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The exchange of water through the Bohai Strait, located between the Bohai Sea
and the Yellow Sea, plays a crucial role in controlling physical-biogeochemical
conditions in the coastal seas off northern and eastern China. We investigated the
characteristics of the water exchange through the strait using a numerical model.
Our results showed that the residual current was featured with inflow in the
northern part and outflow in the southern part of the strait, consistent with
previous studies. A two-layer structure, i.e. outflow in the surface layer and inflow
in the bottom layer, was newly found in the southern part of the strait. Through a
series of numerical experiments, we found that the two-layer structure was
induced by density-driven currents and was strongest in summer. Furthermore,
the seasonal variation of net water flux through the strait showed
correspondence to that of the Yellow River discharge. We investigated the
effect of Yellow River discharge on the water exchange through Bohai Strait by
additional experiments. Results showed that the response of net water flux
through the strait was nearly synchronous with the variation in the Yellow River
discharge; however, the response of inflow/outflow flux was a combination of
synchronous and delayed responses to the Yellow River discharge. Compared
with the maximum Yellow River discharge in July, the largest increase in outflow
volume through the strait occurred in next March. The synchronous response is
induced by the barotropic effect, while the asynchronous response is due to the
baroclinic effect of the Yellow River discharge. Meanwhile, tracers released from
the Yellow River mouth at the end of June were detected at the southern strait in
next January. Therefore, the Yellow River discharge likely has a delay effect on
the Bohai Strait water exchange with an approximate lag of 7-9 months.
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1 Introduction

The Bohai Sea is a semi-enclosed shelf sea located in northern
China that includes Laizhou Bay, Bohai Bay, Liaodong Bay, and the
central region (Figure 1). It is a shallow sea with an average depth of
18 m, and connects with the Yellow Sea via the Bohai Strait. The
Bohai Strait is approximately 105 km wide and has a deep channel
in its northern section, with a maximum water depth of 70 m. As
the only passage between the Bohai Sea and the northern Yellow
Sea, the water exchange capacity of the Bohai Strait plays a crucial
role in regulating the water quality and environment of the Bohai
Sea (Bi et al., 2011; Chen et al., 2010).

In recent decades, the water exchange in the Bohai Strait has
been the subject of extensive research. It has been known that the
water from the Bohai Sea flows out through the southern part of the
strait, while the water from the Yellow Sea flows in through the
northern part of the strait. This water exchange structure is known
as “north in and south out” (Guan, 1994; Huang et al., 1998);.
However, some modeling and observational studies do not show
this “north in and south out” structure in summer (Wei et al., 2001;
Zhang et al, 2018). Furthermore, numerical modeling results
regarding water exchange in the Bohai Strait during summer
exhibit significant variability, probably attributable to interannual
variations. Some studies showed an alternating distribution between
inflow and outflow zones (Bi, 2013), some showed a “north-south in
and middle out” structure (Lin et al., 2002), and some even showed
“north out and south in” (Huang et al., 1996; Wei et al,, 2001).

41°N 1 =— ' ' ' i
. Ri

S
81

40°N 1,

Yoo 7w

120°E 123°E 126°E 129°E

39°N 1.

38°N 1 -
(b
37°N ; ; ; ; =
118°E  119°E  120°E  121°E  122°E
FIGURE 1

(a) Model domain and (b) bathymetry of the Bohai Sea. Isobaths of
10, 20, 30, and 60 m are indicated by contours. Blue line denotes
the Bohai Strait section. Blue dots show the positions of rivers. Red
dots denote the grid points where surface elevation is shown in
Figure 10. Red triangles denote the grid points where tracer
concentration is shown in Figure 13.
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Furthermore, based on observational data, Wu et al. (2019)
reported a stratified structure in the southern part of the strait in
spring with outflow in the surface layer and inflow in the bottom
layer, but the driving mechanism is still unclear.

