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Supplementary Tables

Supplementary Table 1: Experimental conditions of investigations described in the main

text.
Experiment Reactants Relative | OH source | Ionisation | Plot
description humidity technique
(molecules cm™) (%)
Overview about [CH3SH] = 6.6 x 10! 10 IPN photolysis iodide Fig. 2
pI'OdUCt formation in [IPN] — (20 _ 20) x 1011
the free-jet flow system
Impact of CH3SH on [CH3SH] = (6.7 - 202) x 10" 10 IPN photolysis nitrate Fig.3
the formation of H2SO4 [IPN] = 4.0 x 10"
and MSA, free-jet flow [NOJ = 1.0 x 1010
system
Impact of ozone on the [CH3SH] =2.0 x 10! 100r<0.1 Os; + TME nitrate Fig. 4a
formation OszSO4 or [CH3SSCH3] =6.1 x 1010
SOs (firy conditions), [TME] = 5.0 x 10°
laminar flow tube .
Impact of RO: radicals [CH3SH] =2.0 x 10! 10 Os; + TME nitrate Fig. 4b
on the formation of [05] = 5.7 x 10"
HaS0sand MSA, LET |1 05,50, 0r 10 % 101
[CH4]=0, 1.0 or 2.0 x 10'¢
Impact of NO on [CH3SH] =2.0 x 10! 10 O3 + TME nitrate Fig. 4c
HZSO4 formation, free- [CHSSSCH3] =6.1x 1010
jetflow system or LET |y 1 5015 or 50 x 109
[03]=5.7 x 10"
[NO] = (7.8 - 1000) x 108
Impact of NO2 on [CH3SH] =2.0 x 10! 10 Os; + TME nitrate Fig. 4d
H2S04 formation, free- [CHSSSCH3] =6.1x 1010
jet flow system or LFT

[TME] = 5.0, 15 or 50 x 10°
[05] =5.7 x 101!
[NO:] = (3.3 - 100) x 10°




Supplementary Table 2: Overview of the specification for the different simulations.

Simulation case

Microphysical conditions

Remarks

Cloud

8 cloud passages

(4 daytime clouds between 11 a.m.

to 1 p.m. and 4 night-time clouds
between 11p.m. to 1 a.m.)

Cloud, lower Ha

8 cloud passages

(4 daytime clouds between 11 a.m.

to 1 p.m. and 4 night-time clouds
between 11p.m. to 1 a.m.)

as “Cloud” but with lower Henry’s Law
constants (Ha, 20sx) for DMSO, DMSO»
and MSIA based on theoretical method
used by Wollesen de Jonge et al. (2021)!

no Cloud

no cloud passages

no Cloud, lower Ha

no cloud passages

as “no Cloud” but with lower Henry’s Law
constants (Ha, 20sx) for DMSO, DMSO»
and MSIA based on theoretical method
used by Wollesen de Jonge et al. (2021)!

Cloud with higher NOx

as “Cloud”

as “Cloud” but with ten times higher NO
emissions

no Cloud with higher NOx

as “no Cloud”

as “no Cloud” but with ten times higher
NO emissions




Supplementary Table 3: Day 2-4 averaged rates of daytime DMS, CH3SH and SO>
oxidation (red) and primary daytime production rates of CH3S and CH3SO: (blue) of the
different simulations. The bold values refer towards the molar yields from DMS or CH3SH
oxidation, respectively. Normalized reaction rates (ki) are calculated from the averaged net
reaction rates divided by the modeled concentrations of DMS, CH3SH and SO, respectively.

