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ABSTRACT: Volatile sulfur compounds, such as dimethyl sulfide
(DMS), carbonyl sulfide (OCS), and carbon disulfide (CS2), have
significant implications for both atmospheric chemistry and climate
change. Despite the crucial role of oceans in regulating their
atmospheric budgets, our comprehension of their cycles in
seawater remains insufficient. To address this gap, a field
investigation was conducted in the western North Pacific to clarify
the sources, sinks, and biogeochemical controls of these gases in
two different marine environments, including relatively eutrophic
Kuroshio−Oyashio extension (KOE) and oligotrophic North
Pacific subtropical gyre. Our findings revealed higher concen-
trations of these gases in both seawater and the atmosphere in the
KOE compared to the subtropical gyre. In the KOE, nutrient-rich
upwelling stimulated rapid DMS biological production, while reduced seawater temperatures hindered the removal of OCS and CS2,
leading to their accumulation. Furthermore, we have quantitatively evaluated the relative contribution of each pathway to the source
and sink of DMS, OCS, and CS2 within the mixed layer and identified vertical exchange as a potential sink in most cases,
transporting substantial amounts of these gases from the mixed layer to deeper waters. This research advances our understanding of
sulfur gas source-sink dynamics in seawater, contributing to the assessment of their marine emissions and atmospheric budgets.
KEYWORDS: volatile sulfides, DMS, OCS, CS2, marine sulfur emissions, Pacific Ocean

1. INTRODUCTION
Volatile sulfur compounds, such as dimethyl sulfide (DMS),
carbonyl sulfide (OCS), and carbon disulfide (CS2), play an
important role in both atmospheric chemistry and climate
change.1−3 The oxidation products of atmospheric DMS, such
as methanesulfonic acid and sulfate, are the dominant
contributors to cloud condensation nuclei in the marine
boundary layer,4−6 which can influence the radiation budget
and climate feedback. However, the exact role that DMS plays in
regulating our climate is still a matter of debate.7,8 OCS is the
most abundant sulfur-containing trace gas in the atmosphere
and is also climate-relevant because it can change the energy
budget as a greenhouse gas in the troposphere.3 Besides, due to
its long tropospheric lifetime of 2−7 years,9 OCS can be
transported to the stratosphere, where it is considered a major
precursor of sulfate aerosols.10 CS2 in the atmosphere indirectly
affects climate as an important precursor of OCS.3,11

The global ocean plays a crucial role in regulating the
atmospheric budgets of DMS, OCS, and CS2.9,12,13 Marine
DMS is primarily derived from the enzymatic breakdown of
dimethyl sulfoniopropionate (DMSP), generally found in
phytoplankton cells. It is estimated that approximately 27.1 Tg
of sulfur, in the form of DMS, is emitted from the ocean

annually.12 Besides, sea surface DMS can be removed through
microbial metabolism and photo-oxidation.14,15 OCS is
generally produced via reactions between ultraviolet radiation
and dissolved organic sulfur,16−18 which is an indirect process
photosensitized by chromophoric dissolved organic matter
(CDOM). The reaction of sulfur radicals19 can also produce
OCS in the dark. Hydrolysis and outgassing to the atmosphere
are the known removal pathways for marine OCS. Marine
emissions contribute significantly to the global OCS budget, as
OCS can enter the atmosphere directly via oceanic emissions
and indirectly via the oxidation of atmospheric DMS and
CS2.3,20 Production and loss processes for marine CS2 are less
well-constrained. Similar to the OCS, CS2 in seawater may
originate from photoreactions of organic sulfur. Evidence for
biological production comes from laboratory culture experi-
ments;21 however, verification in situ is lacking. Hydrolysis,
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oxidation, and outgassing to the atmosphere are currently
known sinks of marine CS2;22 however, more chemical pathways
need to be explored to explain observed CS2 concentrations.23

Marine emission is the second most important source of
atmospheric CS2 after industrial emission.3

The significant role that the ocean plays in the emission of
DMS, OCS, and CS2 necessitates the exploration of their
biogeochemical cycles in seawater. The western North Pacific is
a typical marine environment with many different types of
marine ecosystems and currents, playing an important role in
global sea-air exchange.24 The convergence of the southward-
flowing cold Oyashio Current with the northward-flowing warm
Kuroshio Current in the region east of Japan results in one of the
most energetic regions in the global ocean, namely, Kuroshio-
Oyashio extension (KOE) where prominent mesoscale
dynamics persistently occur, such as fronts and eddies.25,26

The abundance of nutrients from eddy-induced upwelling
increases primary productivity and changes the biochemical
environment of the upper ocean in the KOE.27 In contrast, the
North Pacific subtropical gyre (NPSG) is regarded as one of the
world’s largest ocean deserts due to its persistent nutrient
depletion and low organism standing stocks. The KOE region
has been identified by previous research9,14,28 as a hotspot for
DMS, OCS, and CS2. However, the deep exploration of the
underlying biogeochemical mechanisms, particularly those
governing OCS and CS2, under varying oceanographic
conditions is significantly insufficient. New evidence suggests
an elevated vegetation sink for OCS, which leads to a
discrepancy in its tropospheric budget, with most studies
suggesting that oceanic emissions might account for this
gap.29,30 Nonetheless, inadequate OCS and CS2 cycle studies
generate vast uncertainty in the estimated oceanic sources of

OCS and its precursor CS2,13,31 making it even harder to balance
the atmospheric OCS budget.

