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Abstract

The Bohai Sea is a large, semi-enclosed bay of China with a transport timescale of more than 1 year. Residence time (RT) is an
important indicator used to determine the water exchange rate of coastal oceans, and it has a significant influence on coastal
ecosystems and the environment. In this study, the RT and its seasonal variability within the Bohai Sea were investigated using a
3-D hydrodynamic model and the adjoint method of the RT. The model results show that the annual mean RT in the Bohai Sea is
3.43 years, and the RT increases from the Bohai Strait to the northwestern coast. The seasonal variability of the RT averaged over
the entire Bohai Sea is not obvious; however, the regional RT has a significant seasonal variation, which could be more than
290% on average. When the monsoon winds were removed from the model, the sensitivity experiment showed an annual mean
RT increase of ~90% with negligible seasonal variations in most areas of the Bohai Sea. The wind-induced residual current
controls the seasonal variation in ocean circulation and induces the seasonal variability in RT; thus, monsoon winds play a
dominant role in the seasonal variations of the water exchange rate in the Bohai Sea. Sensitivity experiments also suggest that
tides can slow the water exchange rate, whereas the baroclinic processes and river runoff can accelerate the water exchange rate in
the region near the Yellow River estuary. This study highlights the critical role of monsoon winds in affecting seasonal
variabilities in the coastal transport timescale and exchange rate.
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1 Introduction

The transport of water and its exchange rate in coastal areas
are important factors affecting the spatial and temporal distri-
bution of marine organisms, nutrients, and pollutants (Bolin
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and Rodhe 1973; Takeoka 1984; Delhez et al. 2014). They
also have important impacts on marine primary productivity,
and the carbon and nitrogen cycles (Santos et al. 2009; Liu
et al. 2019). As the self-purification of coastal oceans mainly
depends on the exchange of water with the open ocean, the
coastal water exchange rate has drawn wide attention from
oceanographers (Liu et al. 2004; Wan et al. 2013; Du et al.
2018; Lin and Liu 2019a; Liu et al. 2019).

Residence time (RT) is an important indicator for quanti-
fying the transport timescale and water exchange rate, which
is defined as the time that a water parcel needs to leave the
control region. The RT of seawater within a region considers
the complete movement of a water parcel and it can reflect
spatiotemporal differences in the water exchange within the
region (Bolin and Rodhe 1973; Zimmerman 1976; Takeoka
1984). With the development of the constituent-oriented age
and residence time theory (CART: Deleersnijder et al. 2001,
Delhez and Deleersnijder 2002; Delhez et al. 2004, www.
climate.be/CART), RT is widely used as an indicator in
research on coastal hydrodynamics and the associated
environment, such as the transport of pollutants and
nutrients into the open ocean (Liu et al. 2004; Shen and
Haas 2004; Gong et al. 2008).
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Owing to the complexity and variability of hydrodynamics
in the coastal ocean, RT often shows strong spatiotemporal
variations with respect to multiple dynamic factors (Gourgue
et al. 2007; Li et al. 2009; Cheng et al. 2019; Lin and Liu
2019a). Du and Shen (2016) found significant interannual
and seasonal variations in RT within the Chesapeake Bay,
which was mainly related to river runoff, and Sun et al.
(2014) found that there were large differences in the RT within
an estuary between dry and wet seasons. River runoffis one of
the most important factors influencing coastal RT, especially
in estuarine areas, whereas tidal effects play a more important
role in the water exchange within shelf seas (because the effect
of river runoff is weaker) (Yuan et al. 2007; Lin et al. 2015;
Lin et al. 2020). Wind is also an important factor affecting the
coastal RT. For example, Safak et al. (2015) found that wind
decreased the RT of water in the Virginia Coast Reserve, and
the effect of wind on the RT was more significant in relatively
confined bays. In addition, Zhang et al. (2019) found that local
wind reduced the RT in Daya Bay by intensifying the upwell-
ing (downwelling) circulation, and it had substantial effects on
the spatial distribution of RT therein.