DMS CH:;SH OH + SO,
Oxidation Oxidation
Addition / Abstraction /

molec. cm” s™! molec. cm™ 5™ molec. cm™ ™ molec. cm™ 5™
Cloud
Total daytime 2-4 4.8x10* 1.9x10* 8.0x10° 7.0x10!
average rate (7.9x10° s (3.3x10°s™) (1.6x107 s (1.6x10° s
(avg. kis)
Daytime 2-4 - 4.1x10° 8.0x10°
average rate of 22% 100%
primarily formed
CHsS
Daytime 2-4 2.1x10° - -
average rate of 4%
primarily formed
CH3S0»
Cloud with ten times higher NO emission rate
Total daytime 2-4 4.8x10* 2.2x10* 8.2x10° 9.2x10!
average rate (8.8x10° s (4.1x10° s (1.8x107 s (2.1x10° s
(avg. kis)
Daytime 2-4 - 4.1x10° 8.2x10°
average rate of 19% 100%
primarily formed
CHsS
Daytime 2-4 2.4x10° — _
average rate of 5%
primarily formed
CH3S0»
Cloud, lower H, (Hx, 205k from Wollesen de Jonge et al., 2021)"
Total daytime 2-4 4.8x10* 1.9x10* 8.0x10° 7.4x10!
average rate (7.9x10° s (3.3x10°s™) (1.6x107 s (1.2x10° s
(avg. kis)
Daytime 2-4 - 4.2x10° 8.0x10°
average rate of 22% 100%
primarily formed
CHsS
Daytime 2-4 7.3x10° - -
average rate of 15%

primarily formed
CH3SO;



no Cloud

Total daytime 2-4 5.1x10* 2.5x10*

average rate (9.2x10° s (4.5x10° s
(avg. kis)

Daytime 2-4 - 6.8x10°
average rate of 27%

primarily formed
CHsS

Daytime 2-4 4.6x10° -
average rate of 9%

primarily formed

CH3S0,

8.5x10°
(2.1x107 s

8.5x10°
100%

1.2x10°
(4.6x107 s

no Cloud with ten times higher NO emission rate

Total daytime 2-4 4.8x10* 2.8x10*

average rate (9.7x10° s (5.7x10° s
(avg. kis)

Daytime 2-4 - 8.7x10°
average rate of 31%
primarily formed

CHsS

Daytime 2-4 4.7x10° -
average rate of 10%

primarily formed

CH3SOZ

8.5x10°
(2.1x107 s

8.5x10°
100%

1.4x10°
(5.0x107 s

no Cloud, lower H, (Ha, 20sx from Wollesen de Jonge et al., 2021)"

Total daytime 2-4 5.1x10* 2.4x10*

average rate (9.0x10° s (4.4x10° s
(avg. kis)

Daytime 2-4 - 6.6x10°
average rate of 28%
primarily formed

CHsS

Daytime 2-4 2.7x10* -
average rate of 53%

primarily formed

CH3SOZ

8.4x10°
(2.1x107 s

8.4x10°
100%

1.3x10°
(4.4x107 s




Supplementary Table 4: Reaction scheme describing processes in the flow experiments.

Rate coefficients at ~295 K were taken from literature or have been estimated. Further

reactions of CH3SOs as well as CH3SO; + Oz and subsequent steps were not considered to

simplify matters.

Reaction

Rate coefficient
(cm® molecule” s or s™)

IPN (+O2) — NO + HO> + acetone

0.0016

03 + TME — 0.4xsCI + 0.52xOH + 0.08xHO, + 1.0x107">2
0.52xCH3C(0)CH,0,

OH + TME — HO-TMEO; 1.1x107"%?
NO + HO, — OH + NO; 8 0% 107123
OH + HO, - H,0+ O, 1.1x1071%?
HO, + HO, — H0,+ O, 1.65x107'%3
OH +NO — HNO, 1.0x107%3
OH +NO, — HNO; 1.2x1071%3
0;+NO — NO,+0; 1.8x10743
03 +NO, — NO;+ 0, 3.5x10773
O; + HO, — OH + 2x0; 2.0x107153
OH + CH3SH — CH;S + H,O 33x107!'4
OH + CH;SSCH; — CH3S + CH;SOH 2.3x107104
OH + SO, (+0y) = SO; + HO» 8.9x1071%4
OH + CHs (+O2) — CH;0, + H,O 6.28x1071>3
sCI — OH + CH;C(O)CH,0; 900°
sCI+S0, — SO; + ... 1.55%107"%7
sCI+NO; — NO; + ... 211017
O; + CH;SOH — CH3S0; + HO» 2.0x107'%8
HO-TMEO: +NO — 0.9xNO> + 0.9xHO» 8.8x1071%?
CH3C(O)CH202 + NO — 0.9xNO; + 0.9xHO» 8.8x1071%?
CH;0,+NO — 0.9xNO; + 0.9xHO, 7 7% 1071210

HO-TMEOQO, + HO; — products

1.0x 10—1 1, estimated

CH3C(O)CH20; + HO, — products

9.0x107'?

