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Abstract Biogenic emission of dimethyl sulfide (DMS) from seawater is the major natural source
of sulfur into the atmosphere. In this study, we use an advanced air quality model (CMAQv5.2) with DMS
chemistry to examine the impact of DMS emissions from seawater on summertime air quality over China.
A national scale database of DMS concentration in seawater is established based on a 5‐year
observational record in the East China seas including the Bohai Sea, the Yellow Sea, and the East China Sea.
We employ a commonly used global database and also the newly developed local database of oceanic
DMS concentration, calculate DMS emissions using three different parameterization schemes, and perform
five different model simulations for July, 2018. Results indicate that in large coastal areas of China, the
average DMS emissions flux obtained with the local database is 3 times higher than that resulting from the
global database, with a mean value of 9.1 μmol m−2 day−1 in the Bohai Sea, 8.4 μmol m−2 day−1 in the
Yellow Sea, and 13.4 μmol m−2 day−1 in the East China Sea. The total DMS emissions flux calculated
with the Nightingale scheme is 42% higher than that obtained with the Liss and Merlivat scheme but is 15%
lower than that obtained with the Wanninkhof scheme. Among the three parameterizations, results
of the Liss and Merlivat scheme agree better with the ship‐based observations over China's coastal waters.
DMS emissions with the Liss and Merlivat parametrization increase atmospheric sulfur dioxide (SO2)
and sulfate (SO4

2−) concentration over the East China seas by 6.4% and 3.3%, respectively. Our results
indicate that although the anthropogenic source is still the dominant contributor of atmospheric sulfur
burden in China, biogenic DMS emissions source is nonnegligible.

1. Introduction

Oceanic dimethylsulfide (DMS:CH3SCH3) emission is the dominant natural source of atmospheric sulfur
(Andreae & Raemdonck, 1983; Bates et al., 1992). Once released to the atmosphere, DMS is oxidized to
sulfur dioxide (SO2) and methane sulfonic acid (MSA), which can subsequently be further oxidized to sul-
furic acid or sulfate (SO4

2−). MSA is an important natural component of acid rain, and marine biogenic
SO4

2− is the main component of atmospheric particulate matter that can participate in cloud formation,
affecting atmospheric radiation balance and climate (Charlson et al., 1987).

Despite the substantial progress made during the last 30–40 years, the specific DMS oxidation pathways
are still not very well understood (Barnes et al., 2006; Hoffmann et al., 2016; Ravishankara et al.,
1997). The reaction of hydroxyl radical (OH) with DMS is perhaps the most studied of all reactions invol-
ving DMS and is one of the most complex reactions as OH radical both adds to and abstracts from DMS.
Contrary to abstraction, the rate of the addition reaction increases with decreasing temperature (Atkinson
et al., 2004; Zhu et al., 2006). The reaction of DMS with nitrate radical (NO3) is important at night and in
the polluted atmosphere (Stark et al., 2007). Nevertheless, halogens contribute significantly to DMS oxida-
tion, which are ignored in many air quality models. Noteworthy is the reaction of DMS with bromine
oxide (BrO), which could be particularly important as a sink for DMS especially when BrO mixing
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ratios can reach 0.5 parts per trillion by volume (pptv), accounting for approximately 16% of DMS
removal in the atmosphere (Breider et al., 2010; Toumi, 1994). Analogous to BrO oxidation, the reaction
of other halogen oxides with DMS could also be potentially significant in the regions of the remote mar-
ine boundary layer (Hoffmann et al., 2016; von Glasow & Crutzen, 2004; von Glasow et al., 2002). In mar-
ine regions affected by continental pollution, the reactions of molecular iodine (I2) and hypoiodous acid
(HOI) with NO3 can also indirectly affect DMS, increasing its levels about 20% at night (Saiz‐Lopez
et al., 2016). Indeed, very high spatial resolution (4 km) simulations have shown how the coupling of
DMS and halogen ocean emissions can significantly affect the air quality of a coastal megacity such as
Los Angeles (United States) (Muñiz‐Unamunzaga et al., 2018). The levels of ozone, NO3, and HOx were
decreased, but the average concentration of secondary organic aerosol increased, which was due to the
increase in aerosol acidity and sulfate aerosol formation when DMS and bromine are combined.
Therefore, the DMS chemistry in the model should at least include the DMS oxidation by hydroxyl,
nitrate, and halogen oxides for more accurate simulation results.