Tide, wind, and river runoff can all influence the water exchange
in the Bohai Strait. The predominant tides in the Bohai Strait are
semi-diurnal constituents (Chen, 1992). In the northern part of the
strait, the tidal current exhibits considerable strength, with a
maximum current speed of 3 m/s (Wu et al, 2013). The average
tidal range in the Bohai Strait is ~2 meters (Li et al., 2016). Tide-
induced residual current plays an important role in water exchange
through the Bohai Strait, especially for the inflow in the northern
part of the strait (Lin et al., 2005; Zhang, 2019).

The wind is also an essential force in driving the current in the
Bohai Strait (Zhao and Cao, 1998; Zhao and Shi, 1993). The wind
over the Bohai Sea is northerly or northwesterly in autumn and
winter, and southerly or southeasterly in spring and summer. As a
result, the wind-driven surface current in autumn and winter in the
Bohai Sea directs mainly southward and drives seawater into the
Laizhou Bay. Then, the high sea level along the coast from the
Laizhou Bay to the Bohai Strait forms an eastward costal current
that brings low salinity water to the southern Bohai Strait (Wang
et al,, 2008; Zhang et al., 2010). The opposite situation occurs in
spring and summer, with the wind-driven current directing
northward and driving seawater from the southern Bohai Sea
towards the central Bohai Sea (Wang et al, 2008; Wei et al,
2001). Consequently, the effect of wind on water exchange
through the Bohai Strait is also subject to seasonal variations.

Density-driven current in summer also plays an important role
in water exchange through the Bohai Strait (Lin et al., 2002; Wei
et al,, 2003). The net transport through the Bohai Strait into the
northern Yellow Sea is larger in summer, which is related to strong
precipitation and runoff in the Bohai Sea (Ji et al., 2019; Zhang et al.,
2018). The high Yellow River flow rate was suggested to enhance
density-driven current and promote water exchange through the
Bohai Strait (Li et al., 2017; Men et al., 2017).

Yellow River is the second longest river in China and is notable
for its substantial sediment load into the Bohai Sea. Since 2002, the
Yellow River Conservancy Commission has annually implemented
a water-sediment regulation scheme (WSRS). The WSRS aims to
reshape the relationship between the water and sediment in the
river by releasing a large amount of water in a short time in
summer. The WSRS generally lasts for 15 ~ 20 days and
inevitably impacts the hydrodynamic conditions in the Bohai Sea.
In recent years, investigations concerning the impact of the Yellow
River on the Bohai Sea have predominantly concentrated on the
influence of the Yellow River discharge on the plume dynamics
(Wangetal., 2011; Yu et al,, 2021) and salinity in the Bohai Sea (Lin
et al, 2001; Wu et al., 2004). The extension direction and range of
the Yellow River plume are closely related to its discharge value
(Shou et al,, 2016; Yu et al., 2021). The large amount of freshwater
released by the WSRS has significantly reduced the salinity of
Laizhou Bay in both short-term and long-term time scales (Shi
et al., 2020; Zhao et al., 2010; Mao et al., 2008). However, there is
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still a lack of further research on the influence of WSRS, especially
the effect of large river discharge on water exchange through the
Bohai Strait.

This study aims to investigate the water exchange in the Bohai
Strait through numerical modeling and analyze the relative
contributions of tide, wind, and Yellow River discharge. The
influence of the Yellow River discharge on water exchange in the
strait will be emphasized. Section 2 describes the configuration of
the hydrodynamic model. Section 3 presents the characteristics of
temperature, salinity, and residual current distributions in the Bohai
Strait and the water exchange through the Bohai Strait. Section 4
discusses the effects of different factors including the Yellow River
discharge on the Bohai Strait water exchange.

2 Materials and methods

The numerical model we adopted is a three-dimensional
primitive equation ocean model, the Princeton Ocean Model
(POM) (Blumberg and Mellor, 1987; Mellor, 2003). It uses a
second-order momentum turbulent closure scheme to calculate

41°N

40°N

39°N

38°N

MRV
PR e

37°N

41°N

40°N

IR,

.....