CH30; + HO, — products

5.2x107>3




CH3C(0O)CH»0; + CH3C(O)CH,0, — products

8.0x10"> "

CH3C(O)CH20; + HO-TMEQO, — products

1 .OX 10—13, estimated

HO-TMEO; + HO-TMEQO, —> products 1.1x10"% 2
CHsS + O3 — CH3SO + O, 4.9x10°'>*
CH3SO + Os (+02) = SO, + CH30, + O, 6.0x10™">
CH3S + 0, — CH3S00 2.5x10714 14
CH;SO0 — CH;S + 0, 2.0x10%
CH3SO0 — CH;S0; 5 estimated
CH;3S0; (+02) — SO, + CH;0, 20 estimated
CH3SO; + O3 — CH3S0;5 + O3 3.0x10713 15
CH;S +NO, — CH;SO + NO 6.1x1071*
CH3SO +NO; — 0.5xS0; + 0.5xCH30; + 0.5xCH3S0, + NO 1.2x10""*
CH3SOO + NO — CH;SO + NO» 1.2x10""*
CH3S0, + NO, — CH3S0s + NO 4.0x10"> "
OH — wall * 0.053 §
HO; — wall * 0.045 §
CH;S — wall * 0.018 ¢
CH3S00 —> wall * 0.018 ¢
CH3SO — wall * 0.018 ¢
CH;3S0; — wall * 0.018 ¢
CH30,—> wall * 0.032 ¢
CH3C(0)CH20; — wall * 0.018 ¢
HO-TMEO; — wall * 0.018

* only in the LFT

¥ diffusion-limited rate coefficient calculated for the LFT




Supplementary Table 5: Overview on the new implemented (termed new) or updated
reactions in CAPRAM-DMI1.0 in both, gas and aqueous phase. Second order rate coefficients
are given in cm® molecules™ s! or 1 mol'! s7! for gas or aqueous phase, respectively, and first

order rate coefficients in s'.

No. Reaction Rate coefficient Comment
at ~295 K (if not otherwise stated)

Gas-phase reactions

gD52 CH;S(O)OH + OH - 9.0x10™" forming solely
CH3SO», + H,O CH3S0O,

new CH;SCH,0; - 2.74x107exp(-5950/T) Ref.'®
HOOCH,SCH20;

new HOOCH,SCH,0; + HO;, = 1.91x10"%exp(1300/T) MCMv3.2 7
HOOCH,SCH,OO0H + O,

new HOOCH,SCH,0; + NO - 4.90x10"%exp(260/T) MCMv3.2 "7
HOOCH,SCH,0 + NO2

new HOOCH,SCH,0, + NO3; =» | 2.30x10™"* MCMv3.2 "
HOOCH,SCH,0 + NO;

new HOOCH,SCH,0; - 3.74x10™"2 MCMv3.2 "
0.8 HOOCH,SCH,0 +
0.1 HOOCH,SCH,OH +
0.1 HOOCH,SCHO

new HOOCH,SCH,0,; —» 4.20x10"exp(-5390/T) Ref.'®
HOOCH,SCHO + OH

new HOOCH,SCH,0 + O; = 2.50x10exp(-300/T) est. MCMv3.2 "
HOOCH,SCHO + HO»

new HOOCH,SCH-0 - 1.00x10° Ref.'®
HOOCH;S + HCHO

new HOOCH,SCH,OH +OH - | 2.78x10™" as for CH;SCH,OH
HOOCH,SCHO + HO» in MCMv3.2 "7

new HOOCH,SCH,O0H +hv = | J=1.530x107cos(x)"***exp(-0.279 | as for CH;OOH
HOOCH,SCH,0O / cos(x))

new HOOCH,SCH,OO0H + OH - | 7.63x10 " exp(635/T) Ref."”
HOOCH,SCH,0; + H,O

new HOOCH,SCH,OOH + OH - | 7.03x10™" as for
HOOCH,SCHO + OH + H,O CH;SCH,OOH

in MCMv3.2 "7

new HOOCH,SCHO + hv - J=7.649x10"cos(x)"**exp(-0.279 | as for CH;OOH in
HCHO +OCS +HO, + OH | /cos(x)) MCMv3.2 "

