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Sedimentary processes in marginal seas play an important role in the biology, physics,
and geochemistry as well as ecology of coastal environments and contain abundant
information about the material transfer from land to ocean and the regional circulation.
Due to the huge sediment discharge of the Yellow River, the Bohai Sea, China is one of
the areas with the highest suspended sediment concentration (SSC) in the world.
Interestingly, the SSC at the west of the Bohai Sea is low all year round. Thus, it is of great
significance to examine the sedimentary dynamic process in this area for better
understanding the circulation structure, material exchange and regional environment
of the Bohai Sea. Using seabed base observation platform measurements obtained in
February 2017 and August 2019, this study examines the winter and summer
hydrography and suspended sediment concentration in the sea area off
Qinhuangdao located to the west of the Bohai Sea. In summer, the relatively weak
residual currents flowed northeastward and showed little correlation with the wind field,
especially in the middle layer of the water column. In winter, the residual currents were
strengthened, flowing to the northeast during strong wind periods, and predominantly
to the southwest during intermittent periods. Moreover, driven by the pressure gradient
force associated with the wind-induced sea surface height variations, the winter current
was closely related to the wind speed, with correlation coefficients ranging from 0.4 to
0.6 and a time lag of 10 h. The summer SSC was lower and mainly controlled by the tidal
current, whereas in winter, owing to the enhanced Reynolds stress and turbulent kinetic
energy, strong wind bursts triggered significant sediment resuspension and led to a
higher SSC. For the suspended sediment flux (SSF), the advection terms contributed
more than 80% in the winter and summer, while the vertical circulation terms
contributed 13% in winter, and approximately half that much in summer. Generally,
the suspended sediment is transported back and forth, with a little net northward and
northeastward motions in winter and summer, respectively. This may explain the low
SSC sustaining in coastal Qinhuangdao all year round. These results provide a reference
for sedimentary studies conducted in other coastal waters, especially in monsoon-
dominating shelf seas.
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1 Introduction

Suspended sediment plays an important role in the biology,
physics, and geochemistry of coastal environments. For example,
suspended sediment can have an effect on primary productivity by
affecting the extent to which light penetrates the water bodies (Lee
et al,, 2009; Shi et al,, 2017). Suspended sediments can affect the
morphodynamic evolution of estuaries and inshore areas through
the processes of deposition, flocculation, and settling (Dyer et al.,
2000; Wang et al,, 2010; Elias et al., 2012). The formation and
transportation of suspended sediment plays an important role in the
ecological environment of marginal seas (Birch et al., 1999), so
exploring the spatial and temporal dynamic processes of suspended
sediment concentration (SSC) is of great significance for better
understanding the coastal environments.

Due to seasonal changes in ocean dynamics and sediment
discharge by rivers, the concentration and transport of suspended
sediment in shelf seas exhibit strong seasonal variation (Muslim and
Jones, 2003; Yuan et al., 2008; Zhao et al., 2022). The ocean color
imageries showed that the SSC in global waters has seasonal
variation as well (Wei et al,, 2021). Based on the MODIS data
from 2003 to 2018, the spatio-temporal variation of SSC in the East
China Sea was studied by Qiao et al. (2020), and it was found that the
SSC had a typical seasonal variation. The SSC in the Mekong Delta
in southwest Vietnam also has seasonal variation, and due to the
decrease of the runoff and sediment discharge, the SSC in coastal
waters of the delta shows a decreasing trend (Loisel et al., 2014). As
the river with the second largest sediment discharge in the world, the
Yellow River flows to the Bohai Sea, making the Bohai Sea one of the
seas with the highest SSC in the world (Yang et al., 2011). Therefore,
conducting winter and summer observations in the Bohai Sea is
crucial for understanding the transport process of coastal sediments
and explaining changes in marine environment and ecosystem.

The Bohai Sea located in the north part of East China Seas
(Figure 1A), is a semi-enclosed marginal sea consisting of four parts:
the Bohai Bay, Liaodong Bay, Laizhou Bay, and Central Basin
(Figure 1B). Owing to the Huanghe, Liaohe, Haihe, and Luanhe
Rivers carrying large amounts of sediment into the Bohai Sea and the
seawater having a poor exchange capacity, the suspended sediment
concentration (SSC) in the Bohai Sea is higher than that in other East
China seas (Bian et al., 2013; Wang et al., 2016). Consequently, in
recent decades, the high SSC in the Bohai Sea has been widely
studied, especially Mao et al. (2018) and Zhao et al. (2022)
considered the entire Bohai Sea. Since the majority of previous
studies have concentrated on the resuspension, transportation and
final destination of Huanghe River-derived sediment and its
seasonal variability, most researchers have focused on specific
areas such as the Huanghe Estuary (Li et al, 2010; Qiao et al,
2010; Yang et al., 2011; Wang et al., 2014; Liu et al., 2020a), the Bohai
Strait (Duan et al., 2020b; Liu et al., 2020b; Wang et al., 2020), and
the Bohai Bay (Qiao et al., 2011), and paid minimal academic
attention to other sea areas, such as the exceptional low SSC area
off Qinhuangdao (Figure 1B).

The year-round low SSC and high salinity that dominates the sea
area off Qinhuangdao has been mentioned in several studies based
on numerical simulation results and remote sensing data, but in situ
observations of this area are scarce. Jiang et al. (2004), Wang and Li
(2009), Chen et al. (2010), and Bian et al. (2013) conducted
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numerical simulations of suspended sediments in the Bohai Sea
and found a low SSC in the sea area off Qinhuangdao. Wang and
Jiang (2008), Cui et al. (2009), Pang and Yu (2013), and Zhao et al.
(2022) found that the coastal waters off Qinhuangdao showed the
smallest seasonal differences in SSC among those of all Bohai Sea
regions, by using ocean color remote sensing data. While the spatial
distribution of suspended sediments in the Bohai Sea has been
presented in these studies, in-depth research on the underlying
dynamic mechanism has yet to be reported, due to the lack of in situ
observations.

The vertical distribution of the SSC and its temporal variation
are crucial to the dynamical mechanism. Jiang et al. (2020)
conducted field observations in the sea area off Qinhuangdao for
more than 20 days from February to March 2017, using a bottom-
mounted quadropod to obtain the hydrological and sediment
depths, and
mechanism of sediment resuspension during a strong wind event

parameters at quasi-full water explored the
in winter. Their research led to the conclusion that, even under the
influence of storm winds in the winter, the local weak sediment
resuspension causes the formation of the low SSC area off
Qinhuangdao.

