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% Check for updates Organosulfates (0OSs) have been widely detected in marine aerosols and have

various potential formation pathways in the atmosphere. However, the key
formation mechanism of OSs in the marine environment remains unclear.
Here, by combining field measurements, laboratory experiments, and model
calculations, we suggest that the surface spontaneous oxidation of sea spray
aerosol (SSA) particles produces OSs rapidly and is the dominant formation
pathway of OSs in the marine atmosphere. SSA microdroplets provide a large
surface area for the spontaneous formation of OH radicals, inducing the oxi-
dization of dimethyl sulfide into sulfate (S0,>), sulfuric acid, and organic
acids, thereby acidifying the droplets. Subsequently, SO4* reacts with dis-
solved alcohols under such acidic conditions to produce OSs. This process is
fast enough to be a major source of detected OSs in the aerosol samples
collected in the marine atmosphere. This pathway contributes to a global OS
production 0f 13.96 +10.99 Tg yr!, comparable to global isoprene-derived OS
production. This study reveals that rapid secondary processes are the main
source of OSs in the marine atmosphere and highlights the important role of
the droplet surface spontaneous oxidation process in atmospheric chemistry
over the ocean.

Marine aerosol particles, particularly those generated directly from the
sea surface via bubble bursting (e.g., sea spray aerosol, SSA), sig-
nificantly influence the climate through solar radiation scattering and
absorption, as well as cloud condensation nucleus (CCN) activation,
while also exerting a notable impact on coastal air quality*. These
particles can provide microenvironments for heterogeneous and
multiphase reactions, thereby altering their chemical composition and

affecting their optical, physical, and hygroscopic properties™. Organic
compounds, with a wide range of functionalities, have been proven to
be an important component affecting the physicochemical properties
of marine aerosol particles. Previous studies primarily focused on
quantifying traditional organic tracers and their sources in marine
organic aerosol particles’, along with assessing the percentage con-
tribution of simple organic functional groups in marine aerosol
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particle samples®. Focusing on organic matter allows for a deeper
understanding of specific subsets of marine aerosol particles, eluci-
dating their role in marine aerosol chemistry and their broader impli-
cations for the global climate.

Organosulfates (OSs) are a significant component in marine
aerosol particles and profoundly impact their interactions with water
and, hence, hygroscopic growth and morphology of aerosol
particles®°. A recent ship-based atmospheric study over the Yellow
Sea and Bohai Sea found that low-molecular-weight OSs significantly
contributed to the composition of marine organic aerosol particles.
The formation of OSs may enhance CCN activity of aerosol particles
since OSs can affect aerosol particle morphology and reduce surface
tension'’. Moreover, OSs have been shown to undergo oxidative aging
in the troposphere, producing highly oxidized species and inorganic
sulfates, which can significantly alter radiative forcing'>. However, the
formation pathways of OSs in the marine atmosphere are complex in
various studies™*.

Laboratory studies have proposed that OSs are formed through
various mechanisms®, including (a) acid-catalyzed epoxide ring-
opening'®™, (b) direct sulfate esterification reactions?°, (c) nucleo-
philic substitution of alcohols with sulfuric acid”, (d) sulfoxide radical
reactions”?, and (e) heterogeneous reactions of SO,***. However, the
dominant pathway in the atmosphere over the ocean remains
unknown", which requires further analysis in the combination of field
and laboratory data.

In this study, we combine field observations and laboratory
experiments with high-resolution mass spectroscopy to investigate the
formation of OSs in marine aerosol particles comprehensively. A rapid
formation of OSs at the aerosol particle surface is observed, indicating
that they can be generated spontaneously by secondary processes.
This finding improves our understanding of the formation mechanism
and impacts of OSs in the marine atmosphere.

Results

0Ss in seawater, field marine aerosols, and laboratory marine
aerosols

Seawater and aerosol particle samples were collected from the East
China Sea and the Indian Ocean (Fig. 1a and Supplementary Table 1). An
ultra-high-performance liquid chromatography (UHPLC) coupled with
a Q-Exactive hybrid Quadrupole-Orbitrap mass spectrometer was used
to obtain MS data and MS? spectra for the analysis of OSs in these
samples based on ref. 26.