Bates et al. (1992) reported that DMS emission flux accounted for 90% of total marine sulfur emissions.
Many researchers have subsequently used different methods to estimate the global sea‐to‐air flux of
DMS. For example, Putaud and Nguyen (1996) reported global estimates of 17–21 Tg S a−1, Lana
et al. (2011) reported estimates of 17.6–34.4 Tg S a−1, and Andreae and Raemdonck (1983) reported
an estimate of 38.5 Tg S a−1. The sea‐to‐air flux of DMS is dependent on the DMS concentration in sea-
waters and the sea‐to‐air transfer velocity, which varies with sea surface temperature (SST) and wind
speed (Liss & Merlivat, 1986; Nightingale et al., 2000; Wanninkhof, 1992). There have been multiple
efforts to accurately represent the global climatological sea surface DMS concentration distribution.
The major effort, initiated by Kettle et al. (1999), was to compile a now freely available database using
DMS measurements contributed by individual scientists. They used 15,617 surface DMS observation
data from 134 voyages and interpolated them into the global ocean with 3,317 grids at a resolution of
1° × 1° to represent the global DMS concentration distribution. Lana et al. (2011) expanded the data-
base to over 47,000 DMS measurements covering the measured data from 1972 to 2010, among which
about 64% of the data were collected in the Northern Hemisphere and 36% in the Southern
Hemisphere, generating them into monthly climatological fields of sea surface DMS concentration
(freely available at http://tinyurl.com/yc7moge). The effects of this DMS climatology on global cloud
microphysics and aerosol have been previously studied (Mahajan et al., 2015). The Global Surface
Seawater DMS Database (http://saga.pmel.noaa.gov/dms/) continues to be updated by the DMS commu-
nity. However, the number of observations available in the database is still fairly small, especially over
China waters. The establishment of a local DMS concentration database that is more suitable for regio-
nal simulation in China is necessary.

China's marine scientists has been studying the distribution of DMS in China's seas since 1993. Hu et a1.
(2003) first established the analysis method of DMS and conducted a preliminary study on DMS concentra-
tion and sea‐to‐air flux on the eastern coast of China. Many researchers subsequently conducted consider-
able on‐site observations and studied the horizontal and vertical distribution of DMS and its correlations
with the bioenvironmental factors in certain areas of the Bohai Sea, the Yellow Sea, the East China Sea,
and the South China Sea (Li et al., 2016; Yang et al., 1999, 2012; Yang, Zhang, et al., 2015; Zhang et
al., 2017), providing great data support for subsequent modeling research activities. While research on
DMS in China seawater is comparatively mature, there has been little systematic research on atmospheric
DMS and its chemical behavior over the continental shelf of eastern China. Xu et al. (2016) simulated the
global DMS sea‐to‐air flux with the Community Earth System Model and found significant DMS emission
flux in the highly productive eastern China seas. However, higher spatial resolution simulations are neces-
sary to better quantify the flux of DMS from the oceans in China to investigate its impact on air quality in
China's coastal area.

The main objective of this study is to examine the impacts of DMS emissions on SO2 and SO4
2− in the atmo-

sphere over China during summer. A database of DMS concentrations in seawater in China is established for
estimating DMS fluxes in China. Moreover, by comparing the results of different parameterization schemes
for DMS emission fluxes, we determine the most suitable parametric method for Chinese seas. This paper is
a starting point to further explore the long‐term environmental impacts of DMS emissions in China.
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2. Model Setup
2.1. Model Description

The U.S. Environmental Protection Agency's (EPA) Model‐3/Community Multiscale Air Quality (CMAQ)
model, version 5.2 (www.epa.gov/cmaq; https://doi.org/10.5281/zenodo.1167892) was used in this study
with 36 × 36 km horizontal grid spacing and a 27‐layer vertical structure for the domain covering the geo-
graphic area shown in Figure 1. CMAQv5.2 model does not include any DMS chemistry. Sarwar et al. (2015,
2018, 2019) combined the Carbon Bond chemical mechanism with atmospheric bromine, chlorine, iodine,
and DMS chemistry and incorporated it into the hemispheric CMAQ model (Mathur et al., 2017). We used
their atmospheric chemistry, which includes gas‐phase oxidation of DMS by OH, NO3, chlorine radical (Cl),
chlorine monoxide (ClO), iodine monoxide (IO), and BrO. The detailed reactions are provided in Table S1 in
the supporting information. The model was configured to use the AERO6 aerosol module.

Considering the highest concentration of DMS in seawater in summer and that the wind typically flows from
ocean to land during the summer monsoon, the simulation period covered from 1 to 31 July in 2018 with a
15‐day spin‐up period. The emission data used in this study is described in detail in section 2.2. Themeteoro-
logical field required for the CMAQ model was generated by the Weather Research and Forecasting
(WRFv3.6) model (Skamarock & Klemp, 2008) and processed by the MCIPv4.3 (Meteorology‐Chemistry
Interface Processor) (Otte & Pleim, 2010). The meteorological input data was generated from the Chinese
National Centers for Environmental Predictions Final Analysis with a spatial resolution of 1° × 1° and a tem-
poral resolution of 6 hr.Monthlymeanboundary conditionswithout andwithDMSchemistrywere generated
from the corresponding hemispheric CMAQmodel results (Sarwar et al., 2018) and were used in this study.