In East China seas, especially the Bohai Sea, seasonal variations
in the SSC is significant since winter and summer monsoons prevail.
Yang et al. (2011) studied the seasonal comparison of sediment
transport off the Huanghe delta based on observation data and
pointed out that the coastal area off the Huanghe delta acts as a
sediment sink in summer and converted to be a sediment source in
winter in response to the seasonal variation of the East Asian
monsoon in this region. Wang et al. (2014) further concluded
that strong seasonal variability of suspended sediment
distribution in the Bohai Sea was consistent with the monsoon
activity and associated wave actions and coastal currents that are
varying seasonally. In consideration of strong wind waves causing
the seabed sediments to be resuspended and dominating the
seasonal variation of the SSC in the Bohai Sea, winter monsoon,
especially winter storm and its controlling mechanism have been
extensively studied (Wu et al., 2019; Duan et al., 2020b; Wang et al.,
2020). However, summer observations and studies are relatively
rare. Both winter observations and summer field surveys are
necessary to depict the complete dynamic sedimentary processes
at the study site.

In this study, a seabed base observation platform was deployed
to measure the temperature, salinity, echo intensity, current velocity,
and so on in the sea area off Qinhuangdao from 15 August to
29 August 2019. The in-situ observational data from the Bohai Sea
near Qinhuangdao in the summer of 2019 and winter of 2017 were
compared to explore the seasonal differences in SSC and its
dynamical mechanism.

2 Data and methods

2.1 Field surveys in winter and summer
Seabed base observation campaigns were conducted in the Bohai

Sea off Qinhuangdao from 15 February to 9 March 2017, and from

15 August to 29 August 2019. The sea area off Qinhuangdao is
located in the west coast of the Bohai Sea, with the range of
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(A) Bottom topography of the Bohai Sea, Yellow Sea and East China Sea. (B) Bathymetry of the Bohai Sea (color shading) with the climatological
winter depth-averaged current field (arrows). The black dot represents the S1 mooring; the block dots (A,B) represent the locations of the winter and
summer wind speed observation buoys; the red circle indicates the exceptionally low SSC area off Qinhuangdao. The velocity data were derived from Liu

et al. (2021). (C) Schematic of the seabed base observation platform.

39.45°N—40.70°N and 119.2°E-120.8°E, and it is a key sea area
connecting the Liaodong Bay and the Bohai Bay (Figure 1B). The
seabed base observation platform placed at Station S1 both in winter
and summer, located at 39°38'N and 119°40'E, was 2.2 m x 2m X
2m (length x width x height) in size (Figure 1C), with a suite of
instruments installed onboard, including an upward-looking
Acoustic Doppler Current Profiler (ADCP), a downward-looking
Pulse-Coherent Acoustic Doppler Profiler (PC-ADP), an Acoustic
Doppler Velocimeter (ADV), three Optical Backscatter Sensors
(OBS), and a Conductivity-Temperature-Depth (CTD).

The two seabed base observation campaigns relied on the same
quadropod and instruments. Jiang et al. (2020) provided a detailed
description of the instruments deployed at Station S1 in the seabed
base observation campaign of 2017. Station S1 information from
2017 to 2019, such as longitude and latitude, water depth,
instrument configuration and effective observation period, is
shown in Table 1. During the 2019 observations, the upward-
looking ADCP contained 19 depth units of 1 m each, with the
first unit 3.23 m above the transducer. The observed data, such as the
velocity and echo intensity in the upper layer, were obtained from
ADCP with a time resolution of 30 min with a valid data range of
5.23-16.23 m from the seabed. The downward-looking PC-ADP
was placed 1.25m from the bottom, with a blind area range of
0.05 m. The velocity and echo intensity of the bottom boundary
layer were obtained from the PC-ADP with a time resolution of
30 min and valid data range of 0.045-1.100 m from the bottom.
Through ADCP and PC-ADP observations, the velocity and echo
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intensity of the entire water depth were measured. Additionally, the
ADV conducted intermittent sampling at a frequency of 16 Hz for
30 s every 30 min to obtain near bottom high-frequency velocity
data. Meanwhile, the three OBSs were placed at different heights on
the quadropod and used to collect the turbidity of the bottom
boundary layer with a sampling interval of 10 min. Owing to the
severe oceanic conditions and aging of the instruments, the OBSs
were not working properly. The temperature and salinity near the
bottom layer were obtained using the CTD with a time resolution of
10 min.

The SSC was estimated from the correlation between the winter
SSC measurements from 2017 and the backscatter intensity. Jiang
et al. (2020) used a 1 L water bottle to collect a total of nine water
samples from the upper, middle, and lower layers of S1 every 3 h to
measure the SSC.

In the winter of 2017, wind speed data were obtained from an
offshore buoy located at 39°30'N 120°36'E, as shown at A in
Figure 1B. In the summer of 2019, wind speed data were also
derived from an offshore buoy, located at 39°02'N 120°05'E (B in
Figure 1B).

2.2 Estimates of bottom shear stress, TKE,
wind stress and pressure gradient force
The Reynolds method was used to calculate the bottom shear

stress (7. Nm™2).

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1097033

Zhang et al.

10.3389/feart.2023.1097033

TABLE 1 Comparison of instrument configurations at S1 in the winter of 2017 and summer of 2019.

Station Year Water depth (m) Location Instrument Instrument depth (mab?) Effective observation period
S1 2017 17.6 39°38'N ADCP 1.7 February 15, 11:00-March 09, 10:00
PC-ADP 1.25
ADV 0.88
OBS 1.1/0.7/0.3
CTD 15
2019 119°40'E ADCP 20 August 15, 11:30-August 29, 12:00
PC-ADP 125
ADV 118
OBS 1.4/1.0/0.6
CTD 18
“mab: meters above bottom.
u=1i+ “:u + u; (1)  where p, = 1.29 kg/m3 is the air density, Cd is the wind stress drag
v=THv, 4 @) coefﬁcient, which was calculated according to the formulation
5 ) provided by Oey et al. (2006), the uy;ng and vy are the zonal
w=wtw, +w, (3)  and meridional components of the wind speed.

where u, v, and w represent the east-west, north-south, and
vertical current velocities, respectively; #, ¥, and w represent
the mean flow components; u;), V;u, and w'w represent the orbital
velocities of waves; and u;, v;, and w; represent the turbulent
velocities. The orbital and turbulent velocities are called the
fluctuating components and are obtained by subtracting the
average velocity from the instantaneous velocity.

The estimation of Reynolds’ stress is done as follows (Li et al,
2018):

f=py- (—\/(uz ), w’,) @)
The turbulent kinetic energy (TKE) is computed as follows:
1 — = —
TKE = Epw(ut2 +v2+ wtz) (5)

where p,, is the density of seawater, and u' and w’ are turbulent
fluctuations.