Figure 1b shows the fractional contribution of OSs to total organic
compounds detected in these samples. Here, the “fractional con-
tribution” refers to the proportion of OSs relative to the total organic
compounds in either seawater or marine aerosol particle samples
(Supplementary Text 1). We use the fractional contribution rather than
the absolute concentration to quantify OSs because the total organic
concentrations in seawater and marine aerosol particles vary sig-
nificantly. As shown in Fig. 1b and Supplementary Fig. 1, the OS fraction
in the organic compounds of the seawater samples from all locations
was below the detection limit (0.26 pg L™). Previous studies on dis-
solved organic matter in seawater, including both targeted and non-
targeted approaches, have not reported the presence of 0Ss?”. In
contrast, a significant presence of OS compounds was found in all the
field marine aerosol samples, with the OS fraction ranging from
0.12+0.013 to 0.21+0.020 (Fig. 1b). This significant difference
between seawater and marine aerosol particle samples indicates that
the OS compounds in the aerosol particle samples are unlikely to
originate from the direct transport from seawater to SSA particles. In
other words, the OS compounds in marine aerosol particles are from
secondary sources, where atmospheric processing is key. However, as
shown in Fig. 1c, many OS species are saturated aliphatic OSs (Sup-
plementary Figs. 2, 3), which have been previously considered to ori-
ginate from primary anthropogenic sources”. Specifically, these

assignments were supported by high-resolution mass spectrometry
and related molecular characteristics (see “Methods” and Supple-
mentary Fig. 4 for details).

To solve this contradiction, we conducted laboratory-based, in
situ SSA generation experiments using seawater collected from the
East China Sea and the Indian Ocean (see “Methods”). These laboratory
SSA particle samples were collected directly and were processed and
analyzed immediately using the same method as the seawater and field
aerosol particle samples. Surprisingly, abundant OSs (with a fraction of
0.24 +0.024 to 0.39 + 0.050 in organic compounds) were detected in
these SSA particle samples (Fig. 1b). The dominant composition of
these laboratory-generated SSA OSs shows similarities to those found
in field marine aerosol particles (Fig. 1c and Supplementary Figs. 2, 3),
particularly in terms of saturated aliphatic OSs identified in the Indian
Ocean (e.g., C;oH»604S, CgHi04S). In contrast, differences observed
over the East China Sea reflect nearshore anthropogenic influences,
consistent with previous findings of enhanced OS abundance in coastal
marine aerosols due to continental outflow and regional emissions®. It
is noteworthy that the OSs detected in SSA particles, as estimated, are
improbable as a consequence of enrichment effects (see Supplemen-
tary Text 2 for detailed calculations). These results indicate a rapid OS
formation process after the SSA particles were generated, as the resi-
dence time of these particles from generation to collection was only
~1.5 min (see “Methods”).

Notably, the fraction of OSs in organic compounds in the
laboratory SSA particle samples was a factor of 1.4-2.9 that of the field
marine aerosol particle samples (Fig. 1b). This is likely because atmo-
spheric aging processes can decompose 0Ss" and reduce their frac-
tional contribution to the organic compounds. While aqueous-phase
hydrolysis and microbial degradation may also contribute to OS loss
under ambient conditions, previous studies suggest that hydrolysis of
sulfate esters proceeds slowly in the atmosphere, and that microbial
activity in aerosol particles is generally limited®*, suggesting that
photochemical aging is the primary cause of the observed dis-
crepancy. To verify this hypothesis, we investigated the change in total
OS concentration in SSA particles upon photochemical aging by
checking the data from our recent study*®, which used an oxidation
flow reactor to oxidize the laboratory SSA particles (see Supplemen-
tary Text 3, 4 for details). As shown in Supplementary Fig. 5, the total
concentration of quantified OS species decreases by approximately
60% as atmospheric aging progresses, and this change mainly occurs
within a photochemical age of <2 days. This overall decay trend reflects
the influence of heterogeneous OH oxidation in the aerosol phase.
Although different OS species may exhibit distinct degradation
kinetics depending on their molecular features, the selected com-
pounds are representative of the predominant OS response to pho-
tochemical aging®. Therefore, despite the structural variability among
OS species, the observed degradation trend remains representative of
their atmospheric aging processes. Assuming an average photo-
chemical age of the field marine aerosol particles to be 1-2 days®’*%, the
difference in OS fraction in laboratory SSA particles and field marine
aerosol particles Fig. 1b can be well explained.