The Bohai Sea, including the Liaodong Bay (LDB), Bohai
Bay (BHB), Laizhou Bay (LZB), Central Basin (CB), and
Bohai Strait (BS), is a semi-enclosed bay with an area of
77,000 kmz, and an average depth of 18 m. The BS is the only
channel of exchange between the Bohai Sea and the external
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waters (Fig. 1) (Wang et al. 2008; Liu et al. 2012). Water
flows into the Bohai Sea through the north and out through
the south of the BS at a transport rate of 0.14 Sv in winter and
0.2 Sv in summer (Duan et al. 2020; Wu et al. 2019). The
Bohai Sea is affected by a typical monsoon climate, and the
hydrodynamic environment of the sea is complex with signif-
icant seasonal variation. The statistical results from monthly
averaged European Remote Sensing Satellites (ERS-1/2)
wind stress measurements (http://www.ifremer.fr/cersat)
showed that the prevailing wind direction is NW in the
autumn and winter, and S-SE during the remaining seasons
(Wang et al. 2008). In addition, many seasonal rivers flow into
the Bohai Sea, with a total annual average river runoff of > 5.
0% 10'° m>, of which the Yellow River contributes > 50% of
the total volume (Bulletin of Chinese River sediment 2015;
Ding et al. 2020). The seasonal variability of the circulation
within the Bohai Sea is well documented (Duan et al. 2020,
Guo et al. 2018; Wang et al. 2008; Wei et al. 2001; Wu et al.
2019; Zhou et al. 2017). In the autumn and winter, the residual
current is towards the south and southeast in the central CB,
counterclockwise in the southern part of the BHB and LZB,
and clockwise in the LDB (Guo et al. 2018; Wang et al. 2008).
In the spring and summer, the residual currents in the three
bays are counterclockwise, the water in the central CB moves
north, and there are small residual vortexes in the Bohai Sea
(Wang et al. 2008; Wei et al. 2001; Zhou et al. 2017). The
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Fig. 1 Water depth (m) and subdomains within the Bohai Sea. OB1 and OB2 are the boundaries of the control region and the computational region of the

RT model, respectively
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residual current in the BS in winter is similar to that in sum-
mer, except the residual vortex in the central BS (Guo et al.
2018; Wei et al. 2001;).

Rapid economic development has occurred in China, and
an increasing number of land-based pollutants are being
discharged into the Bohai Sea, which have caused tremendous
pressure on the marine environment (Li et al. 2015a; Zhuang
and Gao 2015; Zhao et al. 2018). The Bohai Sea has a rela-
tively long transport timescale. For example, Wang et al.
(2010a) estimated a freshwater residence time of 2.6 years in
the 1960s, and a weak upward trend was found in the 1990s.
In addition, Liu et al. (2012) calculated a mean age of 3.0 years
for Yellow River water within the entire Bohai Sea.

Previous studies have shown that there are significant sea-
sonal variations in the RT within coastal regions when the
transport timescales are relatively short (days to months). In
these systems, the water particles can be affected by the dy-
namic forcing only one time or less when transported outward.
However, in systems where the transport timescales are much
longer than the seasonal timescale, as seen with the Bohai Sea,
the water particles can be affected by cyclical forcing (such as
monsoon winds or seasonal river discharge) twice or more
times when transported outward. Thus, the RT’s response to
seasonal variations in the hydrodynamics within the Bohai
Sea may be different from that in the coastal regions and
requires further investigation.

To understand how the RT in the Bohai Sea responds to
significant seasonal variations in the hydrodynamics (such as
the wind-driven circulation and runoff), this study calculated
spatiotemporal variations in the RT of the Bohai Sea using a
three-dimensional hydrodynamic model and the adjoint meth-
od. The effects of different dynamic factors on the RT were
then quantitatively analyzed using numerical experiments to
understand the physical mechanisms that prompt RT varia-
tions. The remainder of this paper is organized as follows:
Section 2 details the configurations of the hydrodynamic mod-
el and the residence time model; spatiotemporal variations in
the RT of the Bohai Sea are shown in Section 3; the effects of
controlling dynamic factors, including wind, tide, river runoff,
and baroclinic processes, and the role of monsoon winds on
seasonal variations in the RT are discussed in Section 4; and,
Section 5 provides a brief conclusion.

2 Methodology
2.1 Hydrodynamic model

The hydrodynamic model used in this study was established by
Guo et al. (2003) and is based on the Princeton Ocean Model
(POM) (Mellor 2002). The domain of the model covers the
eastern shelf seas of China, including the Bohai Sea, Yellow
Sea, and East China Sea (Fig. 1). The horizontal resolution of
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Table 1 Numerical experiment schemes
Case Wind Tide Baroclinic process River runoff
0 Yes Yes Yes Yes
1 No Yes Yes Yes
2 Yes No Yes Yes
3 Yes Yes No Yes
4 Yes Yes Yes No

the model is 1/18°, and there are 21 sigma layers in the vertical
direction. The time step of the model was 9 s and 360 s in the
external and internal modes, respectively. Climatological
monthly mean forcings, including monthly averaged wind, heat
flux, rainfall, evaporation, and river runoff, are used (Guo et al.
2003), and tides are prescribed at the open boundaries of the
model (Matsumoto et al. 2000). This model has been well val-
idated and previously applied in hydrodynamic studies of the
Bohai Sea. As shown by Wang et al. (2008), the model accu-
rately reproduced the four major tidal constituents, and the
modeled cotidal chart successfully recreated the observed
patterns. Moreover, the modeled seasonal patterns of water
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Fig. 2 a Seasonal variations in spatially and vertically averaged RT for
the Bohai Sea and sub-bays. The results were treated with a moving
average of 15 days to filter out tidal variations. b Annual mean RT
within the Bohai Sea
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Fig. 3 Mean RT within the Bohai o
Sea for the four seasons: a Winter, 41°N
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temperature and salinity were also consistent with the observed
findings. Additionally, Liu et al. (2012) and Li et al. (2017)
used this model to estimate the water age of the Yellow River
in the Bohai Sea, and analyzed how this was influenced by a
water regulation event. Each of these studies indicated that this
model could adequately reproduce the hydrodynamic charac-
teristics of the Bohai Sea. Following a 3-year spin-up, the pre-
dicted variables of the fourth year were output to drive the RT
model of the Bohai Sea.