2.2. Emission Inventories

In this study, the anthropogenic emissions consisted of three parts: (1) Multi‐resolution Emission
Inventory for China (MEIC) (http://meicmodel.org/dataset‐meic.html), (2) MIX inventory: a mosaic

Figure 1. The spatial distribution of SO2 emission from anthropogenic emissions for July 2018. The colored geographic area was the model domain covering the
Bohai Sea, the Yellow Sea, and the East China Sea. Eight coastal cities are marked with purple circles (ZH: Zhuhai, XM: Xiamen, ZS: Zhoushan, SH:
Shanghai, NT: Nantong, QD: Qingdao, TJ: Tianjin, and QHD: Qinghuangdao). SO2 emissions (mg/month/km−2) were calculated on a monthly basis for five
sectors: Power, industry, residential, transportation in land area, and shipping emission (with the spatial resolution of 36 × 36 km).
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Asian anthropogenic emission inventory under the international collaboration framework of the Model
Inter‐Comparison Study for Asia and the Task Force on Hemispheric Transport of Air Pollution for areas
of other countries (Li et al., 2017), and (3) shipping emissions, which was also relatively important for
studying the marine biogenic gases (Fan et al., 2016). Affected by the energy conservation and emission
reduction policies, the emissions of pollutants in China in recent years have changed considerably. The
MEIC and MIX inventories used the latest available emission data, with the MEIC inventory for the year
of 2016 and the MIX inventory for the year of 2010. The shipping emissions were calculated using the
model developed by Fan et al. (2016), and the detailed principle and method have been previously
described (Feng et al., 2019). The spatial distributions of SO2 emissions generated by human activities
are shown in Figure 1. High SO2 emissions persisted in the eastern part of China, and the total anthro-
pogenic SO2 emissions in the entire domain were 1.7 × 106 tons in July, in which shipping emissions
accounted for 59, 000 tons.

2.3. Database of Observed DMS Concentrations in Seawater

In previous studies, researchers mainly obtained DMS concentrations from the Global Surface Seawater
DMS Database (http://saga.pmel.noaa.gov/dms/) (Lana et al., 2011). However, the global DMS data are rare
and relatively old (in 1993–1994) for China's coastal waters, which may be inconsistent with the current con-
ditions and could lead to unrealistic DMS estimates. To represent the contemporary conditions in China's
seawater, we use a long‐term DMS observation data set for the summer season (June, July, and August)
in 2011, 2013, 2015, 2016, and 2017 from a series of cruise survey experiments led by the China Ocean
University (Yang, Yang, et al., 2015; Yang, Zhang, et al., 2015) and calculated 5‐year mean values where
the observation data existed and performed interpolation to map DMS concentrations in Chinese seas. In
oceanic areas not covered by the cruise survey, the default values from the global DMS database are still
used. Here, the resulting database is termed as the local data set.

The spatial distribution of DMS concentrations from the global DMS database is shown in Figure 2a. The
high DMS concentration reaches up to 4 nmol/L in the Bohai Sea and the Yellow Sea. With increasing dis-
tance from the shore, the concentration of DMS gradually decreases to less than 2 nmol/L. The spatial dis-
tribution of DMS concentrations from the local database is shown in Figure 2b. The use of local DMS
observation enhances DMS concentrations in seawater in China. The concentrations of DMS in the local
database are 10–20 nmol/L higher than those in the global database in the Bohai Sea and the East China
Sea. The DMS concentrations in the local database are in good agreement with the DMS observations of
5.9–27.6 nmol/L in the Bohai Sea (Yang et al., 2014) and 1.8–12.2 nmol/L in the East China Sea (Yang
et al., 2011) during June and July. Thus, the use of DMS concentrations from the global database signifi-
cantly underestimates DMS concentration in China's seawaters, which underscores the need for a local
DMS database. Local databases in different seasons also show consistent patterns (Li et al., 2020).

Figure 2. DMS concentration in seawater from (a) the Global Surface Seawater DMS Database (http://saga.pmel.noaa.gov/dms/) and (b) the local database for the
summer season.

10.1029/2020EA001220Earth and Space Science

LI ET AL. 4 of 15

http://saga.pmel.noaa.gov/dms/
http://saga.pmel.noaa.gov/dms/


2.4. Parameterizations of Air‐Sea Gas Exchange

The ocean‐atmosphere flux of DMS (FDMS) is computed as the product of the concentration gradient
between air and water (Δc) and the total resistance to gas‐transfer (kT) at the air/sea interface
(Equation 1) (Lana et al., 2011):

FDMS ¼ kT · Δc ¼ kT · Cw − CgH
� �

≈ kT · Cw (1)

where Cw is DMS concentration in seawater, Cg is DMS concentration in air, H is Henry's law coefficient.
In general, the concentration of DMS in seawater is approximately 3 orders of magnitude higher than the
concentration of DMS in air, so the Cg/H term can just be neglected.

The total gas transfer velocity kT can be further obtained by air‐side (ka) andwater‐side (kw) transfer velocities
when the air resistance cannot be ignored especially at low temperatures and highwind speeds, of which γa is
the atmospheric gradient fraction, a measure of the fraction contribution of total concentration difference
driving air‐water gas transfer in the air (Equations 2 and 3) (Lana et al., 2011; McGillis et al., 2000):

kT ¼ kw · 1 − γað Þ (2)

γa ¼ 1= 1þ ka
Hkw

� �
(3)

The air‐side transfer velocity ka is calculated based on Kondo (1975) (Equation 4)

ka ¼ 659 · U10=√ MDMS=MH2Oð Þ (4)

where U10 is 10‐m wind speed and MDMS and MH2O are the molecular weights of DMS and water,
respectively.