Rapid formation processes of OSs

The differences between SSA and seawater that may lead to fast OS
formation mainly include two aspects. First, the enrichment of inor-
ganic and organic compounds during SSA particle formation may lead
to their higher concentrations in aerosol particles. For example, a
recent study showed that the pH of nascent SSA particles could reach
~2, likely due to the enrichment of acidic compounds®. In addition, the
Kelvin effect in small SSA particles may promote the migration of
surface-active organic compounds toward the particle surface due to
elevated internal pressure, thereby facilitating interfacial reactions***,
Second, the droplet surface may play a role. SSA particles have a much
higher surface-to-volume ratio compared to bulk seawater, where
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Fig. 1| The fraction and composition of organosulfates (0Ss) in different

sampling sites. a Sampling site map, including the East China Sea, Indian Ocean,

and coastal city (Qingdao, China), with an enlarged view showing the sampling

points in the East China Sea. S01-1, S01-2, and SO1-4 are three sampling locations in
the East China Sea with different distances to the continent. The global map was

created using the ArcGIS Pro 3.0.2 software, and the coastline data were obtained
from the Global Self-consistent, Hierarchical, High-resolution Geography Database

C11H5,05S
C1oHz005S CoH1g06S
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(GSHHG; https://www.soest.hawaii.edu/pwessel/gshhg/). b Fraction of OSs in total
organic compounds in seawater, marine aerosols, and sea spray aerosol (SSA),
shown in green and yellow for marine aerosols and SSA, respectively. Error bars
represent the standard deviation (SD). BDL means “below the detection limit”.

¢ The OS composition in field marine aerosol and laboratory SSA is shown as the
doughnut plots. C;,H»604S, one of the most abundant OS species in particulate
matter samples from the East China Sea and Indian Ocean, is highlighted in red.
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surface spontaneous oxidation that leads to OH radicals and/or H,0,
formation may occur, as previously reported****. These oxidants may
further induce oxidation reactions that form 0Ss>*~°. Although
multiple formation mechanisms may contribute to the presence of OSs
in marine aerosols**, acid-catalyzed esterification of alcohols with
sulfate is likely an important pathway under acidic and precursor-rich
conditions.

To reveal the rapid formation mechanism of OSs in the SSA par-
ticles, we choose C;,H,604S—a representative OS consistently detec-
ted at high abundance in marine and laboratory SSA particles—as an OS
proxy to investigate its formation mechanism (Fig. 1c). The structure of
CpH604S is relatively simple, with the sulfate ester as the only oxygen-
containing functional group and an unsaturation degree of zero for the
carbon skeleton. Therefore, the most likely formation pathway of
C12H,604S is the direct sulfate esterification reactions with C;, alcohols
(e.g., dodecanols + SO4*) under acidic conditions™*°. The organic
composition of seawater, as shown in Supplementary Fig. 6, was
characterized via MS? spectra, indicating that alcohols represented
6-31% of the total compound intensity. This value should be inter-
preted as a relative contribution within the ionizable organic pool, due
to potential variations in ionization efficiencies across compound
classes. Nonetheless, the relatively high signal intensity associated with
alcohol-related fragments suggests that these compounds are non-
negligible components of marine organic matter and may play arole in
OS formation processes.

These experiments were performed with artificial seawater (ASW)
to eliminate the influences of complex components in natural sea-
water. We produced SSA particles by plunging jetting bulk ASW with or
without adding n-dodecanol and analyzed the intensity of C;;H604S in
the produced SSA particles. As shown in Fig. 2a, no C;;H»604S was
observed in SSA particles from ASW in the absence of alcohol, while
the formation of C;;H,60,4S was detected in the SSA particles when
3mgL? or 0.1 mg L™ n-dodecanol was added to the ASW. The selected
concentration serves to elucidate the formation mechanism of OS,
rather than to simulate ambient environmental conditions. The
extracted ion chromatogram and MS? spectra shown in Supplemen-
tary Fig. 4 indicate that the C;,H,50,4S detected in SSAs particles from
seawater and ASW + n-dodecanol have the same structure, which
supports our hypothesis that Cj;H,04S is produced from
n-dodecanol. In addition, a decrease in SO4* concentration was
observed in SSA particles following the addition of n-dodecanol to
ASW (Fig. 2b), further supporting the OS formation mechanism of
alcohol + SO,*".