2.2 Residence time model

Based on the concept of RT (Bolin and Rodhe 1973; Takeoka
1984), the adjoint method developed by Delhez et al. (2004)

Table 2 Seasonal mean RT (units: years) in subdomains of the Bohai
Sea

Subdomains ~ Annual mean Winter Spring Summer Autumn
LDB 5.28 5.53 5.54 4.97 5.08
BHB 4.12 4.50 443 4.00 3.55
LZB 0.72 1.02 0.82 0.51 0.54
CB 3.51 3.51 3.37 3.57 3.60

BS 0.05 0.03 0.06 0.09 0.03

@ Springer

was used to analyze spatiotemporal variations within the RT
of the Bohai Sea. The adjoint equation of RT derived by
Delhez et al. (2004) is as follows,

00

5, FO.(X) + V- V0 4+ V- [K- V6] =0 (1)

where w denotes the control region, which includes the entire
Bohai Sea bounded by OB (the blue dotted line in Fig. 1) in
this study, 6 denotes the RT, §,(X) = {1 VXew 0 VXe¢w
is the characteristic function of the control region w, X denotes
the position vector, V is the instantaneous current, and K is the
diffusion coefficient.

The RT diagnosis model established by Lin and Liu et al.
(2019a) based on Eq. (1) was used in this study. The RT
model is part of the Marine Environment Research and
Forecasting (MERF) ocean model (MERF-2.1, Liu et al.
2016; Lin and Liu 2019a, b). The model uses the total varia-
tion diminishing advection scheme with alternating limiters
(TVDal) and the splitting method to improve accuracy and
eliminate numerical dispersion (Lin and Liu 2019b). This
RT model has been successfully applied in RT studies in
Jiaozhou Bay, Zhuyi Bay, and the eastern shelf seas of
China (Cheng et al. 2019; Lin and Liu 2019a; Lin et al. 2020).

The RT model uses the same grids as those of the afore-
mentioned hydrodynamic model of the Bohai Sea.
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Fig. 4 a SV distribution in the
Bohai Sea; b and ¢ are the months
in which the maximum and
minimum RT occurred within

1 year, respectively
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Hydrodynamic field data (including the water level, three-
dimensional flow velocity, and diffusion coefficient) from
the hydrodynamic model were used to drive the RT model.
It is of note that when using the adjoint method to calculate
RT, hydrodynamic field files are input in reverse time
(Delhez et al. 2004). In this study, a homogeneous
Dirichlet boundary condition (6=0) was used as the open
boundary condition for Eq. (1) at OB1 and the river bound-
ary (Fig. 1). Using this value, the time taken for a water
parcel to leave the control region for the first time was de-
termined (Delhez et al. 2004; Delhez 2006; Delhez and
Deleersnijder 2006). To improve computational efficiency,
OB2 (Fig. 1) was set as the computational boundary of the
RT model (i.e., the grids outside of OB2 were not consid-
ered during the calculation). The model reached a steady
state after 30 years of spin-up, and the results of the 31st
year were used to conduct the analyses.

2.3 Quantification of the seasonal variation of the RT

An index SV, which denotes the fraction between the range
and average of the monthly mean RT in any position, was
used to quantify the magnitude of the seasonal variations in
the RT within the Bohai Sea, and was calculated as follows:

max(MRT (X))—min(MRT (X))
mean(MRT (X))

SV(X) = < > x 100% (2)
where MRT denotes the monthly mean RT, and X denotes the
position vector. The SV distribution was used to quantify
spatial variations in the magnitude of the seasonal variation
in the RT. By comparing the SVs obtained in different exper-
iments, the effects of different dynamic factors on the seasonal
variation in the RT in the Bohai Sea were evaluated.

2.4 Calculation of Lagrangian residual current

The Lagrangian residual current (LRC) is defined as the net
displacement of the labeled water parcel over one or a few
tidal cycles divided by the corresponding time interval
(Zimmerman 1979). In this study, it is used to explain the
spatiotemporal distribution of RT in the Bohai Sea, and the
equation for the LRC (Zimmerman 1979; Feng et al. 2008) is
as follows,

_ &

u (X, 7300) = (u(Xo + &(£: 7)), 5 7) -

(3)

where u; is the LRC; X denotes the position vector; %, is the
initial time at which the water parcel is tracked; Xy is the initial
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Fig.5 a Annual mean RT in Case 1; b spatial distribution of annual mean

diffr7(1) (annual mean RT in Case 0 minus that in Case 1), and ¢ SV
distribution in Case 1

position vector; u(Xy + &(#; 7)) and &(z; 7) are the instanta-
neous velocity and the displacement of the water parcel, re-
spectively, where &=X—X, and u= %. &, 1s the net dis-
placement of the water parcel over n tidal cycles; and T is
the tidal period.