To obtain the turbulent component, the bandpass filtering method
was used to decompose the fluctuating components (Soulsby and
Humphery, 1990; Kularatne and Pattiaratchi, 2008; Meirelles et al,
2015; Zhu et al,, 2016). By analyzing the power spectrum density of the
fluctuating component in the summer of 2019, it was found that the
wave periodic signal was not significant, which may be because the wind
speed in summer is too small to affect the seabed, so it is not necessary to
separate the waves and turbulence. During the winter observation in
2017, the wave frequency was 0.15 hz through power spectrum density
analysis, so the turbulent velocity was obtained through a high-pass
filter with a cutoff frequency of 0.2 Hz and a low-pass filter with a cutoff
frequency of 3.0 Hz.

The wind stress is calculated as follows:

— 2 2
(Tx) Ty) =p, Cd \ U ind + Viind (uwind) Vwind)

(6)
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The pressure gradient force is calculated as follows:

grud(px,py) =—p, ggmd(sshx,sshy) (7)

where p, = 1,025 kg/m3 is the seawater density, g = 9.8 N/kg is the
acceleration of gravity, grad (ssh) is a gradient of Sea Surface Height
with the Sea Surface Height is obtained from CMEMS: https://
resources.marine.copernicus.eu/products. The temporal and spatial
resolutions of CMEMS are 1 day and 1/12°, respectively. And the
applicability of CMEMS has been demonstrated by data consistence,
compared with the HYCOM results.

2.3 Decomposition of suspended
sediment flux

The suspended sediment flux (SSF) is the amount of suspended
sediment passing through a specific area (usually a unit area
perpendicular to the direction of flow) in a unit time. The
average SSF over a tidal cycle can be quantified as follows (Dyer,
1997; Yu et al,, 2012; Yu et al.,, 2014; Pang et al., 2020):

1 (T H N
F= T J J UCdzdt = CoUoH, +CoUH, +U,C:H, + H,U,C,
0Jo

F1 F2 F3 Fa
+CUH; + Hi{UsCy) + Ho{UsCysty (8)
F5 F6 F7

where C is the SSC, U is the current velocity, T is the period of tides,
and H is the seawater depth. The subscript 0 represents the mean
value over time and space, the subscript ¢ denotes the vertically
averaged tidal variation, the subscript d represents the deviations
from the vertical means, and the subscript df represents the
temporal deviations from the tidal averaged deviations from the
vertical means. The angle brackets (<>) and overbars indicate the
means at the depth and tide cycle, respectively. FI to F7 are the
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Time series of hourly mean wind speed and wind direction: (A) from 10:00 on 15 February 2017 to 10:00 on 9 March 2017; (C) from 11:00 on
15 August 2019 to 12:00 on 29 August 2019. (B) Time series of temperature and salinity with a temporal resolution of 5 min from 10:10 on 15 February
2017 to 10:00 on 10 March 2017. (D) Time series of temperature and salinity with a temporal resolution of 10 min from 11:30 on 15 August 2019 to 12:

00 on 29 August 2019.

individual components that decompose SSF by flux decomposition
method.

Each decomposition term (F1-F7) represents a specific
physical process contributing to the SSF (Dyer, 1997; Li and
Zhang, 1998; Yu etal.,, 2012; Pang et al., 2020). The first term (F1)
is the non-tidal drift, called the Eulerian flux, and depends on the
tidal current intensity comparison, representing the dominant
current contribution to the net sediment transport. The second
term (F2) is the Stokes drift effect contribution to the net
sediment transport. The terms F1 and F2 are related to
advection transport and can be combined to form the
advection transport terms (known as the Lagrangian flux). The
terms F3 to F5 constitute the tidal pumping terms, which are
caused by the phase difference between the depth-averaged SSC,
the depth-averaged velocity, and the tidal elevation. The terms
F6 and F7 result from the vertical circulation effects, and
represent the tidally-averaged wvertical circulation and the
variation in the vertical distribution of the SSC and velocity,
respectively.

This decomposition method has been widely used to study
sediment flux patterns and maximum turbidity formations in
estuaries (de Nijs et al., 2009; Erikson et al., 2013; Ganju et al,,
2005; Li and Zhang, 1998; Nowacki et al., 2015; Su and Wang,
1986; Uncles et al., 1985a; Uncles et al., 1985b; Wu et al., 2001;
Xiao et al., 2018). Here, the relative importance of different
processes are assessed by comparing the values of the
decomposition terms.

Frontiers in Earth Science

3 Results
3.1 Wind, temperature, and salinity

Figure 2A shows the time series of hourly-averaged wind speeds
from 15 February 2017, to 9 March 2017, exhibiting an average value
of 6.5 + 40 m/s and a range of 0.3-17.9 m/s; wind speeds greater
than 14 m/s were defined as strong wind events (Jiang et al., 2020),
with the four strong wind events corresponded to a northerly wind
direction. Figure 2C shows the wind speed variations with an hourly
mean of 45 *+ 2.1 m/s and a range of 0.1-11.7 m/s during the
observation period from 15 August 2019, to 29 August 2019, with a
predominately southerly wind direction. It is clear that the winter
wind speed in the sea area off Qinhuangdao is greater than it is in the
summer.

The sequences of the temperature and salinity near the bottom
layer (about 1.5 m above the seabed) from 15 February 2017, to
9 March 2017, are shown in Figure 2B. The salinity and temperature
ranged from 31.28 to 32.17 psu and 1.71°C-2.77°C, with mean values
of 31.88 + 0.16 psu and 2.22°C + 0.29°C, respectively. After each
strong wind event, there was a tendency for the salinity near the
bottom to decrease, possibly owing to the low salinity seawater input
along the coast. The temperature and salinity time series during the
August 2019 observation period are shown in Figure 2D. The
temperature near the bottom (about 1.8 m above the seabed)
spanned a range of 24.16°C-25.02°C with an average value of
24.64°C + 0.14°C. After 5:00 on 27 August, there was a slight
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drop in temperature, which may be related to a shift in wind
direction from southerly to northerly. Then at 4:00 on
28 August, the temperature dropped further, which may be due
to wind speed enhancements. The salinity values (about 1.8 m above
the seabed) during the August 2019 observation period were 31.79 +
0.05 psu, with a range of 31.67-31.86 psu. The winter temperature
and salinity variations were larger than those of the summer during
the observation periods, which may be a result of the stronger winds
transporting the relatively high-temperature, high-salinity water
body from the Bohai Strait to S1 in winter.

