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Abstract: The influence of sea ice on the hydrodynamics, sediment resuspension, and suspended
sediment concentration (SSC) in the coastal area of Qinhuangdao was systematically investigated
using 45-day in situ measurements at two stations (with ice at station M1 and without ice at station
M2) in the Bohai Sea in the winter of 2018. It was found that the daily fluctuations of temperature
and salinity at M1 are more significant than those at M2. During a typical seawater icing event on
January 28, the temperature and salinity of the bottom water at M1 were decreased by 1.77 °C and
increased by 0.4 psu, respectively. Moreover, due to the shielding effect of the sea ice, the residual
current was much less affected by the wind at M1 than at M2. For the vertical distribution of current
velocity, it changed from a traditional logarithmic type under ice-free conditions to parabolic type
under ice-covered conditions due to the larger drag coefficient of the water body on the solid ice
surface. For the SSC and turbidity at the bottom layer, the average values were 4.9 uL/L and 8.6
NTU at M1, respectively, approximately half of those at M2. The smaller SSC and turbidity at M1
can be attributed to the lower near-bottom turbulent kinetic energy (TKE). At M2, however, the
larger SSC is closely related to the strong wind forcing, which could induce higher TKE without sea
ice cover, and hence stronger turbulent resuspension. The seabed sediment analysis results showed
that in the study area, fine sand is most likely to resuspend, while cohesive particles would
resuspend only under strong hydrodynamic conditions.

Keywords: sea ice impact; in situ observation; coastal waters; hydrodynamics; suspended sediment
concentration; resuspension; turbulent kinetic energy; parabolic; grain size

1. Introduction

In recent decades, the rapid melting of sea ice in the Arctic region and the abnormal increase in
sea ice events in mid-latitudes [1-6], which are closely related to global climate change, have aroused
widespread concern. Beyond mid-latitudes, the effect of recent Arctic sea ice loss could be global.
Recent studies show that Arctic sea ice loss induces a slowdown of the Atlantic meridional
overturning circulation (AMOC) [7], whereas both factors (sea ice loss and AMOC slowdown) can
impose a complex impact on the global climate, such as surface temperatures and tropical rain belts
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[8]. Currently, sea ice research is concentrated in the polar regions [9-12] but is relatively scant in
mid-latitude coastal waters [13-15]. Most sea ice studies obtain surface information, such as sea ice
coverage area, coverage range, coverage time, and drift trajectory, through satellite remote sensing
observations [16-20]. Owing to the limitations of objective conditions (e.g., the performance of
instruments and batteries may be greatly reduced in extremely cold weather), very few long-term
observations on in situ water bodies demonstrate the vertical hydrodynamic characteristics during
sea ice coverage—for instance, the observation of mooring systems conducted by Boone et al. in
northeast Greenland from October 2013 to May 2014 [21]. However, there are differences in the
understanding of the impact of sea ice on hydrodynamics. Under the joint action of sea ice and strong
wind, several studies have suggested that sea ice, as a protective layer on top of water bodies,
weakens the agitation of wind on seawater and limits the action of waves and currents [14,21-24].
However, other studies have suggested that the existence of sea ice increases the drag parameters of
wind on the ocean, thus strengthening the disturbance of wind on the ocean and increasing the action
of waves and currents to a certain extent [25,26]. In addition, there is no consensus on the impact of
sea ice on sediment resuspension. Some studies have revealed that ice block disturbance increases
the drag force on seawater, enhances the instability of water bodies, and therefore easily triggers
sediment resuspension [26,27], whereas other studies have indicated that sea ice limits the action of
waves and currents, and thus suppresses the occurrence of resuspension [23,28-30].

Seawater icing rarely occurs in China’s marginal seas located at mid-latitudes, such as the Bohai
Sea, Yellow Sea, and East China Sea, although occurs occasionally in the northern Yellow Sea and the
northern Bohai Sea (mainly in Liaodong Bay), which are located at higher latitudes. In winter, the
National Marine Environmental Forecasting Center makes sea ice forecasts based on ice conditions
in the northern Bohai Sea, and when the ice conditions are severe, sea ice alerts are issued. Owing to
the small range, short time, and shallow ice thickness (an average of approximately 5-20 cm) of
China’s marginal seas, research on the impact of sea ice in China’s marginal seas is scarce, and long-
time in situ observation has not been conducted under the condition of sea ice cover. To mitigate the
shortcomings of sea ice research based on field observations in the Bohai Sea, this study used a seabed
observation platform to conduct a 45-day synchronous observation of full-water-depth flow and
sediment at two typical observation stations off Qinhuangdao, Bohai Sea, China, in the winter of 2018.
During this time, the sea ice cover period was approximately 24 days. The analysis of in situ
observation data will help to clarify the quantitative impact of sea ice on the dynamic system of flow
and sediment, including the dynamic conditions of coastal waters, the concentration and particle size
of coastal suspended sediment, and the vertical distributions of velocity and suspended sediment
concentration in different tidal phases.