It is the water‐side transfer velocity kw that is often needed to be parameterized in relation to wind speed
with different dependencies. In this study, three empirical gas exchange parameterizations are used to quan-
tify the wind speed dependence of the coefficient kw (Liss & Merlivat, 1986 (LM86); Nightingale et al., 2000
(N00); Wanninkhof, 1992 (W92)). The LM86 parameterization, originally developed for carbon dioxide
(CO2), is a piecewise linear function for three wind regimes: the smooth surface regime (U10 ≤ 3.6 m/s),
rough surface regime (3.6 <U10 ≤ 13 m/s), and breaking wave regime (U10 > 13 m/s). The kw has its calcula-
tion formula for each of these regimes:

kw ¼
0:17 × U10= ScDMS=600ð Þ2=3 U10 ≤ 3:6 m=s

2:85 × U10 − 9:65ð Þ= ScDMS=600ð Þ1=2 3:6 < U10 ≤ 13 m=s

5:9 × U10 − 49:3ð Þ= ScDMS=600ð Þ1=2 U10 > 13 m=s

8>><
>>:

(5)

where the value 600 is the Schmidt number for CO2 at 20°C. The Schmidt number of DMS (SCDMS ) is the
ratio of the diffusion coefficient of DMS to the absolute viscosity of seawater. According to Saltzman et al.
(1993), it can be constructed as a function of SST (T/°C) (Equation 6):

ScDMS ¼ 2674:0 – 147:12 × T þ 3:726 × T2
–0:038 × T3 (6)

The W92 parameterization is more suitable for kw estimates with short‐term or instantaneous wind speed
and uses the quadratic equation of wind speed (Equation 7). Considering aspects of both the LM86 and
W92 parameterizations, the N00 parameterization was also proposed intermediate between these two
schemes (Equation 8):

Kw ¼ 0:31 × U10
2=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ScDMS=600ð Þ

p
(7)

Kw ¼ 0:222 ×U10
2 þ 0:33 × U10

� �
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ScDMS=600ð Þ

p
(8)
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Model calculates DMS emissions using the monthly average DMS concentration and temporally resolved
meteorological parameters at each model time step, and these emissions are released into the first vertical
layer of the model.

2.5. Simulation Cases

Five simulations were performed as shown in the Table 1. One simulation (Case A) did not include any DMS
emissions. Four additional simulations (Cases B–E) were performed to examine the impacts of DMS emis-
sions on model results. DMS emissions in Case B were calculated using the LM86 parameterization and
the DMS concentration in seawater from the global DMS data set. In Case C, DMS emissions were calculated
using the LM86 parameterization and the DMS concentrations in seawater from our local DMS database.
Case D employed the N00 parameterization and the DMS concentrations in seawater from the local DMS
database, while Case E employed the W92 parameterization and also the local DMS database. The same
atmospheric chemistry (Sarwar et al., 2018) was used in all cases.We analyzed themodel results to determine
the best scheme suitable for simulating the impact of DMS emissions on air quality over Chinese seawater.

3. Results
3.1. Simulated Distributions of Atmospheric DMS Concentration and Emission Flux

As described in section 2.5, the LM86 (Liss & Merlivat, 1986) parameterization was used in Case B and Case
C to calculate the DMS emission flux utilizing the 10‐m wind speed and the SST from the WRF model. By
comparing the results of the two cases, the performance of the local database compared to the global data-
base can be examined.
3.1.1. Simulation Based on Global Scale DMS Database
Calculated DMS emission flux for Case B generally ranges between 1 and 5 μmol m−2 day−1, with a maxi-
mum of 6.2 μmol m−2 day−1 (Figure 3a). The emissions of DMS from the four seas of China and some por-
tion of the Philippine Sea, where the South China Sea extends to, are higher than those of the Sea of Japan.
Such higher values may correlate with the high productivity due to the high riverine loads of nutrients and
organic materials in the shelf area in summer. The results of this simulation, however, are overwhelmingly
lower than the estimates of 0.2–36.4 μmol m−2 day−1 in the North Yellow Sea (Yang et al., 2009),
0.6–34.0 μmolm−2 day−1 in the East China Sea (Li et al., 2015), and 0.2–15.1 μmolm−2 day−1 in the northern
portion of the South China Sea (Shen et al., 2016) calculated using the observed surface seawater DMS
concentrations.

The concentration of DMS in the atmosphere is presented in Figure 3b. Compared to the concentration in
seawater, the DMS concentration in the atmosphere is about 3 orders of magnitude lower, which supports
the simplifying assumption made for calculating DMS emissions flux in air quality models. The surface layer
atmospheric DMS concentration ranges between 20 and 60 pptv with a mean value of about 55 pptv over
China's coastal waters. Similar to the distribution of DMS concentration in seawater, the distribution of
atmospheric DMS concentration in the Bohai Sea, the Yellow Sea, and the East China Sea is slightly higher
than that in the surrounding waters.
3.1.2. Simulation Based on the Local DMS Database
Figures 3c and 3d show the distribution of the monthly mean DMS emission flux and concentration in the
atmosphere for Case C. The use of local DMS database results in higher emission fluxes over the Bohai Sea,
the East China Sea, and other offshore sea areas, which, in turn, increases DMS atmospheric concentrations
over these areas. As shown in the Figure 3c, the distribution of the DMS emission flux is closely related to the
DMS sea surface distribution. The DMS emission fluxes vary considerably from 2.9 × 10−8 μmol m−2 day−1