The consumption of SO4* in the presence of n-dodecanol
exceeded the formation of C;;H,¢0,4S detected in SSA particles. This
discrepancy suggests that other potential reaction pathways, such as
OH-initiated degradation”, may influence the fate of precursors and
intermediates, further affecting the observed OS yields. These results
highlight the importance of microenvironmental conditions at the air-
water interface in determining OS production and its transfer effi-
ciency into the aerosol phase.

It is noted that sulfate consumption and OS production were not
significant when only n-dodecanol was added to ASW. Therefore, we
hypothesize that the spontaneous oxidation of dimethyl sulfide (DMS)
at the droplet surface may increase acidity and play an important role
in OS formation. DMS is ubiquitous in seawater and the atmosphere
above the ocean, and its oxidation processes via OH radicals can
produce sulfuric acid******. Sulfuric acid can accelerate the OS forma-
tion by enhancing both SO4* concentration and particle acidity. To
verify this hypothesis, we conducted SSA particle generation experi-
ments by injecting DMS into ASW (ASW + DMS) and injecting DMS and
n-dodecanol into ASW (ASW + alcohol + DMS) (see “Methods”). We
found that the addition of DMS in ASW indeed enhances the acidity of
SSA particles (Supplementary Fig. 7). In addition, as shown in Fig. 2b,

the presence of DMS produced a large amount of SO,>" in SSA particles
(-3 times of SSA from ASW only), and a majority of these SO4> (-97%)
were reacted when n-dodecanol was added as well. The high SO,*
consumption rate is likely due to the low pH resulting from the pro-
duction of sulfuric acid, which in turn enhances OS production. As
shown in Fig. 2a, the presence of alcohol and DMS led to a significant
increase in the production of OSs in SSA particles (-10 times higher
than SSA particles in the presence of alcohol only). This significant
difference reinforces that the oxidation of DMS, which produces SO4*
and high acidity, is a key factor for the rapid formation of OSs. It is
worth noting that when DMS was completely lost during long-time
seawater storage (3 months), the OS formation became negligible. This
further emphasizes that DMS and enhanced acidity accelerate OS
formation by promoting esterification reactions***%,

Droplet surface spontaneous oxidation by OH radicals

In the absence of any added oxidants and in the dark, the oxidation of
DMS is likely induced by OH radicals produced at the surface of the
aerosol droplets. Previous studies have observed the OH radical pro-
duction at the droplet surface>***>*; nevertheless, we performed
experiments to measure the OH radicals from this process. We used
terephthalic acid (TA) as an OH probe and measured OH radicals by
detecting the fluorescent product, 2-hydroxyterephthalic acid (TAOH)
(see “Methods” for details). This experiment was conducted with ASW
only, without the addition of alcohol or DMS. As shown in Fig. 3a, there
was no detectable -OH in the bulk ASW. However, when we connected
a sampling bottle to the SSA simulation chamber, a significant -OH
production was found for the droplets collected in the bottle (e.g.,
droplet samples in Fig. 3a). Moreover, we also collected the SSA par-
ticle samples on filters and found OH radical production in these SSA
particle samples (Fig. 3a and Supplementary Fig. 8). Our results con-
firmed the presence of OH radicals in SSAs particles, and these OH
radicals were considered to be the main oxidant in inducing the gen-
eration of SO,* from DMS.