To bridge existing knowledge gaps, we quantified the
concentrations of DMS, OCS, and CS2 in the seawater and
the atmosphere of the western North Pacific. We also examined
the primary production and loss processes of marine DMS,
OCS, and CS2. Using this information, we determined the
source-sink budgets for these gases within the mixed layer and
evaluated the relative contribution of each pathway to the overall
source-sink dynamics quantitatively. Consequently, we identi-
fied the biogeochemical mechanisms behind the production,
removal, and emission of DMS, OCS, and CS2 in different
marine environments. Our research constrained the cycle of
sulfur gases in seawater, diminishing uncertainties in marine
emissions. This facilitates enhanced assessments of their
atmospheric budgets and climate impacts in future modeling
studies.

2. METHODS
2.1. Sampling and Analysis. Our investigation was carried

out on the research vessel ″Dong Fang Hong 3″ in the western
North Pacific in November 2019, as shown in Figure 1a.
Seawater samples were collected from all 26 stations (Figure 1b)
using 12-L Niskin bottles equipped with a Seabird 911
conductivity−temperature-depth sensor rosette, which facili-
tated the simultaneous measurement of the seawater temper-
ature and salinity. The samples were subsequently analyzed for
several parameters, e.g., DMSP, DMS, OCS, CS2, nutrients,
chlorophyll-a, phytoplankton abundance, and DMSP lyase
activity. Moreover, air samples were collected for the measure-
ment of atmospheric DMS, OCS, and CS2 from each station.

Figure 1. (a) Major ocean currents in the western North Pacific. (b) Locations of sampling stations (red diamond represents the station for incubation
and irradiation experiments). (c) Vertical profiles (0−500 m) of temperature, salinity, dissolved inorganic nitrogen, phosphate, dissolved oxygen, and
chlorophyll-a in the 150°E section. (d) Horizontal distribution of DMS, OCS, and CS2 in the surface seawater (about 5 m) and overlying atmosphere.
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The sea-air fluxes of DMS, OCS, and CS2 were calculated by the
W2014 method.32 Detailed methods for sampling, measure-
ment, and calculation as well as statistics and uncertainty analysis
are provided in Appendixes S1 and S2. In addition, incubation
and irradiation experiments were conducted at six selected
stations.
2.2. Determination of Production and Loss Rates of

Marine DMS, OCS, and CS2. 2.2.1. Dark Incubations. The
rates of DMS biological production, microbial consumption,
and dissolved DMSP degradation in surface seawater were
measured using competitive inhibition assays.33,34 Dimethyl
disulfide33 and glycine betaine34 served as the consumption
inhibitors for DMS and dissolved DMSP, respectively.
Specifically, blank, dimethyl disulfide-added (260 μmol L−1),
and glycine betaine-added (5 μmol L−1) seawater samples were
incubated for 6 h at in situ seawater temperatures in 500 mL
airtight glass syringes in darkness. Subsamples. were collected at
0, 3, and 6 h in triplicate for DMS and dissolved DMSP analysis.
The gross and net biological production rates of DMS were
inferred from the slope of DMS concentration over time in
inhibitor-added and blank groups, respectively, with the
difference indicating the microbial consumption rate of DMS.
A similar approach was used to calculate the dissolved DMSP
degradation rate. The net-loss curve approach suggested the
absence of DMSP synthesis in the dark and a first-order reaction
for total DMSP loss rate.35 Hence, we also measured the total
DMSP concentration in the blank sample at 0, 3, and 6 h, with
the loss rate constant equating to the slope of the natural
logarithm of total DMSP concentration over time. The fitting
results are shown in Figure S1.

As for OCS and CS2, both filtered (via 0.45 and 0.22 μm
polyethersulfone ultrafiltration membranes sequentially to
eliminate biological influences) and unfiltered seawater were
incubated airtightly at in situ seawater temperatures for 12 h in
the dark at these stations. During incubation, subsamples were
collected at 0, 6, and 12 h to determine the OCS (unfiltered
group) or CS2 concentration (both groups). Regarding CS2, we
can safely assume that biological production does not occur
within the filtered seawater. As such, the slope of CS2
concentration versus time in the filtered group can represent
the chemical removal rate of CS2, such as hydrolysis and
oxidation.22 In contrast, unfiltered seawater encompassed both
the chemical removal and biological production of CS2. Thus,
the biological production rate of CS2 was deduced by
contrasting the slopes of CS2 concentration against time
between unfiltered and filtered groups. However, dark
production and hydrolysis processes of OCS are present in
both filtered and unfiltered seawater. Therefore, the first step
was determining the OCS hydrolysis rate (Rhydrolysis, nmol L−1

s−1) using the following empirical formula:36,37

R
T

T
K

a

K
T

S

OCS exp(24.3
10, 459

)

exp(22.8
6040

)
(H )

log
3046.7

3.7685 0.0035486

hydrolysis

w

10 w
0.5

= [ ] × [

+ × ]

= + + ×

+

where [OCS], T, and S represent the seawater OCS
concentration (nmol L−1), temperature (K), and salinity,
respectively. The a(H+) was the proton activity, which was
equivalent to 10−pH. Considering the high measurement
precision of temperature, salinity, and pH (see Appendix S1

for details), the uncertainty in the calculated rate was mainly
derived from the OCS measurement, resulting in an
approximate uncertainty of 3%. The dark production rate of
OCS was calculated as the change rate in the unfiltered group
(slope of concentration versus time) plus the calculated
hydrolysis rate.