3.2 Tides and residual currents

As shown in Figure 3, regardless of the season, the current at
S1 is dominated by irregular semi-diurnal tides, and the current
velocity in the middle and upper layer is larger than that in the
bottom layer. During the winter 2017 observation period, the
maximum and minimum current velocities of the middle and
upper layers (measured by ADCP) were 0.73 m/s and 0.10 m/s,
respectively, with an average value of 0.20 m/s (Figures 3C, D). The
current velocity in the bottom boundary (measured by PC-ADP)
ranged from 0 to 0.36 m/s, with an average value of 0.08 m/s (Figures
3B, F). Similarly, the average current velocity (as measured by
ADCP) was 0.20m/s during the summer 2019 observation
period, varying from 0.14 to 0.56 m/s (Figures 3C, G). The
current velocity in the bottom boundary layer (measured by PC-
ADP) varied from 0.07 to 0.28 m/s, with an average value of 0.09 m/s
(Figures 3D, H).

The vertical distribution of residual currents time series during
the 2017 and 2019 observation periods are shown in Figure 4. The
residual currents time series were obtained through a 40 h lowpass
filter of the original velocity data to remove the tidal signals.
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Regardless of the observation period, the middle- and upper-layers
residual currents were significantly larger than those of the bottom
layer, as shown in Figure 4. During the 2017 observation period, the
average residual currents of the middle-upper layers and the bottom
layers were 5.7 and 3.9 cm/s, respectively (Figure 4B). Residual currents
flowed to the northeast during strong wind periods and flowed
predominately to the southwest during intermittent periods in the
winter of 2017 (Figures 4A, B). Generally, the lower-layer residual
current flowed northward while the upper- and middle-layer currents
flowed eastward (Figure 4E). However, during the 2019 observation
period, the average residual currents of the middle-upper layers and the
bottom layer were 3.8 and 1.1 cm/s, respectively (Figure 4D). Generally
without the influence of strong wind (Figure 4C), the residual current
flowed northeastward.

Jiang et al. (2020) proposed that in the upper and middle water
body, the occurrence of high SSC lagged behind the high wind
speed by about 10 h. Similarly, approximately 10 h after the onset
of a strong wind event, a significant increase in residual current
was observed during the 2017 observation period, as shown in
Figures 4A, B. The advance and lag correlations between residual
currents and wind speeds further indicated that the best
correlation was with a 10h lag. Figure 5 shows the
correlations between the wind speeds and residual currents,
and the wind speeds and the 10 h lag residual current during
the 2017 and 2019 observation periods, respectively. Figures 5A,
B show that, during the 2017 observation period, the correlations
between the wind speed and residual current were significantly
smaller than those between the wind speed and the 10h lag
residual current. This difference was especially noticeable in the
layers measured by ADCP. As shown in Figure 5A, the
correlations between the wind speed and the residual current
were less than 0.1 while those between the wind speed and the
10 h lag residual current were roughly 0.4-0.6.
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Figures 5C, D show that, during the 2019 observation period, at
the surface layers the correlations between the wind speed and
residual current were greater than those between the wind speed and
10h lag residual current. At the middle layers, the opposite
correlations were greater, and two kinds of correlations were
similar at the lower and bottom layers. The correlations in the
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summer were different from those in the winter, which may imply
two distinct driving mechanisms. The vertical distribution of
correlations displayed that only the surface and bottom friction
layers were under the instant influence of summer wind forces;
however, summer wind forces were weak, indicating that
thermohaline circulation played an important role in the summer
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NTU. During the winter 2017 observation period, the average SSC in
the upper and middle layers was 35 mg/L, while the average SSC in
the bottom layer was 39 NTU. During the summer 2019 observation
period, the corresponding average SSC values were 28 mg/L and
29 NTU, respectively. It was clear that the SSC in the sea area off
Qinhuangdao was higher in winter than it was in summer,
consistently with previous studies (Bian et al, 2013; Pang and
Yu, 2013; Zhou et al., 2017). The SSC roughly increased with the

residual current (Huang et al., 1999; Liu et al., 2003; Wu et al., 2004;
Duan et al., 2020a).

3.3 SSC

Figures 6, 7 show the winter and summer SSC profiles at full
water depth at S1, where ADCP measured in mg/L and PC-ADP in
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water depth increasing. Occasionally, the SSC in the upper layers of
the water body was higher than that in the middle layers, which
might be due to an increase in bubbles in the upper layers of the
water body as strong winds stirred the seawater, or may be related to
plankton in the summer.

In the during the winter
2017 observation period, a notable phenomenon occurred: many
high-concentration bubbles extended from the upper to the middle
parts, and even to the lower parts of the water bodies, as shown in
Figure 6C. Similarly, during the summer 2019 observation period,
after 20 August, the abrupt increase of the SSC in the upper layers of
the water body may be related to the bubbles caused by the wind
speed increase, as shown in Figure 7C. During the winter, after each
strong wind event, the SSC increased sharply, the duration of the
high SSC period often exceeded 24 h, and the tidal current only had a
secondary effect on the SSC, as shown in Figure 6. During the
summer

four strong wind events

2019 observation period, no significant sediment
resuspension occurred in the bottom boundary layer owing to
the absence of strong wind events and, generally, the variation in
SSC was consistent with tidal current changes, as shown in Figure 7.

Additionally, Figure 8 shows that the correlation between the
SSC in the upper, middle, and lower layers and the SSC in the
bottom layer was significantly different during the winter
2017 observation period and the summer 2019 observation
period.

The vertical distribution of the average correlation coefficients
during the 2017 observation period is shown in Figure 8A. The mean
value gradually increased with the water depth increasing, and its
variation range was approximately 0.26-0.76.

Owing to the occurrence of strong wind events, the wave-
induced shear stress at the bottom was greater than the critical
bed shear stress of 0.16 Pa, resulting in bottom sediment
resuspension (Jiang et al., 2020). With the depth increasing, the
distance from the bottom decreased while the influence of bottom
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sediment resuspension increased. Hence, in the sea area off
Qinhuangdao during the winter observation period, the sediment
resuspension in the bottom layer played an important role in
defining the SSC in the lower, middle, and upper layers.

The vertical distribution of the average correlation coefficients
from the summer 2019 observation period is shown in Figure 8B,
which varied from —0.13 to 0.23. The correlation coefficients from
the 7th to the 21st bin of the ADCP were negative, whereas the
values from the 1st to the 6th bin near the bottom boundary layer
were positive. Moreover, the values increased gradually with depth
from the 6th to the 1st bin. This suggests that in the summer, when
no strong wind events occurred in the sea area off Qinhuangdao, the
resuspension of seabed sediments had a negligible effect on the SSC
in upper and middle layers, but had a certain contribution to the SSC
in lower layers.

