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A B S T R A C T   

We developed a dimethylsulfide (DMS) module coupled to an ecological dynamics model studying the annual 
DMS cycle of the Yellow and East China seas (YECS). The model results showed that surface DMS concentrations 
([DMS]) peaked in August along the coast, and there exhibited several DMS peaks offshore annually. In addition, 
surface [DMS] were higher in the Yellow Sea than that in the East China Sea. The annual mean surface [DMS] of 
the YECS reached to 4.55 nmol/L, and oceanic DMS emissions from this sea area was 6.78 μmol/(m2 day). 
Several sensitivity experiments demonstrated that phytoplankton community and sea water temperature exerted 
crucial effects on seasonal variations of surface [DMS]; and phytoplankton community or temperature changed 
the timing of surface DMS peak while photolysis affected the magnitude of [DMS]. Moreover, the effect size of 
phytoplankton community or water temperature varied spatially.   

1. Introduction 

Quantitative assessments of climate response to global change 
induced by human activities, including eutrophication, acidification and 
global warming, contain many uncertainties, which can be reduced by 
an improved understanding of biogeochemical feedbacks (Kloster et al., 
2006). Marine dimethylsulfide (DMS) is an abundant biogenic volatile 
sulfur compound mainly originated from dimethylsulfoniopropionate 
(DMSP). And the transfer of oceanic DMS to the atmosphere is of 
importance for influencing aerosol formation and cloud albedo over the 
ocean (Charlson et al., 1987; Fiddes et al., 2018); and future increases of 
this flux could alleviate warming (Bopp et al., 2004; Gabric et al., 2004; 
Grandey and Wang, 2015). 

Surface DMS concentration and DMS emissions are higher in mar-
ginal seas (Kettle et al., 1999; Gypens and Borges, 2014), and changes in 
surface DMS and its flux under a climate change scenarios vary spatially 
(Bopp et al., 2004; Kloster et al., 2007). Thus, additional uncertainty 
may be introduced in assessments of DMS effects on climate if the spatio- 
temporal variations of DMS level especially in marginal seas, which are 

involved in complex environmental changes, is not well-researched. 
The area encompassing the Yellow and East China seas (YECS) is one 

of the most extensive marginal sea basins in the western Pacific Ocean. 
The YECS, which accounts for a small part of the global ocean, con-
tributes greatly to the release of DMS (Yang et al., 2014; Jian et al., 
2018; Xu et al., 2019). And a significant relationship between chloro-
phyll a (Chla) and DMS concentrations has been observed, indicating 
that phytoplankton biomass might play a crucial role in controlling 
variations in DMS (Yang et al., 2011; Gao et al., 2017; Jian et al., 2018). 
Some controlled experiments have quantified contributions of different 
processes to the DMS stock (Jian et al., 2018; Xu et al., 2019; Zhai et al., 
2019), and Xu et al. (2019) suggested that both microbial consumption 
and photooxidation determine the removal of surface DMS. 

Observational data contain large spatio-temporal discontinuities 
(Yang et al., 2011). The relationship between DMS and other factors 
(Gao et al., 2017; Jian et al., 2018; Shen et al., 2019), and the contri-
bution of each DMS sink (Xu et al., 2019), varies spatially and tempo-
rally. Therefore, we still need to deepen our understanding on seasonal 
and horizontal variations of DMS concentrations and their controlling 
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factors. In addition to in-situ observations and controlled experiments, 
numerical modeling is also a tool to understand annual cycle of DMS. 
And model studies have focused on the marine DMS cycle of some other 
marginal seas (Gabric et al., 1999; Archer et al., 2002; Gypens et al., 
2014). In this study, we developed a DMS module and coupled it to a 
three-dimensional ecological dynamics model to studying the annual 
cycle of the YECS climatologic DMS and discussing its controlling 
factors. 

2. Model description 

We developed a DMS module that included two prognostic variables, 
DMS and dissolved dimethylsulfoniopropionate (DMSPd, a precursor of 
DMS), and coupled it to the East China Sea Ecological Model (ECSE-
COM). The ECSECOM has a hydrodynamic and a biological module and 
was used to study seasonal variations in nutrients and phytoplankton 
(Zhao and Guo, 2011), nutrient transport and dynamic (Wang et al., 
2019) and role of oceanic and terrestrial nutrients in primary production 
(Zhang et al., 2019). Water temperature, currents and diffusivity co-
efficients from the hydrodynamic module, and irradiance and phyto-
plankton biomass from the biological module were used as inputs to the 
DMS module. 