2. Data Collection and Analysis

2.1. Mooring Data

Although Qinhuangdao port has a reputation of being “a good natural port without freezing
and silting,” there are also relatively short-term ice conditions in winter due to the influence of
extreme weather, such as in 2016 and 2018 most recently; particularly, the ice conditions in 2018 were
the worst in nearly a decade. To study the changes in the flow and dynamic sediment system under
the influence of sea ice, according to the seven-year average surface suspended sediment
concentration distribution map of the Bohai Sea in winter (Figure la, [31-33]), two typical
representative stations—namely station M1, located in a high-concentration area (suspended
sediment concentration 30-100 mg/L, latitude and longitude 39.15° N, 119.20° E), and station M2,
located in a low-concentration area (suspended sediment concentration 10-30 mg/L, latitude and
longitude 39.63° N, 119.67° E)—in the outer sea of Qinhuangdao were selected for synchronous
observation of flow and sediment on the seabed platform. The effective observation period of the M1
station was from 15:00 on January 24 to 14:30 on February 20, 2018. According to remote sensing
observations and field observation data, the sea ice cover period was from January 25 to February 17.
On January 25, there were pieces of ice floe; on January 29, the sea surface was completely frozen
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until February 17. The maximum thickness of sea ice was approximately 10 cm (Figure 1c,d) [33]. The
effective observation period of the M2 station was from 11:30 on February 27 to 14:30 on 17 March
2018; during this period, there was no sea ice.
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Figure 1. The position of Bohai Sea and its distribution of average surface suspended sediment

concentration in winter, as well as sea ice information. (a) Distribution of average surface suspended
sediment concentration in winter in the Bohai Sea in 1998-2004 retrieved from ocean color remote
sensing inversion [31]. The red circles are the in situ observation stations for flow and sediment, which
are stations M1 and M2, respectively. The blue circles are the offshore buoys used to measure sea
surface wind speed. (b) The position of the Bohai Sea [32]. (c,d) Sea ice images of the study area on 29
January 2018 and 5 February 2018, respectively, contain the ice cover area and ice thickness
information, which were downloaded from the National Marine Environmental Forecasting Center [33].

The seabed observation platform (see Figure 2) was a quadrupod with a length of 2.2 m, width
of 2 m, and height of 2 m, equipped with an acoustic Doppler velocimeter (ADV), an upward-looking
acoustic Doppler current profiler (ADCP), a downward-looking pulse-coherent acoustic Doppler
profiler (PC-ADP), laser in situ scattering and transmissometry (LISST), three optical backscatter
sensors (OBS), and a conductivity temperature depth (CTD) sensor. The observation parameters of
each instrument, the height from the base, and the sampling interval are shown in Table 1. For the
upward-looking ADCP, its depth unit was set to 1 m and measurement started at 1.61 m above the
transducer. Excluding the upper and lower blind zones of the ADCP observation arising from the
“interface effect” and “excitation effect,” respectively [34], the effective data range of ADCP at the
M1 station was 1-15 depth units, namely 3.61-17.61 m from the bottom; and at the M2 station was 1-
13 depth units, namely 3.61-15.61 m from the bottom. For the downward-looking PC-ADP, the blind
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zone range was 0.05 m, the depth unit was 0.095 m, and the valid data range was 0.16-1.5 m from the
bottom. The upward-looking ADCP was combined with the downward-looking PC-ADP to obtain
the measured velocity and echo intensity data at full water depth. LISST followed the principle of
laser diffraction to obtain the volume concentration content distribution of 32 particle sizes within
the effective particle size range of water bodies [35].

In addition, the sea surface wind speed data of the study area were measured hourly by the
Young automatic meteorological station of offshore buoys located at 39°30' N and 120°36’ E, which
were provided by the Marine Science Data Center of the Institute of Oceanology, Chinese Academy
of Sciences.

During the observation period, seabed surface sediment samples were collected at stations M1
and M2, and the mud samples were subjected to particle size determination in a laboratory to obtain
particle size accumulation curves.

Battery cabins
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=]
= a
(=]

Figure 2. Seabed observation platform. Note: ADV, acoustic Doppler velocimeter, ADCP, acoustic
Doppler current profiler; PC-ADP, pulse-coherent acoustic Doppler profiler; LISST, laser in situ
scattering and transmissometry; OBS, optical backscatter sensor; CTD, conductivity temperature
depth sensor.