Table 1
Description of Simulations Performed in This Study

Cases With DMS chemistry Oceanic DMS concentration data Parameterization of DMS emission

Case A No — —

Case B Yes Default global data set Liss & Merlivat (1986) (LM86)
Case C Yes Localized data set Liss & Merlivat (1986) (LM86)
Case D Yes Localized data set Nightingale et al. (2000) (N00)
Case E Yes Localized data set Wanninkhof (1992) (W92)
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in the Bay of Bengal to 35.9 μmol m−2 day−1 in the East China Sea. In contrast with the global database, the
local DMS database produces higher fluxes in the shelf area, which is consistent with previous studies
(Li et al., 2015; Yang et al., 2009). In order to facilitate the comparison between the two cases, the DMS
flux estimates for the Bohai Sea, the East China Sea, and the Yellow Sea in the two cases are summarized
in Table 2. In the early work, DMS fluxes were estimated to be 5.56 μmol m−2 day−1 in summer in the con-
tinental shelf zone of the East China Sea (Uzuka et al., 1996). Recently, DMS fluxes were measured on
average 6.87 μmol m−2 day−1 in the North Yellow Sea and 7.45 μmol m−2 day−1 in the East China Sea
and Yellow Sea in summer (Yang et al., 2009, 2011). Clearly, modeled sea‐to‐air fluxes of DMS in coastal

waters is in good agreement with the high flux values that were previously
reported. However, compared with observation, the CMAQ model can
better reproduce the spatial distribution of DMS fluxes over the entire
region and lay the foundation for future research on the impact on climate
effects. Besides, the average DMS emission flux in Case C is 30% higher
than that in Case B in the entire simulated sea area and is a factor of 3
higher in the area covered by the local DMS database than the global data
set, illustrating the profound impact of the local DMS concentration data-
base on DMS flux estimates.

Figure 3. The distribution of simulated monthly mean DMS emission fluxes based on a the global DMS database (Case B) and (b) the localized DMS database
(Case C) and the (c, d) monthly mean horizontal distribution of atmospheric DMS concentration for Cases B and C and (e) vertical distribution of
atmospheric DMS concentration at a grid cell over the Bohai Sea for the two cases.

Table 2
Estimated Monthly DMS Emission Flux in Different Sea Areas
(Unit: μmol m−2 day−1)

Cases
Bohai
Sea

Yellow
Sea

East China
Sea

Total Sea
areas

Default global data set 2.1 3.2 4.5 2.9
Localized data set 9.1 8.4 13.4 3.7
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High DMS atmospheric concentrations are predicted over the coastal and shelf areas in the Bohai Sea and
the East China Sea (Figure 3d), which generally agree with the simulated high DMS flux in this region.
This suggests that variations in DMS concentrations in seawater are largely responsible for the variations
in atmospheric DMS levels during the simulation period. However, the spatial pattern of atmospheric
DMS concentration does not exactly follow that of the flux distribution. For example, the Bohai Sea has a
smaller area of high flux, but a larger area of high atmospheric DMS concentration, and the East China
Sea has exactly the opposite pattern. This is the result of atmospheric DMS concentration being also affected
by turbulent vertical exchange in themarine boundary layer and by the chemical conversion of DMS to other
sulfur species. Figure 3e shows the vertical DMS profile at a grid with the highest surface‐layer atmospheric
concentration (403 pptv) in Case C over the Bohai Sea. The atmospheric DMS concentration decreases expo-
nentially with altitude and becomes negligible at 800–1,000 m. However, we cannot verify the model predic-
tions since no high‐altitude measurements over China's seawater are currently available. The order of
magnitudes in this model study are similar to those observed by Jenny et al. (2010) in the high Arctic in sum-
mer. This emphasizes the need for aircraft‐based measurements over China's waters.