Opverall, the winter SSC variations were significantly correlated
with strong wind events, whereas the summer SSC variations were
predominately controlled by tides and tidal currents.

4 Discussion

The distinctive features on hydrodynamics and sediment
dynamics described in results Section are as follows. Firstly,
winter residual currents had a 10h lag to the wind field,
especially in such shallow coastal waters (Figures 5A, B).
Secondly, the winter SSC variations were significantly correlated
with strong wind events (Figures 6A, D), whereas the summer SSC
variations were predominately controlled by tides and tidal currents
(Figures 7B, D). Thirdly, the SSC in the upper, middle, and lower
layers had a close relationship with the SSC in the bottom layer in
winter, but not in summer (Figures 8A, B). The formation
mechanism of these features will be explored in the following
three parts, including the delayed response mechanism of
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residual current to wind field, the forcing analysis of kinetic factors
through Reynolds stress and TKE in the bottom layer, and the
impact ability of vertical circulation by suspended sediment flux
decomposition.

4.1 The delayed response of residual current
to wind field

The 10 h lag response of residual current and SSC to wind field in
winter seems to be unreasonable for such shallow Bohai Sea with an
average depth of 18 m. This strongly suggested that the residual current
was not directly driven by local winds (wind stress). Similar time lag has
been reported in Duan et al. (2020b) showing the 3-6 h lag, and Wang
et al. (2020) indicating even more than 1 day lag on the deep side of the
Bohai Strait. They both concluded that the time lag was most likely
controlled by wind-triggered coastal trapped waves (CTWs). At the bay-
shelf and estuary-shelf junction, such as the Bohai Strait, CTWs play an
important role of water and sediment exchange (Wang et al., 2020). The
study site located off the Qinhuangdao, different from the bay-shelf
system might have a distinct mechanism. In order to better reveal the
mechanism of the wind effect on the Bohai Sea circulation, the daily
averaged SSH data from CMEMS and the wind data from ECMWEF were
applied in this study (Figure 9). And the availability of wind data from
ECMWEF has been demonstrated by data consistence, compared with
measured wind speeds.

Under the influence of East Asian Monsoon, the northerly wind
prevails over the entire Bohai Sea and Yellow Sea in winter. Strong wind
events could have a significantly impact on the redistribution of regional
Sea Surface Height (SSH), and the response of SSH to strong wind events
has a certain lag as well as, shown in Figure 9. During the first strong
northerly wind event on 16th February, there was no significantly change
in SSH (Figure 9A). When the wind relaxed even reversed on 17th
February, the SSH in the entire Bohai Sea lowered significantly, with
relatively low in the north and high in the south, as shown in Figure 9B.

Frontiers in Earth Science

The change in SSH resulted in a north-south pressure gradient and
northward compensation current (Hu et al., 2017). Correspondingly, the
residual current increased significantly on 17 February, as shown in
Figure 4B. On 18th February, the wind was southerly and the wind speed
decreased, and the SSH began to rise (Figure 9C). The SSH reached its
highest level on 19th February, as shown in Figure 9D, almost the entire
SSH was higher than 0.3 m. The first strong northerly-relaxation-
reversal-southerly wind round was over. From 19th February, the
second similar round began(Figures 9E, F). Due to the stronger
northerly wind than the first round, the change in SSH was more
intense, as shown in Figure 9E.

Generally, the residual current was driven by winter strong wind
using two approaches, direct wind stress and wind-triggered pressure
gradient force in the shelf sea. Time series of wind speed and wind
direction (Figure 10A), seawater acceleration generated by wind stress in
U and V directions (Figure 10B), vertical mean residual current velocity
(Figure 10C) at the study site, and seawater acceleration generated by
pressure gradient force in V direction at 7 representative points (A-G)
(Figure 10D) from 16 February to 21 February were illustrated. The
pressure gradient force was calculated using the gradient of SSH
(Figure 9). The response of wind stress to wind speed was real-time
(in Figures 10A, B), while the response of residual current velocity and
pressure gradient force to wind speed was hysteretic with the 10 h lag
(Figures 10C, D). Furthermore, pressure gradient force-induced
acceleration was larger than the wind stress-induced one. It could be
concluded that the 10 h lag of residual current to wind speed was most
likely dominated by the pressure gradient force, which generated by
wind-driven SSH variations.

4.2 Reynolds stress and TKE in the bottom
layer

The 2017 Reynolds stress calculations using Eq. 4 yielded results
close to those obtained by Jiang et al. (2020), who calculated the total
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bed shear stress, including wave-induced stress, current-induced
stress, and wave-current interaction, as shown in Figure 11A. When
the bottom shear stress caused by wave is much larger than that
caused by current, the wave-current-induced bottom shear stress
might be only slightly larger than that caused by wave itself (Yang
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etal, 2011). Owing to the shallow water depth in the Bohai Sea, the
energetic waves could act straightly on the seabed, leading to active
coastal erosion and resuspension (Wang et al., 2014; Zhao et al,
2022). In the sea area off Qinhuangdao, similar to other regions of
the Bohai Sea, the wave-induced shear stress in winter invariably
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plays a primary role in sediment resuspension. Energetic waves
would enhance the turbulence of sea water, which could be well
expressed by Reynolds stress and TKE (shown as Figures 11, 12).

Jiang et al. (2020) evaluated the critical bed shear stress as
0.16 Pa considering the cohesive characteristics of seabed sediments,
which was closed to the sand critical shear stress of 0.14 Pa (Wang
et al., 2020), indicating that the fraction of sand in the sea area off
Qinhuangdao was relatively high. The black line in Figures 11A, 12A
represents the value of the critical bed shear stress. At 10:00 on
16 February 2017, the wind speed exceeded 14 m/s, and the
Reynolds stress reached its first peak value (0.38 Pa) at 12:00,
and reached the maximum value (0.44 Pa) at 14:00, which
exceeded by far the critical stress of 0.16 Pa and lower than the
maximum shear stress of 0.5Pa under wave-current interaction
during storm buildup phase in the Bohai Strait in winter 2018
(Wang et al., 2020). Similarly, Duan et al. (2020b) discovered that
the wave shear stress at the bottom of Bohai Strait was about 0.5 Pa
during the winter strong wind event. Acting as the other crucial
dynamic parameter, the TKE was increasing significantly, reaching
its maximum value (188 cm?/s?) at 13:00 (Figure 11B). MacVean and
Lacy (2014) proposed that the TKE generally remained below
50 cm?/s*> under tidal influence alone, but exceed 100 cm?/s?
during the major wind event. Due to high Reynolds stress and
TKE, significant sediment resuspension occurred, resulting in a swift
increase in SSC, as shown in Figure 11C.

