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A B S T R A C T

Nutrient exchange with the East China Sea plays an important role in primary production in the Yellow Sea.
Owing to lack of simultaneous observations, the spatiotemporal nutrient exchanges across the boundary between
the Yellow Sea and East China Sea (Section YE) remain unclear. In this study, a three-dimensional physical-
biogeochemical coupled model was used to determine the flux of dissolved inorganic nitrogen (DIN) across
Section YE. The results showed that DIN was transported from the East China Sea to the Yellow Sea throughout
the year and was highest in summer, accounting for 38 % of the total annual amount. Seasonal variations in the
DIN flux were attributed to seasonal variations in the ocean currents across Section YE. In the Yellow Sea, the
annual amount of DIN from lateral boundaries was larger than the river input and was comparable to the at-
mospheric deposition.

1. Introduction

The nutrient in the coastal seas can be supplied by exchanging with
adjacent seas through lateral boundaries (Gómez, 2003; Onitsuka et al.,
2007; Grilli et al., 2013; Ding et al., 2019; Lu et al., 2020). Globally,
continental shelves receive approximately 450–600 Tg N yr− 1 via ex-
change with open oceans, which is 10 times that from rivers and
approximately 40 times that from atmospheric deposition (Voss et al.,
2013). The Tsushima Strait is a lateral boundary of the Sea of Japan, and
nutrient input through the Tsushima Strait supports >70 % of the pri-
mary production in its coastal areas (Shibano et al., 2019). The Kii
Channel as an eastern boundary of the Seto Inland Sea connects it to the
Pacific Ocean, and dissolved inorganic nitrogen (DIN) input into the
Seto Inland Sea through the Kii Channel accounts for 15 % of the DIN at
the eastern Seto Inland Sea (Kobayashi and Fujiwara, 2008).
The Yellow Sea (Fig. 1), a semi-enclosed sea between the mainland

China and the Korean Peninsula, is one of the Large Marine Ecosystems
in the world and an important fishery (Tang et al., 2016). The

construction of marine ranches has been widely promoted in coastal
areas (Li et al., 2019), and new types of salmonid fish farming have been
established in the central Yellow Sea Cold Water Mass (Dong, 2019).
However, various marine ecological problems have arisen, including red
tides (Tang et al., 2010), green tides (Li et al., 2015; Shi et al., 2015;
Wang et al., 2018), jellyfish outbreaks (Sun, 2012) and hypoxia (Shi,
2020; Zhai et al., 2021). The health and function of the Yellow Sea
ecosystem depend on nutrient cycling, which is closely related to
nutrient transport through lateral boundaries. The Yellow Sea has three
lateral boundaries: the Bohai Strait, the Cheju Strait, and the boundary
between the Yellow Sea and the East China Sea (Section YE) (Fig. 1a).
Spatial and seasonal variations in the material exchange across the
Bohai Strait and Cheju Strait have been quantified using both observa-
tions and models (Chang et al., 2000; Lie et al., 2000; Qi et al., 2016; Liu
et al., 2021a; Shin et al., 2022).
The hydrodynamic processes in the seas adjacent to Section YE are

complex (Fig. 1b), resulting in variations in water and nutrient ex-
change. The northward intrusion of the Yellow SeaWarm Current across

* Corresponding author at: Key Laboratory of Marine Environment and Ecology, College of Environmental Science and Engineering, Ocean University of China,
Ministry of Education, Qingdao 266100, China.

E-mail address: shijie@ouc.edu.cn (J. Shi).
1 These authors contributed equally to this work.

Contents lists available at ScienceDirect

Marine Pollution Bulletin

journal homepage: www.elsevier.com/locate/marpolbul

https://doi.org/10.1016/j.marpolbul.2024.116992
Received 29 January 2024; Received in revised form 16 August 2024; Accepted 12 September 2024

Marine Pollution Bulletin 208 (2024) 116992 

Available online 22 September 2024 
0025-326X/© 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

mailto:shijie@ouc.edu.cn
www.sciencedirect.com/science/journal/0025326X
https://www.elsevier.com/locate/marpolbul
https://doi.org/10.1016/j.marpolbul.2024.116992
https://doi.org/10.1016/j.marpolbul.2024.116992
https://doi.org/10.1016/j.marpolbul.2024.116992


the Section YE brings nutrient-rich water to the Yellow Sea. The con-
centrations of the DIN in the Yellow Sea Warm Current were 1.6–1.8
times higher than those in the non-Yellow Sea Warm Current area (Jin
et al., 2013), and the concentrations sustained enhancement (Fu et al.,
2009; Jin et al., 2013; Guo et al., 2020b). The region influenced by the
Yellow Sea Warm Current is closely related to the region with a high
incidence of phytoplankton blooms (Xuan et al., 2011). Moreover, the
strong vertical mixing of the winter monsoon replenished the nutrients
carried by the deep Yellow Sea Warm Current to the surface water,
providing nutrients for subsequent spring blooms in the Yellow Sea (Jin
et al., 2013). As the largest river in China, the Changjiang River enters
the East China Sea and expands northeastward into the Yellow Sea under
the influence of southerly winds in the summer, bringing large amounts
of nutrients to the Yellow Sea (Hou et al., 2021; Liu et al., 2021b). The
annual average discharge of the Changjiang River is 9× 1011 m3, 14.1 %
of which enters Yellow Sea through the western side of the Section YE
(Liu et al., 2003).
Owing to the large geographical span of Section YE, it is difficult to