new HOOCH>SCHO + hv - J=2.792x107cos(x)**exp(-0.338 | as for CH;SCHO in
HOOCH:S + CO + HO, / cos(x)) MCMv3.2 "7

new HOOCH,SCHO + OH - 1.40x107"2 Ref.'"®
HOOCH,SCO

new HOOCH,SCO - 9.20x10%exp(-505.4/T) Ref.'®
OH + HCHO + OCS

new HOOCH,SCO - 1.60x10%exp(-1468.6/T) Ref.'®
HOOCH,S + CO

new HOOCH:S + O3 — 1.15x10"%exp(430/T) Ref.'®
HOOCH,S0 + O,

new HOOCH,S + NO, - 6.00x10™"'exp(240/T) Ref.'®
HOOCH,S50 + NO

new HOOCH,S0 + 03 = 4.00x10" Ref.'®
SO, + HCHO + OH + O,




new HOOCH,SO + NO; - 1.20x10™" Ref."
SO, + HCHO + OH + NO

new CH;SH + OH - CH;S + H20 | 9.9x10"2exp(356/T) Ref*

new CH;SH + NO3; — CHsS + 9.2x10™" Ref.*
HNO;

new CH;SH + Cl - CH3S + HCL | 1.2x10™"%exp(150/T) Ref.*

new CH;SH + BrO - CH3S + 2.2x10"%exp(827/T) Ref?
HOBr

Aqueous-phase reaction

new CH3S(0)(Br)CH; + H,0 — 1.0x107 est. as for
CH3S(O)OH + HBr + CH3 CH;S(0)(C1)CH5




Supplementary Figures
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Supplementary Fig. 1: Product spectrum of CH3S oxidation (in part). Observed raw
spectrum in the range 236.6 - 239.5 Th and 281.5 - 284.4 Th from 10 min data accumulation
compared with the calculated signals of iodide adducts with CH3SO,OOH and
CH3S0O,00NO:; from peak fitting. The experiment was carried out in the free-jet flow system
with r.h. = 10% using IPN photolysis for OH production. Reactant concentrations were
[CH3SH] = 6.6 x 10! and [IPN] = 2.0 x 10'?> molecules cm™ and a reaction time of 7.9 s.
Source data are provided as a Source Data file.
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Supplementary Fig. 2: Formation of H2SO4 and MSA from CH3S oxidation measured by
nitrate and iodide ionisation. Given concentrations of H>SO4 and MSA are based on
absolute HSO4 calibrations with an uncertainty of ~20% for both ionisation schemes.
Experiments on the OH + CH3SH reaction were carried out in the free-jet flow system with a
reaction time of 7.9 s, a relative humidity of 10%, [CH3SH] = 6.6 x 10'' molecules cm™ and
OH radical production from isopropyl nitrite (IPN) photolysis with [IPN] = (2.0 - 20) x 10!!
molecules cm, see also Fig. 2a. Source data are provided as a Source Data file.
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Supplementary Fig. 3: Ratio H2SO4/ MSA as a function of calculated HO>
concentration. The data of H2SO4 and MSA were taken from the experiments shown in

Fig. 2a and Supplementary Fig. 2. Error bars represent an uncertainty of 28% (Gauf3’s
propagation of uncertainties) based on the uncertainty of 20% in the absolute H2SO4
calibration. Calculated HO; concentrations from an extended model (Supplementary Table 4)
span a range of (4.2 - 23) x 10° molecules cm™. An increase in HOz by a factor of ~5.5 should
result in a strong decrease of the ratio HoSO4 / MSA according to the current mechanistic
understanding of MSA formation, see the competing steps 17 vs. 20 in Fig. 1. The
experimental finding is in contradiction to that. Source data are provided as a Source Data