Figure 11D shows the time series of the V component of tidal
currents at 0.1 mab, which barely changed before and after the
massive sediment resuspension; therefore, in the winter, with strong
wind events, the tidal current did not have a major effect on the SSC
in the bottom layer. In August 2019, the Reynolds stress was mostly
less than the critical bed shear stress of 0.16 Pa, as shown in
Figure 12A, and all TKE values were lower than 10 cm?®/s’, and
less than a 10th of the maximum TKE from winter 2017, as shown in
Figure 12B. The weak Reynolds stress and low TKE could not trigger
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the resuspension of bed sediments, which had little influence on the
variation of the SSC. The correlation coefficient between the SSC at
0.1 mab and the TKE was smaller than 0.1, which further
demonstrated that the SSC were independent of the wind-
induced turbulence.

It can be seen from Figures 12C, D that the increase of high
SSC and the change of tidal current velocity in V component at
0.1 mab have obvious tidal periodic signals. More specifically, the
period of the SSC varied with the difference of the diurnal
inequality pattern (Figures 12C, D), indicated by sectional
spectrum analysis. Before 19 August, the significant SSC
period was 8 h due to the evident diurnal inequality. From
then until 25 August, the significant SSC periods were 6 and
8 h since the semi-diurnal tidal currents were almost equal. After
25 August, the diurnal inequality was more pronounced, so the
corresponding SSC had cycles of 8 and 12h. Since the
corresponding Reynolds stress during the summer observation
period was mostly lower than the critical stress, the advection
transport of tidal currents may be the main reason for the
variation of SSC. Ultimately, in the summer, without strong
wind events, the tidal currents played a major role on the SSC
in the bottom layer.

4.3 Suspended sediment flux decomposition

Eq. 8 was used to calculate the tidally-averaged suspended
sediment flux [F, g/(m s)], following the method used by (Dyer,
1997). The U component in the east-west direction and the V
component in the north-south direction were calculated, and the
positive sediment flux values represented the east or north direction.
The results of the horizontal decomposition terms (F1-F5) and
vertical circulation effects terms (F6-F7) in 2017 and 2019 are
shown in Tables 2, 3, respectively.
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TABLE 2 Tidally averaged suspended sediment flux [F, g/(m s)] and its decomposition terms (F1-F7) at S1in 2017. Among them, -u is the component of F in the east-
west direction, and a positive value indicates east; -v is the component of F in the north-south direction, and a positive value indicates north.

Number of tides

1 -21.92 0.63 -1.42 0.00 0.01 -1.28 —-0.34
-20.30 1.25 -1.69 0.01 0.04 1.98 -0.27
2 26.76 -0.50 -1.19 0.00 0.01 -1.08 0.08
38.43 -1.20 -1.16 -0.01 —-0.04 —-0.45 -0.01
3 19.67 -0.36 -0.26 0.00 0.01 -1.66 -0.02
40.77 -0.09 0.00 -0.00 0.01 -0.14 0.09
4 -13.57 -0.25 -0.09 0.00 0.01 -0.96 -0.02
—-20.49 0.18 0.37 -0.00 -0.00 0.98 0.02
5 37.16 -1.01 1.47 -0.03 -0.01 -1.37 -0.00
40.77 0.63 1.12 0.02 -0.01 0.78 0.07
6 24.37 -0.62 0.84 —-0.01 0.02 -3.35 0.02
70.62 0.31 0.30 0.04 0.01 2.56 0.07
7 -1291 —-0.49 -1.73 —-0.00 0.02 -2.15 0.24
4.34 0.02 -0.25 0.00 -0.00 4.16 -0.25
8 26.86 -1.02 0.25 —-0.00 —-0.00 -0.63 -0.01
15.43 0.14 0.26 0.00 0.00 221 -0.01
9 —-16.88 -0.12 0.16 0.00 0.01 -1.67 -0.09
6.24 0.09 0.51 0.00 -0.00 2.39 -0.03
10 -12.86 -0.40 0.29 0.00 -0.01 0.41 -0.08
-23.09 -0.18 0.14 0.00 0.00 3.26 0.08
11 -2.07 -0.11 0.35 0.00 0.00 -0.75 -0.08
-1.92 -0.09 0.45 0.00 0.00 1.47 0.01
12 -9.24 -0.09 0.29 0.00 -0.00 -1.27 0.04
-0.24 0.17 0.24 0.00 —-0.00 0.80 -0.01
13 -7.26 0.00 0.51 0.00 0.00 -0.71 —-0.04
—-8.60 —-0.49 0.65 -0.00 0.01 1.42 0.03
14 5.11 0.07 0.47 -0.00 -0.01 -1.76 -0.65
23.72 -0.23 -0.11 —-0.01 —-0.00 -0.23 -0.20
15 20.60 0.36 -0.40 0.00 0.01 -1.89 0.04
31.57 0.71 -0.41 0.00 0.00 -0.17 0.00
16 -33.77 -0.56 0.39 0.00 -0.01 -0.59 -0.07
-12.68 0.09 0.29 -0.00 0.00 0.13 -0.01
17 -18.31 0.00 0.79 0.00 0.00 -0.27 0.03
-18.59 -0.24 0.97 0.00 -0.00 0.29 -0.05
18 29.03 -0.27 -0.72 0.00 0.01 -1.62 -0.18
49.24 -0.82 -0.16 0.01 0.01 -0.08 0.14
(Continued on following page)
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TABLE 2 (Continued) Tidally averaged suspended sediment flux [F, g/(m s)] and its decomposition terms (F1-F7) at S1 in 2017. Among them, -u is the component of
F in the east-west direction, and a positive value indicates east; -v is the component of F in the north-south direction, and a positive value indicates north.

Number of tides

19 7.72 -0.22 0.43 0.00 0.00 -0.76 -0.13
20.43 -0.71 0.19 -0.01 -0.02 0.78 0.08

20 0.15 -0.43 1.29 0.00 0.01 -2.52 -0.06
19.47 0.68 141 0.00 —-0.01 3.52 0.06

21 -10.68 -0.93 0.93 0.00 -0.01 —-0.66 -0.08
—4.55 0.31 0.65 -0.00 0.00 2.22 0.01

TABLE 3 Tidally averaged suspended sediment flux [F, g/(m s)] and its decomposition terms (F1-F7) at S1 in 2019. Among them, -u is the component of F in the
east-west direction, and a positive value indicates east; -v is the component of F in the north-south direction, and a positive value indicates north.