obtain simultaneous observations of current velocities and nutrient
concentrations at high spatiotemporal resolutions. Previous studies
estimated the annual amount of water exchange across Section YE to be
0.21 Sv (1 Sv = 106 m3/s) (Liu et al., 2003) and 0.56 Sv (Teague et al.,
2003), using box models. Qi et al. (2016) calculated seasonal variations
in water exchange across Section YE using a Regional Ocean Modeling
System. However, the spatial distribution of the water exchange along
Section YE remains unclear. Nutrient fluxes can be estimated based on
water transport and nutrient concentrations. Liu et al. (2003) and Zhao
et al. (2016) calculated the annual average of nitrate fluxes to be 0.65 ×
106 and 0.41 × 106 mmol/s, respectively. The annual DIN fluxes were
also estimated to be 0.98 × 106 mmol/s based on a numerical model
(Jiang et al., 2020). However, the characteristics of the seasonal varia-
tions and spatial distributions of nutrient fluxes across Section YE need
to be further investigated, and the influencing factors need to be
discussed.

In this study, a three-dimensional physical-biogeochemical coupled
model was used to simulate seasonal variations in the hydrodynamic
and ecological fields of the East China Seas, and the model results were
validated by observations. Given that DIN is a representative nutrient,
the spatiotemporal variations in water and DIN fluxes across Section YE
were calculated. The main influencing factors were analyzed by
decomposing the variances. Finally, the contribution of DIN transported
into the Yellow Sea through Section YE to the DIN budget is discussed.

2. Methods

2.1. Model description

The three-dimensional model used in this study consisted of both
physical and biogeochemical modules (Zhao and Guo, 2011). The
physical module is based on the Princeton Ocean Model (POM)
(Blumberg and Mellor, 1987; Mellor, 2003), and the biogeochemical
module is based on the biological part of NORWECOM (Skogen and
Søiland, 1998). The physical module provided the water temperature,
current velocity and turbulent viscosity coefficient for the biogeo-
chemical components. The biogeochemical module included three types
of nutrients (DIN, dissolved inorganic phosphorus, and silicate), two
groups of phytoplankton (diatoms and flagellates), and two types of
detritus. Previous studies have provided detailed information on phys-
ical and biogeochemical modules (Guo et al., 2006; Zhao and Guo, 2011;
Wang et al., 2019).
As shown in Fig. 1, the model domain was 117.5◦ E–131.5◦ E, 24◦

N–41◦ N, covering the Bohai Sea, Yellow Sea, East China Sea, and part of
the Sea of Japan. The model had a horizontal resolution of 1/18◦ (~6
km) and was divided vertically into 21 sigma layers. In this study,
Section YE was defined as the section connecting the Changjiang Estuary
(Station A: 121.82◦ E, 31.91◦ N) to the southwest of Cheju Island (Sta-
tion B: 126.15◦ E, 33.31◦ N) (line AB in Fig. 1a).

Fig. 1. (a) Map of the model domain and (b) schematic diagrams of ocean currents in southern Yellow Sea and northern East China Sea. Rivers in (a) are denoted by
blue circles along the coastline. Scatters in (a) denote nutrient sampling sites in the summer and winter; red circles are the sites from Wei et al. (2016), and red
squares are the sites from the National Institute of Fisheries Science (NIFS). The black lines in (a) represent sectional locations of Bohai Strait, Section YE, Cheju
Strait, Tsushima Strait, and Taiwan Strait, respectively. The blue, red and green arrows in (b) represent the ocean currents in winter, summer, and all seasons,
respectively. YSWC, KCC, YSCC, CDW, CWC, EKB, TWC indicate Yellow Sea Warm Current, Korean Coastal Current, Yellow Sea Coastal Current, Changjiang Diluted
Water, Cheju Warm Current, Eastern Kuroshio Branch, and Taiwan Warm Current, respectively. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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2.2. Model configurations

The model reproduced climatological seasonal variations in the
physical and biogeochemical variables of the East China Seas (Guo et al.,
2006; Zhu et al., 2018; Wang et al., 2019; Luo et al., 2023). In this study,
the initial conditions of the physical variables were derived from the
stable climatological results of this model in winter (January 1) (Wang
et al., 2019). The initial conditions of the three types of nutrients con-
centrations were obtained from the World Ocean Atlas 2005
(WOA2005) dataset, while the initial concentrations of the two groups
of phytoplankton were set to a relatively small value of 0.05 mgN m− 3.
The initial conditions of the two types of detritus were both set at 1.42×
10− 7 mgNm− 3, which were calculated by the death rate of the two types
of phytoplankton.
Atmospheric forcing data were derived from the European Centre for