2.2.2. Irradiation Experiments. The rates of DMS photo-
degradation, as well as the rates of OCS and CS2 photo-
production, were also measured. To minimize biological and
particulate interference, surface seawater was sequentially
filtered through 0.45 and 0.22 μm polyethersulfone ultra-
filtration membranes using low-vacuum suction. The filtered
seawater was then placed in quartz tubes for exposure to
different light conditions: full-spectrum solar radiation (no
treatment), photosynthetically active radiation (PAR; one layer
of UF3 Plexiglas), PAR and ultraviolet A radiation (UVA; one
layer of Mylar-D), and darkness (three layers of aluminum foil).
The dark group was implemented to adjust concentration shifts
caused by possible dark processes. Quartz tubes were immersed
in a shallow water bath incubator to maintain in situ
temperatures and expose them to ambient solar radiation.
Incident photon flux density was regularly monitored using a
calibrated portable high-accuracy UV−visible spectroradiom-
eter (OL 756, Gooch & Housego, UK). Subsamples were
collected at 0, 3, 6, and 9 h to determine the concentrations of
DMS, OCS, and CS2. The rate constant (kt, h−1) of DMS
photodegradation at the sea surface was calculated based on the
pseudo-first-order kinetics equations:

t kd DMS /d DMSt[ ] = × [ ]

k tln( DMS / DMS )/tt 0= [ ] [ ]

Similarly, the rate constants (kphoton, m2 E−1) normalized by
photon flux were calculated:

t kd DMS /d DMS PFDphoton[ ] = × [ ] ×

k Jln( DMS / DMS )/tphoton 0= [ ] [ ]

where [DMS]t and [DMS]0 represent DMS concentration
(nmol L−1) at time t and time 0, respectively; PFD and J are the
instantaneous (E m−2 h−1) and cumulative photon flux density
(E m−2), respectively. The photoproduction rates of OCS and
CS2 with respect to time (Rt, nmol L−1 h−1) and photon flux
(Rphoton, nmol L−1 m2 E−1) at the sea surface were calculated
based on the following formula:

R tOCS/CS /t 2= [ ]

R JOCS/CS /photon 2= [ ]

Consequently, the DMS photodegradation rate constant and
the photoproduction rates of OCS and CS2 were calculated
based on the slopes of the natural logarithm of DMS
concentration over time and the slopes of OCS/CS2
concentration over time, respectively. The ultraviolet B
(UVB) radiation results were attained by deducting the UVB-
filtered light observations from those of full-spectrum solar
radiation. Considering the average daylight duration of
approximately 13 h, the hourly rates (expressed in nmol L−1

h−1) were converted to daily rates (nmol L−1 d−1) by multiplying
them by 13. The photoreaction rates in the water column should
be adjusted using the following formula:

k X Z k X X Z X( , ) ( , 0) PFD( , )/PFD( , 0)t t= ×
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R X Z R X X Z X( , ) ( , 0) PFD( , )/PFD( , 0)t t= ×

where kt(X,Z) and Rt(X,Z) represent the rate constant and rate
under the X radiation at Z of depth (PFD(X,Z)), respectively.
Since we only measured the light intensity on the sea surface, the

light intensity for X type of radiation at Z depth (PFD[X,Z]) was

calculated from the light intensity at the surface (PFD[X,0]) by

exponentially decreasing it with depth according to the Beer−
Lambert equation:

Figure 2. (a) Boxplot of DMS, OCS, and CS2 concentrations in the surface seawater and overlying atmosphere (the number of sampling stations in the
KOE and NPSG is 6 vs 20). (b) Bar chart of primary source and sink rates of marine DMS, OCS, and CS2 (the error bars represent the standard
deviation; 3 vs 3). (c) Boxplot of sea-air exchange fluxes, wind speed, seawater temperature, and atmospheric temperature (6 vs 20). Asterisks represent
significant differences between the two sets of data (t test, P < 0.05). (d) Relative contribution of each radiation to the photodegradation of DMS, as
well as to the photoproduction of OCS and CS2 in the surface seawater. Relative contribution of each process to (e) DMS removal and (f) OCS and (g)
CS2 source and removal in the mixed layer.
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X Z XPFD( , ) PFD( , 0) e k ZX= ×
The light attenuation coefficients at the Napierian logarithm

scale (kX, m−1) for UVB and UVA were approximated as the
absorption coefficient of water plus that of CDOM at the
corresponding wavelength (aW(X) and aCDOM(X), m−1) using
the following equations:

k a a(UVB) (UVB)UVB W CDOM= +

k a a(UVA) (UVA)UVA W CDOM= +

Phytoplankton has been shown to attenuate PAR, and its
attenuation coefficient (kPHY, m−1) can be assumed to be linearly
correlated to chlorophyll-a concentration ([CHL], mg L−1):38

k 0.03 CHLPHY = × [ ]
Hence, the light attenuation coefficient for PAR (kPAR, m−1)

was calculated as follows:

k a a k(PAR) (PAR)PAR W CDOM PHY= + +

Note that the described equations are applicable solely within
the mixed layer, characterized by uniform properties. The mixed
layer depth (MLD) was determined based on the density
criterion of 0.03 kg m−3 (to the reference depth of 10 dbar), as
recommended by de Boyer Monteǵut et al.39 By vertically
integrating the photoreaction rate of X type of radiation across
the entire mixed layer and subsequently dividing it by the
corresponding MLD (m), we arrived at an average photo-
reaction rate of X type of radiation for the mixed layer (APR(X),
nmol L−1 d−1):