A 2018 Cruise Survey Experiment was conducted in the East China seas during 27 June to 20 July 2018 by the
Ocean University of China, in which more than 20 atmospheric DMS samples were collected and analyzed.
At each sampling location during the cruise, a clean and evacuated stainless steel Summa® Canister was
placed at 10m above the sea floor facing the windward direction on the front deck for collecting atmospheric
samples. Figure S1 shows the spatial pattern of simulated atmospheric surface layer DMS concentrations
compared to the atmospheric DMS concentration measured in the 2018 Cruise Survey Experiment.
Different concentrations are represented by different colors, of which red points indicate stations with a mix-
ing ratio of more than 210 pptv. The highest concentrations in Case C are simulated at station H2 (219 pptv)
and P1 (285 pptv), which are in good agreement with the measured high concentrations at station H2
(213 pptv) and P1 (284 pptv). In contrast, the modeled value is only 96 pptv at H2 and 60 pptv at P1 for
Case B. The observations of atmospheric DMS concentration are 32% (on average) higher than the results
for Case B but 8.6% lower than that in Case C, again verifying the large impact of local database on simula-
tion results. It should be noted that the local database does not include the DMS concentration in seawater
during the simulation period. Compared with the multiyear average of DMS seawater concentrations in this
region, the high concentration of DMS in seawater in July 2018 is consistent in the Bohai Sea and the near
shore of East China Sea, but without the effects of the averaging and interpolation, the concentration in the
Yellow Sea and farther away from the East China Sea is not so high. This produces some larger DMS predic-
tions for Case C compared to the observations. In addition, DMS fluxes are particularly sensitive to wind
speeds, and slight changes in the wind speed can affect the DMS flux and the subsequent atmospheric
DMS concentration (Tesdal et al., 2016). The simulated wind speed at station C2 (6.8 m/s), D4 (8.0 m/s),
and F2 (9.8 m/s) from theWRFmodel is higher than the observed local wind speed of 1.1, 5, 5.4 m/s, respec-
tively. This also results in higher predicted DMS mixing ratios than observed values.

3.2. Impacts of Different Parameterization Schemes

Accurate estimates of sea‐to‐air flux of DMS are essential to understand the global cycling of biogenic sulfur
and its effect on the Earth's radiation budget. Three commonly used parameterizations of LM86 (Liss &
Merlivat., 1986), N00 (Nightingale et al., 2000) and W92 (Wanninkhof, 1992) are used to calculate the
water‐side transfer velocity which can affect DMS flux estimates. We estimate a total DMS flux of
0.068 Tg S month−1 using the W92 parameterization, 0.060 Tg S month−1 using the N00 parameterization,
and 0.044 Tg S month−1 using the LM86 parameterization over the modeling domain. The LM86 parameter-
ization uses a linear function of wind speed and consequently produces the lowest estimate of DMS flux. In
contrast, the W92 parameterization uses a quadratic function of wind speed and produces the highest esti-
mate of DMS flux. The N00 parameterization uses a combination of linear and quadratic functions and pro-
duces an intermediate estimate. Tesdal et al. (2016) adopted the same three parameterizations and reported
global estimates of 18–24 Tg S year−1; the LM86 parameterization produced the lowest estimate, the N00
produced an intermediate estimate, while the W92 parameterization produced the highest estimate. Lana
et al. (2011) reported global DMS fluxes of 17.6, 28.1, and 34.4 Tg S year−1 using the LM86, N00, and W92
parameterizations, respectively. Consistent with these previous studies, our calculations also show that the
W92 parameterization produces the highest estimate, the N00 parameterization produces an intermediate
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estimate, and the LM86 parameterization the lowest estimate of DMS flux. In the Lana et al. (2011) study, the
N00 parameterization produced 60% higher estimate than the LM86 parameterization value, while the W92
parameterization produced 22% higher estimate than the N00 parameterization value. In our calculation,
the N00 parameterization produces 42% higher flux than the LM86 parameterization value and the W92
parameterization produces 15% higher flux than the N00 parameterization value. Thus, the relative
distribution of our estimates of DMS emissions over the Chinese seawater with different parameterizations
is somewhat different than the values reported by other investigators for global emission estimates due
primarily to the spatiotemporal differences between the studies. All three parameterizations show high
fluxes in East China Sea and the Bohai Sea (Figure 4).

Predicted atmospheric DMS concentrations are compared to observed data from the 2018 Cruise Survey
Experiment (Figure 5). Simulated atmospheric DMS concentrations corresponding to different sampling
times and locations are extracted from the model results and compared with the observations. Observed
concentrations range between 10 and 765 ppt. There are few studies on the atmospheric concentration of
DMS in China. Ma et al.'s (2004) research on the coastal waters of Qingdao found that the average

concentration of DMS in the summer atmosphere was 92.6 pptv.
The average concentration of DMS in the atmosphere over the North
Yellow Sea in summer was 112.2 pptv (Zhang et al., 2009). Predicted
concentrations vary with each parametrization. TheW92 parametrization
produces the highest concentrations, the LM86 parametrization produces
the lowest concentrations, and the N00 parametrization produces
intermediate levels of concentrations. We use normalized mean bias and
root‐mean‐square error to calculate the degree of deviation between the
observed data and modeling results (Eder & Yu, 2007). The atmospheric
concentration of the DMS simulated by the LM86 parameterization is
underestimated by 8.6%, while the N00 and W92 schemes overestimate
the observed data by 24.7% and 34.5%, respectively. The RMSEs range
from 170 pptv (LM86) to 186 pptv (W92). Some studies have suggested
that the N00 scheme gives more reasonable results for DMS simulations
(Boucher et al., 2003; Marandino et al., 2009). However, we find that the
LM86 scheme produces the best performance among the three
parameterizations. Such a difference occurs due to the use of the locale
database in which DMS concentrations in seawater are higher than those
in the global database.

3.3. Impacts of DMS Chemistry on Air Quality

The utilization of the LM86 scheme (Case C) generates the most optimum
results (section 3.2). Thus, we use results obtained in Case C and A (with-
out the DMS emissions) to estimate the contribution of marine DMS emis-
sions to atmospheric SO2 and SO4

2− concentrations in the atmosphere
over China's seas.