2.1. Hydrodynamic and biological modules 

The hydrodynamic module is a nested model of the YECS with a high 
horizontal resolution (1/18◦) derived from the Princeton Ocean Model 
(Guo et al., 2003). The module has 21 sigma (σ) levels, and its domain 

covers the YECS with an open boundary along the southern and eastern 
boundaries (Fig. 1). The time step was 6 s for the external mode and 360 
s for the internal mode. Tidal forcing (M2, S2, K1 and O1 tides) were 
added along the lateral boundary (Wang et al., 2008). 

The biological module developed for the YECS (Zhao and Guo, 2011) 
is derived from the biological part of the Norwegian Ecological Model 
system (Skogen and Søiland, 1998). The details of this module are 
available in Zhao and Guo (2011) and Wang et al. (2019). Some 
boundary conditions for the biogeochemical variables were adjusted, 
including nutrient concentrations at the western part of the open 
southern boundary and atmospheric nitrogen deposition (Wang et al., 
2019). To decouple the nutrient cycles of nitrate and phosphate, we 
categorized the detritus into particulate organic nitrogen and particulate 
organic phosphorus. 

2.2. Dimethylsulfide module 

We added DMSPd and DMS into the DMS module. The governing 
equations of DMSPd and DMS in sea water (concentrations in nmol/L) 
are given in Eqs. (1) and (2), and the parameters (C1 to C9) used in the 
standard run are provided in Table 1: 

∂(DMSPd)
∂(t) + adv(DMSPd)

⏟̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅ ⏟
advection term

= diff (DMSPd)
⏟̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅ ⏟

diffusion term

+ C1*(C3*f(T)*PDIA + DDIA )
⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟

phytoplankton active exudation and autolysis

+ C2*(C4*f(T)*PFLA + DFLA )
⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟

phytoplankton active exudation and autolysis

− C5*f(T)*DMSPd
⏟̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
free DMSP− lyase cleavage

− C6*DMSPd
⏟̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅⏟

microbial DMSPd degradation

(1)  

∂(DMS)
∂(t) + adv(DMS)

⏟̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅⏟
advection term

= diff (DMS)
⏟̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅⏟
diffusion term

+ C5*f(T)*DMSPd
⏟̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
free DMSP− lyase cleavage

+ C7*C6*DMSPd
⏟̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅⏟

microbial DMSP cleavage

− C8*DMS
⏟̅̅̅̅̅⏞⏞̅̅̅̅̅⏟

microbial DMS degradation

− C9*Iz*DMS
⏟̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅ ⏟

photolysis

(2)  

where adv and diff are advection and diffusion terms of the two prog-
nostic variables, P (mgN/m3) and D (mgN/m3) are phytoplankton 
biomass stock and stock of dead phytoplankton, respectively, and the 
subscripts DIA and FLA represent diatoms and flagellates. 

We did not consider the DMS flux at the bottom boundary because of 
the lack of in-situ data. And the sea-to-air DMS flux was specified as the 
surface boundary condition (Eq. (3)): 

KH

H

(
∂(DMS)

∂σ

)

= − kflux*(DMSsea − DMSair) (3)  

where KH (m2/s) is the vertical diffusion coefficient, H (m) is the water 

Fig. 1. Model domain and bathymetry. Red dots denote rivers along the 
coastline. Black contours with number denote 50, 100 and 200 m isobaths. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Table 1 
Parameters used in the dimethylsulfide (DMS) module for the standard run.  