Based on the above results, we suggest a mechanism for OS
generation at the surface of SSA particles (Fig. 3b), where OH radicals
are produced by the inherent properties of the air-water
interface*”***’. Then, these OH radicals oxidize DMS into sulfur-
containing species, predominantly in the gas phase or at the droplet
surface, owing to the high volatility and limited aqueous solubility of
DMS®, DMS can be oxidized by surface OH radicals to form SO,,
dimethyl sulfoxide (DMSO; CH;SCH30), and methane sulfonic acid
(MSA; CH5SO3H)"7*°. SO, is further oxidized into sulfuric acid in the gas
phase in the presence of water vapor®®®", Sulfuric acid is dissolved into
the aqueous phase and forms SO,* and H*. DMSO and MSA are highly
soluble in water, with Henry’s law coefficients at 298K of 107 and
10°M atm?, and therefore get into the aqueous phase immediately*°. In
the aqueous phase, the DMSO and MSA are further oxidized into SO,>
by surface OH radicals®>®. At last, the SO, reacts with alcohols in the
SSA particles under acidic conditions to form OSs. An increase in
surface-to-volume ratio led to a corresponding rise in the relative
abundance of Cy;H,604S during identical heterogeneous oxidation
experiments (Supplementary Fig. 9), reinforcing the hypothesis that
0S formation is a surface-mediated process®.

The proposed reaction mechanism above shows that OSs are
formed through the reactions between alcohols and the products of
DMS oxidized by OH radicals at the surface of SSA particles. Therefore,
it is expected that the amount of OSs is influenced by alcohol con-
centration and DMS concentration. To examine the reaction
mechanism and investigate the OS production kinetics, we performed
a series of experiments by varying alcohol and DMS concentrations
(see Supplementary Text 5 and Figs. 10, 11). These parameterizations
allow us to extrapolate the obtained OS generation rates to field
observations with varying reactant concentrations.
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Fig. 2 | Quantification of C,,H,¢0,S and SO, in sea spray aerosols (SSAs)
generated from SSA simulation chamber (n = 3). a Quantification of C;;H,604S in
SSA particle samples generated from artificial seawater (ASW) only, ASW with the
presence of n-dodecanol (ASW + alcohol), and ASW with the presence of
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added in ASW. Error bars represent the standard deviation (SD). BDL means “below
detection limit”. b Reaction mechanism for the formation of OSs initiated by sur-
face OH radicals.

Global OS production estimation and implications

A global-scale mechanistic estimate of OS production from fresh SSA
particles is presented, focusing on surface reactions occurring at the
air-liquid interface of aerosol droplets. The estimation framework is
grounded in laboratory-derived kinetics and employs a rate-limiting
step approach to more accurately capture the chemical dynamics
controlling OS formation in the marine boundary layer.

The interfacial OS formation mechanism is conceptualized as a
two-step process. First, DMS undergoes oxidation at the SSA surface to
generate sulfate. Subsequently, sulfate reacts with alcohols to form
OSs via esterification. Kinetic analysis based on experimentally deter-
mined rate constants, combined with representative atmospheric
conditions, reveals that the initial sulfate formation step is sub-
stantially slower than the subsequent esterification reaction. This step
is governed by both the ambient DMS concentration and the surface
area density (SAD) of SSA particles® %, Given the significant disparity
in reaction rates, sulfate formation acts as the rate-limiting step and
thus constrains the overall OS production potential (see “Methods” for
details).

To quantify the global OS production rate from this surface
pathway, the monthly gridded outputs from a global chemistry-
climate model (Community Atmosphere Model with Chemistry, CAM-
Chem) for the year 2019 were employed. The model description and

setup are presented in “Methods”. The input fields include the atmo-
spheric mixing ratio of DMS and the surface area density of SSA par-
ticles, with a horizontal resolution of 0.9° latitude x 1.25° longitude.
Calculations were restricted to the planetary boundary layer (PBL),
where freshly emitted SSA particles are most abundant and surface
reactions are most active. For each grid cell, the sulfate formation rate
was computed based on local DMS and SAD values, and the results
were vertically integrated using model-derived layer thickness and air
density. The integrated mass fluxes were subsequently aggregated
globally to yield the total OS production.