@ Springer

Based on Eq. (3), we used the particle tracking method to
derive the net displacement of particles after 15 days (the least
common multiple of the periods of the M, and S, tidal con-
stituents, approximately), and we then calculated the LRC by
dividing the displacement by 15 days. Particles were released
at the center of each of the model’s grids in the Bohai Sea
every hour throughout the year, and the seasonal mean value
of the LRC was used to represent the long-term transport
velocity field in winter, spring, summer, and autumn.

2.5 Numerical experiment schemes

Numerical sensitivity experiments were designed to assess the
impact of the monsoon winds and other dynamic factors (in-
cluding tides, the baroclinic process, and river runoff) on the
RT in the Bohai Sea. The configurations of the numerical
experiments are shown in Table 1. Case 0 was the control
run that considered all dynamic factors (wind, tide, baroclinic
processes, and river runoff) in the model. In Case 1, the wind
speed in the hydrodynamic model was set to 0 m/s, and RT
was calculated using the new dynamic field to assess the im-
pact of monsoon winds on the RT. In Case 2, tidal forcing was
removed from the open boundary in the hydrodynamic model,
and the RT was calculated using the no-tide hydrodynamic
field. In Case 3, the seawater temperature and salinity were
set to constant values (temperature of 10 °C, salinity of
35 psu). Lastly, in Case 4, all of the river runoff inputs to
the Bohai Sea (including the Yellow River, Haihe River, and
Liaohe River) were removed from the hydrodynamic model.

3 Results

The model results showed that the annual mean of the spatial-
ly and vertically averaged RT within the entire Bohai Sea is
3.43 years. The longest and shortest were 3.57 years and
3.33 years in winter and autumn, respectively, which suggests
that the seasonal variation in the RT averaged over the entire
Bohai Sea is not obvious (~7%). The annual mean RT was
close to the estimated value based on the observation data. For
example, Wang et al. (2010a) used a box model based on the
freshwater fraction method to estimate an RT of 2.6 years in
the Bohai Sea. Liu et al. (2017) estimated that the RT within
the Bohai Sea was 1.7+ 0.8 years by a *>°Ra/***Ra mass bal-
ance model. It is of note, however, that box models usually
overestimate the exchange rate of the system and thus under-
estimate RT (Yang et al. 2012). Therefore, the hydrodynamic
and RT models were believed to be reliable for use in this
study.

The results showed evident regional and temporal varia-
tions in RT within the Bohai Sea (Figs. 2 and 3). There was
an increase in the annual mean RT from the BS to the north-
west coast, with higher values of RT in the center and
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northwest of the Bohai Sea (Fig. 2b). The annual means of the
spatially and vertically averaged RT were 0.05, 0.72, 3.51,
4.12, and 5.28 years in the BS, LZB, CB, BHB, and LDB,
respectively (Table 2). Although the seasonal variation of the
spatially mean RT was not obvious, there were significant
differences in the spatial pattern of RT within the Bohai Sea
during the four seasons (Figs. 2a and 3). The value of RT was
much higher in winter and autumn in the center of CB (~
6 years). The longest RT (>7 years) appeared in the north-
western part of the LDB in winter and the bay mouth of LDB
in autumn (Fig. 3a, d). The shortest RT appeared in summer in
LZB (< 1 year) (Fig. 3¢), and in autumn in the southern part of
BHB (~2 years) (Fig. 3d).

Table 3 Mean SV (units: %) within the Bohai Sea for different cases

Subdomains Case 0 Case 1 Case 2 Case 3 Case 4

Bohai Sea 292.86 87.36 123.37 359.61 232.37
LDB 43.90 15.40 55.12 64.00 39.94
BHB 50.14 13.45 103.72 30.12 21.68
LZB 162.86 22.68 165.81 100.91 76.29
CB 143.53 3345 95.07 170.55 131.08
BS 1937.73 64795  397.80  2489.88 1472.93
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The SV results showed an increase in the seasonal variation
from northwest to southeast in the Bohai Sea (Fig. 4a). It was
less than 100% in the western Bohai Sea (including the whole
LDB, BHB, and the western CB), and more than 300% in the
eastern part of CB; even reaching 1000% in the BS. The
annual mean of spatially and vertically averaged SV was ap-
proximately 300% over the entire Bohai Sea, which suggests a
significant seasonal variation in RT within the Bohai Sea.