Parameter description Symbol Value Unit 

Intercellular S(DMSPp): N in a cell of DIA C1  0.30 mg S/mg N 
Intercellular S(DMSPp): N in a cell of FLA C2  0.80 mg S/mg N 
Active exudation rate constant at 0 degree 

Celsius for DIA 
C3  0.034 1/day 

Active exudation rate constant at 0 degree 
Celsius for FLA C4  0.046 1/day 

Free DMSP-lyase cleavage rate constant at 
0 degree Celsius C5  0.18 1/day 

Microbial DMSPd degradation rate constant C6  4.00 1/day 
Proportion of consumed DMSPd cleaved to 

DMS by microbe 
C7  0.45 / 

Microbial DMS degradation rate constant C8  3.00 1/day 
DMS photochemical oxidation rate per unit of 

radiation C9  0.0033 
1/(day⋅W/ 
m2) 

DMSPp = particulate dimethylsulfoniopropionate; DIA = diatoms; FLA = fla-
gellates; DMSPd = dissolved dimethylsulfoniopropionate. 
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depth plus sea surface elevation known as total water depth, and kflux 
(m/s) represents sea-to-air DMS exchange rate. DMS in the air (DMSair) 
was assumed to be 0 nmol/L throughout this study given the results from 
Zhu et al. (2019). 

2.2.1. Sources and sinks of dissolved dimethylsulfoniopropionate 
In this module, biological sources of DMSPd included phytoplankton 

active exudation and autolysis while sinks included free DMSP–lyase 
cleavage and microbial degradation (Eq. (1)). Phytoplankton active 
exudation is a pathway where particulate dimethylsulfoniopropionate 
(DMSPp) in cells can be released into the DMSPd phase. The ratio of 
intercellular DMSP sulfur to nitrogen (S:N) in a DIA or FLA cell were 
referred to as C1 and C2; C3 (or C4) is the exudation rate constant of DIA 
(or FLA) at 0 degree Celsius, and f(T) is a temperature dependent coef-
ficient suggested by Geider et al. (1998), details of this coefficient was 
provided in Eq. (4). The intercellular S:N of a DIA (C1) is 0.06 ± 0.17 mg 
S/mg N (Keller et al., 1989), and the intercellular S:N of a FLA (C2) is 
0.33 ± 0.48 mg S/mg N (Stefels et al., 2007). For the standard run, C1 
and C2 were set to 0.30 and 0.80 mg S/mg N after adjustments which is 
mainly based on the performance of surface DMS concentrations 
(Table 1), and following Archer et al. (2002), we set C3 and C4 to 0.034 
and 0.046/day (Table 1). Autolysis represents DMSPp released by 
phytoplankton at death. As for free DMSP-lyase cleavage, Archer et al. 
(2002) showed that setting for free DMSP–lyase cleavage rate constant 
was 0.125/day. However, in this manuscript, free DMSP–lyase cleavage 
shown in Eq. (1) included the cleavage of DMSPd not only by free en-
zymes or free-living bacteria, but also by phytoplankton intercellular 
DMSP-lyase, and this cleavage rate constant at 0 degree Celsius (C5) was 
set to 0.18/day (Table 1). DMSPd can be consumed by microbial com-
munities. Previous studies showed that microbial DMSPd degradation 
rate constant (C6) of the YECS is 0.91 to 14.10/day (Jian et al., 2018; Xu 
et al., 2019; Zhai et al., 2019), and it was set to 4.00/day (Table 1). 

f(T) = e0.063*T ,T ≤ 30◦C
f(T) = e0.063*30, T > 30◦C

(4)  

2.2.2. Sources and sinks of dimethylsulfide 
Sources of marine DMS include free DMSP-lyase cleavage and mi-

crobial DMSP–lyase cleavage, and sinks for DMS include microbial DMS 
degradation, photolysis and air–sea exchange. Microbial DMSP–lyase 
cleavage is a pathway where DMSPd is consumed by microbes (Stefels 
et al., 2007). The proportion of consumed DMSPd cleaved to DMS (C7) 
was assumed to 0.45 (Table 1) based on previous studies that suggested 
C7 may range from 0.09 to 0.71 with an average of 0.40 of the YECS 
(Jian et al., 2018; Xu et al., 2019; Zhai et al., 2019). Microbial degra-
dation is usually the main sink of marine DMS (Stefels et al., 2007). And 
its degradation rate constant (C8) is in the range of 0.14 to 7.53/day in 
the YECS (Jian et al., 2018; Xu et al., 2019; Zhai et al., 2019), and was set 
to 3.00/day (Table 1). In this module, the photolysis rate was assumed to 
be a linear function of incident solar radiation (IZ, W/m2). Some studies 
showed that it ranges from 0.51 to 3.85/day in the YECS (Jian et al., 
2018; Xu et al., 2019), we trebled the photolysis rate per unit of irra-
diance (C9) gained from Kloster et al. (2006). And kflux (cm/h) was 
calculated according to Eq. (5) (Nightingale et al., 2000): 