Table 1. Overview of instrument configuration.

Observation Instrument Height (mab ") Sampling Interval
Current velocity and echo ADCP 2 10 min
Current velocity and echo PC-ADP 1.55 10 min
High frequency velocity ADV 0.8 20 min (M1); 10 min (M2)
SSC (volume) and grain size LISST 1.8 30 min
Turbidity OBS 1.4/0.6 10 min
Temperature, salinity, and depth CTD 1.8 10 min

Note: 'mab, meters above the bed; SSC, suspended sediment concentration.

2.2. Harmonic Analysis

“Harmonic analysis” is an effective method to distinguish tidal current from non-tidal current
components. In this study, the t_tide program package based on MATLAB software (MathWorks,
Natick, MA, United States), was employed to obtain the tidal current component, residual current
component, and main tidal information from the original velocity data to clarify the tidal current
characteristics and residual current changes of the sea area where the observation stations were
located, with or without sea ice cover.

2.3. Suspended Sediment Concentration (SSC) Represented by Backscatter Intensity
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Owing to bad weather conditions during the observation period, there was a large amount of
floating ice, the number of synchronous water samples obtained was limited, and the validity of the
backscatter intensity and suspended sediment concentration regression curves could not be
guaranteed. As such, the change in backscatter intensity was adopted to represent the change in SSC
in this study.

Considering the geometric attenuation and absorption factors of sound waves, according to the
sonar equation, the formula for calculating the volume backscatter intensity is [36]

Sy =K.(E—E.)+20log(R) + 2aR + ¢ (1)

In the formula, Sv is the backscatter intensity, K. is the conversion coefficient set at 0.45
(counts/dB), E is the echo intensity measured by ADCP and PC-ADP, while E, is the reference
receiver noise set at 50 counts. R is the distance between the sampling point and the probe (m), a is
the absorption coefficient of water and sediment taken as 0.6 (dB/m), and c is a correction constant.

2.4. Turbulent Kinetic Energy (TKE) Calculation Method

The magnitude of near-bottom TKE is a key factor in determining the sediment resuspension.
This study employed the near-bottom high-frequency velocity data obtained by ADV, based on the
following equation [37—-40]:

T=c¢ ' TKE 2)
= Copuwf )
The equation for calculating TKE is
CszW_tZ
TKE = —— 4)
G

where 7 is the bottom shear stress, p,, is the seawater density, w; is the vertical turbulence velocity,
c1=0.19 [38], and c2=0.9 [39].

The advantage of this method is that the calculation is simple and the results are more accurate.
The TKE can be calculated by simply obtaining the vertical turbulence velocity. There is no need for
wave and turbulence separation, which avoids the problem of non-removal or excessive removal of
the wave components during wave and turbulence separation.

The equation for TKE (i.e., TKE = O.Spw(u_f + v_tz +W_t2)) has been widely used, and in the
shallow sea under the action of strong winds in winter, the velocity contains significant wave
components. Hence, it is very difficult to separate the wave components and retain the complete
turbulence velocity. At present, regarding the acquisition of horizontal turbulence speeds u;,v,,
some studies choose to ignore the wave components directly. The result obtained by subtracting the
average velocity from the original velocity is regarded as the turbulence component [41,42], which
will be strongly overestimated in the study area where the wave signal is evident. However, other
studies are mainly based on spectrum analysis, and they not only filter out the wave components
according to the significant frequency of the wave signal, but also filter out the parts of the turbulent
components with the same frequency as the wave signal, resulting in a small turbulent velocity value
[43-46].

The instantaneous velocity under the joint action of waves and currents comprises three parts:
the average velocity, wave orbital velocity, and turbulence velocity [47]. According to the wave
theory, the outer sea of Qinhuangdao belongs is a shallower sea (21—0 < % < %, where } is the water

depth and L is the wavelength). Near the bottom of the shallow sea, the zonal u and meridional v
components of the wave orbital velocity are weakened slightly relative to the upper layer, whereas
the vertical component w decreases to almost zero. As such, the vertical instantaneous velocity near
the bottom only includes two parts: the average velocity and the turbulence velocity. Thus, the
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turbulence velocity w, used to calculate TKE in this study can be obtained by subtracting the average
velocity from the instantaneous velocity, with no need for the separation of wave and turbulent
components, thereby avoiding the problem of non-removal or excessive removal of wave
components.