The model results in Fig. 4 reveal pronounced geographic het-
erogeneity in OS production associated with SSA surface chemistry.
Higher OS formation rates are observed over biologically active ocean
regions, such as the Southern Ocean, where DMS emissions and SSA
surface area densities are elevated (see Supplementary Figs. 12-15 for
details). These spatial patterns suggest that OS production via the
surface oxidation pathway is predominantly driven by the co-
occurrence of enhanced DMS availability and abundant SSA surface
area. The OS production rate via this pathway was estimated to be
between 1x107° to 1x10°pg m™ s\, By integrating this rate over the
global marine boundary layer, the total global OS production flux
attributed to this mechanism is estimated at 13.96 +10.99 Tg yr'.. This
places it within the same magnitude as previously reported global
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estimates for isoprene-derived OS production (2.8-21Tgyr™)". Iso-
prene is an essential component in biogenic emissions and has long
been recognized as a dominant precursor of OSs in continental
regions®’. Based on the model estimation results, we suggest that OS
formation from DMS oxidation over ocean surfaces may represent a
comparably important source in marine environments. These findings
underscore the potentially significant, yet previously overlooked,
contribution of ocean-derived interfacial processes to the global OS
budget.

Discussion

Understanding the sources and generation mechanisms for OSs has
significant implications for marine biogeochemical cycles, particularly
those involving sulfur compounds, providing insights into the com-
plex interactions between marine ecosystems and the
atmosphere™ >, This study reveals a rapid formation mechanism of
OSs at the SSA surface, thereby updating our understanding of their
marine atmospheric sources. Building on this foundation, we esti-
mated the global OS production from this pathway to be
13.96 +10.99 Tg yr, which represents a significant source of OS for-
mation in the marine atmosphere. The observed rapid formation of
0OSs highlights the role of droplet surface spontaneous oxidation
processes in the marine atmosphere, with significant implications for
understanding related sulfur-containing species in marine atmo-
spheric chemistry. Taken together, the findings of this study advance
our understanding of OS formation in the marine atmosphere and
have broader implications for atmospheric chemistry, climate, and
marine biogeochemistry.

Methods

Sampling site and experimental setup

A total of 18 seawater samples were collected during the cruise,
comprising 9 from the East China Sea, 6 from the Indian Ocean, and 3
from a coastal city (Qingdao, China; Supplementary Table 1 and
Fig. 1). Seawater samples were collected from a depth of five meters
using a centrifugal pump, filtered through 0.2 um membranes, and
stored at 4 °C in the dark in pre-cleaned HDPE bottles. All samples
were analyzed within one month. This procedure follows
established methods for preserving dissolved organic matter in
seawater’’. Marine aerosol particle samples were collected aboard
using prebaked quartz fiber filters provided by Pall Life Sciences,
employing a high-volume sampler with a total suspended particle
inlet operated at a flow rate of 1.05m>min™. The sampler, which

collects particles with aerodynamic diameters typically less than
50 um”, was placed on the upper deck (-8 m above sea level) to
minimize contamination from ship exhaust gases. Filter samples
were only collected when the ship was sailing, ensuring representa-
tive sampling, and the total sampling time was 24 h. To monitor and
account for any ambient contamination, field blank samples were
collected with the instrument pump turned off, also over 24 h. All
filters were pre-baked at 500 °C for 4 h in a muffle furnace to remove
organic contaminants before sampling. After sampling, the filters
were placed in filter holders and stored frozen at -20 °C in the dark
until analysis.

A jet-based SSA simulation chamber (30 cm x20cm x40 cm)
made up of stainless steel was designed to mimic SSA particle gen-
eration filled with 9 L seawater from the East China Sea and the Indian
Ocean (Supplementary Fig. 16). When necessary, in artificial seawater
(ASW) experiments, DMS was diffused into the SSA chamber through
the “air” port using a syringe pump at a fixed concentration, while the
alcohol was directly injected into the ASW. Details of the chamber were
provided in our previous papers>7*. A flow of 10 L min™ zero air was
drifting through the chamber above the seawater surface, to carry the
SSA particles through the Nafion drying tube (MD-700-06S-3, Perma
Pure, USA) onto a 47 mm quartz fiber filter (QFF, 1851-025, Waterman,
UK) placed in a stainless-steel inline filter holder (Sartorius 16254,
Sartorius Stedim Biotech GmbH, Germany) with a flow rate of 9 L min™.
The average lifetime of these SSA particles from generation to col-
lection was estimated to be ~1.5 min based on the chamber volume and
air flow rate. Particle size distribution was measured in situ using a
scanning mobility particle sizer during the spraying process (Supple-
mentary Fig. 17), consisting of a differential mobility analyzer (DMA,
Model 3081, TSI, USA) and a condensation particle counter (CPC,
Model 3776, TSI, USA)”.