kflux =
(
0.222*U10

2 + 0.333*U10
)
*
(

Sc(T)
600

)− 0.5

(5)  

where U10 (m/s) is wind speed at 10 m above sea surface derived from 
ERA-Interim database (https://www.ecmwf.int/en/forecasts/datase 
ts/reanalysis-datasets/era-interim). Sc, the Schmidt number of DMS, is 
a temperature dependent variable (Saltzman et al., 1993). 

2.3. Model setup 

The concentrations of DMSPd and DMS in river water are relatively 

low. Therefore, our DMS module did not include riverine inputs of 
DMSPd or DMS. Lana et al. (2011) provided a global distribution of 
surface DMS level, which showed that the concentration is 1–2 nmol/L 
off south of Taiwan and to the east of the Ryukyu Islands. In this study, 
the DMS and the DMSPd levels along the southern and southeastern 
open boundaries were set to 1 nmol/L (above 200 m) and 0 nmol/L 
(under 200 m). YECS DMS concentrations reached stable seasonal values 
after a spin-up of 3 year, and the model outputs from the fourth year 
were used for examining the annual cycle of climatologic marine DMS. 

Phytoplankton biomass, community and temperature all have an 
important impact on the marine DMS cycle (Stefels et al., 2007; Yang 
et al., 2014; Jian et al., 2018; Speeckaert et al., 2018). Hence, several 
sensitivity experiments were designed to investigate the direct influence 
of these biogeochemical variables on the seasonality of surface DMS 
concentrations (Table 2). Run 1 is the standard run including all direct 
effects. Run 2 does not include the direct effect of phytoplankton com-
munity (i.e., two phytoplankton function types (DIA and FLA) have the 
same intercellular S:N and active exudation rate). To obtain realistic 
DMS concentrations, we set C1 and C2 (C3 and C4) to 0.50 mg S/mg N 
(0.034/day) for the Run 2. In Run 3, we eliminated the impact of water 
temperature on phytoplankton active exudation and free DMSP-lyase 
cleavage after setting f(T) to 1, moreover, we trebled the C3, C4 and 
C5 for obtaining a realistic result. Run 4 closed the photolysis term (seen 
in Eq. (2)), focusing on the direct effect of radiation on the seasonal DMS 
concentration variations. 

2.4. Description of in-situ data 

We compiled an observational dataset containing in-situ data ac-
quired during 48 survey flights over the YECS between 2005 and 2017 
from literatures. In total, surface data were collected from 1885 stations. 
Large spatio-temporal discontinuities are present in this dataset; for 
example, more data were collected in July and November (Fig. S1a). To 
better optimize the model performance, a gridded climatology concen-
tration field of monthly DMS, DMSPd and Chla data (hereafter referred 
to as YECS_DMS, YECS_DMSPd and YECS_CHL) were constructed based 
on in-situ dataset (the details of in-situ dataset and gridded climatology 
are available in the Supplementary Material). Fig. S1b shows monthly 
climatology grids; lower grid numbers were noted in August and 
September, which was taken into account when we verified the seasonal 
cycle. 

3. Results 

3.1. Model evaluation 

3.1.1. Validation of surface dimethylsulfide concentrations 
The horizontal distribution of annual mean surface (at a depth of 2 

m) DMS concentrations ([DMS]) from the standard run is shown in 
Fig. 2a with observational data from the YECS_DMS dataset plotted as 
small dots arrayed on top of the model result. The small dots indicated 

Table 2 
Settings for the sensitivity experiments used to study the direct impact of 
phytoplankton community, temperature and radiation on dimethylsulfide cycle.  