Medium-Range Weather Forecasts (ECMWF; Dee et al., 2011) ERA-
Interim reanalysis dataset, which included 10 m u and v wind compo-
nent, sea surface pressure, evaporation rate, precipitation rate, surface
net heat fluxes (short-wave and long-wave radiation, latent and sensible
heat fluxes), and sea surface temperature. There were ten rivers in our
model (Fig. 1a), and the monthly runoff data of the Han River was ob-
tained from: http://www.sage.wisc.edu/riverdata, while the others
were obtained from the River Sediment Bulletin of China (http://xxzx.
mwr.gov.cn), published by the Ministry of Water Resources of the
People’s Republic of China. Monthly mean sea level, water temperature,
salinity, and velocity components at the open boundaries of the model
domain, were obtained from the results of an assimilative model from
the Japan Coastal Ocean Predictability Experiment (JCOPE2; Miyazawa
et al., 2009). The domain of JCOPE2 is 10.5◦ N–62◦N, 108◦ E–180◦E,
covering the northwestern Pacific region. The data of atmospheric
forcing, runoff of river and open boundaries conditions averaged from
1995 to 2018 were used to force the model. The riverine nutrient con-
centrations were obtained from previous studies, and the DIN concen-
tration of the Changjiang River was 72.81 mmol/m3 which was
averaged from multiple observations (Zhang, 1996; Wang et al., 2002;
Liu et al., 2003; 2009; Liang and Xian, 2018). The atmospheric dry and
wet deposition of nutrients in the East China Seas were obtains from the
observations of Zhang et al. (2011). The monthly average suspended
sediment concentrations were obtained from Wang and Jiang (2008).
The other forcing data were the same as those used by Wang et al.
(2019).
The model was integrated for three years, and the results from the

third year were used for the analysis. Winter, spring, summer, and
autumn were represented as February, May, August, and November,
respectively.

2.3. Observational data

To validate the model results, nutrient concentrations were
observed. The DIN concentrations at 123◦ N and 124◦ N in surface, 10m,
and bottom layer along Section YE were obtained from cruise observa-
tions in July 14–August 3, 2006 and January 8–February 4, 2007 (Wei
et al., 2016). The DIN concentrations at 124.7◦ N and 125.3◦ N in sur-
face, 20 m, 50 m and bottom layer along Section YE were obtained from
observations in August 17, 2007 and February 9, 2007 by the National
Institute of Fisheries Science of Korea (https://www.nifs.go.kr/kodc/).

2.4. Calculation of the water volume transport and DIN flux across
Section YE

The zonal (u) and meridional (v) velocities were decomposed into the
velocities along Section YE (uA) and across Section YE (uB) according to
Eq. (1). uB was used to analyze the distributions of water volume
transport in Section 3.3, and was positive when flowing into the Yellow
Sea. The angle (θ) between Section YE and the east was 17.5◦.

{
uA = u⋅cosθ + v⋅sinθ
uB = − usinθ + v⋅cosθ (1)

Water volume transport (V) and DIN flux (N) were calculated using
the following equations:

V =

∫∫

udydz+
∫∫

vdxdz (2)

N =

∫∫

u⋅Cdydz+
∫∫

v⋅Cdxdz (3)

where, dx is the length of the zonal grid, dy is the length of the merid-
ional grid, dz is the depth of the sigma layer, and C is the DIN
concentration.

3. Results

3.1. Seasonal variations of the current field in the southern Yellow Sea
and northern East China Sea

After filtering the tidal signals, the residual currents in the southern
Yellow Sea and northern East China Sea were analyzed (Fig. 2). The
dynamic characteristics exhibited clear seasonal variation. In winter,
strong northerly winds drove southward currents at the sea surface
(Fig. 2a). The current velocities near Section YE were in the range of
5–15 cm/s. The Korean Coastal Current flowed southward along the
west coast of the Korean Peninsula at a velocity of approximately 8 cm/
s. One branch then turned east and flowed into the Cheju Strait together
with the Cheju Warm Current, which turned clockwise around the
western coast of Cheju Island. The other turned southwest, mixed with
the current in the middle of the Yellow Sea and continued to flow
southward to 30◦ N driven by the winter monsoon. In the bottom layer
(Fig. 2b), the Yellow Sea Warm Current intruded northward from
southwest Cheju Island into the Yellow Sea at a velocity of 8 cm/s.
Moreover, its main axis lay along the west side of the Yellow Sea Trough
near 123◦ E and split into two branches near 34◦ N. One branch turned
northwest into Haizhou Bay, whereas the other continued to flow
northward along the Yellow Sea Trough, finally reaching the vicinity of
the Shandong Peninsula.
In summer, the Changjiang Diluted Water expanded northeastward

and was driven by a southerly summer monsoon at the sea surface
(Fig. 2c). The Changjiang Diluted Water arrived in the Cheju Strait at a
velocity of approximately 25 cm/s. In the southeastern area, the Eastern
Kuroshio Branch flowed into the Tsushima Strait at a velocity of up to
30 cm/s from southeastern Cheju Island and finally into the Sea of
Japan. The Taiwan Warm Current was strong and reached approxi-
mately 32◦ N. The Yellow Sea Coast Current flowed northward along the
coast of China under the influence of the summer monsoon at an average
velocity of <10 cm/s. At the bottom during the summer (Fig. 2d), from
32◦ N–34◦ N, the seawater flowed westward, and the current velocities
were only 1–4 cm/s. From 30◦ N to 32◦N, an anticlockwise circulation
was formed by the Eastern Kuroshio Branch, the Taiwan Warm Current,
and a westerly compensation current. Southeast of the study area, the
Eastern Kuroshio Branch flowed northward, and its path was similar to
that at the surface. It flowed into the Tsushima Strait from southeastern
Cheju Island at a velocity of approximately 15 cm/s. The seasonal var-
iations in the current fields in the southern Yellow Sea and northern East
China Sea in this study were consistent with previous research (Naimie
et al., 2001; Isobe, 2008; Lie and Cho, 2016; Tak et al., 2022).
Current fields determine water volume transport. Based on the model