(3K [
\\\(\\\\

39°N N

38°N

37°N

IR A B Vi

118°E 119°E 120°E 121°E 122°E

FIGURE 2

10.3389/fmars.2025.1512318

the vertical eddy viscosity and diffusivity (Mellor and Yamada,
1982), and the Smagorinsky formulation is applied to parameterize
the horizontal eddy viscosity and diffusivity (Smagorinsky, 1963).
The model is based on Wang et al. (2008), with a defined model
domain of 117.5°- 131.5°E and 24°- 41°N (Figure la), covering the
Bohai Sea, Yellow Sea, and East China Sea. The horizontal
resolution is 1/18°in both longitude and latitude, and there are 21
sigma layers in the vertical direction. The open boundary is far from
the Bohai Strait, favoring a purely dynamic representation of water
exchange between the Bohai Sea and the Yellow Sea.

The forcing conditions for the model included wind stress, river
discharge, heat flux, precipitation, evaporation, and tide (Wang
et al, 2008). The wind stresses from the European Centre for
Medium-Range Weather Forecasts (ECMWEF) in 2022 were used,
with a spatial resolution of 0.25° x 0.25°. Being controlled by the
Asian Monsoon, the winds over the Bohai Sea show an obvious
seasonal variation: northerly winds prevail in winter and
southeasterly winds in summer (Figure 2). The model includes
ten rivers, among which the Yellow River, Liaohe River, Luanhe
River, Haihe River are located in the study area (Figure 1b). The
daily discharge of the Yellow River in 2022 was obtained from the
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Monthly mean wind stress over the Bohai Sea in (a) February, (b) May, (c) August, and (d) November 2022.
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FIGURE 3

River discharge of four rivers into the Bohai Sea. The black dashed line represents the Yellow River discharge used in Case 5, scaled down to one-
tenth of its original value. The red dashed line represents the total runoff of the four rivers.

Lijin station (Figure 3). We use the wind stress and Yellow River
discharge in 2022 because we possess the observational salinity data
in the southern Bohai Sea in 2022, and WSRS was also implemented
in 2022. The monthly river discharges from other rivers were
derived from Chen [1992]. The monthly heat flux (da Silva et al.,
1994a), precipitation and evaporation (da Silva et al., 1994b) were
used in the model, all with a spatial resolution of 1° x 1°. Along the
lateral open boundary, monthly temperature, salinity, subtidal
currents, and sea level elevation were calculated using a nested
model (Guo et al,, 2003). Four major tidal constituents (M, S,, K,
and O;) provided by NAO.99b (Matsumoto et al., 2000) were
linearly interpolated and superposed onto the subtidal currents,
which is the same as Wang et al. (2008).

The model simulation commenced from a state of rest, utilizing
water temperature and salinity data on December 1 from Guo et al.
[2003] as the initial conditions. We kept running the model for 3
years using the same forcing conditions mentioned above, and a
quasi-equilibrium state was reached after one year of calculation.
The model results were saved hourly and then filtered to remove
tidal signals (Hanawa and Mitsudera, 1985).

3 Result

3.1 Seasonal variation of surface water
temperature, salinity, and residual current
in the Bohai Sea

The water temperature in the Bohai Sea varies with the seasons
(Figures 4a-d). Influenced by the water depth, the coastal region
warms up more rapidly in spring. The temperature is relatively high
at the heads of Laizhou Bay, Bohai Bay, and Liaodong Bay, and low
in the central region of Bohai Sea. In summer, the maximum water
temperature of the Bohai Sea is about 29 °C. The temperature is
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slightly lower in the central Bohai Sea. In autumn, the coastal region
is cooled faster than the offshore area, resulting in lower water
temperature than the offshore area. In winter, the water
temperature in the northern part of Liaodong Bay and the
western part of Bohai Bay is below 0°C, while the temperature in
the central region of the Bohai Sea and the Bohai Strait is about 4°C.
This distribution is caused by a high-water temperature tongue that
intrudes from the Yellow Sea through the northern Bohai Strait.
The above seasonal variations in the water temperature given by the
model are consistent with previous models and observations (Wang
etal., 2008; Liu et al., 2003). It is worth noting that there is no sea ice
module in this model. In winter, there is an area with floating ice in
Liaodong Bay, but its impact on the water flux in the Bohai Strait is
small (Zhang et al., 2019).