Run C1–C4 affected by 
PFT 

Stress active exudation and free DMSP 
cleavage 

Photolysis 

Run 
1 

Yes Yes Yes 

Run 
2 

No Yes Yes 

Run 
3 

Yes No Yes 

Run 
4 

Yes Yes No 

PFT = phytoplankton function type; DMSP = dimethylsulfoniopropionate. 
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higher annual mean surface [DMS] (>5 nmol/L) in the Yalu Estuary, off 
the coast of northern Shandong Peninsula, Haizhou Bay, east of the 
Changjiang Estuary, off the coast of Zhejiang and Fujian provinces; 
surface [DMS] was higher in the coast, and [DMS] was greater in the 
Yellow Sea (YS) than that in the East China Sea (ECS; Fig. 2a). The 
distribution of surface DMS level from the model output was consistent 
with that of the observational data (Fig. 2a). The model output also 
captured the characteristics of seasonal variation of surface DMS level. 
Both higher simulated or observed [DMS] occurred between April and 
July; and [DMS] was higher in autumn as compared to that in winter 
(Fig. 2b and c). The discrepancy was that we overestimated surface 
[DMS] of the YS, underestimated [DMS] of the ECS (Fig. 2a); and the 
model also underestimated it in winter (Fig. 2b and c). 

The Cost Function (CF; Eq. (6)) is an evaluating indicator of the 
goodness of fit, defined as the ratio of mean absolute error (MAE) to the 
standard deviation of the observational data (Allen et al., 2007; Dab-
rowski et al., 2014): 

CF =

∑
|CS − CM |

n*σM
(6)  

where CS is model result, CM is observational data, n is data number and 
σM is the standard deviation of all observational data. A score of CF < 1 
indicates excellent/very good performance; a score of CF = 1–2 in-
dicates good performance; a score of CF = 2–3 indicates reasonable 
performance; a score of CF > 3 indicates poor/bad performance (Dab-
rowski et al., 2014). 

As far as the performance assessment in modeling DMS based on the 
CF value is concerned, the MAE was within one σM (CF = 0.98) meaning 
that our model output performance was excellent/very good in the 
YECS. The annual mean surface [DMS] calculated from the YECS_DMS 
was 3.74 nmol/L, and the model output of the same sea areas reached to 
4.18 nmol/L, overestimated by 12% or so. And the annual mean simu-
lated surface DMSPd concentration ([DMSPd]) was also higher than the 
value derived from the YECS_DMSPd. In general, our model reproduced 
the spatial and seasonal variations in surface [DMS] of the YECS. 

3.1.2. Validation of surface total chlorophyll a concentrations and 
phytoplankton community structure 

Phytoplankton biomass is an core indicator of marine DMS in the 
YECS (Yang et al., 2014; Jian et al., 2018). The model performance in 

simulating surface DIA Chla concentrations ([Chla]) plus FLA [Chla] 
known as total [Chla] is shown in Fig. 3. The data from the YECS_CHL 
dataset (small dots) indicated higher annual mean surface [Chla] (>1 
μg/L) in the Yalu Estuary and adjacent areas, off the coast of northern 
Shandong Peninsula, Haizhou Bay, Subei Shoal and the ECS inner shelf; 
the model output was able to capture these leading features (Fig. 3). And 
the annual mean surface [Chla] calculated from the YECS_CHL was 0.83 
μg/L, and the model output (1.17 μg/L) was relatively higher for the 
same area; moreover, and it was 1.19 μg/L in the YECS (<200 m water 
depth), which was close to the locally modified satellite Chla concen-
trations (1.12 μg/L) provided by Hao et al. (2019). The discrepancy was 
that the ECSECOM output overestimated annual mean total [Chla] in the 
YS especially the western 34.5◦N transect, resulting in the 

Fig. 2. Validation of surface dimethylsulfide (DMS). 
(a) Comparison of annual mean DMS concentrations 
(nmol/L) for the standard run (contour plot) to the 
results from the YECS_DMS (colored dots). Black 
contours denote 50 and 200 m isobaths. Boxplot of 
DMS concentrations (nmol/L) for the (b) gridded 
model output and (c) YECS_DMS. The red lines within 
each box are the median, the boxes define the hinge 
(25%–75% quartile), the horizontal lines outside 
each box are 1.5 times the hinge, and black solid lines 
provide seasonal variations in the arithmetical mean. 
The Cost Function (CF) is reported in the literature 
(Allen et al., 2007; Dabrowski et al., 2014) and its 
expression is given in Eq. (6). (For interpretation of 
the references to colour in this figure legend, the 
reader is referred to the web version of this article.)   