results, the volume transports across the Tsushima and Taiwan Straits
(Fig. 1) were calculated and compared with those reported in previous
studies. The annual average transports across the Tsushima and Taiwan
straits were estimated to be 2.67 and 1.49 Sv in our model, falling within
the range of the simulated and observed values in previous studies
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(Table 1) (Teague et al., 2003; Guo et al., 2006; Isobe, 2008). The model
results also reproduced seasonal variations in volume transport across
these two straits (Fig. 3) (Teague et al., 2003; Bai and Hu, 2004; Guo
et al., 2006; Qi et al., 2016). The volume transport across the Tsushima
Strait had a maximum value of 3.08 Sv in August and a minimum value
of 2.11 Sv in February (Fig. 3a), and the volume transport across the
Taiwan Strait had a maximum value of 2.16 Sv in July and a minimum
value of 0.91 Sv in January, which were among the range of the pub-
lished data (Fig. 3b). Because our model was driven by climatological
forcing, the amplitudes of the seasonal variations were not as strong as
those in previous studies, whose data were derived from a specific year.

3.2. Seasonal variations of DIN concentration along Section YE

The distributions of the model-simulated DIN concentration along
Section YE overlapped with the available published observational data

(Fig. 4a and c). The model results agreed well with the observations,
with a correlation coefficient of 0.69 (Fig. 4e). The DIN concentrations
in the southwestern part of Section YE (around the Changjiang Estuary)
were high throughout the year because of the discharge of DIN from the
Changjiang River. From the Changjiang Estuary to the deeper region,
DIN concentrations at the sea surface decreased in all four seasons. The
vertical distribution of DIN concentrations showed clear seasonal
variations.
In winter (Fig. 4a), the distributions of DIN concentrations along

Section YE were vertically uniform owing to the strong vertical mixing
induced by both strong winter monsoons and the loss of heat from the
sea surface. The DIN concentrations near the Changjiang Estuary were
high, with a maximum value of over 20 mmol/m3, and then decreased
seaward to the value below 6 mmol/m3 near southwest Cheju Island. In
spring (Fig. 4b), average DIN concentration along Section YE was lower
than that in winter because of absorption by phytoplankton growth.
Owing to the Changjiang River input, the DIN concentrations in the
southwestern region of Section YE, with water depths shallower than 40
m, were high (>10 mmol/m3) and had a uniform vertical distribution.
Stratification occurred gradually in the deeper region east of 124◦ E. The
concentrations in the surface layer were <2 mmol/m3 due to the
vigorous growth of phytoplankton, whereas the concentrations in the
deeper layers were comparably high, with values exceeding 8 mmol/m3

due to the mineralization of organic detritus (Wei et al., 2010). In
summer (Fig. 4c), the high-concentration area in the southwestern part
of Section YE represents an extension of the Changjiang Diluted Water.

Fig. 2. Current fields (unit: cm/s) at the surface and bottom in the summer and winter. The arrows denote the current direction and the color denotes the velocity
magnitude. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Comparisons of simulated volume transport (unit: Sv) across Taiwan Strait and
the Tsushima Strait with previous studies (underscore represents observation).

Tsushima Strait Taiwan Strait

Teague et al. (2003) 3.17 0.14
Guo et al. (2006) 3.03 1.72
Isobe (2008) 2.65 1.20
This study 2.67 1.49
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In deeper regions, the DIN concentrations in the upper layers increased
slightly, and the area with DIN concentrations lower than 2 mmol/m3

became smaller than that in spring. This was because the growth of
phytoplankton was limited by phosphate; therefore, DIN consumption
decreased. However, the stratification became the strongest throughout
the year because of the increase in DIN concentrations in the lower
layers caused by the successive supply of mineralization (Wei et al.,

2010). The concentration at the bottom of the deeper region is
approximately 15 mmol/m3. Autumn is the transitional season between
the summer and winter. In the shallower region (Fig. 4d), DIN concen-
trations were vertically uniform, with values exceeding 8 mmol/m3.
However, stratification still existed in deeper regions. The isoline range
of 4 mmol/m3 on the surface expanded, whereas the isoline range of 10
mmol/m3 at the bottom shrank, indicating that the nutricline gradually
moved downwards towards a mixed homogeneous structure, and the
water body transformed from a stratified structure in summer to a mixed
homogeneous structure in winter.

3.3. Seasonal variations of water volume transport across Section YE

Themonthly volume transport across Section YE was calculated from
the model results and included the inflow, outflow, and net values
(Fig. 5). Inflow and outflow represented the water volumes transported
into and out of the Yellow Sea, respectively. The inflow had a maximum
value of 0.69 Sv and a minimum value of 0.49 Sv in July and February,
respectively, which was not consistent with the seasonal variations of
the outflow. The peak of outflow was 0.35 Sv in November, and the
minimum value of 0.19 Sv occurred in June. Throughout the year, net
transport values were positive, indicating that water was transported
from the East China Sea to the Yellow Sea through Section YE. The net
water transport was larger in summer and weaker in winter. Both the
values and seasonal variations in net transport agreed with those re-
ported in previous studies (Qi et al., 2016).
The vertical distributions of the monthly averaged velocities across

Section YE were shown in Fig. 6. Positive values represented inflow from
the East China Sea to the Yellow Sea, whereas negative values repre-
sented outflow. In winter (Fig. 6a), the outflows dominated the upper 40
m of Section YE, and were induced by the northerly winter monsoon.
The outflow velocity decreased with increasing depth. The inflow area
occupied the lower water layers at depths deeper than 40 m in the
eastern region of Section YE in all four seasons. This was caused by the
Cheju Warm Current, which moved clockwise west of Cheju Island
throughout the year (Chang et al., 2000; Isobe, 2008; Lie and Cho,
2016). The Cheju Warm Current extends westward, forming the Yellow
Sea Warm Current as a tongue across the southern entrance of the Yel-
low Sea in winter (Lie and Cho, 2016). A strong inflow area at approx-
imately 126◦ E from the surface to the bottom during all four seasons,
with a velocity of up to 10 cm/s. This was due to the location of the core

Fig. 3. Seasonal variations of volume transports (unit: Sv) across the Tsushima
Strait (a) and Taiwan Strait (b).