3. Results Analysis

3.1. Wind, Temperature, and Salinity

During the observation period, the M1 station was covered by sea ice for most of the time, the
wind speed fluctuated greatly, and the temperature and salinity fluctuations related to seawater icing
were also large (Figure 3a,c,e). The wind speed (Figure 3a) varied strongly from 0 to 15 m/s, with an
average of 7 m/s, reaching its maximum of 15 m/s at 16:00 on February 11. The temperature near the
bottom layer (1.8 m above the bed, the same as M2) (Figure 3c) fluctuated between -1.78 °C and 0.72
°C. The temperature dropped sharply at 19:00 on January 28 from 0.12 °C to —1.65 °C within 4 h. It
then remained constant for approximately 20 days, with an average low temperature of -1.63 °C,
until a brief warming occurred in the afternoon of February 16, from -1.52 °C to -0.89 °C, which may
have been caused by the melting of sea ice. Subsequently, the water temperature showed a fluctuating
upward trend. With regard to the near-bottom salinity (1.8 m above the bed, the same as M2) (Figure
3e), the minimum value was 31.86 psu, the maximum value was 32.71 psu, and the average value
was 32.35 psu. The change from January 28 to February 17 was strong, with a range of 0.85 psu. This
period of strong variation corresponded to a low-temperature period of approximately 20 days, with
an average temperature of -1.63 °C in Figure 3¢, which was presumed to be caused by sea ice cover.
The strong salinity changes were due to the density convection caused by brine rejection from sea ice
[27,30]. During the observation period at station M1, a typical icing event occurred on January 28,
showing a cold wave accompanied by a strong northerly wind of 15 m/s, which caused rapid freezing
of the seawater. The water temperature near the bottom layer dropped by 1.77 °C within 4 h, whereas
the salinity near the bottom layer increased by 0.4 psu due to the effect of brine rejection from sea ice.
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Figure 3. Changes in wind speed (a,b), temperature (c,d), salinity (e f), and water depth (g/h) at
stations M1 and M2.

M2 stood without sea ice cover during the observation period. Compared with station M1, the
daily fluctuation of wind speed at station M2 was smaller, and the fluctuations of temperature and
salinity were also markedly smaller (Figure 3b,d,f). The wind speed (Figure 3b) reached more than
15 m/s four times (March 1, 5, 8, and 15), and the highest wind speed was 17.1 m/s, which occurred
at 17:00 on March 15. The temperature near the bottom layer (Figure 3d) fluctuated slightly, steadily
rising from —0.53 °C to 1.15 °C, with an average of 0.25 °C. The salinity near the bottom layer (Figure
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3f) showed almost no change, and there were only a few small fluctuations around the average of
32.48 psu, with a fluctuation range of no more than 0.18 psu.

3.2. Impact of Sea Ice on Hydrodynamics

3.2.1. Water Depth Changes

The water depth at the M1 station fluctuated between 18.24 m and 20.45 m, with an average of
19.51 m and a fluctuation range of only 2.21 m due to the suppression of sea ice (Figure 3g). The water
depth at the M2 station fluctuated between 15.83 m and 18.32 m, with an average of 17.45 m and a
fluctuation range of 2.49 m during the M2 observation period without sea ice cover (Figure 3h).
According to previous studies [48,49], there is an amphidromic point near Qinhuangdao, located at
39.70° N, 120.17° E. The M2 station is closer to the amphidromic point, and hence the water depth
fluctuation at the M2 station should be less than that at the M1 station when there is no sea ice cover.

3.2.2. Original Velocity Profile at Full Water Depth

It can be intuitively observed from Figure 4 that the current velocity at M1 station was generally
higher than that at M2 station, which was closer to the amphidromic point, and that the current
velocity near the bottom, measured by PCADP, was lower than those of the middle and upper layers,
measured by ADCP. During the observation period, the maximum current velocity in the middle and
upper layers of the water body at the M1 station (Figure 4a) was 0.90 m/s, with an average of 0.28
m/s, and near the bottom layer (Figure 4b) was 0.35 m/s, with an average of 0.16 m/s. By contrast, the
maximum current velocity in the middle and upper layers of the water body at M2 station (Figure
4c) was 0.75 m/s, with an average of 0.20 m/s, and near the bottom layer (Figure 4d) was 0.34 m/s,
with an average of 0.12 m/s.
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Figure 4. Original velocity profile at full water depth measured by upward-looking ADCP and
downward-looking PCADP. (a) Vertical profile of current velocity in the middle and upper layers of
the water body at M1 station, measured by upward-looking ADCP. (b) Vertical profile of current
velocity in the near bottom layers of the water body at M1 station, measured by downward-looking
PCADRP. (c) Vertical profile of current velocity in the middle and upper layers of the water body at
M2 station, measured by upward-looking ADCP. (d) Vertical profile of current velocity in the near
bottom layers of the water body at M2 station, measured by downward-looking PCADP.
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3.2.3. Tides