From the results above, the seasons and months in which
the spatially and vertically averaged RT were highest and
lowest differed across the various subregions (Fig. 4b, ¢, and
Table 2). In the coastal regions, the highest value appeared in
winter or spring (Table 2): it occurred in January or February
in BHB, LZB, the center of LDB, and the western part of CB
(Fig. 4b), and in April in the east of LDB, the southern part of
LZB and CB. The lowest value appeared in summer or au-
tumn (Table 2); for example, the RT was lowest in September
in the western part of LDB, BHB, and LZB, in October, or
November in the eastern part of those regions (Fig. 4c).
Whereas in the center of CB, the value was the lowest in
spring (April, May, or June), and the highest in autumn (Fig.
4b, ¢). In the BS, the maximum RT in the northern (southern)
occurred in August (April), with the minimum appearing in
December (Fig. 4b, c¢). These results provided evidence of
strong regional differences in RT variations throughout the
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Fig. 7 Annual mean RT in the o I - |
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Bohai Sea, implying that environmental management policies
could be tailored to local conditions.

4 Discussion

4.1 Influence of dynamic factors on the RT of the
Bohai Sea

Winds, tides, river runoff, and baroclinic processes affect the
hydrodynamics and transport timescales of coastal oceans
(Yuan et al. 2007; Wang et al. 2008; Wang et al. 2010b; Cai
etal. 2014; Sun etal. 2014; Lietal. 2015b; Du and Shen 2016;
Lin et al. 2020; Ju et al. 2020). To understand their influences
on the RT of the Bohai Sea, we conducted four sensitivity
experiments and then discussed the influences of the different
dynamic factors.

4.1.1 Wind

Compared to the control run, the spatial pattern of the annual
mean RT in Case 1 also shows an increase from the BS to the
northwest coast, but the value is much higher (Fig. 5a). The
annual mean RT in the northwest and LDB increases to more
than 10 years and 20 years, respectively, and is approximately

@ Springer
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200% of that in Case 0. The annual mean of the spatially and
vertically averaged RT within the Bohai Sea increases by
approximately 90% after removing the wind from the hydro-
dynamic model. There are increases of 230.34% in BS,
109.40% in BHB, and 101.85% in LDB (Fig. 5a). In this
paper, two indexes diffr7(i) and diffs1(i) were used to reflect
the differences in RT and SV between cases i and Case 0,
which was calculated as follows,

diff pr(i) = RTcase 0-RTcase s (i=1,2,3,4,E1,E2,...E7)
(4)

diff sy (i) = SVase 0-SVease i (i =1,2,3,4,E1,E2, .. .ET)
(5)

The spatial distribution of annual mean diffz7(1) (Fig. 5b)
shows that monsoon winds decrease the RT in most regions of
the Bohai Sea.

The spatial patterns of the seasonal RT across the four
seasons are very similar to each other in Case 1 (Fig. 6), which
suggests that there is a significant decrease in SV throughout
the entire Bohai Sea in Case 1. In most areas of the Bohai Sea,
the SV is less than 20% (as shown in Fig. 5c), although it is
more than 100% in regions near the BS, and approximately
50% in the east of the CB (this value was approximately 200%
in Case 0). The average SV in the Bohai Sea of Case 1 was
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Fig. 8 Annual mean RT in the Bohai Sea in (a) Case 2, (b) Case 3, and (c) Case 4. Spatial distribution of annual mean (d) diffz#(2), () diffzr7(3), and (f)
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87.36%, which is much less than that in Case 0 (only approx-
imately 30% of that in Case 0) (Table 3). The SVs in each
subregion also decrease significantly in Case 1 and are only
15-35% of those in Case 0 (Table 3). These results imply that
monsoon winds can reduce the RT and facilitate water ex-
change in the Bohai Sea, and monsoon winds play an impor-
tant role in the seasonal variation of RT in the Bohai Sea.
Previous studies have shown that both local and remote
winds could affect the water exchange processes in the coastal

regions (Jordi et al. 2011; Mitarai et al. 2009; Shen and Gong
2009; Wang and Elliott 1978). Thus, two additional experi-
ments (Cases E1 and E2) were designed to quantify the rela-
tive importance of local (i.e., from within the Bohai Sea) and
remote (i.e., from the Yellow Sea and East China Sea (ECS))
winds in controlling the RT of the Bohai Sea. In Case El, the
local winds from within the Bohai Sea were removed from the
hydrodynamic model; in E2, the winds from the Yellow Sea
and ECS were removed. The RT in these two cases was then
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Fig. 9 SV distribution in (a) Case 2, (b) Case 3, and (c¢) Case 4
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calculated using the adjusted hydrodynamic data. The results
show that the RT value within the Bohai Sea increased signif-
icantly in Case E1, especially in the LDB and north of the CB
(Fig. 7a). The diffs\{E1) shows an obvious increase in the
LZB and eastern CB (Fig. 7¢); however, the RT and SV ob-
served in Case E2 are similar to those in Case 0 (Fig. 7b, d).
Therefore, the effects of local winds on the RT in the Bohai
Sea are shown to be much stronger than those of the remote
winds, with local winds playing a more dominant role in the
seasonal variation of the RT as well.