Fig. 4. Seasonal variations of DIN concentration (unit: mmol/m3) along Section YE in winter (a), spring (b), summer (c), and autumn (d). The colored circles and
squares represent the observations from Wei et al. (2016) and the National Institute of Fisheries Science (NIFS), respectively. The scatter plots of observations and
corresponding model results are compared in (e). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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of the Cheju Warm Current. In spring (Fig. 6b), the velocities of both the
inflows and outflows weakened, which was induced by the weakening of
the winter monsoon and intrusion of the Yellow Sea Warm Current. An
inflow area at the sea surface west of Section YE, near the mouth of the
Changjiang River. This was caused by mixing at the front of the Taiwan
Warm Current and an increase in the discharge of the Changjiang
Diluted Water (Chang and Isobe, 2003; Bai and Hu, 2004). In summer
(Fig. 6c), the Changjiang Diluted Water expanded from the river mouth
west of Cheju Island in the direction of Section YE (Hou et al., 2021). The
inflows induced by the Changjiang Diluted Water were strongest near
the river mouth and decreased seaward. The alternating inflows and

outflows in the upper layers were determined by both the direction of
extension of the Changjiang Diluted Water and the direction of Section
YE. Weak inflows with velocities of <5 cm/s were still observed in the
lower water layers of the middle deep region. The distribution in autumn
(Fig. 6d) was similar to that in winter. In our simulations, stronger upper
outflows were caused by northerly winds stronger in November than in
February when averaged from 1995 to 2018. A strong inflow was
induced by the Cheju Warm Current at the bottom of eastern Section YE.
The onshore intrusion of the Kuroshio was strongest in autumn (Guo
et al., 2006), resulting in the strongest Cheju Warm Current, which is a
branch of the Kuroshio (Lie and Cho, 2016).

3.4. Seasonal variations of DIN flux across Section YE

The monthly average DIN flux across Section YE was calculated
based on the model results (Fig. 7). The inflow, outflow, and net
transport of DIN across Section YE exhibited clear seasonal variations.
The inflow of DIN had a minimum value of 3.26 × 106 mmol/s in
January, increased until summer, reaching a maximum value of 6.37 ×

106 mmol/s in July, and then, decreased until the end of the year. The
annual mean inflow of DIN was 4.91 × 106 mmol/s. Seasonal variations
in DIN outflow differed from those in the inflow. The largest outflow of
DIN occurred in winter with a value of 2.84 × 106 mmol/s in December,
which was approximately twice its minimum value of 1.53× 106 mmol/
s in summer (June). Seasonal differences in DIN outflow were not as
evident as those in the inflow, and the outflow was significantly weaker
than the inflow. Therefore, the net transport of DIN was estimated to be
the inflow into the Yellow Sea throughout the year. Net transport fol-
lowed similar seasonal variations in the inflow of DIN, with a maximum
value of 4.44 × 106 mmol/s in June and a minimum value of 0.95 × 106

mmol/s in January. The annual transport of DIN across the Section YE
from the East China Sea to the Yellow Sea was 2.80 × 106 mmol/s. The
net inflows of DIN were 3.16 × 106, 4.21 × 106, 2.54 × 106 and 1.17 ×
106 mmol/s in spring (March toMay), summer (June to August), autumn
(September to November), and winter (December to February),

Fig. 5. Monthly mean water volume transports (unit: Sv) across Section YE.
The green bars are the inflow volume transports; the blue bars are the outflow
volume transports; and the red bars are the net volume transports. The positive
values indicate water volume transport from the East China Sea to the Yellow
Sea across Section YE, and the negative values indicate transport from the
Yellow Sea to the East China Sea. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Seasonal variations of velocity (unit: cm/s) across Section YE in (a) winter, (b) spring, (c) summer, and (d) autumn. Red and blue indicate inflow and outflow
for the Yellow Sea through Section YE, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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respectively. The inflow of DIN in summer was the largest, accounting
for 38 % of the total annual amount, whereas that in winter was the
smallest, accounting for 10 %.
Fig. 8 shows the vertical distribution of the DIN fluxes across Section

YE during the four seasons. In winter (Fig. 8a), there was an area with a
strong inflow of DIN near 122◦E in the southeastern coastal region of
Section YE. The inflow of DIN reached 1 mmol m− 2 s− 1 due to the high
DIN concentration near the mouth of the Changjiang River and north-
ward coastal currents in winter. The outflows of DIN occupied the sur-
face layer of Section YE, reached above 0.5 mmol m− 2 s− 1, and were
caused by a southward current triggered by northerly winds in winter.
The inflow of DIN into the western part of Section YE was caused by the
invasion of the Yellow Sea Warm Current. In spring (Fig. 8b), the inflow
of DIN reached approximately 1 mmol m− 2 s− 1 in the water layers of the
upper 10 m from 122◦ E to 123◦ E, which was due not only to the high
DIN concentrations but also to the strong discharge of the Changjiang