A X R X Z Z( ) ( , ) d /MLDPR
0

MLD

t= ×
Ä
Ç
ÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑ

3. RESULTS AND DISCUSSION
3.1. Background of the Western North Pacific. Vertical

profiles of temperature, salinity, nutrients, dissolved oxygen, and
chlorophyll-a at a depth of 0−500 m in the western North Pacific
are presented in Figure 1c. The hydrologic characteristics of the
survey area are described in detail in Appendix S3. Based on the
geographical location, ocean currents, and environmental
characteristics, the survey area was classified into two provinces:
KOE and NPSG. The means (ranges) of concentrations of
DMS, OCS, and CS2 were 1.29 ± 0.34, 0.038 ± 0.020, and 0.029
± 0.015 nmol L−1 in surface seawater (about 5 m) and were 61 ±
19, 586 ± 93, and 35 ± 12 ppt (volume ratio) in the marine
atmosphere, respectively (see Table S1 for details). Our results
were consistent with previous studies conducted in the Pacific
Ocean.9,14,37 Both seawater and atmospheric concentrations of
DMS, OCS, and CS2 exhibited a declining trend from north to
south (Figure 1d), and all concentrations showed significant
differences between the two regions (Figure 2a). To explore the
biogeochemical processes governing DMS, OCS, and CS2, the
primary production and loss processes of marine DMS, OCS,
and CS2 have been examined and will be discussed in the
following sections (see Tables S2−S6 for details).
3.2. Production Processes of DMS, OCS, and CS2.

3.2.1. DMSP Loss and DMS Production. Average rates of total
DMSP loss, dissolved DMSP degradation, and DMS biological
production in the surface seawater were 15.11 ± 2.93, 6.03 ±
1.84, and 2.64 ± 0.80 nmol L−1 d−1, respectively. Notably,
elevated rates of dissolved DMSP degradation and DMS
biological production were observed in the KOE (Figure 2b).

Enhanced surface primary productivity in the KOE, as
evidenced by chlorophyll-a (Figure 1c) and phytoplankton
(Figure S2), was likely attributable to nutrient-rich upwellings
(Figure 1c). Higher primary productivity elevated the level of
DMS precursor, biogenic DMSP (Figure S3), which can be
enzymatically cleaved by heterotrophic bacteria and certain
phytoplankton species to produce DMS.40 Additionally,
stronger DMSP lyase activity was observed in KOE seawater
(Table S2). In our study, the DMSP concentration and DMSP
lyase activity (Figure S4) can explain most of the variations of
dissolved DMSP degradation rate (R2: 79.6% and 77.9%) and
DMS biological production rate (84.7% and 71.0%). Con-
sequently, the abundance of DMSP and robust DMSP lyase
activity in the KOE were likely key drivers of accelerated DMSP
degradation and DMS production. These closely linked
processes also led to significant positive correlations between
chlorophyll-a, DMSP, and DMS concentrations in seawater,
with chlorophyll-a and DMSP accounting for 47.1% and 72.2%
of DMS concentration variability, respectively.

The DMS yield,41,42 referring to the ratio of DMS biological
production rate to total DMSP loss rate, was utilized to estimate
the proportion of DMSP converted into DMS. A DMS yield of
17.2% ± 2.6%, significantly lower than the previous study
conducted in continental seas (38% ± 9%),15 indicated that
most DMSP did not undergo cleavage to DMS. Instead,
demethylation of DMSP into methanethiol happened more
easily as it is less energy-intensive for bacteria to form proteins
using methanethiol than DMS,43 particularly in the oligotrophic
western North Pacific. Similarly, the relatively high DMS yield
was observed in the relatively fertile KOE (19.5% ± 1.6%) than
in the oligotrophic NPSG (14.8% ± 0.4%). As Figure S4
indicates, the nutrient-abundant environment of the KOE not
only fostered DMSP degradation but also slightly enhanced the
DMSP cleavage pathway, collectively boosting the biological
production of DMS.

3.2.2. Dark Production of OCS and Biological Production
of CS2. The mean rates of OCS dark production and CS2
biological production were 0.113 ± 0.018 and 1.34 × 10−3 ±
1.04 × 10−3 nmol L−1 d−1, respectively, as detailed in Tables S3
and S4. The OCS dark production rate was comparable to that
in the Sargasso Sea (7.4 ± 1.8 pmol L−1 h−1),44 while reports on
CS2 biological production rates in seawater are scarce. Two
mechanisms currently exist for OCS dark production: an abiotic
reaction involving sulfur radicals formed by oxygen or metal
complexes19 and a coupling to microbial processes during
organic matter remineralization.45 Therefore, abundant organic
matter (Figure S3) and high primary productivity in the KOE
theoretically can promote OCS dark generation. However, the
dark production rates of OCS in the KOE and the NPSG did not
significantly differ (Figure 2b). Intriguingly, higher concen-
trations of organic matter, as indicated by the CDOM
absorption coefficient at 350 nm, correlated with lower OCS
dark production rates (Figure S4). We believe that the lower
seawater temperature in the KOE may have inhibited the dark
production of OCS.46,47 A significant positive correlation
between OCS production rate and seawater temperature
underscored the substantial influence of temperature variations
on OCS dark production, potentially overshadowing the role of
organic matter.

Von Hobe et al.47 first proposed the parametrization of OCS
dark production as a function of seawater temperature (T, K)
and CDOM absorption coefficient at 350 nm (a350, m−1). To
verify the accuracy of the parametrized results, we calculated the
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dark production rate (Rdark, nmol L−1 s−1) based on the recently
updated formula,37 as follows:

R a Texp(57.2 16200/ ) 10dark 350
6= × ×

Overall, the calculated rates (Table S3) demonstrated an
increasing trend from the north to south similar to our measured
rates. However, these calculated rates were consistently lower
than the in situ measurements, with the discrepancy widening at
lower temperatures. Notably, at Station P2, characterized by the
lowest seawater temperature, the measured rate was over four
times higher than the calculated rate. This suggests that while
seawater temperature significantly influences OCS dark
production, its representation in the empirical formula may be
excessively weighted, particularly at lower temperatures. The
formula can generally be used to forecast dark production of
OCS on a large scale, but it might underestimate the OCS
production, especially at high latitudes.