file.
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Supplementary Fig. 4: Concentrations of H>SO4 and MSA and their ratio as a function
of DMDS concentration. Experiments on OH + DMDS were carried out in the laminar flow
tube (LFT) with a reaction time of 32 s, a relative humidity of 10%, using TME ozonolysis
for OH production and nitrate ionisation for product detection. Reactant concentrations were
[DMDS] = (2.4 - 32.4) x 10", [03] = 5.7 x 10! and [TME] = 5.0 x 10° molecules cm™. The
error bars depict the uncertainty of ~20% based on the uncertainty in the calibration factor.
The amount of reacted DMDS was slightly variable in the course of the measurement series
rising from 7.5 x 107 to 8.2 x 107 molecules cm™ with increasing DMDS concentration in the
reaction gas. For a DMDS concentration of 6.1 x 10'° molecules cm™, used in almost all
experiments in the LFT, MSA and H>SO4 were measured with a ratio of about 0.5, see also
Supplementary Figs. 6 and 8. Considering the competition between pathways 17 vs. 19,
almost exclusive H,SO4 formation can be expected for DMDS concentrations < 10'°
molecules cm™ leading to a ~50% higher H,SO4 concentration than observed for [DMDS] =
6.1 x 10'° molecules cm™ assuming constant CH3SOs3 formation. Source data are provided as
a Source Data file.
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Supplementary Fig. 5: Product spectra measured from the OH + CH;3SH reaction in the
presence of “normal” ozone or heavy ozone (®Q3) using nitrate ionisation. The
experiments were carried out in the laminar flow tube (LFT) with a reaction time of 32 s, a
relative humidity of 10%, [CH3SH] = 2.0 x 10!, [TME] = 5.0 x 10° and [Os] = 1.3 x 10'?
molecules cm™. Heavy ozone 03 was produced in the ozone generator starting from '30».
The '80;3 concentration was assumed to be similar to that of the “normal” ozone. '*0» did not
influence the further oxidation of CH3S in the case of '®O3 experiments due to the high
oxygen ratio '°0, / ¥, = 630 in the flow tube. Heavy ozone formed heavy hydroxyl radicals
"8OH from TME ozonolysis, which initiated the CH3SH reaction. The upper part shows the
deprotonation signals of MSA (CH3SOsH) and H2SO4 at 94.89 and 96.98 Th, respectively,
measured in the presence of “normal” ozone. Both signals are shifted by two mass units in the
presence of *0s (lower part) indicating the insertion of one 30 atom. This behaviour is
consistent with the reaction sequence 1/-1, 2 and 9 (Fig. 1). The origin of the signal observed
at nominal 101 Th is not clear. It could be speculated that a smaller fraction of H2SO4 also
contained two 80 atoms. However, a mechanistic explanation for that is speculative at the
moment. The spectrum measured in the presence of '*0s did not show the expected H2SO4
signal with three 80 atoms at nominal 103 Th making H>SO4 formation via the reaction
sequence 3, 6b and 9 (Fig. 1) negligible. Source data are provided as a Source Data file.
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Supplementary Fig. 6: H;SO4 and MSA formation from OH + DMDS depending on RO>
radical concentrations. The experiment was conducted in the LFT at r.h. = 10% using TME
ozonolysis for OH production and nitrate ionisation for product detection. Reactant
concentrations were [DMDS] = 6.1 x 10'°, [TME] = 1.0 x 10'° and [O3] = 5.7 x 10'!
molecules cm™. The TME concentration was increased at 1.0 x 10! molecules cm™ and CHy
was added, [CH4] = 2.0 x 10'® molecules cm™, during the experiment time of 79 - 117 min.
The calculated end concentration of CH3C(O)CH:0; radicals from an extended model
(Supplementary Table 4) increased from 1.2 x 108 to 1.0 x 10° and for CH30> radicals from
1.6 x 10® to 9.4 x 10® molecules cm™. Reacted DMDS was kept unchanged at 1.5 x 108
molecules cm™. The H,SO4 production increased by a factor of 3.8 for conditions of enhanced
RO radical level while the MSA production increased by a factor of 6.9. Source data are
provided as a Source Data file.
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Supplementary Fig. 7: H:SO4 and MSA formation from OH + CH3SH depending on
RO radical concentrations. The experiment has been done in the LFT at r.h. = 10% using
TME ozonolysis for OH production and nitrate ionisation for product detection. Reactant
concentrations were [CH3SH] = 2.0 x 10'°, [O3] = 1.5 x 10'! and [TME] = (1.35 - 40.4) x 10!
molecules cm™. With rising TME, more CH3C(O)CH20: and OH radicals were formed,
whereby OH primarily reacted with TME under the chosen conditions forming HO-CsH1202
radicals. In the course of the experiment, the calculated end concentration of CH3C(O)CH20>
increased from 2.5 x 10 to 4.7 x 10°, for HO-CsH120; radicals from 1.8 x 108 to 7.2 x 10°
and for CH30O; radicals only from 4.4 x 107 to 6.1 x 107 molecules cm™ (Supplementary
Table 4). The molar formation yields of HoSO4 and MSA increased from 0.036 to 0.28% and
from 0.039 to 1.3%, respectively, for reacted CH3SH of (1.8 - 2.5) x 10% molecules cm™. The
rise in MSA seems to be tightly connected with the rise in the HO-C¢H120; radical
concentration pointing to a preferred route of MSA formation induced by HO-C¢H120-
radicals. Source data are provided as a Source Data file.
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Supplementary Fig. 8: Formation of H>SO4 and MSA as function of NO additions using
ionisation by nitrate. Experiments were conducted in the laminar flow tube (LFT), t =32 s,
at r.h. = 10% using TME ozonolysis for OH production, see also Fig. 4c of the main body.
Reactant concentrations were [O3] = 5.7 x 10'!, [TME] = 5.0 or 15 x 10° and [CH3SH] =