Diluted Water. Owing to the stratification in the eastern part of the
Section YE, the DIN fluxes were low in the surface layer and high in the
bottom layer. In summer (Fig. 8c), the western area of Section YE
exhibited high DIN fluxes, which was a result of the further expansion of
the Changjiang Diluted Water. In the eastern waters, owing to the
intensification of stratification, high DIN fluxes were concentrated in the
bottom layer. The inflows of DIN were approximately 0.5 mmol m− 2 s− 1.
Autumn is a transitional period (Fig. 8d). The outflows of DIN in the
surface layers of the Section YE were similar to those in winter. The
location of the 0.5 mmol m− 2 s− 1 isoline was similar to that in summer,
however, area with high values expanded in autumn.

4. Discussions

4.1. Influencing factors of seasonal variations in DIN flux across Section
YE

To discuss the influencing factors of DIN flux seasonal variations
across Section YE, the variances were decomposed into six easily
interpretable terms (Guo et al., 2012).
The velocity (Vi) across Section YE and DIN concentration (Ci) can be

expressed as the sum of the temporal average (V,C) and anomaly value
(V’

i ,C’
i), which are expressed as follows:

C =
1
N

∑N

i=1
Ci,V =

1
N

∑N

i=1
Vi,C’

i = Ci − C,V’
i = Vi − V,

where N is the total number of days in a year (365), and i represents the
time index. Therefore, the DIN flux can be expressed as:

Fi = VC+VC’
i +V’

i C+V’
i C

’
i , (4)

and the temporal average of DIN flux (F) is expressed as:

F = VC+
1
N

∑N

i=1
V’
i C

’
i (5)

For convenience in the following discussion, parameter G is defined
as i = V’

i C’
i ; thus:

G =
1
N

∑N

i=1
V’
i C

’
i .

Fig. 7. Monthly mean DIN fluxes (unit: mmol/s) across Section YE. The green
bars are the inflow of DIN; the blue bars are the outflow of DIN; and the red bars
are the net DIN flux. The positive values indicate DIN flux transport from the
East China Sea to the Yellow Sea across Section YE, and the negative values
indicate that transport from the Yellow Sea to the East China Sea. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Fig. 8. Seasonal variations of DIN flux (unit: mmol m− 2 s− 1) across Section YE in (a) winter, (b) spring, (c) summer, and (d) autumn. Red and blue indicate inflow
and outflow for the Yellow Sea, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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Substituting this into Eq. (5), we obtain:

F = VC+G (6)

The variance of DIN flux (σ2F) is defined as:

σ2F =
1
N

∑N

i=1
(Fi − F)2 (7)

Substituting Eqs. (4) and (6) into Eq. (7), we obtain:

σ2F = C2σ2V +V2σ2C +2CVσ2CV +2Cσ2VG +2Vσ2CG + σ2G (8)

Here
σ2V = 1

N
∑N

i=1 (Vi − V)2, σ2C = 1
N
∑N

i=1 (Ci − C)2, σ2CV = 1
N
∑N

i=1 (Ci −

C)(Vi − V)σ2VG = 1
N
∑N

i=1 (Vi − V)(Gi − G), σ2CG = 1
N
∑N

i=1 (Ci − C)(Gi−

G), σ2G = 1
N
∑N

i=1 (Gi − G)2.
According to Eq. (8), these six terms are associated with the variance

of velocity (σ2V), variance of DIN concentration (σ2C), covariance of ve-
locity and DIN concentration (σ2CV), covariance of velocity and G(σ2VG),
covariance of DIN concentration and G(σ2CG), and the variance of G(σ2G),
respectively.
The variance of DIN flux (σ2F) represented temporal variations of DIN

flux across Section YE. In Fig. 9a, there was an area with high values of
σ2F in the coastal waters west of 123◦ E, suggesting that the seasonal
variations of DIN flux in this area were more significant. The area with
σ2F of approximately 1.0 mmol m

− 4 s− 2 occupied the surface layer. The
σ2F values in the upper 10mwere larger than 0.2 mmol m

− 4 s− 2, and then
decreased as the water depth increased. The higher σ2F values were
caused by the discharge of the Changjiang River, indicated by a high
correlation coefficient of 0.73 between the DIN flux with most signifi-
cant seasonal variations and the DIN discharge of the river. Another area
of large σ2F is found along the bottom of the deeper region east of 124◦E,
with σ2F values exceeding 0.05 mmol m

− 4 s− 2. σ2F values in the lower
water layers of the western region and upper layers of the eastern region
were <0.01 mmol m− 4 s− 2, indicating more steady DIN flux across the
Section YE.
To discuss the factors influencing the seasonal variations in the DIN

flux across the Section YE, the six decomposed terms of σ2F were calcu-

lated as defined Eq. (8) (Fig. 9b–g). C2σ2V (about the mean nutrient
concentration and the variance of velocity) was the largest of the six
terms (Fig. 9b). It varied from 0to 1.56 mmol m− 4 s− 2, with the same
magnitude of σ2F . With the exception of C

2σ2V, the magnitudes of the
other five items were one to two orders of magnitude smaller than that of
σ2F . This indicates that C

2σ2V was responsible for seasonal variations in
the DIN flux across the Section YE. Because C2 is the annual average
concentration of DIN with no seasonal variations for a given site at the
Section YE, the seasonal variations in DIN flux were mainly determined
by the temporal variations in current velocity denoted by σ2V .
The spatial distribution of the six terms differed. The distributions of