CS2 biological production rates were significantly higher in
the KOE compared to the NPSG, with a 10-fold variation (Table
S4), primarily due to the elevated phytoplankton abundance.
Evidence for algal production comes from laboratory cultures,21

indicating varying CS2 production for different phytoplankton
species. Interestingly, we found that the CS2 biological
production rate at station P4 with the highest phytoplankton
abundance (∼96,800 cell L−1) was lower than that at station P1
with a relatively low phytoplankton abundance (∼7800 cell
L−1). Considering the phytoplankton community structure,
specifically the markedly higher abundance of dinoflagellates at
P1 (∼1500 cells L−1) compared to P4 (∼800 cells L−1), we guess
that dinoflagellates may have a relatively stronger CS2
production capacity than diatoms. Furthermore, chlorophyll-a
concentration can account for 80.6% of the variation in CS2
biological production rate in the surveyed area (Figure S4),
indicating the potential for using remote sensing retrieval of
chlorophyll-a concentration to predict the CS2 biological
production rate in future studies.

3.2.3. Photoproduction of OCS and CS2. The rates of
photoproduction for OCS and CS2 at the sea surface, indicating
the rapidity of photoreactions under unattenuated in situ solar
radiation, were significantly higher than their respective dark and
biological production rates, averaging 0.208 ± 0.037 and 2.51 ×
10−2 ± 4.58 × 10−3 nmol L−1 d−1. The OCS rate aligned with
previous findings in the Sargasso Sea (0.2 nmol L−1 d−1).44

While CS2 in situ photoproduction has not been reported, both
the experimentally derived apparent quantum yield48 and model
simulation16 indicated its rate is significantly lower than that of
OCS, by 5 to 70 times, which our findings confirmed. The
photoproduction of OCS and CS2 is primarily a secondary
photoreaction mediated by photosensitizers.19 After normaliz-
ing by photon flux density, OCS and CS2 photoproduction rates
in the KOE significantly exceeded those in the NPSG (Table
S5), which indicated abundant photosensitizers and/or
precursors in the KOE. Figures S3 and 1c demonstrated that
KOE upwelling likely influenced the availability of dissolved
organic matter and nitrate for solar radiation exposure, enriching
surface photochemical processes with photosensitizers and
precursors.16,49 Additionally, upwelling-associated nutrient
influx boosted surface phytoplankton growth, furthering in situ
organic matter production. Lennartz et al. also suggested
upwelling regions as potential hotspots for OCS and CS2
photoproduction.16 Despite the NPSG’s lower abundance of
photosensitizers and precursors compared to the KOE, its lower
latitude resulted in stronger solar radiation, accelerating

photochemical processes. At Station P27, with the strongest
solar radiation, the unnormalized rates of the photoproduction
of OCS and CS2 rivaled those in the KOE.

The effects of different radiation wavebands on the photo-
production of OCS and CS2 were explored. The photo-
production rates driven by UVB, UVA, and PAR at the sea
surface (Tables S3 and S4) were 0.096 ± 0.025, 0.083 ± 0.015,
and 0.029 ± 0.014 nmol L−1 d−1 for OCS and were 1.19 × 10−2

± 2.25 × 10−3, 9.48 × 10−3 ± 2.10 × 10−3, and 3.69 × 10−3 ±
1.65 × 10−3 nmol L−1 d−1 for CS2. As shown in Figure 2d, the
relative contributions of UVB, UVA, and PAR to total
photoproduction were 45.6% ± 5.8%, 40.5% ± 6.5%, and
13.8% ± 5.8% for OCS, and 47.6% ± 3.3%, 37.9% ± 4.6%, and
14.5% ± 5.4% for CS2. More than 80% of photoproduction of
both the OCS and CS2 was driven by UV radiation. Similar
wavelength dependence of OCS photoproduction was also
reported by Li et al. through laboratory culture.49 This
phenomenon may be due to the photosensitizers having
wavelength-selective absorption and mainly absorbing UV
radiation. For example, CDOM dissolved in seawater is easily
excited by UV radiation and forms an excited-state CDOM
(3CDOM*) to participate in the formation of COS and CS2.
The rates under UVB, UVA, and PAR at the sea surface were
normalized by corresponding photon flux density (Table S5),
producing efficiency ratios of 432:36:1 (UVB: UVA: PAR) for
OCS and 402:32:1 for CS2. These ratios aligned with previously
reported ratios for methyl mercury photodemethylation
efficiency (400:37:1),50 underscoring the predominant role of
UVB. Notably, UVB, accounting for less than 1% of solar
radiation flux, contributed to nearly half of the photoproduction
of OCS and CS2 in the surface seawater, attributable to its higher
energy. The potential increase in photoproduction in the upper
ocean due to stratospheric ozone depletion and ocean
stratification, consequences of global warming, merits attention.
3.3. Loss Processes of DMS, OCS, and CS2. 3.3.1. Micro-

bial Consumption and Photodegradation of DMS. The
average rates and rate constants (rate divided by concentration)
of DMS microbial consumption in the surface seawater were
1.62 ± 0.69 nmol L−1 d−1 and 1.09 ± 0.22 d−1, respectively.
Consistent with production rates, high DMS consumption rates
were predominantly observed in the KOE, with Station P1
recording the peak. A significant positive correlation was
observed between the DMS microbial consumption rate and
biological production rate (Figure S4), likely attributed to
bacterial activities that mediate both processes, particularly
robust in the nutrient-rich KOE. Overall, over half of the DMS
produced was metabolized in situ by microorganisms (con-
sumption-to-production rate ratio: 59.7% ± 8.4%), indicating a
limited accumulation and consequently low DMS levels in the
western North Pacific.