Fig. 3. Comparison of annual mean surface concentrations of total chlorophyll 
a (Chla; μg/L) for the standard run (contour plot) to the results from the 
YECS_CHL (scatter diagram). Black contours denote 50 and 200 m isobaths. 
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overestimation of [DMSPd], [DMS]; and model output underestimated 
total [Chla] in the ECS as a whole. 

The structure of the phytoplankton community can affect annual 
patterns of marine [DMS] (Vogt et al., 2010; Speeckaert et al., 2018). So, 
we also evaluated phytoplankton community here. In nearshore YECS 
regions (<50 m water depth), annual mean proportion of the DIA [Chla] 
of which the nearest corresponding satellite-derived data was [Chla] of 
microphytoplankton, contributed the most to the annual average of total 
[Chla] (Fig. 4a), whereas FLA [Chla] of which the nearest corresponding 
satellite-derived data was the summation of nanophytoplankton [Chla] 
and picophytoplankton [Chla], explained the highest proportion in 
offshore regions (>50 m water depth; Fig. 4b). This was in better 
agreement with the results of satellite-derived dataset gained from lit-
eratures (Sun et al., 2019a; Sun et al., 2019b). 

3.2. Annual cycle of surface dimethylsulfide concentrations 

The annual mean surface [DMS] arrived at 4.55 nmol/L in the YECS 
(<200 m water depth; Table 3). And monthly surface [DMS] varied 
considerably spatially; it decreased from inshore to offshore over the 
most of the year (Fig. 5). So, a quantitative analysis of the annual cycle of 
surface [DMS] was conducted for four regions. The YS was divided into 
two regions, coast zone (<50 m water depth) and central zone (≥50 m), 
the ECS was also divided into two areas: the inner shelf (<50 m) and the 
middle and outer shelf (50–200 m). 

Along the YS coast, surface [DMS] as well as surface [DMSPd], were 
maintained at a peak level between May and September, while total 
surface [Chla] reached a maximum in May and obviously decreased 
during May and September (Fig. 6a). This seasonal mismatch between 
[DMS] and total [Chla] were found e.g., off the coast of southern 
Shandong Peninsula and the west coast of Korea during later spring and 
summer (Figs. 5 and 7). As for the central YS, the seasonal variations of 
surface [DMS] was totally in agreement with that of [DMSPd] or total 
[Chla]; [DMS], [DMSPd] and total [Chla] all peaked in spring and 
autumn, and the value of the spring peak was greater than the autumn 
DMS peak (Fig. 6b). Moreover, [DMS] varied considerably in the YS 
spatially especially the central South Yellow Sea (SYS; Fig. 5). Surface 
[DMS] rose rapidly from March with higher [DMS] (>8 nmol/L) 
occurring in the western part of the central SYS. Then, a dual-core 

structure (>10 nmol/L) developed; and the average [DMS] of the 
southern core was greater. And surface [DMS] decreased in May overall, 
however, [DMS] in the southeastern of central SYS increased. In June, 
dual-core structure disappeared entirely. Following the autumn bloom, 
surface [DMS] rose considerably in the eastern and southwestern park of 
the central SYS, and a different dual-core structure (>10 nmol/L) 
developed after September where average [DMS] in the east was greater 
as compared with that in the west. And these spatial and temporal 
variations were basically consistent with surface total [Chla] (Figs. 5 and 
7). 

Along the inner ECS shelf, both the surface [DMS] and [DMSPd] rose 
from early spring and reached a maximum during August, while the 
prominent peak of total surface [Chla] occurred in late spring (Fig. 6c). 
And the seasonal mismatch between surface [DMS] and total [Chla] was 
mainly found off the coast of Zhejiang Province during summer (Figs. 5 
and 7). In the middle and outer ECS shelf, higher surface [DMS] and 
[DMSPd] occurred in April or summer with [DMS] that exceeded 10 
nmol/L mainly occurring in the region east of the Zhoushan Islands 
(Table 3; Fig. 5 and 6d); however, there was totally no peak of total 
[Chla] in summer (Fig. 6d). During September and October, surface 
[DMS] maintained at a higher level (Fig. 6d), and [DMS] that went 
beyond 10 nmol/L were mainly found in east and southeast of the 
Zhoushan Islands during September, and southwest of Jeju Island and 

Fig. 4. The distribution of (a) the ratio of diatoms (DIA)-derived chlorophyll a (Chla) to total Chla and (b) the ratio of flagellates (FLA)-derived Chla to total Chla. 
Black contours denote 50 and 200 m isobaths. 