The salinity in the Bohai Sea is mainly affected by the Yellow
River and Liaohe River (Figures 4e-h). The extension direction of
the Yellow River plume varies with seasons. In winter, driven by the
northerly wind, the Yellow River plume extends into Laizhou Bay.
In spring, under the influence of tide-induced residual current, the
low-salinity water from the Yellow River propagates northwestward
to the southeastern Bohai Bay (Yu et al., 2021). In summer,
influenced by the southerly wind, lower-salinity water expands
northeastward to the central Bohai Sea. In autumn, when wind
turns southward, low-salinity water moves southward along the
coast of Laizhou Bay. The discharge of Liaohe River is largest in
summer, inducing low salinity around the head of Liaodong Bay.
Due to the increase in river discharge in summer, the salinity in the
Bohai Sea is lowest in summer. The high salinity (>30 psu) area in
the central Bohai Sea is larger in autumn and winter than in
summer. Besides the river runoff, the salinity in the central Bohai
Sea is also influenced by the intrusion of high-salinity water from
the Yellow Sea via the northern Bohai Strait. The seasonal variations
in the surface salinity given by the model are consistent with
previous model results and observations (Wang et al., 2008; Liu
et al., 2003).
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Horizontal distribution of monthly averaged (a-d) surface water temperature, (e-h) surface salinity, and (i-l) surface residual current in winter, spring,
summer, and autumn in the Bohai Sea. February, May, August, and November serve as the representative months for winter, spring, summer, and

autumn, respectively.

The residual current in the Bohai Sea is affected by the monsoon
(Figures 4i-1). In winter, the prevailing northwesterly winds over
the Bohai Sea (Figure 2a) induce southwestward currents in the
surface layer, and the current velocity is below 5 cm/s in most areas.
The surface residual current flows out of the Bohai Sea through the
southern channel of the Bohai Strait and into the Bohai Sea from the
northern channel of the strait. In spring, the south-southwesterly
winds prevail over the Bohai Sea (Figure 2b), generating east-
northeastward surface residual currents over most of the Bohai
Sea. Compared with winter, the circulation is enhanced in spring
with a speed of about 6 cm/s in most areas and the surface flow is
mainly eastward in the Bohai Strait. Influenced by the southeasterly
winds (Figure 2¢), the Yellow River plume extends northeastward in
summer. Eastward residual currents exist at the southern channel
and westward currents in the northern channel of the Bohai Strait.
In autumn, the winds turn southward in the Bohai Sea, inducing
southward residual current in the surface layer. The circulation in
the Bohai Sea and Bohai Strait in autumn is similar to that in winter
but its magnitude is stronger. Throughout the year, the eastward
residual current in the southern strait is strongest in summer with a
speed up to 10 cm/s.

Frontiers in Marine Science

3.2 Vertical distribution of water
temperature, salinity, and residual current
in the Bohai Strait

In the Bohai Strait, the water temperature is vertically
homogeneous in autumn and winter and stratified in the
northern channel in spring and summer (Figures 5a-d). The
water temperature is lowest in winter (-0.8°C) and highest in
summer (26.7°C). Salinity is nearly vertically homogeneous except
for the northern channel in summer (Figures 5e-h). Although the
Yellow River discharge is not the largest in winter (Figure 3), the
salinity in the southern channel of the strait is the lowest (~ 28.7
psw) in winter (Figure 5e). Similarly, although the Yellow River
discharge is highest in summer, the salinity in the southern channel
is not the lowest (~ 30.5 psu) (Figure 5g). The structures of water
temperature and salinity at the strait given by the model are
basically consistent with the observations of Wu et al. (2019) and
Zhang et al. (2010).