The rates for DMS photodegradation under natural light,
UVB, UVA, and PAR at the sea surface were 1.50 ± 0.70, 0.70 ±
0.30, 0.61 ± 0.31, and 0.19 ± 0.17 nmol L−1 d−1, respectively,
with corresponding rate constants of 1.01 ± 0.23, 0.48 ± 0.15,
0.41 ± 0.12, and 0.12 ± 0.08 d−1. UV radiation emerged as the
predominant factor (>80%; Figure 2d) driving surface DMS
photodegradation, aligning with previous research.14,15 DMS
photodegradation, primarily facilitated by secondary photo-
sensitizers such as CDOM and nitrate,51,52 occurs more rapidly
in high-latitude regions abundant in photosensitizers and low-
latitude regions with intense solar radiation (e.g., Station P27),
as evidenced by the rate constants (Table S2). Upon
normalization to photon flux density, the KOE displayed the
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highest DMS photodegradation rate (Table S5), with UVB
showing a significantly higher influence (UVB:UVA:PAR ratio
of 463:39:1).

3.3.2. Hydrolysis of OCS and Chemical Removal of CS2.
Tables S3 and S4 presented the hydrolysis rates of OCS and
chemical removal rates of CS2 in surface seawater as 0.137 ±
0.040 and 3.83 × 10−3 ± 1.53 × 10−3 nmol L−1 d−1, with
corresponding rate constants of 3.16 ± 1.59 and 1.39 × 10−1 ±
8.69 × 10−2 d−1, respectively. These rates, especially rate
constants, exhibited an increasing trend from the north to south.
According to the parametrized formula (Section 2.2.1), it is clear
that this phenomenon was attributed to the temperature
dependency of OCS hydrolysis, as KOE and NPSG seawater
exhibited similar salinity and pH. The removal mechanism of
CS2 in seawater remains inadequately quantified and under-
stood. Given CS2’s toxicity to fungi and bacteria,53 it is
commonly presumed to lack a biological removal pathway in
marine environments. While CS2 can undergo hydrolysis and
oxidation through hydrogen peroxide,22 the process is
significantly slower than the sea-air exchange, implying the
presence of alternate chemical pathways for CS2 removal in
seawater. Past research hypothesized a chemical sink with an
approximate 10-day lifespan to explain Atlantic transect
concentrations,23 a concept corroborated by our rate constant
measurements for CS2 chemical removal. Furthermore, while
our research did not identify specific additional pathways for CS2
removal, we asserted that the seawater temperature plays a vital
role in this process. In our study, the seawater temperature can
explain 72.3% of variation of the CS2 chemical removal rate
constant (Figure S4), indicating that the CS2 removal may be
promoted by increasing seawater temperature with decreasing
latitude. Scott’s study also found that temperature increase
significantly promoted the elimination of CS2 by hydroxide
based on laboratory simulations.22

3.3.3. Sea-Air Exchange of DMS, OCS, and CS2. Sea-air
fluxes of DMS, OCS, and CS2 (Table S1) were 4.26 ± 2.10,
0.098 ± 0.062, and 0.077 ± 0.044 μmol m−2 d−1, respectively,
generally compared well with the previous findings in the
western Pacific28 and supported the climatological mean
fluxes.12,37 The western North Pacific was a net source of
atmospheric DMS, OCS, and CS2. Despite the higher seawater
concentrations of these sulfides in the KOE, only the sea-air
fluxes of OCS and CS2 were higher in the KOE, and among
them, only the sea-air flux of OCS exhibited statistical
differences between the two regions (Figure 1c). This
phenomenon may be attributed to the influence of wind speed
and seawater temperature on the sea-air exchange process. A
sensitivity analysis was conducted to assess the extent of
influence exerted by various factors (seawater concentrations,
temperature, and wind speed) on the sea-air fluxes (Figure S5).
The results indicated that elevated concentrations, higher
temperatures, and increased wind speeds all enhance sea-air
exchange. The fluxes’ response to these factors showed that,
within the parameter variation range in the surveyed area, wind
speed had the most substantial impact, followed by seawater gas
concentrations. Additionally, significant correlations were
observed exclusively between wind speed and sea-air flux
(Figure S4), with wind speed accounting for 87.0%, 33.1%, and
50.5% of the variations in DMS, OCS, and CS2 fluxes,
respectively. Consequently, the elevated temperature in the
NPSG stimulated the sea-air exchange to a certain degree.
Additionally, it should be noted that the higher wind speed in the
NPSG (7.6 m s−1 vs 6.5 m s−1 in the KOE, despite the lack of

statistical significance) also promoted this process. Seawater
DMS concentration increased to a lesser extent in the KOE
region compared to OCS and CS2, which is insufficient to offset
the effects of temperature and wind speed, resulting in
comparable sea-air fluxes between the two regions.