Quantification of organic compounds

Field and laboratory filter samples were dissolved and filtered through
a 0.22 pym pore size PTFE syringe filter (Millipore). The solution was
loaded on a SPE cartridge (Oasis HLB, Waters, USA), and concentrated
to near dryness under a gentle stream of nitrogen. The concentrated
samples were reconstituted with 200 pL methanol (Optima® LC-MS
grade, Fisher Scientific) and analyzed by UHPLC coupled with a
Q-Exactive hybrid Quadrupole-Orbitrap mass spectrometer (Thermo
Scientific, Bremen, Germany). Likewise, 20 mL of the seawater samples
were first filtered and then processed using the same SPE protocol to
remove inorganic salts and enrich organic compounds. The eluents
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were subsequently concentrated and reconstituted with 200 pL
methanol for UHPLC-MS analysis.

HPLC separation was performed using a Hypersil Gold C18 col-
umn (3.0 pm particle size, 3 x 150 mm, Thermo Fisher) with a flow rate
of 300 pL min™. The binary mobile phase consisted of 0.1% formic acid
(A) and methanol (B). SSA extracts were conducted using a gradient
elution program: initially set to 5% eluent B over the first 4 min, the
concentration of eluent B was increased linearly to 100% in 72 min,
held for 3 min, then it was decreased from 100% to 5% in 0.5 min, and
finally kept at 5% for 12.5 min to recondition the column. The following
parameters were set for the optimal operation of UHPLC Q-Extractive
hybrid Quadrupole-Orbitrap mass spectrometer: spray voltage (+),
3.2kV; spray voltage (-), 2.6 kV; capillary temperature, 350 °C. All data
were recorded and processed using MZmine version 2.33. Details of
MZmine settings and acquisition of MS spectra have been described
previously*, and only a brief description is given here. All the detected
formulas in the range of C;.s0H1.10001.40No-5S0.2 Were selected with a
mass tolerance of +5 ppm, and a chromatographic peak area of more
than 10°. Based on the data analysis workflow for nontarget tandem
high-resolution mass spectrometry proposed by Wan et al.?®, data with
a sample/blank ratio of more than 100 were exported for MS? pro-
cessing. A series of surrogate standards were employed to semi-
quantify the [M-H]- molecular ions, with detailed information on
quantification procedures and structural assignment provided in
Supplementary Table 2 and Text 6. Details regarding ionization effi-
ciency, associated quantification uncertainties, and calibration para-
meters (slope, intercept, and correlation coefficients) of the surrogate
standards employed in this study are presented in the Supplementary
Table 3 and Text 7.

Quantification of ‘OH

The -OH formed at the droplet surface was quantified with terephthalic
acid (TA). TA reacts with ‘OH to form 2-hydroxyterephthalic acid
(TAOH) with a production yield of 0.315”. TAOH, as a fluorescent
compound, can be quantified using a fluorescence spectrometer
equipped with quartz cuvettes with a 1cm path length. The excitation
wavelength (Ex) was set at 310 nm, and the emission wavelength (Em)
was recorded in the range of 380-480nm at a speed rate of
200 nm min™, with increments of 5 nm steps*. The data were exported
from the software EzSpec. The experiments were performed with
added TA as an OH scavenger. The intensity of TAOH in ASW, SSA
droplets, and dried SSA aerosol particles was calculated as -OH pro-
duction. Specifically, the droplet samples were collected using the SSA
simulation chamber through the “excess air” port before entering the
SSA particle sampler, as shown in Supplementary Fig. 16.

Additional measurements

To get details about the morphology of SSA particles (see Supple-
mentary Fig. 18), particles collected onto copper grid films (T11023,
Tianld, China) using a single particle sampler (DKL-2, Genstar elec-
tronic technology Co., Ltd, China) were analyzed by transmission
electron microscope (TEM, FEI Tecnai G2 F20, Thermo Fisher Sci-
entific,c, USA)’®. Water-soluble inorganic ions (Na’, SO,*) were
quantified by ion chromatographs (Dionex ICS-600, Thermo Fisher
Scientific, USA) coupled with conductivity detection” to calculate
the enrichment factors of functional group categories (see Supple-
mentary Text 8 and Fig. 19). The extract solution was injected into
the analytical column by a six-way valve mounted with a loop
of 10 ulL.