Figure 5a,b shows that the original tide velocity sequence (blue line) underwent harmonic
analysis, and then the predicted tide sequence (green line) and residual current sequence (red line)
were obtained. Figure 5¢,d shows the tidal velocity and its enveloping line. The figure shows that the
tides at the M1 and M2 stations had evident semidiurnal and semilunar variations, and there was a
phenomenon of diurnal inequality of tides. As shown in Figure 5e,f, there were eight (blue lines) tidal
constituents that passed the 95% confidence test at the M1 station, and ten tidal constituents that
passed the 95% confidence test at the M2 station. At both stations, the tidal components of M2, K,
and S2 demonstrated the largest amplitude, and thus were the main tides. Figure 5g,h shows that
there were several spectral peaks in the original current velocity (blue line) without removing the
tide. Considering their corresponding frequencies, the two main cycles were 25 h and 12.5 h, which
were exactly matched the tide cycle. The above two main cycles did not exist in the residual current
signal (red line), indicating that the tidal signal had been removed.
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Figure 5. (a,b) Demonstration of MATLAB t_tide toolbox analysis for M1 (16.6 mab) and M2 (14.6

mab), respectively. (c,d) Tidal currents from t_tide analysis. (e,f) Analyzed lines with 95% significance

levels for M1 and M2, respectively. (g h) Spectral estimates before and after the removal of tidal

energy for M1 and M2, respectively.

3.2.4. Residual Current and Wind Speed

The residual current time series of each layer in Figure 6 was obtained through harmonic
analysis. At the M1 station, the average values of the residual current at 2.4 m (Figure 6c), 3.4 m
(Figure 6e), and 4.4 m (Figure 6g) underwater were 0.102 m/s, 0.090 m/s, and 0.087 m/s, respectively,
indicating that the closer to the water surface, the greater the residual current. As demonstrated by
Figure 6a, the increase or decrease in wind speed has a small effect on the changes in the residual
current in the upper layer at M1 station, and the correlation analysis results showed that the wind
speed was not related to the residual current in each layer at M1 station. At M2 station, the average
values of the residual current at 2.4 m (Figure 6d), 3.4 m (Figure 6f), and 4.4 m (Figure 6h) underwater
were 0.078 m/s, 0.064 m/s, and 0.059 m/s, respectively, also indicating that the closer to the water
surface, the greater the residual current. As shown in Figure 6b, the change in the residual current in
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the upper layer of M2 was significantly affected by the increase or decrease in wind speed. The
correlation analysis results revealed that there was a significant positive correlation between the wind
speed and residual current at 2.4 m, 3.4 m, and 4.4 m underwater at the M2 station, with correlation
coefficients of 0.10, 0.41, and 0.43, respectively, which passed the 95%, 99%, and 99% confidence tests.
Correlation analysis suggested that when there was no sea ice cover, wind speed had a strong control
effect on the residual current; when there was sea ice cover, the sea ice partially shielded the effect of
wind speed on the residual current, greatly weakening the controlling action of the wind field.
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Figure 6. Variation in wind speed and upper residual current at M1 and M2 stations. (a,b) Wind
speeds at M1 and M2 stations, respectively. (c,d) Residual currents at 2.4 m at M1 and M2 stations,
respectively. (e f) Residual currents at 3.4 m at M1 and M2 stations, respectively. (gh) Residual
currents at 4.4 m at M1 and M2 stations, respectively.

3.3. Impact of Sea Ice on Suspended Sediment Concentration

3.3.1. Vertical Profile of Backscatter Intensity at Full Water Depth

Figure 7b,d shows that the backscatter intensity at the bottom layer of the M1 station was
significantly lower than that of the M2 station and exhibited stronger pulsation, whereas the
backscatter intensity at the bottom layer of M2 was generally higher and the changes were relatively
continuous. The variations of backscatter intensity at the M1 station were mainly controlled by the
spring-neap tidal cycle (namely, the change of SSC was mainly controlled by the spring—neap tidal
cycle). For instance, during the spring tide on February 2—4 and February 14-16, the backscatter
intensity was high; during the neap tide on January 28 and February 12, the backscatter intensity was
low. However, the period of February 7-8 was an exception. Although this period was a neap tide
period, the backscatter intensity suddenly increased. As shown by the residual current data at M1 in
Figure 6e,g, there was a maximum residual current up to 0.4 m/s during this period, which may be
the reason for the sudden increase in backscatter intensity during this period. The backscatter
intensity at the bottom of the M2 station indicated that turbulent resuspension events occurred on
March 4 and March 15, and the backscatter intensity fluctuated in high frequency. The resuspension
events were caused by the high TKE induced by strong winds greater than 15 m/s on March 4 and
15. Consequently, the variation of the backscatter intensity at the M2 station was mainly controlled
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by the wind field; namely, the variation of SSC was mainly controlled by the wind field. The impact
mechanism will be discussed in further detail in the Discussion section.