Figure 4. The distribution of DMS emission flux obtained with different parameterization schemes: (a) LM86 (Liss & Merlivat, 1986), (b) N00 (Nightingale
et al., 2000), and (c) W92 (Wanninkhof, 1992).

Figure 5. A comparison of predicted atmospheric DMS mixing ratios
(sim_default: Case B with the global DMS database; sim_LM86,
sim_N00, and sim_W92 use the local database and represents Case C with
Liss & Merlivat, 1986 parameterization, Case D with Nightingale
et al., 2000 parameterization, and Case E with Wanninkhof, 1992
parameterization, respectively) with observed data at different sampling
stations. See Figure S1 for locations of the sampling stations.
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3.3.1. DMS Contribution to SO2 and SO4
2−

The impacts of marine DMS emissions on monthly mean atmospheric SO2 and SO4
2− concentrations are

shown in Figure 6. The addition of DMS emissions increases the atmospheric SO2 concentration by
0.1–0.45 μg/m3 primarily over the oceanic areas. Such increases are particularly noticeable in the Bohai
Sea and the East China Sea. The high DMS seawater concentrations in the two regions generate elevated
DMS emissions, which ultimately lead to increased loading of SO2. The relative contribution of DMS emis-
sions to SO2 is generally less than 10% over the China Seas though the largest impact reaches nearly 20% in
coastal areas.

The simulated high atmospheric concentration of SO4
2− in Case C mainly occurs along the coastline of east-

ern China (Figure S2). The simulated concentrations of SO4
2− over the ocean range between 5 and 15 μg/m3

and are slightly higher than the measured SO4
2− concentrations of 0.9–6.6 μg/m3 in the 2018 Cruise Survey

Experiment. The addition of DMS emissions increases the atmospheric concentration of SO4
2− by

0.15–0.4 μg/m3. The highest increases occur in the area south of the Shandong Peninsula to the northern

Figure 6. Absolute and relative impacts of marine DMS emissions on monthly mean atmospheric (a, c) SO2 and (b, d) SO4
2−over Chinese seawater.
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Jiangsu coast (Figure 6b). Unlike SO2, the increase of SO4
2− concentration by DMS is not limited to the areas

with large DMS emission flux in China's coastal waters. Oceanic DMS also increases atmospheric SO4
2− by

0.1–0.3 μg/m3 over some land and open waters of eastern China. This occurs due to the shorter atmospheric
residence time of SO2 compared to the longer residence time of SO4

2−, which is mainly distributed in fine
particles (Faloona, 2009), so it can affect a larger geographical range. The combined chemistry of NO3,
OH, and halogen oxidants oxidizes DMS into SO2, which subsequently increases SO4

2−. The result is an
increase in the acidity of the aerosol, which has important atmospheric significance for the formation of sec-
ondary aerosols. In general, the marine DMS emissions increase SO2 and SO4

2− over China's waters and
some coastal land areas. However, the relative contributions are generally below 10%, which means the
influence of anthropogenic sources play a dominant role in summer.
3.3.2. DMS Potential Contribution to the Total Atmospheric Sulfur Burden Through MSA/nss‐
SO4

2

DMS emitted from the ocean is oxidized into MSA and SO4
2− in the atmosphere. SO2 generated from com-

bustion of fossil fuels is also oxidized into SO4
2−, which can reach the offshore sea area through advection

of wind. Therefore, nss‐SO4
2− (nonsea salt SO4

2−) is derived from the two pathways: DMS released bymarine
organisms and anthropogenically emitted SO2. It is believed that the only source ofMSA in the atmosphere is
DMS oxidation, and thus, MSA has been proposed as a commonly used tracer to separate SO4

2− of marine
biogenic origin from other sources. A high MSA/nss‐SO4

2− ratio suggests a relatively large marine biogenic
contribution to the total atmospheric sulfur burden. The predicted concentrations (Case C) ofMSA remain at
relatively low levels (0.056 μg/m3 on average) and reach a high value of ~0.1 μg/m3 in Bohai Bay. The spatial
distribution ofMSA concentration in the atmosphere is consistent with that of the atmospheric DMS concen-
tration (Figure S3). These results agree with previous observations, such as those by Song et al. (2016) who
measured an average MSA concentration of 0.062 μg/m3 in summer in the Bohai Sea and the Yellow Sea.
The mean concentration of nss‐SO4

2− remains at relatively high levels of 12 μg/m3 in coastal waters due to
the large impact of anthropogenic pollution. The highest values of nss‐SO4

2− exceed 60 μg/m3 in the coastal
of the Bohai Bay and East China Sea. Previous studies also reported that the maximum atmospheric
nss‐SO4

2− concentrations exceeded 40 μg/m3 at coastal Qingdao in East China Sea (Gao et al., 1996) and
22 μg/m3 near the pier in Shanghai, China (Chen et al., 2012). Although the magnitude and distribution of
MSA are consistent with previous studies, the background average value of nss‐SO4