Number of tides

1 9.63 0.83 -0.24 -0.01 0.06 -0.19 0.05
12.08 -3.05 —-0.34 -0.01 -0.12 0.26 0.23
2 -5.93 —-0.84 0.70 0.00 -0.03 0.92 0.24
1.42 -0.72 —-0.31 -0.00 -0.02 0.10 0.06
3 -3.57 —0.46 -1.30 0.00 -0.02 0.05 0.01
-8.19 —-0.40 -1.43 -0.00 -0.02 0.10 0.08
4 10.54 -0.35 -0.07 —0.00 —-0.01 —-0.08 0.02
3.43 —-0.32 0.34 -0.00 -0.01 0.25 0.39
5 14.63 -0.31 -0.27 . -0.00 0.00 -0.85 -0.16
15.94 -0.22 —-0.38 -0.00 0.00 0.03 0.05
6 12.18 -0.20 -0.66 -0.00 -0.01 -0.15 —0.45
6.08 —-0.14 -0.93 -0.00 -0.00 -0.39 —-0.66
7 12.97 -0.09 -0.09 -0.00 -0.01 0.52 0.53
-0.73 -0.08 -0.23 0.00 -0.01 0.32 0.11
8 3.97 -0.21 —-0.18 -0.00 -0.01 0.37 0.25
—4.48 -0.07 0.15 0.00 -0.01 -0.36 0.07
9 9.92 —-0.34 —-0.86 0.00 0.00 0.14 0.39
4.98 -0.37 —-0.53 0.00 -0.00 0.45 0.13
10 10.92 —-0.40 -0.22 0.00 -0.01 —-0.48 0.13
3.96 -0.30 0.08 0.00 -0.01 0.45 -0.16
11 19.85 -0.58 0.50 -0.00 0.02 -0.93 -0.29
34.04 -0.51 0.89 -0.01 0.02 0.95 0.45
12 12.00 -0.59 -0.02 0.00 0.00 -0.74 —-0.68
18.68 —-0.66 0.20 0.00 0.00 0.52 0.40
13 -1.58 -1.00 0.77 0.00 0.00 -0.36 —-0.58
7.43 -0.96 0.25 0.00 0.01 0.32 -0.07
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FIGURE 13

Time series of the advection terms (F1+F2), tidal pumping terms (F3+F4+F5), and vertical circulation effect terms (F6+F7) at S1in the U direction (A,C)
and V direction (B,D) during the winter of 2017 (A,B) and summer of 2019 (C,D).

The time series of the decomposition terms (F1+F2, F3+F4+F5,
F6+F7) of the tidally-averaged suspended sediment flux (F) in the U
and V directions at S1 in 2017 and 2019 are shown in Figure 13.

As shown in Figure 13; Tables 2, 3, the main contributor of F in the
sea area off Qinhuangdao was its decomposition term Fl, indicating
that dominant currents played the most important contribution to
suspended sediment transport during the two observation periods. Qiao
et al. (2010) also proposed that residual currents were key
hydrodynamic factors controlling sediment distribution and
transport in the Bohai Sea. During the winter and summer
observation periods, the average suspended sediment fluxes in the U
and V directions were 0.30 + 19.29 g/(m s) and 13.46 + 25.34 g/(m s) in
2017, and 7.44 + 7.16 g/(m s) and 6.81 + 11.12 g/(m s) in 2019. These
fluxes were far smaller than the SSF in the sea area off the Huanghe
Delta, where the average SSF in winter were about 8,000 g/(m s) in
winter and about 2,700 g/(m s) in summer due to super high SSC (Yang
etal, 2011). Additionally, the average SSF during the winter observation
period was less than the output of 51.2 g/(m s) through the southern
side of the Bohai Strait during intense northerly wind event in the
winter of 2018, which was the only pathway for Huanghe-derived
sediments transported to the Yellow Sea (Duan et al., 2020b). Whereas
during the winter observation period, the average SSF in the V direction
was almost in the same order of magnitude as the winter SSF in the
southern Yellow Sea, where cross-shelf transportation occurred from
the Old Huanghe Delta to the shelf edge (Pang et al., 2020). As shown in
Figures 13; Tables 2, 3, the range of variation of the tidally-averaged SSF
was larger in winter than that in summer, which was consistent with the
seasonal comparison of the SSF at the Huanghe Delta by Yang et al.
(2011), and on the south part of the Bohai Sea by Wang et al. (2014).

As shown in Figure 13, the net direction of suspended sediment
transport was northeastward in the summer, as it benefited the
alongshore transport of river-derived suspended sediment in the
south of the Qinhuangdao. Conversely, in winter, the suspended

sediment was transported towards the northeast during the strong

Frontiers in Earth Science

15

wind events, then towards the southwest in the intermittent period
of strong winds. This back-and-forth transport led to a small net
northward sediment flux, which might be the fundamental reason of
the low SSC sustaining for the whole winter in the study site.
Analogous back-and-forth transport through the Bohai Strait was
demonstrated using two bottom-mounted platforms’ observations
by Duan et al. (2020b), and reproduced by a high-resolution model
in Wang et al. (2020). Those studies and our research have all
focused on the typical winter synoptic event, consisting of strong
northerly wind, relaxation, reversal, and weak southerly wind.

To quantify the contribution of advection transport terms
(F1+F2), tidal pumping (F3+F4+F5),
circulation effect terms (F6+F7) to the SSF, the proportion of the
absolute value of each term was calculated. During the winter

terms and vertical

2017 observation period, the ratios of advection transport terms,
tidal pumping terms, and vertical circulation effect terms to SSF in
the U direction were 0.84 + 0.18, 0.05 = 0.06, and 0.11 * 0.13,
respectively. In the V direction, the corresponding ratios were 0.83 +
0.19, 0.04 + 0.04, and 0.13 * 0.16, respectively. However, during the
summer 2019 observation period, the ratios of advection transport,
tidal pump, and vertical circulation effect to SSF in the U direction
were 0.87 +0.01, 0.06 + 0.07, and 0.07 + 0.06, respectively. In the V
direction, the corresponding ratios were 0.85 + 0.11, 0.07 + 0.05, and
0.08 + 0.07, respectively.

By calculating the proportion of each term in SSF, we proved
that the advection transport terms had the largest contribution
(80%) to the SSF, regardless of the season. The tidal pumping
terms were relatively small, fluctuating between 4% and 7%,
which may be caused by the study site being adjacent to an
amphidromic point. The proportion of vertical circulation effect
terms fluctuated between 7% and 13%, with a ratio greater than
0.1 in the winter and less than 0.1 in the summer, indicating that
strong wind events in the winter strengthened the vertical exchange
of suspended sediment. Additionally, during the 2017 observation
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period, the mean values of the sum of the F6 and F7 values were
1.41 + 0.78 g/(m s) and 1.50 £ 0.23 g/(m s) in the U and the V
directions, respectively, which were larger than those of the
2019 observation period (0.73 + 0.42 g/(m s) and 0.57 + 0.36 g/
(m s), respectively). This further proved that the vertical circulation
intensity in the winter was greater than that in the summer.
Accordingly, the correlation between the SSC in the upper-
middle layers and in the bottom layer in the winter was more
evident than it was in the summer (Figure 8).