Figure 7a,c indicated that the change in backscatter intensity in the middle and upper layers of
water bodies at M1 and M2 was the upward diffusion of the change at the bottom layer. The M1
station was mainly controlled by the spring—neap tidal cycles, whereas the M2 station was mainly
affected by the wind field. The backscatter intensity of the middle and upper water bodies at the M2
station ranged from 100 to 145, whereas that at the M1 station ranged from 90 to 130; the latter was
obviously smaller than the former, indicating that the SSC in water bodies covered by sea ice was
significantly lower.
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Figure 7. Vertical profile of backscatter intensity at full water depth, estimated by the echo intensity
measured by the upward-looking ADCP (a,c) and downward-looking PCADP (b,d).

3.3.2. Volume Concentration, Particle Size Distribution, and Turbidity of Suspended Sediment at
the Bottom Layer

The volume concentration of suspended sediment observed by the LISST in Figure 8a,c indicated
that the red high-value area of volume concentration at the M1 station was less apparent with a very
short coverage period, whereas that at the M2 station was more apparent with a longer coverage
period. Moreover, the statistical results showed that the average volume concentration at the M1
station during the observation period was 4.9 uL/L, whereas that at the M2 station was 9.3 uL/L,
indicating that the volume concentration at the bottom of the M1 station with sea ice cover was
smaller, which was approximately half of the concentration at the M2 station without sea ice cover.
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Figure 8. Volume concentration, particle size distribution (a,c), and water turbidity (b,d) at the bottom
layer at M1 and M2 stations, respectively, measured by LISST (a,c) and OBS (b,d).

The analysis results of the sampled seabed sediment at the two stations are described as follows.
The seabed sediment diameters at 90%, 50%, and 10% of the cumulative curve at M1 station were 203
um (fine sand), 17 pm (silt), and 2 um (clay), respectively; and those at M2 station were 282 um
(medium sand), 157 pm (fine sand), and 4 um (clay), respectively. The LISST results showed that the
suspended sediment at M1 mainly comprised fine sand, followed by silt, with scarcely any clay. The
average volume concentrations of these three particle sizes during the observation period were 11.4
uL/L, 3 uL/L, and 0.2 uL/L, respectively, accounting for 78%, 21%, and 1% of the total, respectively.
The suspended sediment at M2 mainly comprised fine sand, followed by silt and finally clay. The
average volume concentrations of these three particle sizes were 18.4 uL/L, 7.9 uL/L, and 1.6 uL/L,
respectively, accounting for 66%, 28%, and 6% of the total, respectively. The grain size of the seabed
sediment comprising fine sand and silt at M1 was relatively small. Under the conditions of sea ice
cover, there were fewer suspended particles, which were mainly non-cohesive fine sand, accounting
for 78% of the total. The grain size of the seabed sediment mainly composed of medium sand and
fine sand at M2 was relatively large, but there were more suspended particles, including 34%
cohesive particles in addition to 66% non-cohesive fine sand. This indicated that the particle size
component most likely to resuspend in this area was fine sand. Even with sea ice cover and weak
hydrodynamic conditions, fine sand would resuspend slightly (M1), whereas cohesive particles
would only resuspend under strong hydrodynamic conditions (M2).

It can be observed from Figure 8a—d that the variations in volume concentration and turbidity
of suspended sediment at the bottom of the two stations corresponded with each other, with the same
occurrence time for high values. Figure 8b,d demonstrated that the turbidity at 0.6 mab and 1.4 mab
showed the same trend, the turbidity at 0.6 mab was slightly higher than that at 1.4 mab, and the
average turbidity at M1 was lower than that at M2. Throughout the observation period, the turbidity
of M1 was at a low level and the change was relatively smooth, with an average of 8.6 NTU and a
highest value of 36 NTU (February 16). The turbidity of M2 remained low when the wind speed was
small, increased sharply by three times under the influence of 4 gales at 15 m/s or above (except
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March 1), with the highest value being up to 132.6 NTU (March 5) and with an average turbidity of
17.8 NTU throughout the observation period.

