution of DMS. a. Vertical 
profiles of the relative changes in the burdens of DMS and its oxidants (OH, NO3, BrO and Cl) over 
the Southern Ocean represented by the ‘MeSH’ simulation. b. Contribution of individual oxidants to 
the total DMS loss rate averaged in the Southern Ocean lower troposphere (below 850 hPa) in the 
‘MeSH’ and ‘noMeSH’ simulations. 



Fig. S3. Change of the annual-mean DMS loss rate accounted for by MeSH emission. Absolute 
(pptv day-1; shade) and relative (%; red contours) shift of the zonal-mean chemical loss rate of DMS 
attributed to MeSH emission. 

Fig. S4. Annual variation of additional SO2 and SO42- over the Southern Ocean accounted for by 
MeSH emission. Monthly relative increments of the (a) SO2 and (b) SO42- burdens averaged in the 
Southern Ocean lower troposphere (below 850 hPa). 



Fig. S5. Comparison of expected and measured methanethiol equilibrator headspace mixing 
ratios. Two sets of calibrations in seawater are presented: BLANES2022 and post-POLAR-CHANGE. 
The figure illustrates that slightly different factors were applied in both datasets to convert from 
equilibrator headspace mixing ratios (nmol mol-1) to seawater concentrations (nmol dm-3). This is due 
to different air and water flows into the equilibrator during both deployments. 

Fig. S6. Empirical model performance as a function of using different temperature cut-offs. 
Mean slope, intercept (type 2 fit) and R2 value of the predicted vs observed values using different 
temperature cut-offs. Error bars represent the 95 % confidence interval.  



Fig. S7. Empirical model performance for regime temperature cut-off at 8 °C. a. Orthogonal least 
squares regression analysis (type 2 regression) of the predictions against the observations of 
methanethiol used to train the empirical model. To account for error in the x- (analytical measurement 
error) and y-axis (model error), we adopt a type 2 regression for the slope and intercept shown. The R2 
value was calculated using a standard linear regression (type 1 regression). b-e. Linear regression and 
confidence intervals of the model residual against other variables, namely MeSH, SST, DMS and Chl 
a.



Fig. S8. Validation of the empirical model based on a cut-off SST of 8 °C. a-d, Scatter plots of the 
intercept vs slope of the high and low MeSH:DMS regimes plus histograms of the R2. e-f, Scatter plot 
of the slope vs intercept of the predicted vs observation-based training dataset (type 2 fit) plus a 
histogram of the R2. Target values for slope (=1) and intercept (=0) shown as lines in e. g-i, 
Histograms of the performance statistics (RMSE, MAE, meanBias). 



Table S1: Chemical scheme of MeSH-related reactions included in the CAM-Chem simulations. 

Reaction Rate 

MeSH + OH → CH3S + H2O 9.9 × 10-12 × exp(360/T) 

MeSH + BrO → CH3S + HOBr 2.2 × 10-15 × exp(830/T) 

MeSH + NO3 → CH3S + HNO3 9.2 × 10-13 

MeSH + Cl → CH3S + HCl 1.2 × 10-10 × exp(150/T) 

CH3S + NO2 → CH3SO + NO 6.0 × 10-11 × exp(240/T) 

CH3S + O3 → CH3SO + O2 1.15 × 10-12 × exp(430/T) 

CH3S + O2 → CH3SOO 1.2 × 10-16 × exp(1580/T) 

CH3SO + O2 → CH3S(O)OO 3.12 × 10-16 × exp(1580/T) 

CH3SO + O3 → CH3O2 + SO2 4.0 × 10-11 

CH3SO + NO2 → 0.75×CH3S(O)O + 0.25×CH3O2 + 0.25×SO2 + NO 1.2 × 10-11 

CH3SOO + NO → NO2 + CH3SO 1.1 × 10-11 

CH3SOO + NO2 → NO3 + CH3SO 2.2 × 10-11 

CH3SOO → CH3O2 + SO2 5.6 × 1016 × exp(-10870/T) 

CH3SOO → CH3S 3.5 × 1010 × exp(-3560/T) 

CH3S(O)O + O3 → CH3SO3 3.0 × 10-13 

CH3SO3 + HO2 → CH3SO3H + O3 5.0 × 10-11 

CH3SO3 → CH3O2 + SO3 5.0 × 1013 × exp(-9946/T) 

CH3S(O)O + O3 → CH3O2 + SO2 5.0 × 1013 × exp(-9673/T) 
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