2.0 x 10" or [DMDS] = 6.1 x 10'° molecules cm™. Error bars represent the uncertainty of
~20% in the absolute calibration. Source data are provided as a Source Data file.
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Supplementary Fig. 9: Modelling results of OH, CH3S, CH3SO; and main RO; radicals.
Main RO; radicals comprise the sum of CH30,, CoHs0,, C3H70,, CH3C(0O)0O2, C2H5C(O)0>,
CH;CH(OH)CH:02, CH3CH(O2)CH20H, CH3SCH202 and HOCH2CH:0..The grey shaded
bars represent the night time, whereas the light blue bar represents the cloud occurrence when
clouds are considered. a. “Cloud” scenario b. “no Cloud” scenario. Source data are provided
as a Source Data file.
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Supplementary Fig. 10: Modelling results of DMS and SO; mixing ratios. a. Modelled
DMS mixing ratio for the different simulations from the second to the fourth model day.
b. Modelled SO> mixing ratio for the different simulations from the second to the fourth
model day. The grey shaded bars represent the night time, whereas the light blue bar
represents the cloud occurrence when clouds are considered. Source data are provided as a
Source Data file.
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Supplementary Fig. 11: Modelling results of the SO, / DMS ratio. Modelled SO,/ DMS
concentration ratio for the different simulation scenarios from the second to the fourth model
day. The grey shaded bars represent the night time, whereas the light blue bar represents the
cloud occurrence when clouds are considered. Source data are provided as a Source Data file.
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Supplementary Fig. 12: Modelling results for NOx. Modelled NOx mixing ratios for the
different simulation cases from the second to the fourth model day, except the ones with
lower Ha values, because of similar concentrations and time profiles of the NOx mixing ratios
in the simulations with lower Ha compared to the Ha Default simulations. The grey shaded
bars represent the night-time, whereas the light blue bar represents the cloud occurrence when
clouds are considered. Source data are provided as a Source Data file.
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Supplementary Fig. 13: Average daytime formation rates of H>SO4 from OH + SO; and
from the direct pathways of DMS and CH3SH oxidation. The bars illustrate the modelled
daytime formation rates of HoSO4 from OH + SO» (black bars) and DMS- and CH3SH-related
reaction pathways (red and blues bars) considered in the MCM/CAPRAM mechanism for the
four different performed simulation scenarios. The modelled daytime formation rates were
averaged from the second, third and fourth simulation day. Source data are provided as a
Source Data file.
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Supplementary Fig. 14: H,SO4 concentrations measured as a function of NO; in both
flow systems. Experiments on OH + CH3SH were carried out with a relative humidity

of 10%, using TME ozonolysis for OH production and nitrate ionization for product
detection, see also Fig. 4d. The error bars depict the uncertainty of ~20% based on the
uncertainty in the calibration factor. Reactant concentrations were [CH3SH] = 2.0 x 101,
[03] =5.7 x 10'"" and [TME] = 1.5 or 5.0 x 10'° molecules cm=. For measurements with
[H2SO4] > 5 x 10* molecules cm™, the ratio in measured H2SO4 concentrations in both flow
systems was 4.5 + 0.6. Source data are provided as a Source Data file.
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