The residual current in the strait includes two parts: a westward
current in the narrow area of the northern strait, and a two-layered
current in the wide southern strait (Figures 5i-1). However, during
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the autumn season, the current in the southern strait is exclusively
oriented eastward. The westward current in the northern strait
exhibits considerable strength, with a maximum speed of ~31.6 cm/
s, and demonstrates little seasonal variation. The two-layered
current in the southern strait shows a strong outflow in the
surface layer and a weak inflow in the bottom layer. The surface
outflow is strongest in summer, with a maximum speed of 10.4 cm/
s. The bottom inflow is at its peak in spring and weaker in summer
and winter. This “north-in and south-out” water exchange structure
is generally consistent with the previous modeling studies (Ji et al.,
2019; Liu et al,, 2021). The weak inflow at the bottom layer of the
southern strait was observed in May by Wu et al. (2019).

3.3 Water flux through the Bohai Strait

In order to assess the seasonal variation of water flux through
the Bohai Strait, we calculate the net water flux, outflow flux, and
inflow flux through the Bohai Strait using the following formula
during the model run, and then de-tide the hourly output of water
flux.

ﬂ u(h + n)dydo

Where u is the horizontal velocity that is oriented perpendicular
to the Bohai Strait section, h is the bottom depth, 1) is the surface
elevation, the integration in the y direction is from the south to the
north along the full section across the Bohai Strait, o is the sigma
coordinate and the integration is from the sea surface to the
sea bottom.
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The volume transport of the outflow is strongest (9.49x10* m?/s)
in September and weakest in November (5.88x10" m?/s), with an
annual average of 7.09x10* m®/s (Figure 6a). The volume transport of
the inflow is similar, strongest (9.38x10* m?/s) in September and
weakest in November (5.65x10% m?/s) (Figure 6b). The annually
averaged transport of inflow is about 7.04x10* m?/s which is slightly
smaller than the annual mean of outflow. The net volume transport
through the strait has an annual mean of 470 m*/s (Figure 6¢). The
seasonal variation of the net water flux through the strait is different
from that of the outflow and inflow but bears similarity to that of sum
of the river discharges into the Bohai Sea (red dashed line in Figure 3).
The net water flux after 15-day running mean is largest (0.46x10* m*/
s) in July, and smallest (-0.39x10* m?/s) in December. The half-
month oscillation of the water flux in Figure 6 is caused by the
fortnightly variation of tides.

4 Discussion

4.1 Contribution of tide, wind, and
baroclinic effects on water exchange
through the Bohai Strait

In order to investigate the formation of the residual current
structure in the Bohai Strait, we separate the residual current into
the tide-induced residual current, wind-driven current, and density-
driven current through five numerical experiments (Table 1). Case 1
is the control case, whose results have been presented in Section 3.
Case 2a is driven by tide only. In case 2a, the temperature is fixed at
10°C, the salinity at 32 psu, and both the residual current and
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TABLE 1 List of numerical experiments.

8 Wind Heat and : Initial values Open boundary . . :
Ex Tide River runoff Simulation time
P stresses  salt flux (T,S, U) (T, S; V)
the
Case 1 yes yes yes yes stan?:lsar decase as the standard case 2 years
Case 2a o o o o 10 °C, 32 the residual currents and 1 vear
¥ psu, rest surface elevation are fixed to 0 ¥
10 °C, 32
Case 2b yes no no no same as Case 1 1 year
psu, rest
Case 3 yes yes no no same as Case 2b same as Case 1 1 year

one month (Feb., May,
started from the
Case 4 yes no yes yes same as Case 1 Aug., and

Its of Casel
results ot Gase Nov., respectively)

yes (0.1 times the Yellow

same as Case 1 same as Case 1 2 years
River discharge in 2022) ¥

Case 5 yes yes yes
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surface elevation at the open boundary are fixed at 0. The results of
Case 2a represent the tide-induced residual current. In Case 2b, the
open boundary conditions are the same as those in Case 1, and the
remaining conditions are consistent with Case 2a. Case 2b is used to
be subtracted from Case 3 and Case 4 to obtain the corresponding
currents. Case 3 adds the wind stress to Case 2b and the difference
between Case 3 and Case 2b represents the wind-driven current
under a barotropic condition. Case 4 restarts from the result of Case
1 at the beginning of February, May, August, and November,
respectively, and is calculated for one month without wind stress.
Consequently, the difference between Case 1 and Case 4 represents
the wind-driven current under a baroclinic condition. Additionally,
the difference between Case 4 and Case 2b primarily represents the
density-driven current in the Bohai Sea.