Through the above discussion, the delayed response of residual
current to wind field, the importance of the Reynolds stress and TKE
for sediment resuspension, and the impact of vertical circulation on
suspended sediment flux might be explained in principle. Driven by
the pressure gradient force associated with the wind-induced sea
surface height variations, the winter current was closely related to
the wind speed with a time lag of 10 h. Different from the strong-
wind-dominated winter SSC, summer SSC variations were mainly
controlled by tides and tidal currents. Impact of vertical circulation
on SSC was twice stronger in winter than summer.

Moreover, the phenomenon of delayed response to strong winds
not only occurred in the sea area off Qinhuangdao, but also widely exists
in other coastal areas. Miinchow and Garvine (1993) displayed that the
across-shelf flow component (10 m below the surface) lagged the same
along-shore wind for 6 h after analyzing the observation data at the
mouth of the Delaware Estuary on the East Coast of the United States.
Skagseth et al. (2011) manifested that in the Barents Sea of the Arctic
Ocean, the principal component of the residual current empirical
orthogonal function (EOF) mode lagged the along-coast wind for
about 6 h. Li et al. (2015) pointed out that in the Grand Banks of
Newfoundland on the East Coast of Canada with an average depth of
only 10 m, the wave peak still lagged the wind speed by 2 h, meanwhile
storm-induced surface currents often lagged the wind by several hours.
And the high concentration of suspended sediment appeared to lag
behind the high wind speed by about 2 h at the Gooses Reef station in
Chesapeake Bay on the East Coast of the United States by Xie et al.
(2018). In the Bohai Strait adjacent to the study area, the correlation
coefficient between the north-south component of sea surface wind and
sea level anomaly was 0.82, and the lag time of sea level anomaly to sea
surface wind was 15 h (Ding et al,, 2019). In addition, if the water depth
is too shallow, the delayed response to wind speed is not significant.
Since the Chincoteague Bay on the East Coast of the United States had
an average depth of 1.4 m, and wind could generate waves promptly,
there was little lag between energy input from the wind and its
corresponding wave-height response (Nowacki and Ganju, 2018).
The lag time of responding the wind field was different depending
on factors such as local water depth, wind speed and the angle between
wind and sea surface. Different from the pressure gradient force lagging
strong winds and dominating the residual current in this study, wind-
triggered trapped waves probably modulated the lag phenomenon, e.g.,
continental trapped waves in Skagseth et al. (2011), coastal trapped
waves in Ding et al. (2019), Duan et al. (2020b) and Wang et al. (2020).

Generally speaking, the strong wind-driven stress is large enough to
mix the water column, further strengthening the vertical exchange of
sediments (Chen and Sanford, 2009; Yang et al, 2011). The
contribution of the vertical circulation effect term to the suspended
sediment flux in the Qinhuangdao sea area was two times greater in
winter than in summer, mainly because there occurred more strong
wind events in winter, which was applicable to other shallow coastal
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waters. Zhou et al. (2021) revealed that strong winds and their induced
waves were crucial for the resuspension and transport of sediment in the
Yangtze River Estuary in the East China Sea. In the Gulf of Lions of the
western Mediterranean Sea, strong sediment transport events occurred
during the storms (Palanques et al, 2006). Through the idealized
experiments, it was found that the lateral suspended sediment fluxes
during strong winds were larger than those during moderate winds,
because strong winds led to larger bottom shear stress, stronger lateral
flows and weaker stratification in an idealized, partially mixed estuary
(Chen et al., 2009).

5 Conclusions

A seabed base observation platform was deployed in the sea area
off Qinhuangdao for 22 days in February 2017 and 14 days in
August 2019. In this study, the mooring measurements were used
to examine the features of the hydrodynamic environment and SSF
at the study site in both winter and summer for better understanding
the circulation structure and sediment exchange in the Bohai Sea.

In summer, the seawater had higher temperature, lower salinity
(with slight variations), and lower SSC (under low-wind conditions)
than in winter. In summer, the residual currents, predominantly
flowing northeastward, were relatively small and exhibited little
correlation with the wind speed except for the surface and bottom
layers. In winter, residual currents flowed to the northeast during
strong wind periods and primarily to the southwest during
intermittent periods. This back-and-forth current only led to a
small net sediment transport, which might be the fundamental
reason of the low SSC sustaining in the study site in winter.

During the 2017 observations, the correlations between the wind
speed and 10 h lag residual current were the most significant, mostly
between ~0.4 and 0.6. Winter strong winds could drive residual
currents through direct wind stress and wind-triggered pressure
gradient force, and the action of wind stress real-time responding to
wind field was less than the action of pressure gradient force 10 h lag
responding to wind field. Thus, the winter residual currents at the
study site were dominated by the pressure gradient force generated
by wind-driven sea surface height variations, leading to the 10 h lag
response to wind speed. In winter, after the occurrence of each
strong wind event, the SSC increased sharply and the duration of the
high SSC period often exceeded 24h. On the contrary, SSC
variations in summer were consistent with changes in tidal currents.

During strong winter wind periods, large Reynolds stress and
high TKE cause a significant sediment resuspension, resulting in a
swift increase in SSC in the middle-upper layers of water bodies. In
the summer, owing to low wind speeds, weak Reynolds stress, and
low TKE, the resuspension of bed sediments was not triggered,
resulting in little correlation between the SSC changes in the middle-
upper layers and that in the bottom layer. The increase of SSC in
summer may be mainly due to the advection transport of tidal
current. Specifically, the period of SSC varied with the difference of
tidal diurnal inequality patterns. The SSF decomposition showed
that the dominant advection played the most important
contribution to suspended sediment transport, followed by the
vertical circulation, while the tidal pumping contributed the least
owing to its adjacency to an amphidromic point, regardless of the
season. The flux decomposition further indicated that the impact of
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the vertical circulation on the sediment flux in winter was two times
stronger than that in summer.

The lag time of responding the wind field would vary with local
water depth, wind speed, etc. In this study, the delayed response to
the wind was mainly due to the pressure gradient force lagging
strong winds and dominating the residual current. This explanation
could provide a reference for other coastal waters. Strong winds
could enhance the vertical suspended sediment flux. The
contribution of vertical circulation terms to suspended sediment
flux in winter being greater than that in summer might have certain
applicability in other monsoon-dominating shelf seas.
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