According to the distribution of surface SSC in the Bohai Sea (Figure 1), it can be observed that
M1 was located in the region with higher multi-year average SSC (30-100 mg/L), which was higher
than that of M2 in the region with lower multi-year average SSC (10-30 mg/L). Nevertheless, under
the impact of sea ice, the near-bottom volume concentration and turbidity of M1 were lower than the
multi-year average values, resulting in a reversal of low SSC at M1 but high SSC at M2.

4. Discussion

4.1. Causes of Low SSC under the Impact of Sea Ice

The analysis of the backscatter intensity in Section 3.3.1 indicated that the change in SSC at M2
without sea ice cover was controlled by the wind field, the SSC was high, and resuspension occurred
twice when the wind speed was higher than 15 m/s. However, at the M1 station, the wind field was
shielded when sea ice was covered, and the resuspension was mainly controlled by the spring—neap
tidal cycle, and the SSC was low. The differences in hydrodynamic conditions at the two stations
caused the differences in SSC.

The strength of hydrodynamic conditions can be represented by TKE, as shown in Figure 9. The
near-bottom TKEs at the two stations were compared, and the correlation between the wind speed
and the near-bottom TKE at the two stations was analyzed. As shown in Figure 9, the near-bottom
TKE at M1 remained low throughout the observation period, with an average of 0.3 m?/s? and a
maximum of 6.6 m?/s?; the near-bottom TKE at station M2 was relatively high, with an average of 0.9
m?/s?, while the peak TKE corresponded to the high wind speed. For example, the peak TKE of 19.8
m?/s? at 11:00 on March 4 corresponded to the strong wind on March 4. Correlation analysis showed
that the wind speed at M1 was not correlated with the near-bottom TKE; furthermore, the correlation
coefficient between the wind speed and the near-bottom TKE at M2 was 0.30, which was a significant
positive correlation (passing the 99% confidence test). This indicated that the strong wind at M1 was
shielded by the ice surface and could not disturb the hydrodynamic environment dominated by the
tide below the ice surface. Hence, the near-bottom TKE remained low, and the near-bottom water
body was stable, which could not induce the turbulent resuspension of the sediment; thus, the SSC
in the water body remained low.
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Figure 9. Comparison of wind speed and near-bottom turbulent kinetic energy (TKE) at M1 and M2
stations, respectively.
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In addition, the strength and duration of the sediment resuspension mainly depend on the
bottom shear stress. When the bottom shear stress is large, the sediment resuspension is intense and
the duration is long. The bottom shear stress was mainly tide-induced shear stress at the M1 station,
which was only controlled by the spring—neap tidal cycle under ice shielding. At the M2 station,
under the control of the wind field, the bottom shear stress included wave-induced shear stress in
addition to the tide-induced shear stress; furthermore, the wave-induced shear stress could be an
order of magnitude larger than the tide-induced shear stress under strong wind conditions [50-52],
thus playing a dominant role. Consequently, at the M1 station, owing to the presence of ice, the wave-
induced shear stress inducing strong resuspension was shielded, resulting in low resuspension
strength and low SSC.

4.2. Vertical Distribution of Velocity and SSC with or without Sea Ice

To explore the similarities and differences in vertical distribution of velocity and SSC in different
tidal phases during typical spring tide periods with or without sea ice, we first selected typical spring
tide periods based on the changes in tidal current velocity at M1, along with the envelope curve
(Figure 5c). These periods were February 2, 3, and 4 (with ice cover), and February 17, 18, and 19
(without ice cover). We then performed regression analysis between the velocity and the height from
the bottom, as well as between the backscatter intensity and the height from the bottom, in different
tidal phases during these typical spring tide periods (high tide, ebb tide, and slack water). Then, we
obtained the scatter plots and fitting relations of the current velocity (Figure 10) and of the backscatter
intensity at different heights from the bottom (Figure 11).
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Figure 10. Scatter plots and fitting relations of current velocity at different heights from the bottom in
different tidal phases during typical spring tide periods: (a,b) the periods of flood tide with ice cover
on February 2 and 3; (¢,d) the periods of flood tide without ice cover on February 17 and 18; (e,f) the
periods of ebb tide with ice cover on February 3 and 4; (g h) the periods of ebb tide without ice cover
on February 18 and 19; (i,j) two periods of slack water with ice cover on February 3; (k1) two periods
of slack water without ice cover on February 18.