In Case 2a, where tide is the only external forcing, the model
result indicates that the seasonal variation of tide-induced residual
current is small (Figures 7a—d). A strong westward current, with a
maximum current speed of up to 29.88 cm/s, exists in the narrow
area close to the northern strait. In the close south of this structure,
an eastward current exists, with a maximum velocity of 3.98 cm/s,
stronger in the bottom than in the surface layer. This current
structure is likely associated with nonlinear effect near the cape.
Weak outward currents can be found in the broad area of the

)
=}

(a) (b)

w
o

Depth(m)

'
(5
o

Feb May

-65

(e)

Depth(m)

Feb

Depth(m)

Depth(m)

| =—0

38 38.5

Latitude (°N) Latitude (°N)

FIGURE 7

10.3389/fmars.2025.1512318

southern strait. Consequently, the tide-induced residual current
partly contributes to the flow pattern of “north in and south out” in
the Bohai Strait.

The characteristics of wind-driven current under barotropic
conditions (Figures 7e-h) and baroclinic conditions (Figures 7i-I)
exhibit notable similarities, with the latter demonstrating a
marginally greater intensity. In autumn and winter, the currents
flow westward in the northern area and eastward in the southern
area of the strait (Figures 7e, h, i, and 1). This current structure is
influenced by the prevailing northwesterly wind, which facilitates
the movement of seawater from the Bohai Sea towards the southern
region of the strait. This process subsequently generates an eastward
current in the southern section and a compensatory westward
current in the northern section of the strait (Wang et al., 2008).
In spring, the current transitions to a two-layer structure, with
outflow in the surface layer and inflow in the bottom layer
(Figures 7f, j). The magnitude of velocity becomes a little stronger
in spring than in winter. In summer, the wind-induced current is
relatively weak (Figures 7g, k). The wind-driven current is the
strongest in autumn and weakest in summer.

The density-driven current exhibits a more complex structure
(Figures 7m-p). The current in the northern part of the strait is
characterized by a “north in and south out” flow pattern, which is
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consistent with Wei et al. (2003). Moreover, it is strongest in
summer and weakest in autumn. The current in the southern part
of the strait is a two-layered structure in all seasons, which is
outward in the surface layer and inward in the bottom layer. The
outward current is stronger than the inward current and is strongest
in summer and weakest in autumn. This current structure should be
induced by the horizontal density gradient in the strait.
Consequently, we conclude that the inflow in the narrow area of
northern strait is predominantly induced by the tide-induced
residual current. The two-layered structure in the southern strait
is primarily induced by the density-driven current. The wholly

x10%

10.3389/fmars.2025.1512318

outward flow in the south in autumn is attributed to the wind-
driven current.

We also calculate the monthly averaged water exchange flux
through the Bohai Strait induced by the four factors (Figure 8).
Compared with the volume fluxes due to other processes, the tide-
induced net water flux is small with the largest value of 322 m?/s in
spring (Figure 8a); the outflow and inflow fluxes are large but with a
weak seasonal variation (Figures 8b, c). The net water flux induced
by wind-driven current under both barotropic and baroclinic
conditions has the largest value (~1.50x10°> m’/s and ~1.88x10°
m’/s) in autumn. The net water flux induced by density-driven
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Bohai Sea), (b) outflow fluxes and (c) inflow fluxes through the Bohai Strait under different forcing conditions.
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current is significantly stronger in summer (~4.36x10°> m?/s) than
in other seasons, and it dominates the net water exchange volume in
summer. The outflow and inflow fluxes induced by density-driven
current are also greatest in summer, and are larger than fluxes
induced by other factors. Consequently, the density-driven current
in summer is critical to water exchange through the Bohai Strait.