4.1.2 Tide

The value of RT decreased significantly in most areas of the
Bohai Sea when tides were excluded from the hydrodynamic
model in Case 2 (Fig. 8a). The annual mean of the spatially and
vertically averaged RT for the entire Bohai Sea was reduced to
1.21 years, a decrease of 64.75% compared to Case 0. Tides can
reduce the coastal circulation in shelf seas by intensifying bot-
tom friction and thus increase shelf water RT (Lin et al. 2020).
The spatial pattern of annual mean diffz7(2) (Fig. 8d), which
can reflect the effect of tides on the RT, is similar to the RT
spatial patterning seen in Case 0. Thus, we can conclude that
tides could be the primary factor determining the spatial distri-
bution of the annual mean RT in the Bohai Sea.

Although the mean SV decreased to 123.37% in Case 2
(about 40% of that in Case 0), there are significant regional
differences in the Bohai Sea. The SV is more than 50% in the
entire Bohai Sea and approximately 300% in the BS when
tides are removed from the hydrodynamic model in Case 2
(Fig. 9a). Compared to the control run, the SV in Case 2
increased by approximately 100% in the BHB but decreased
by 80% in the BS (Table 3). However, the SV in Case 2 is
similar to that of Case 0 in the other regions. These results
suggest a significant regional difference in the effect of tides
on the seasonal variations of RT in the Bohai Sea.

4.1.3 Baroclinic processes

The baroclinic processes can affect the hydrodynamic field
in coastal waters, particularly near estuaries, and thus has an
impact on the water exchange (Wang et al. 2010b; Cai et al.
2014; Du et al. 2018). When the baroclinic processes were
removed, the mean RT within the entire Bohai Sea was
3.70 years. The RT pattern in Case 3 differs from Case 0,
especially in regions near the Yellow River estuary and the
central CB (Fig. 8b), which indicates that the baroclinic
processes have a significant effect on the RT in these re-
gions. The spatial pattern of annual mean diffz7(3) shows
that the impact of the baroclinic process varies between
regions: the RT increases (decreases) in the north (south)
of the Bohai Sea (Fig. 8e).

@ Springer

The SV pattern in Case 3 is similar to that of the control run
(Fig. 9b), even though there is a local difference near the
estuary. It should be noted that the baroclinic effect is more
important for ocean circulation in summer than in the other
seasons, and the effect of the baroclinic processes on the RT in
spring and summer is also slightly stronger than that in the
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autumn and winter. However, when compared to the wind
effect, the baroclinic effect on the SV of the RT in the Bohai
Sea is relatively weak. Therefore, baroclinity is likely not the
main factor controlling the SV of RT within the Bohai Sea.

4.1.4 River runoff

Freshwater discharge intensifies the flushing of estuaries and
coastal waters, thereby enhancing water exchange (Wang
et al. 2010b; Du and Shen 2016). The effect of river runoff
on the hydrodynamics and RT consists of the baroclinic and
barotropic components. The baroclinic component is mainly
induced by the effect of river runoff on salinity levels. To
distinguish the effect of river runoff and the baroclinic pro-
cesses on the RT in the Bohai Sea, an additional case (Case
E3) was added in which the salinity was held constant
throughout the entire Bohai Sea to exclude the baroclinic ef-
fects induced by the river plume.

When river runoff was removed from the hydrodynamic
model (Case 4), the mean RT of the entire Bohai Sea is
4.91 years. The pattern of RT in Case 4 is similar to that in
Case 3; however, the RT is much longer, particularly in re-
gions near the Yellow River estuary (Fig. 8c). The spatial
distribution of annual mean diffz;(4) shows that river runoff
decreases the RT by ~5 years in the south of the Bohai Sea,

Fig. 11 Spatial distribution of (a)
diffs(E4), (b) diffsAES), (¢)
diffs(£6), and (d) diff s AET)

41°Nf A

40°N

39°N

38°N

especially in the LZB (Fig. 8f). The diffz7(E3) likely reflects
the effect of the baroclinic processes of river runoff on the RT.
As shown in Fig. 10b, the baroclinic process of river runoff
significantly decreases the RT by more than 3 years in the
estuarine regions of the BHB, LDB, and LZB. Both Case E3
(Fig. 10) and Case 4 (Fig. 8c, f, Fig. 9c) suggest that the
baroclinic processes resulting from river runoff plays a dom-
inant role in the effect of river runoff on the RT in the Bohai
Sea.

In addition, Case 4 shows an obvious decrease in the SV of
the RT near estuaries, especially near the Yellow River (Fig.
9c¢), and it decreases by approximately 50% in LZB and BHB,
respectively. However, the SVs of the other subregions are
very similar to those in Case 0. These results indicate that
the effect of river runoff on SV also has regional variations,
especially near the Yellow River.