The higher sea-air fluxes of OCS and CS2 may contribute to
the higher atmospheric concentrations of OCS and CS2 in the
KOE compared to the NPSG. However, similar sea-air fluxes of
DMS between the KOE and NPSG cannot explain the high
atmospheric DMS level observed in the KOE. In addition to
local emissions, based on the 72 h backward trajectories (Figure
S6), air masses over the NPSG mainly originated from the
surrounding ocean, suggesting oceanic emissions as the primary
source of atmospheric DMS, OCS, and CS2 in the region. In
contrast, air masses over the KOE were significantly affected by
northeastern China and Japan. Terrestrial air mass inputs may
also increase the atmospheric concentrations of these sulfides in
the KOE.3 Besides, the rapid oxidation of DMS and CS2 to
methanesulfonic acid/sulfate and OCS in the atmosphere,
which is accelerated by increasing temperature, could lead to
their swift removal, resulting in lower atmospheric DMS and
CS2 concentrations in the NPSG compared with the KOE.
3.4. Fate of DMS, OCS, and CS2 in the Mixed Layer.

3.4.1. Modeled Photochemical Processes Throughout the
Mixed Layer. The fate of marine DMS, OCS, and CS2 depends
on various source and sink processes. Assuming homogeneity in
seawater properties within the mixed layer, rates derived from
surface seawater measurements are generally applicable
throughout this layer. However, radiation intensity variations
in the mixed layer will affect the photochemical production and
degradation processes. To extend experimental findings to the
deep-water column, simulations of photodegradation of DMS
and photoproduction of OCS and CS2 were conducted
throughout the entire upper ocean. Only the modeled results
within the mixed layer are reliable; simulations below this layer
offer merely a rough estimate of the photochemical rate trends in
the euphotic zone.

Figure S7 displays vertical profiles of rates of DMS
photodegradation and OCS and CS2 photoproduction. Photo-
chemical processes declined rapidly with an increasing depth.
Although abundant organic matter facilitated photoreactions, it
also accelerated the decay of these reactions in KOE seawater
compared to NPSG. Each radiation waveband exhibited a
unique variation trend in its photochemical rate profile,
attributed to varying attenuation coefficients. In the top 10−
30 m, UV radiation, particularly UVA over UVB, dominated
photochemical reactions at most stations. With increasing
depth, PAR gained prominence due to UV radiation’s higher
attenuation. Beyond the mixed layer, PAR emerged as the
primary driver of photochemical processes at most stations
owing to its superior penetration. The average photoreaction
rate of the mixed layer was defined as the ratio of the vertically
integrated rate across the mixed layer to its depth. Table S6
showed that within the mixed layer, UVB, UVA, and PAR
accounted for 20.9% ± 6.3%, 50.5% ± 12.3%, 28.6% ± 17.4% for
DMS photodegradation, 19.0% ± 3.8%, 48.2% ± 9.7%, 32.9% ±
10.9% for OCS photoproduction, and 20.0% ± 4.3%, 45.1% ±
7.1%, 35.0% ± 9.4% for CS2 photoproduction, respectively,
varying significantly from ratios observed at the sea surface.
Across the entire mixed layer, UVA and PAR were the primary
contributors to photochemical processes, with UVB playing a
reduced role compared with the sea surface. Short-wavelength
UVB, despite its higher energy, rapidly attenuated in seawater,
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remaining active only in shallow surface seawater of approx-
imately 10−20 m.

3.4.2. Budgets of DMS, OCS, and CS2 and Their
Biogeochemical Controls. We developed a budget model
(Figure 3), based on our research, to detail the source and loss
processes of marine DMS, OCS, and CS2 in the mixed layer.
This model elucidated the biogeochemical processes governing
the concentrations and fluxes of these sulfur gases. DMSP
production by phytoplankton initiated the DMS cycle.
Mesoscale eddies in the KOE-induced upwelling of nutrient-
rich water, promoting phytoplankton growth and DMSP
accumulation. Subsequently, stronger bacterial activity pro-
moted DMSP degradation, and the nutrient-rich environment
increased the proportion of DMSP cleavage to produce DMS.
The resulting rapid biological production was responsible for the
DMS accumulation in the KOE. The produced mixed-layer
DMS will be removed through microbial consumption,
photodegradation, and sea-air exchange. Abundant DMS and
stronger bacterial activity also accelerated DMS microbial
metabolism in the KOE, while the photodegradation was not
significantly different between the regions. Despite higher
seawater DMS concentration in the KOE, the lower temper-
atures and especially reduced wind speeds may hinder its
outgassing to the atmosphere.

For the mixed layer budget, there was a discrepancy between
sources and sinks of DMS, with a higher quantity of produced
DMS than that removed (Table S2). Additionally, the DMSP
biosynthesis by phytoplankton is a light-dependent process.54,55

The incubation experiments under dark conditions can reduce
the DMSP yield and thus may underestimate the biological
production rate of DMS to some extent. This suggests that the
actual difference between DMS sources and sinks could be more
significant than that currently observed. Unidentified DMS sinks

within the mixed layer, which have not been considered in this
study, may contribute to this discrepancy. For example, a recent
study identified the reaction of DMS with hypobromous acid as
a potential marine DMS removal mechanism.56 However, our
study did not provide direct evidence of this pathway. Besides,
we guess vertical mixing may serve as a potential sink of mixed-
layer DMS. As indicated in Figure S8, a substantial gradient in
DMS concentration between the mixed and subsurface layers
could facilitate a considerable supplement of DMS to the latter.
It cannot be ignored that the observed discrepancy may also
partly result from uncertainties in the estimated rates of the
production and removal processes. These uncertainties
propagate, culminating in obvious ambiguity in the net
difference between sources and sinks, as elucidated in Appendix
S2 and Table S2. For the purposes of discussion, we tentatively
attributed this unidentified sink entirely to vertical mixing,
calculated as the discrepancy between the source and sink rates.
Using the rates of each process, we quantitatively assessed their
contribution to DMS removal in the mixed layer. Figure 2e
illustrates that microbial consumption was the predominant
DMS removal pathway, responsible for 59.7% ± 8.4% of the
removal, while photodegradation accounted for only 10.9% ±
4.1% due to depth-related attenuation. Approximately 70% of
DMS cycle occurred within the mixed layer, with sea-air
exchange and vertical exchange transferring 3.2% ± 1.6% and
26.1% ± 9.9% of DMS, respectively, to the atmosphere and
deeper ocean.