4.2 Impact of Yellow River discharge on
water exchange through the Bohai Strait

Here, to investigate the response of the Bohai Strait to the
Yellow River discharge during the WSRS in 2022, we carried out an
additional numerical experiment (Case 5), which uses one tenth of
the Yellow River discharge in 2022 but keeps the same other
conditions as Case 1. The difference in Yellow River discharge
between Case 1 and Case 5 (0.9 times YR discharge, green line in
Figure 9a) was largest in July, with a maximum difference of 3555
m?/s. Case 5 also runs for two years as Case 1.

10.3389/fmars.2025.1512318

The model result shows that the response of the net water flux
through the Bohai Strait (dashed line in Figure 9a) is almost
synchronous with the variation in the discharge of the Yellow
River between Case 1 and Case 5 (green line in Figure 9a). The
maximum difference of net flux between these two cases occurs in
early July, consistent with that of the Yellow River discharge.
However, the response of inflow/outflow is more complicated,
and appears to be a combination of synchronous and
asynchronous response with the variation of Yellow River
discharge (Figures 9b, c). During the first 7 months of year 1, the
difference in outflow (and to a less extent inflow) between Case 1
and Case 5 follows the difference in the discharge of the Yellow
River (with a maximum in July). After the first 7 months, the
difference in outflow/inflow shows a delayed response to the
difference in river discharge. The difference in outflow/inflow
shows a large increase in December of year 1, and then maintains
at a high level with a peak value in March of year 2. In fact, the
differences in outflow/inflow in the two years are quite different,
suggesting that the differences can be mostly related to baroclinic
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(a) Net water flux, (b) outflow flux and (c) inflow flux through the Bohai Strait in the model result. The blue, red and black dotted lines are for the
values of Case 1, Case 5 and the difference between Case 1 and Case 5, respectively. The green line illustrates the difference in YR discharge

between Case 1 and Case 5, quantified as 0.9 times the YR discharge.
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instead of barotropic dynamics, likely the delayed response to
Yellow River discharge.

The synchronous response of the net water flux through the
Bohai Strait to the Yellow River discharge can be explained by the
variation in the sea surface elevation. The sea surface elevation from
the Yellow River mouth to the Bohai Strait is low during low Yellow
River discharge period from January to May (Figure 10). As the
Yellow River discharge increases from late June, the sea surface
elevation at the Yellow River mouth rises, and it quickly propagates
to the Bohai Strait. Therefore, the immediate response of the net
water flux through the Bohai Strait is affected by the barotropic
adjustment. This immediate response of the net water flux also
appears at the response of inflow/outflow at the Bohai Strait.

The lag in the response of inflow/outflow flux through the Bohai
Strait to the variation in the discharge from the Yellow River can be
explained by the seasonal behavior of the Yellow River plume. As
shown in section 3.1, the Yellow River plume extends
northeastward in summer (Figure 4g), and turns southward into
Laizhou Bay in autumn (Figure 4h). In winter, the low-salinity
water arrives at the northeast coast of Laizhou Bay and flows out
through the southern Bohai Strait (Figure 4e). According to the
variation of inflow/outflow flux difference (dashed lines in
Figures 9b, c), the low-salinity water starts to arrive at the Bohai
Strait in second January, while the accumulated low-salinity water
largely arrives in second March. Therefore, we know that it takes ~9
months for the strongest signal of variation in the discharge to
arrive at the strait.