4.2 Impact of monsoon winds on RT seasonal
variability

The above results indicate that the winds are the main control-
ling factor determining the seasonal variation in RT within the
Bohai Sea. The RT reflects the long-term transport timescale,
and its value and spatiotemporal distribution depend on the
hydrodynamic field within the control region (Liu et al. 2004;
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Du and Shen 2016). Water transport is controlled by the ad-
vection and diffusion processes from Eq. (1). Therefore, we
used an index, the Péclet number, to quantify the relative
importance of each process in controlling RT within the
Bohai Sea. The Péclet number (Pe) is defined as the ratio of
horizontal advection to diffusion (Guyon et al. 2001; Jenkins
2003; Patankar 1980), and the equation is as follows,

__ horizontal advection transport (6)

D horizontal diffusion transport

Pe — VLchar

where v is the residual velocity, Lq,, is the characteristic
length of the research domain, and D is the horizontal diffu-
sion rate. In the Bohai Sea, v is ~10"2 m/s, Loy is ~ 10° m, and
D is ~ 10> m*/s from the hydrodynamic model. Thus, Pe in the
Bohai Sea is ~ 10, which means that the effect of horizontal
advection on the RT is approximately one order of magnitude
greater than that of the diffusion. An added experiment ex-
cluding horizontal diffusion from the model further confirms
its negligible effect on the RT. Furthermore, four additional
experiments were included to quantify the effect of the change
in vertical diffusion induced by the winds, tides, baroclinic
processes, and river runoff, (Cases E4—E7, respectively).
The experiments were calculated using the same variables as
Case 0 save for the vertical diffusion values from Cases 1-4,

respectively. The RT and SV within the Bohai Sea were cal-
culated using the adjusted hydrodynamic data from each case.
Diffs(E4) — (E7) are shown in Fig. 11, and they are relatively
smaller than diffs1(1) — (4). Which suggests that the effect of
the change in the vertical diffusion induced by the dynamic
factors is much weaker than that of the change in the advec-
tion. As mentioned in Section 4.1, the wind is the main factor
controlling the SV in RT within the Bohai Sea. Thus, we can
conclude that the effect of winds on the RT is mainly related to
the effect of winds on the currents. In addition, long-term
transport in a tidally dominated system is highly related to
the residual current, and many studies have suggested that
the LRC is related to long-term transport in a macro-tidal
system (Feng et al. 1986, 2008; Jiang and Feng 2011, 2014).
Thus, we further analyzed seasonal variations in the LRC and
the effect of winds on the LRC in the Bohai Sea.

Significant seasonal variations in the LRC (Fig. 12) were
found within the Bohai Sea, and this result is consistent with
those of previous studies (Wei et al. 2001, 2004; Wang et al.
2010b; Zhou et al. 2017; Guo et al. 2018). As shown in
Fig. 12a, the speed of the LRC is much lower in the center
than in the coastal regions of the Bohai Sea in winter. Water in
the eastern/southwestern areas flows to the southwestern/
southeastern area of the Bohai Sea, and only water near the

Fig. 12 Lagrange residual o - | - 6
currents (white arrows) in (a) 41°N
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BS is transported out of the Bohai Sea. In spring and summer,
there is an evident decrease in the speed of the LRC, which is
lower in the BHB and on the west coast but higher in the LZB
and the center of the Bohai Sea (Fig. 12b, ¢). In the southern
Bohai Sea, the LRC flows to the northeast but moves south in
the western LDB. In addition, water in the LZB and near the
BS can be transported out of the Bohai Sea. In autumn, the
LRC in the Bohai Sea is similar to that in winter, except for
regions in the center of the CB, where there is a residual
current vortex (Fig. 12d), and water in the BHB and LZB
can be transported out of the Bohai Sea.

These seasonal variations in the LRC induce significant
differences in the transport pathways of water parcels released
in different seasons, which results in seasonal variations in the
RT within the Bohai Sea. However, compared with the spatial
distribution of RT, there is spatial consistency between the
lower/higher speed of the LRC and higher/lower RT values
(for example, in the top and central areas of the LDB and the
central/western areas of the CB) (Fig. 3). As shown by the

o

118°E 120°F 122°E 118°E 120°F 122°

trajectory of typical particle tracking in Fig. 13, particles re-
leased in the central CB are transported to the west in the
autumn, remain in the LZB for more than 1 year in winter,
and move out of the Bohai Sea through the southern BS in
summer. Thus, the RT in the CB is longer in autumn and
winter. In the BHB, the particles released in the autumn are
more easily transported to the LZB and out of the Bohai Sea,
while they spend more time in the BHB and LZB in the other
seasons. Hence, the RT of the BHB is relatively short in au-
tumn. Particles released in the LDB remain there for more
time in the spring and elsewhere in the Bohai Sea in winter,
while they are more likely to be transported out of the Bohai
Sea in the summer and autumn. Therefore, the longer RT of
the LDB occurs in the winter and spring. In conclusion, the
LRC appears to be the main factor controlling the RT and its
SV within the Bohai Sea.