Plentiful photosensitizers (i.e., dissolved organic matter and
nitrate)16,49 and intense solar radiation were beneficial to the
photoproduction of OCS/CS2 in the KOE and NPSG,
respectively. Abundant organic matter and a higher seawater
temperature expedited the dark production of OCS in the KOE
and NPSG, respectively. Notably, the KOE exhibited a relatively

Figure 3. Source-sink budget models for the DMS, OCS, and CS2 within the mixed layer in the KOE and NPSG regions of the western North Pacific.
The numerical values in the figure indicate the mean rates (standard deviation) of sources and sinks within the mixed layer in the corresponding survey
area, expressed in nmol L−1 d−1.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.3c07498
Environ. Sci. Technol. 2024, 58, 3235−3245

3242

https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c07498/suppl_file/es3c07498_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c07498/suppl_file/es3c07498_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c07498/suppl_file/es3c07498_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c07498/suppl_file/es3c07498_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c07498?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c07498?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c07498?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c07498?fig=fig3&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c07498?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


rapid biological production of CS2, in stark contrast to the
negligible biological production in the nutrient-poor NPSG. But
overall, the biological production rate of CS2 was substantially
lower than its photoproduction rate. When considering both
photochemical and dark/biological production processes in the
mixed layer, the overall production rates of CS2 in the KOE and
NPSG did not significantly differ (t test, P > 0.05). Interestingly,
the total production rate of the OCS in the KOE was lower than
that in the NPSG. These findings suggested that production
processes may not be the key factor influencing the varying
concentrations of OCS and CS2 in these regions. Instead,
removal mechanisms, such as hydrolysis and oxidation�
processes that were accelerated by higher seawater temper-
atures�likely contributed to the lower gas concentrations
observed in the NPSG.

Similarly, as presented in Tables S3 and S4, the production
rates of OCS and CS2 within the mixed layer generally exceeded
their removal rates, a trend particularly pronounced in the KOE.
For CS2, the NPSG displayed a unique pattern, where its
production rate was lower than the removal rate. Analyzing the
concentration profiles of OCS and CS2 at representative stations
in the KOE and NPSG (Figure S8), we believed that vertical
mixing may indeed play a nonnegligible role, despite the
presence of unidentified sinks and measurement uncertainties.
Specifically, in the NPSG (e.g., Station P27), the similar
concentrations of OCS and CS2 in the mixed and subsurface
layers�attributable to the higher seawater temperature limiting
accumulation in the mixed layer�resulted in a less pronounced
vertical concentration gradient. This scenario possibly even led
to gas transport from the subsurface to the mixed layer. We also
quantified the vertical exchange rate as the difference between
the source and sink rates. The relative contributions of each
pathway to the source/sink of OCS and CS2 in the mixed layer
were presented in Figure 2f,g. Note that the role of vertical
mixing switched between the source and sink for mixed-layer
OCS and CS2 in the survey area. For OCS production, dark
reactions predominated, contributing 73.4% ± 7.1%, as
photoreactions diminished with depth, contributing only
26.0% ± 6.7%. The impact of sea-air exchange on OCS was
minimal, contributing just 1.5% ± 0.7% to its removal, due to a
low concentration gradient between the ocean and atmosphere.
Notably, most of the OCS (87.1% ± 17.8%) was directly
removed in situ by hydrolysis in seawater, and this proportion
gradually increased from north to south with rising temper-
atures. This trend correspondingly resulted in a gradual
reduction in the percentage of downward vertical exchange
from north to south. At the southernmost Station P27, the lower
OCS concentration in the mixed layer even led to upward
replenishment from the subsurface layer. In the case of CS2,
photoreactions, contributing 71.1% ± 14.9%, were the primary
production mechanism, with their significance growing from
north to south alongside a decrease in primary productivity.
Biological production accounted for only 19.2% ± 12.5% of total
sources. Outgassing (23.1% ± 7.0%) played an important role in
CS2 removal. Over half of CS2 (59.1% ± 22.8%) was removed by
hydrolysis, oxidation, and so on, and the contribution of these
temperature-controlled chemical removal processes increased as
latitude decreased. These variations in the intensity of chemical
sinks altered the CS2 concentration gradient between the mixed
layer and deep ocean, thereby influencing the direction of
vertical exchange: it acted as a sink in the mixed layer in the
KOE, whereas in the NPSG, the situation was reversed.

Our study constrained the sources and sinks of marine volatile
sulfides and provided the first comprehensive description of
their mixed-layer cycle and budget. These field survey results
and findings can be utilized as inputs or references for refining
box models, which may have neglected certain processes such as
the biological production of CS2 and vertical exchange between
the mixed and subsurface layers.37 The improved model may
contribute to reducing the uncertainty of marine sulfur
emissions and identifying the missing source of atmospheric
OCS.
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