2− is higher due to the
significant impact of anthropogenic activity in coastal areas like high shipping traffic in east China Seas
(Fan et al., 2016). Thus, the average ratio ofMSA/nss‐SO4

2− is relatively low (<2%). Figure S4 presents a time
series of the daytime (8:00–20:00) contribution of DMS to nss‐SO4

2− over a selected area of the East China Sea
with a relatively higher DMS impact. The contribution varies from day to day. However, the contribution
reaches a maximum of ~35% and exceeds 30% on several days. Although the average contribution of DMS
to nss‐SO4

2− is relatively small over the entire simulated sea area, the average daytime contribution of
DMS to nss‐SO4

2− over this area is 8.0%. Although the contributions of terrestrial pollution emissions to
the marine atmosphere are predominant, the DMS emissions in China's waters can also be a moderately
important source for nss‐SO4

2−.

3.4. Comparison of Model Results With Observed SO2 and PM2.5 in China

The performance of the model with and without the DMS chemistry is evaluated by comparing the model
predictions with monthly mean observed SO2 and fine particles (PM2.5) at eight coastal cities in China
(Figure 7). At some cities (Zhuhai and Xiamen), the model with DMS emissions does not alter SO2

predictions. However, the model with DMS emissions increases SO2 concentrations by small margins
(<0.5 μg/m3) at Zhoushan, Shanghai, Nantong, Qingdao, Tianjin, and Qinhuangdao compared to those
without the DMS emissions. For several cities in east China region (Zhoushan, Shanghai, Nantong, and
Qinhuangdao), the model without DMS emissions marginally overestimates (<1.3 μg/m3) SO2 concentra-
tions compared to the observed data likely due to the use of emissions estimates for 2016. Under the influ-
ence of sulfur emission reduction policies during 2016–2018, SO2 emissions exhibited decreasing trends in
East China, while for southern cities (Zhuhai and Xiamen) with low background SO2 emissions no decreas-
ing trend was found (Li & Bai, 2019). The model with DMS emissions marginally (<1.5 μg/m3) deteriorates
the comparison with observed SO2 concentrations at Zhoushan, Shanghai, Nantong, and Qinhuangdao but
marginally (<0.7 μg/m3) improves the comparison at Qingdao and Tianjin. Predicted PM2.5 concentrations
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without DMS emissions are generally greater (<10.6 μg/m3) than the observed PM2.5 values. The addition of
DMS emissions has negligible impact on the PM2.5 concentrations at these locations. Model predictions
cannot be compared with observed atmospheric SO4

2− concentrations as measured data are not readily
available for the study period in China.

4. Conclusions

A national scale database of DMS concentration in China seawaters is developed by combining the mea-
sured DMS concentrations in China's continental shelf waters with DMS concentrations in seawater from
the global database. The database is used to calculate DMS emission fluxes over China's seawater using three
different parametrization schemes: LM86, N00, andW92. The impacts of the resulting DMS emissions on the
offshore environment of China are examined using the CMAQ model with meteorological fields from WRF
and emissions estimates from the joint inventory of terrestrial and shipping emissions.

By comparing the measured DMS concentrations in the Yellow Sea and East China Sea, we find that the use
of DMS concentration from the global database significantly underestimates the DMS emissions, while the
local database better reproduces DMS emission fluxes over China's seawater. The LM86 parameterization
(Liss & Merlivat, 1986) produces the best performance among the three schemes in China's offshore waters.
The impacts of marine DMS emissions on regional air quality in the continental shelf of eastern China are
examined using the local DMS database and the LM86 parameterization. The model results suggest that the
marine DMS emissions increase SO2 and SO4

2− in the atmosphere of the eastern China Sea, with the
monthly mean summertime SO2 concentration increasing by 0.1–0.45 μg/m3, and the SO4

2− concentration
increasing by 0.15–0.45 μg/m3. The affected areas include not only the offshore areas where DMS emissions
are high but also some land areas and distant seas of eastern China. Overall, the contribution of DMS emis-
sions to SO2, SO4

2−, and nss‐SO4
2− is less than 10%, and anthropogenic sources play a dominate role in this

region. The study period covers only a summer month; future studies are needed to investigate the long‐term
impact of DMS emissions on air quality in China.
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Data Availability Statement

The CMAQ v5.2 and WRF v3.6 model used in this study can be downloaded at https://zenodo.org/record/
1167892 and https://www2.mmm.ucar.edu/wrf/users/download/get_source.html, respectively. The Final
Analysis (FNL) meteorological data requires authorized access at https://rda.ucar.edu/datasets/ds083.2/

Figure 7. A comparison of model predictions (Case A and Case C) with monthly mean observed surface concentrations of a SO2 b PM2.5 at eight coastal cities in
China in July 2018.
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index.html (10.5065/D6M043C6). The MEIC and MIX emission inventory data are available after login at
http://meicmodel.org/dataset‐meic.html and http://meicmodel.org/dataset‐mix.html, respectively. The
default global dataset and the newly developed local data set of DMS can be openly accessed at http://saga.
pmel.noaa.gov/dms/ andhttps://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/
P4ODKS, respectively. Observations of major pollutants in the air can be freely downloaded from http://
data.cma.cn.
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