Seasonal variations in the LRC are mainly induced by the
monsoon winds, as demonstrated by the results of Case 1: the
patterns and directions of the LRC in the Bohai Sea are very

18°F 120°F 1229F 118°F 120°F 122°F

Fig. 13 Particles trajectories released in CB, BHB, and LDB in four seasons (the color of lines show the trajectories of different particles released at the

same point)
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similar in all four seasons (Fig. 14). Therefore, water parcels
released in the same location in different seasons have similar
fates, and this explains the disappearance of seasonal RT var-
iations when winds have been removed. The LRC is also
weakened considerably when monsoon winds have been re-
moved from the hydrodynamic model. The average velocity
of the LRC in the four seasons in Case 1 was ~4.9 x 10> m/s,
which is approximately half the value of the control run. It is
thus difficult for the water masses in most of the interior re-
gions of the Bohai Sea to be transported to the strait and out of
the Bohai Sea when the monsoon winds have been removed,
which means that RT has higher values in Case 1 (Fig. 5).
The wind-induced residual current (Fig. 15e—h), which was
calculated using the LRC in Case 0 minus that in Case 1, is
similar to the LRC in the Bohai Sea during the four seasons.
This suggests that the wind-induced residual current plays a
dominant role in the LRC. Therefore, significant variations in
the LRC should be related to the wind-induced residual cur-
rent and thus to the seasonal shift in the wind direction. In the
center of the Bohai Sea, the wind-induced residual current is
mainly affected by the wind because of the smooth topogra-
phy (Huang et al. 1999; Deng and Zhao 2020). The direction
of water transport is related to the wind direction, water depth,

and Ekman layer thickness (7t, /24Y, where Av is the vertical

viscosity and f'is the Coriolis parameter) (Monismith 1986;
Huang et al. 1999; Pfeiffer-Herbert et al. 2015; Deng and
Zhao 2020). According to Ekman theory, if the water is deep
enough, wind-driven transport is oriented perpendicular to the
wind (Ekman 1905), whereas if the water is shallow and less
than half the Ekman layer thickness, the wind-driven transport
direction is basically consistent with that of the wind direction
(e.g., Estrade et al. 2008). In winter and autumn, due to strong
winds and surface cooling, the water is well mixed in the
vertical direction, and the Av is of the order of 1072 m?/s and
£ approximately 10* rad/s from the hydrodynamic model.
The Ekman layer thickness is thus more than 40 m and much
larger than the mean water depth (~ 18 m) of the Bohai Sea.
Therefore, the wind-induced residual current flows to the
southwest along the wind direction, especially in the center
of the Bohai Sea (Fig. 15e, h). However, under the effect of
the north wind and modulation of the shoreline, the wind-
induced residual current flows to the east in the nearshore
regions. In spring and summer, stratification is strengthened,
and the vertical viscosity is weakened (Av ~ 107 m%s), and
the Ekman layer thickness decreases to approximately 15 m,
which is shallower than the mean water depth. Therefore, the
wind-induced residual current is oriented perpendicular to the
wind and flows to the northeast within the Bohai Sea
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Fig. 15 Wind field used in the hydrodynamic model in (a) winter, (b)
spring, (¢) summer, and (d) autumn. The colors show the patterns of the
wind speed (m/s). The wind-induced residual current (LRC in Case 0

(Fig. 151, g). By driving the shift of the wind-induced residual
current, the monsoon winds cause seasonal variations in the
LRC within the Bohai Sea and thus induce significant season-
al RT variability.

5 Conclusions

This study used a 3-D hydrodynamic model with the adjoint
method of RT to investigate the RT of water in the Bohai Sea
and its seasonal variations. The model results show that the
annual mean spatially averaged RT in the entire Bohai Sea is
3.43 years. The mean seasonal variation in RT was more than
290%. However, it shows an increasing pattern from the
northwestern to southeastern area of the Bohai Sea. In addi-
tion, there is evident spatial variation in the maximum and
minimum values of RT with respect to the seasons and
months. Sensitivity experiments suggest that the monsoon
wind is the dominant factor affecting the seasonal variation
in the RT within the Bohai Sea. The annual mean RT in-
creased by approximately 90% and the SV decreased signifi-
cantly over the entire Bohai Sea if the winds were removed
from the hydrodynamic model, suggesting that wind could
enhance the water exchange and play an important role in
the seasonal variation in the RT. Wind could enhance the
residual currents in the Bohai Sea and thus accelerate the
water exchange rate of the Bohai Sea. The residual currents
vary seasonally because of the seasonal shift of the monsoon
wind, which induces the seasonal variability of RT in the

18°E 119°E 120°E 121°E 122°E 118%E 119°E 120°E 121°E 122°E 118°E 119°E 120°E 121°E 122°E 1S°E 119°E 120°E 121°E 122°E

minus that in Case 1) in (e) winter, (f) spring, (g) summer, and (h) au-
tumn. The colors show the patterns of the wind-induced residual current
speed (cm/s)

Bohai Sea. Sensitivity experiments show that the effects of
tides, baroclinic processes, and river runoff on seasonal vari-
ations in RT within the Bohai Sea are much weaker than those
of the wind. The tidal effect on the seasonal variation in RT is
mainly located in the BS and BHB, while the effects of river
runoff and baroclinic processes are mainly located in the cen-
tral CB and near the Yellow River estuary.
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