Kinetic framework of OS formation via SSA surface reactions

The formation of OSs via freshly emitted SSAs is represented by a two-
step surface-mediated chemical mechanism. The proposed pathway
involves the in-situ oxidation of DMS at the air-water interface of SSA
droplets to produce sulfate species, followed by esterification

reactions between the sulfate and alcohols present in the marine
atmosphere. The overall mechanism is described as follows:
Step 1: DMS oxidation at the SSA surface

DMS(g) + OH — SO~

Step 2: Esterification of sulfate with alcohol

502~ + ROH™ ROSO,H

Based on laboratory-derived kinetic measurements, the rates of
these two steps can be expressed as Eqs. (1) and (2):

d[soz-
% =k, x [DMS] x SAD @

where k;=131x10°g m2 s, [DMS] is the atmospheric mixing ratio of
DMS (ppb), and SAD is the SSA surface area density (cm™ cm™).

d[os -
[dt Ik, = [503°] x [ROH @

where k,=3.36x10°m*g™ s, [SO4*] and [ROH] represent the ambi-
ent concentrations of sulfate and alcohol (ug m™), respectively. Details
on the derivation of the rate constants k; and k, can be found in
Supplementary Text 9.

Using representative atmospheric concentrations reported in
the literature—namely [DMS]=0.3 ppb®*, [SO4*1=3pugm>57,
[ROH]=1ng m™°% and SAD =10 pm? cm>****—the comparison of
the two rate expressions reveals that the formation rate of sulfate
(1.31x10""gm™ s7) is substantially slower than the subsequent
esterification step (1.01x10°gm™ s™). This result indicates that the
initial DMS oxidation process is the rate-limiting step in the overall
OS formation pathway. As such, the global OS production flux was
estimated based on the sulfate production rate, which closely
approximates the actual OS formation via this surface-driven
mechanism, given the high conversion efficiency observed in our
experiments.

Global model framework and data inputs
To estimate the global production of OS via SSA surface oxidation, the
sulfate formation rate equation was applied globally using meteor-
ological and chemical fields from a global chemistry-climate model
(CAM-Chem) that has been widely used to conduct global DMS- and
SSA-related investigations**®>, Here, we follow the model setup in Li
et al.* and run the model from January 2018 to December 2019, using
only the simulated data (monthly average DMS mixing ratios and SSA
surface area densities) in 2019 for analysis. The data had a spatial
resolution of 0.9° latitude x 1.25° longitude. The simulated DMS and
SSA surface area concentrations show good agreement with available
field observations, supporting the reliability of the model outputs® &,
A detailed comparison between simulated and observed values is
provided in the Supplementary Tables 4 and 5.

Given that SSA surface reactions predominantly occur in the lower
troposphere, calculations were restricted to the PBL. For each grid cell,
the sulfate production rate was computed as Eq. (3):

d {soﬂ
——5— | =k x [DMSly x SADy 3)
ijk

The resulting production rate (in pg m~s™) was multiplied by the
model-derived layer thickness dzj to yield a vertically integrated flux
(ug m2s™). The layer thickness was calculated from hydrostatic pres-
sure and modeled air density fields. Global OS mass fluxes were then
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computed by multiplying the vertically integrated rate with the cor-
responding surface area of each grid cell, and summing across all cells
to obtain global monthly and annual totals.

To evaluate the uncertainty in our global estimate, we conducted
an uncertainty analysis based on error propagation from the rate-
limiting step of sulfate formation. We considered uncertainties of
+20% for each of the three key experimental parameters—DMS con-
centration, SSA surface area density, and measured sulfate formation
rate—yielding a combined experimental uncertainty of +34.6%. Addi-
tional uncertainty of +50% from model integration and global scaling
was incorporated to account for potential variability in grid-level
inputs and vertical integration. The resulting total propagated uncer-
tainty was +78.7%, leading to a global OS formation flux of
13.96 £10.99 Tg yr . A detailed description of this calculation is pro-
vided in Supplementary Text 10.

Data availability
The data used in this study are available in the Zenodo database under
accession code https://doi.org/10.5281/zenod0.16990475%.
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