C2σ2V (Fig. 9b) are highly consistent with those of σ2F , suggesting that the
spatial distributions of σ2F were determined by C2σ2V. V

2σ2C (about the
mean velocity and the variance of nutrient concentration) (Fig. 9c) had
large values in the lower layers of the deeper region with a water depth
exceeding 60 m and the entire water column of the eastern end of Sec-
tion YE. The 2CVσ2CV (about the mean nutrient concentration, the mean
velocity and the covariance of velocity and the nutrient concentration)
value was comparably high in the surface layer (Fig. 9d). The distribu-
tions of the high values of 2Cσ2VG (about the mean nutrient concentration
and the covariance of velocity and the Gi) and σ2G (the variance of Gi)
were consistent with those of σ2F (Fig. 9e, g). The values of 2Vσ2CG (about
the mean velocity and the covariance of nutrient concentration and the
Gi) were small throughout the Section YE, and their contribution to σ2F
was negligible (Fig. 9f).
Because C2σ2V was determined by C

2 and σ2V , the spatial distributions
of C2 and σ2V were responsible for that of C

2σ2V (Fig. 10). The values of C
2

were highest near the Changjiang Estuary, with values of >200 mmol2

m− 6, and then decreased seaward. This was caused by the input of the
DIN-rich Changjiang DilutedWater (Guo et al., 2020a, 2020b; Hou et al.,
2021). In the western nearshore area, C2 was almost vertically uniform,
and the tongue of the high C2 region extended seaward at the surface. In
the eastern region of Section YE, C2 was lower than 50 mmol2 m− 6 in the
upper water layers, and reached 150 mmol2 m− 6 at the bottom. The high

Fig. 9. Spatial distributions of σ2F (a) (unit: mmol m
− 4 s− 2) in Eq. (8) and its decomposed items (b–f) at Section YE. The values smaller than 0.001 mmol m− 4 s− 2 are

shown with the same color. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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C2 band occupied the bottom of the deeper shelf region. σ2V represents
the seasonal variations of velocity. A larger value of σ2V indicates
stronger seasonal variations in velocity. Areas with larger σ2V values
primarily occurred at the surface, with values larger than 3 × 10− 3 m2

s− 2. The clear temporal variations in velocity west of 123◦ E were jointly
controlled by Changjiang River discharge and the monsoon. At the
surface layer of the deeper region, strong temporal variations in velocity
were caused by monsoons and the Cheju Warm Current.
The spatial distributions of C2 and σ2V affected those of C

2σ2V , and
therefore, affected the spatial distributions of σ2F . To study the influences
of C2 and σ2V on σ2F , five sites were selected at Section YE (A–E in Fig. 9b),

and the values of C2, σ2V , and σ2F of these five sites were calculated
(Table 2). Compared A and B, both had similar values of σ2V , indicating
there were similar seasonal velocity variations at these two sites.
However, C2 at A was one order of magnitude larger than that at B. As a
result, the seasonal variations of DIN flux at A were significantly
stronger than that at B. Compared C and D, C2 at C was as high as that at
D. However, due to the influence by the Changjiang Diluted Water,
seasonal variations of velocity at C were stronger than that at D, which
led to the stronger seasonal variations of DIN flux at C. Compared A and
E, the annual average of DIN concentration at nearshore E was higher
than that at offshore A. However, σ2V at A was larger than that at E. As a
result, σ2F at A was similar to σ2F at E, indicating there were similar sea-
sonal variations of DIN fluxes at these two sites. Therefore, the spatial
distributions of σ2F were jointly determined by C2 and σ2V. The most
significant seasonal variations of DIN flux usually occurred in the area
with large annual average of concentration and strong seasonal varia-
tions of velocity.

4.2. Contribution of nutrient exchange across Section YE to the DIN
budget of the Yellow Sea

Based on the model result, the annual average DIN fluxes through
Section YE and the Cheju Strait were 2.80× 106 and − 1.90× 106 mmol/
s, respectively. Therefore, the net DIN flux through these two southern
lateral boundaries of the Yellow Sea was 0.90 × 106 mmol/s, which was

consistent with the magnitude calculated in previous researchers (Liu
et al., 2003; Zhao et al., 2016). The annual DIN flux through the Bohai
Strait was 0.04 × 106 mmol/s. Thus, the annual average DIN flux
entering the Yellow Sea through these three lateral boundaries was 0.94
× 106 mmol/s. Near the Changjiang Estuary in Section YE, the annual
average DIN input was 0.56 × 106 mmol/s, which represented the DIN
flux of the Changjiang River indirectly input into the Yellow Sea through
Section YE. The annual average DIN flux from three major rivers of the
Yellow Sea (Yalujiang, Han River and Huaihe) was 0.31 × 106 mmol/s,
which was approximately half of that indirectly input by the Changjiang
River through Section YE. The annual average atmospheric deposition
DIN flux was 1.59 × 106 mmol/s, which was comparable to the amount
from these three lateral boundaries and only half of that from Section
YE. Therefore, among the four external nutrient sources (atmospheric
deposition, riverine input, exchange with the Bohai Sea, and exchange
with the East China Sea), the DIN from the East China Sea contributed
59 % of the total DIN input. Based on the model, the sources of DIN from
the open sea, rivers, and atmospheric deposition were balanced by sinks
entering the sediments through net deposition and exchange with the
open sea in the form of particulate organic matter.
As shown in Fig. 11, the DIN fluxes from atmospheric deposition and