Table 3 
Surface dimethylsulfide concentrations (nmol/L) in selected areas.  

Regions Annual 
mean 

Spring 
(Mar. to 
May) 

Summer 
(Jun. to 
Aug.) 

Autumn 
(Sep. to 
Nov.) 

Winter 
(Dec. to 
Feb.) 

YECS (<200 m 
water depth)  

4.55  4.91  7.19  5.48  0.63 

YS  6.45  6.85  9.60  8.37  0.96 
YS coast  8.11  7.45  14.26  9.75  1.00 
central YS  4.30  6.08  3.59  6.60  0.91 
ECS  2.98  3.30  5.19  3.07  0.36 
inner ECS shelf  3.98  3.87  7.35  3.89  0.82 
middle and 

outer ECS 
shelf  

2.57  3.07  4.30  2.74  0.17 

YECS = the Yellow and East China seas; YS = Yellow Sea; ECS = East China Sea. 
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east of the Zhoushan Islands during October (Fig. 5). Surface [DMS] was 
lower in the middle and outer ECS shelf than that along the inner shelf, 
and the ECS [DMS] were lower compared to those in the YS (Table 3). In 
total, the seasonal variations of surface [DMS] were generally consistent 
with that of surface total [Chla], but there were mismatches between 
them. 

4. Discussions 

4.1. Controlling factors of the annual dimethylsulfide cycle 

Surface [Chla] of FLA may be an important variable to explain the 
mismatch between concentrations of total Chla and DMS (Fig. 6). For 
example, surface [DMS] as well as FLA [Chla], were maintained at a 
peak value along the YS coast during late summer and early autumn, 
while total [Chla] reduced between May and September (Fig. 6a). These 
results indicated that both total [Chla] and phytoplankton community 
structure may determine the seasonal cycle of surface [DMS] in the 
YECS. 

Runs 1 and 2 were designed to determine how phytoplankton 

community affected surface [DMS]. Obviously, it can change the timing 
of a prominent peak; the output from Run 2 showed that the maximum 
monthly surface [DMS] occurred in May other than in August along the 
YS coast, and along the ECS coast, it peaked in July other than in August 
(Fig. 8a and c). However, the change of peak occurrence was not found 
in the central YS (Fig. 8b) suggesting that the effect size of phyto-
plankton community varied spatially. Fig. 9a showed the horizontal 
distribution of correlation coefficient (r) between monthly surface 
[DMS] from Runs 1 and 2. Lower r values (<0.90) were mainly found in 
the eastern North YS (NYS), the northern SYS, off the coast of southern 
Shandong Peninsula, northeast of the Zhoushan Islands, and along the 
Zhejiang coast, suggesting that the phytoplankton community played a 
crucial role on surface DMS seasonality in these sea areas. 

Eliminating the influence of temperature on phytoplankton active 
exudation and free DMSP-lyase cleavage also changed the timing of 
prominent peak along the coast, furthermore, in the middle and outer 
shelf of ECS, surface [DMS] peaked in April and decreased during late 
spring and summer in Run 3 (Fig. 8). And Fig. 9b shows that lower r 
(<0.90) between monthly surface [DMS] from Runs 1 and 3 were mainly 
found in the northern NYS and the middle and outer ECS shelf. Hence, 

Fig. 5. The distribution of surface dimethylsulfide (DMS) concentrations (nmol/L). Black contours denote 50 and 200 m isobaths.  

Fig. 6. Surface total chlorophyll a (Chla) concentra-
tions (μg/L; green solid line), Chla concentrations of 
flagellates (FLA, μg/L; green dotted line), Chla con-
centrations of diatoms (DIA, μg/L; green dash dot 
line), dimethylsulfide (DMS) concentrations (nmol/L; 
blue solid line) and dissolved dimethylsulfoniopro-
pionate (DMSPd) concentrations (nmol/L; blue 
dotted line) for the (a) Yellow Sea (YS) coast (<50 m 
water depth), (b) central YS (≥50 m), (c) East China 
Sea (ECS) inner shelf (<50 m), and (d) middle and 
outer shelf of the ECS (50–200 m). (For interpretation 
of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)   
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temperature played an important role on surface DMS seasonality in the 
middle and outer ECS shelf. 