This modelled lagged phenomenon is also found in surveys around
the Yellow River estuary. Researchers from Yantai Institute of Coastal
Zone Research, Chinese Academy of Sciences, carried out field surveys
around the Yellow River estuary from May 8-12, June 8-12, July 18-22
and November 5-11 of 2022, and February 2-7 of 2023. Surface salinity
was measured at a depth of 2 meters. The spatial distribution of salinity
around the Yellow River Estuary was plotted by linear interpolation
(Figures 11b-f). In May and June, when the Yellow River discharge was
relatively low (~500 m’/s, Figure 11a), the Yellow River plume
extended northward (Figures 11b, c). In July, as the river discharge
increased, a corresponding decrease in salinity was noted around the
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river mouth, and the low-salinity water flows toward the northeast
under the influence of the dominant southeasterly wind in summer
(Figure 11d). In November, the low-salinity water extended southward
into the Laizhou Bay (Figure 11e), and finally arrived at the southern
strait in February (Figure 11f). The salinity at the southern strait is
lowest in February, although the Yellow River discharge is not high in
February. Due to the lack of observations in January and March, we
conclude that the Yellow River water discharged in early July arrived at
the southern strait until 8 months later in the following February.

4.3 Tracer modeling

To further examine this lagged phenomenon, we carried out a
tracer numerical experiment. Due to the implementation of the
WSRS, the discharge of the Yellow River surged on June 22, 2022.
Based on the above model, we released passive tracer at the surface
of the Yellow River mouth on June 22 for three days, with the tracer
concentration of 1. The advection-diffusion Equation 1 was used to

oON
(KN E) + DN

where N represents the tracer concentration, t means the time,

calculate the tracer concentration.

aN
ot

]

+V-VN=aZ

(1)

V is the velocity, Ky represents the vertical turbulent mixing
coefficient, and Dy represents the horizontal diffusion term. The
tracer was modelled for one year.

The model result shows that the tracer concentration in the
strait is close to zero in July and August (Figures 12a, b), indicating
that tracer has not yet reached the Bohai Strait. Little tracer arrives
at the southern channel from September to November
(Figures 12c-e). The highest tracer concentration is found in the
southern channel in December and the following January
(Figures 12f, g), indicating that the tracer flows out through the
southern Bohai Strait at this time. After that, the tracer
concentration gradually decreases (Figures 12h-1).

Time series of tracer concentrations at 24 stations from the Yellow
River mouth to the strait (red triangles in Figure 1b) show that the
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FIGURE 10
Time series of daily sea surface elevation (m

) at 20 stations (locations shown by red dots in Figure 1b) from the Yellow River mouth to the Bohai

Strait in Case 1. The dashed line at No. 15 station indicates the location of Bohai Strait.
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Time series of tracer concentration at 24 stations along the coast from the Yellow River mouth to the Bohai Strait (No. 18 station) during the

modelled period.

tracer is concentrated at stations 1-4 in July and August (Figure 13). In
September, tracer concentrations at stations 5-10 increase rapidly,
indicating that tracer is moving along the coast of Laizhou Bay. The
highest tracer concentrations in the Bohai Strait (No. 18) appear in
December and January of the following year. A large amount of tracer
arrives at the Bohai Strait, coinciding with the outflow volume increase
in January (Figure 9b). Due to the short releasing duration (3 days), the
tracer concentration does not show a second peak in March as that of
outflow flux. Consequently, it can be concluded that the influence of
the Yellow River discharge on the density-driven current through the
Bohai Strait lags the discharge by ~7 months.

5 Conclusion

In this study, we analyzed the residual current structure in the
Bohai Strait and found that the general circulation pattern in the Bohai
Strait is the inflow in the northern channel and a two-layer current in
the southern channel, with strong outflow in the surface layer and weak
inflow in the bottom layer. The inflow in the northern strait is induced
by the tide-induced residual current, which exhibits little seasonal
variation. The two-layered structure in the southern strait is generated
by the density-driven current, which is strongest in summer. The
increase in the Yellow River discharge during summer is a significant
factor in enhancing the density-driven current. Although the net water
flux through the Bohai Strait is synchronous with the variation in the
discharge of the Yellow River, the response of inflow/outflow water flux
is a combination of synchronous and asynchronous responses to the
discharge. The asynchronous response can have a time lag of about 9
months. The synchronous response is induced by the barotropic effect,
while the asynchronous response is mainly due to the baroclinic effect
of Yellow River discharge. The field observations of salinity and the
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passive tracer numerical experiments confirmed the delay of 7-
9 months.
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