river input were derived from the forcing conditions of the model. Due
to the limitations of observation, the atmospheric deposition flux was
1.59 × 106 mmol/s throughout the year, with no seasonal variations.
Additionally, the exchange of DIN between the Yellow Sea and adjacent
seas exhibited more significant seasonal variations than the DIN from
rivers. In winter, the amount of DIN flux from atmospheric deposition
was the largest among them, whereas the amount from rivers remained
small, and the exchange through lateral boundaries even acted as a sink
of DIN for the Yellow Sea. In the other three seasons, net transport across
the three lateral boundaries of the Yellow Sea were the source of DIN.
Especially in summer, the amount of DIN transported from the adjacent
seas reached its maximum value of 2.90 × 106 mmol/s, which was
nearly three times the amount transported from the rivers and exceeded
the atmosphere. Exchanges of nutrients through sea-sea boundaries play
an important role in the nutrient budget and promote primary produc-
tion in the warm seas of the Yellow Sea.
For the continental East China Sea, DIN exchanged through Section

YE was a sink for DIN throughout the year. The continental East China
Sea has five lateral boundaries the Section YE, Cheju Strait, an isobath of
200 m in the East China Sea, Tsushima Strait and Taiwan Strait. Among
them, the annual average DIN fluxes at the 200 m isobath, Tsushima
Strait, and Taiwan Strait were 13.57 × 106, − 11.41 × 106, and 1.41 ×

106 mmol/s, and the annual DIN flux of exchanging with adjacent sea of
East China Sea was 3.20 × 106 mmol/s (Wang et al., 2019). Exchanging
with the 200m isobath was the main source of DIN in the East China Sea,
and was caused by the intrusion of the Kuroshio Current into the shelf of
the East China Sea, resulting in a DIN flux of 12.6 × 106 mmol/s (Zhang
et al., 2019). Exchanging with Tsushima Strait was the main sink of DIN

Fig. 10. Vertical distributions of C2 (a) (unit: mmol2 m− 6) and σ2V (b) (unit: m
2 s− 2) at Section YE. The stars represent the typical sites for studying the influences of

C2 and σ2V on σ2F .

Table 2
Values of A–E points, C2 (unit: mmol2 m− 6), σ2V (unit: m

2 s− 2), and σ2F (unit: mmol
m− 4 s− 2).

C2 σ2V σ2F

A 96.21 1.73 × 10− 3 0.24
B 6.74 1.69 × 10− 3 9.09 × 10− 3

C 113.29 1.24 × 10− 3 0.16
D 112.93 4.56 × 10− 4 5.68 × 10− 2

E 174.61 1.30 × 10− 3 0.25
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in the lateral boundaries of East China Sea, with a DIN flux four times
that of the Section YE. However, unlike the Yellow Sea, the influence of
Section YE on the East China Sea was comparatively weak. The annual
amount of DIN from the atmospheric deposition and rivers were 2.07 ×
106 and 1.24 × 106 mmol/s, both of which were smaller than the
amount from the lateral boundaries (Wang et al., 2019). This was
indicated that exchange with adjacent seas was the main source of DIN
in both the Yellow Sea and East China Sea.
Meanwhile, this study had certain limitations and uncertainties.

First, the DIN from various sources were represented by one state vari-
able in our model. Therefore, it needed add a tracking module for nu-
trients from different origins to describe the path of DIN coming from
different source. In addition, the DIN concentrations of atmospheric
deposition were collected from 1997 to 2005 with no seasonal variations
(Zhang et al., 2011). However, total atmospheric nitrogen deposition
has increased in the past few decades (Wang et al., 2020), and seasonal
variations of atmospheric deposition can be obtained through air quality
models recently (Zhang et al., 2023). Therefore, the atmospheric
deposition with high spatiotemporal will be applied in our future
research, and the role of exchange across Section YE needs to be eval-
uated continuously under the changing environmental situations.

5. Conclusions

This study was based on a three-dimensional physical-biogeochem-
ical coupled model and analyzed the seasonal and spatial variations in
DIN flux across Section YE. DIN was transported into the Yellow Sea
from the East China Sea throughout the year. The inflow of DIN flux in
summer was 4.21 × 106 mmol/s, which was the largest contributor,
accounting for 38 % of the total annual input, while in winter, was the
smallest to be 1.71 × 106 mmol/s, accounting for 10 % of the DIN input
to the Yellow Sea. The northerly monsoon induced the outflow of DIN in
the surface layer across Section YE during winter and autumn. The
northeastern expansion of the Changjiang Diluted Water resulted in a
strong inflow of DIN to the surface layer in the western part of Section YE
during summer and spring. The Cheju Warm Current turned clockwise
around western Cheju Island throughout the year, resulting in an inflow
of DIN in the lower layer of the eastern part of Section YE.
By decomposing the variations in DIN flux, seasonal variations were

mainly controlled by seasonal variations in ocean currents, whereas
spatial differences in seasonal variations in DIN flux were modulated by

the annual average DIN concentration. The DIN flux input to the Yellow
Sea through the lateral boundaries (Bohai Strait, Cheju Strait, and Sec-
tion YE) was higher than that from the direct riverine input and was the
same in magnitude as atmospheric deposition. The input from lateral
boundaries was an important source of DIN in the Yellow Sea, particu-
larly in summer, when it was the largest source of nutrients.
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