If we removed the photolysis term, approximately 11% of the surface 
[DMS] was added in the YECS, and the seasonal variations in surface 
[DMS] from Run 4 were in agreement with Run 1 in every selected re-
gion (Fig. 8). In addition, lower r values (<0.90) between [DMS] from 
Runs 1 and 4 were only found in waters east of Taiwan (not shown). 
However, the [DMS] elevated with a wider margin in the offshore re-
gions compared with that in the nearshore regions. Because more light is 
absorbed by particles in nearshore waters, and Iz is relatively lower. 

These results revealed that both the phytoplankton community and 
sea water temperature exerted crucial effects on seasonal variations of 
surface [DMS] in the YECS, but that these impacts notably varied over 
space. 

4.2. Annual mean surface dimethylsulfide concentrations 

The annual mean surface [DMS] in the YECS was higher than those in 

some other productive marginal seas which are widely studied (e.g., NW 
and NE Atlantic Shelves, Eastern Canary Coastal Current, NW Arabian 
Sea upwelling zone, North Pacific epicontinental seas), similar to the 
annual mean of the Humboldt Coastal Current and lower than some 
other water masses (e.g., Alaska Coastal Current, West India Coastal 
Currents; Fig. 2 exhibited by Lana et al. (2011)). In addition, the annual 
mean surface [DMS] or the oceanic DMS source to the atmosphere (6.78 
μmol/(m2 day)) of the YECS from our model output was about 1.94 or 
1.42 times, respectively, to the global annual mean concentrations 
provided by Lana et al. (2011) or the annual mean sea-to-air DMS flux 
given by a recent research (Wang et al., 2020), indicating that the YECS 
DMS emissions was not negligible. 

5. Conclusions 

We developed a three-dimensional hydrodynamic module coupled 
with DMS biophysical and geochemical processes for studying annual 
DMS cycle of the YECS and discussing its controlling factors. This model 

Fig. 7. The distribution of surface total chlorophyll a (Chla) concentrations (μg/L). Black contours denote 50 and 200 m isobaths.  

Fig. 8. Monthly surface dimethylsulfide (DMS) concentrations from Runs 1 (black line), 2 (green line), 3 (blue line) and 4 (red line) for the (a) Yellow Sea (YS) coast 
(<50 m water depth), (b) central YS (≥50 m), (c) East China Sea (ECS) inner shelf (<50 m), (d) middle and outer ECS shelf (50–200 m). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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reproduced spatial and seasonal variations in surface concentrations of 
climatologic DMS. Our main results from standard run and sensitivity 
experiments were as follows:  

1. Surface [DMS] varied temporally and spatially in the YECS. The 
[DMS] peaked in summer along the coast, while there were several 
DMS peaks in the central YS and the middle and outer ECS shelf. In 
each season, surface [DMS] was higher in the nearshore regions than 
that in the offshore regions, and it was higher in the YS compared to 
that in the ECS.  

2. The annual mean surface [DMS] reached to 4.55 nmol/L in the YECS, 
and the annual emissions of marine DMS from this area to the at-
mosphere arrived at 0.0705 Tg(S)/yr, accounting for 0.35% of the 
global oceanic DMS emissions despite this area accounting for only 
0.25% of the global ocean area.  

3. Seasonality of surface [DMS] was driven by phytoplankton biomass, 
phytoplankton community and sea water temperature; the peak 
month of [DMS] was affected by phytoplankton community or 
temperature, while photolysis mainly changed the magnitude of 
surface [DMS]. Moreover, effect size of phytoplankton community or 
temperature varied spatially. 

Unsynchronized changes in nutrient levels found in Chinese coastal 
waters may lead to a series of ecological effects (Xin et al., 2019; Wang 
et al., 2021a; Wang et al., 2021b). In the future, we need to focus on the 
response of surface [DMS] to the altered nutrient level in the YECS. 
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