Under ice-free conditions, the upper current velocity during the flood and ebb tide periods
mainly increased with the height from the bottom. As shown in Figure 10c,d,gh, the vertical
distribution was logarithmic, and the logarithmic fitting coefficient R? was above 0.83. Under ice-
covered conditions, as shown in Figure 10a,b,e,f, the upper current velocity displayed a significant
downward trend during the periods of flood tide and ebb tide; that is, the velocity of several layers
near the sea surface was smaller than that of the lower layer. Such a significant downward trend of
current velocity was most typical in the ebb velocity distribution, shown in Figure 10f. The
logarithmic fitting coefficient of the vertical velocity was only 0.648, whereas the parabolic fitting
coefficient reached 0.88. Other parabolic fitting of the current velocity distribution of flood and ebb
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tides (Figure 10a,b,e) under sea ice cover conditions showed that the fitting coefficient values were
significantly increased (all were above 0.90) compared with those of the logarithmic fitting, indicating
that the vertical velocity distribution under the sea ice cover was no longer logarithmic but was
parabolic [1]. This was because the solid ice boundary instead of the air-sea interface increased the
drag coefficient of the surface water body and suppressed the flow of the upper layer seawater to a
certain extent, so that the upper layer velocity no longer increased but decreased with the increase in
height from the bottom.

As shown in Figure 10i-], the vertical logarithmic distribution of velocity was not evident during
the slack water period, and the vertical structure with ice cover was almost the same as the vertical
structure without ice cover. This was because during the slack water period, the flow of the entire
water body was very stable, with a small current velocity for each layer and small vertical changes,
and the suppression effect of the ice sheet did not affect the vertical velocity structure of the water
body in this steady state.

In addition to discussing the typical tidal phases, we further statistically clarified the impact of
sea ice cover on the vertical distribution of velocity and calculated the distribution percentages of the
maximum velocity in each water layer at M1 and M2 stations. During the sea ice cover period at M1
station, the percentages of the maximum vertical velocity appearing in the upper six layers near the
water surface from top to bottom were 24% (2.4 m underwater), 36% (3.4 m underwater), 19% (4.4 m
underwater), 9% (5.4 m underwater), 8% (6.4 m underwater), and 4% (7.4 m underwater). During the
observation period at M2 station, the percentages of the maximum vertical velocity appearing in the
upper six layers near the water surface from top to bottom were 56% (2.4 m underwater), 22% (3.4 m
underwater), 7% (4.4 m underwater), 6% (5.4 m underwater), 5% (6.4 m underwater), and 4% (7.4 m
underwater). It can be observed from the percentage distribution of the maximum velocity in the
upper layer that when there was sea ice cover, only a small part (24%) of the maximum velocity was
distributed in the uppermost layer (the 2.4 m layer underwater) of the observed velocity with the
majority distributed in the 3.4 m layer underwater (36%). When there was no sea ice cover, more than
half of the maximum velocity was distributed in the uppermost layer —the 2.4 m layer underwater—
and the percentage of the maximum value in the stream layer decreased sharply with increasing depth.

It can be observed from Figure 11 that under conditions with or without sea ice cover, the vertical
distribution structure of the backscatter intensity in each tidal phase period was consistent. The
backscatter intensity near the bottom (0.16-1.5 mab) in each tidal phase period was higher, and its
vertical gradient was also larger; as the height from the bottom increased (above 3 mab), the
backscatter intensity gradually decreased, and the overall distribution was logarithmic. This showed
that the vertical distribution of SSC in each tidal phase with sea ice cover was almost the same as that
without sea ice cover, and that sea ice did not affect the vertical distribution of SSC. There may be
two reasons for this phenomenon: one was that the SSC in the observation area was low and varied
little with time; the other was that the sea ice in the observation area was thin (approximately 10 cm
in thickness), which had limited impact on the hydrodynamic environment, especially the above-
mentioned vertical distribution of velocity, and therefore could not change the vertical distribution
structure of the SSC.
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Figure 11. Scatter plots and fitting relations of current velocity at different heights from the bottom in
different tidal phases during typical spring tide periods: (a) the flood tide period with ice cover on
February 2; (b) the ebb tide period with ice cover on February 2; (c) the slack water period with ice
cover on February 3; (d) the flood tide period without ice cover on February 17; (e) the ebb tide period
without ice cover on February 18; (f) the slack water period without ice cover on February 18.

5. Conclusions

Based on the 45-day synchronous observation data of full-water-depth flow and sediment at the
two stations (with ice at M1 station and without ice at M2 station) in the Qinhuangdao waters in the
Bohai Sea in the winter of 2018, the quantitative impacts of sea ice on the hydrodynamic conditions,
sediment resuspension, and suspended sediment distribution in the study area were analyzed
systematically.

The seawater icing event on January 28 reduced the water temperature at the bottom layer by
1.77 °C within 4 h, while increasing the salinity at the bottom layer by 0.4 psu due to brine rejection
during the process of seawater freezing.

The main velocity component was the periodic tidal current, and the residual current was
generally less than 0.1 m/s. As the M2 station was closer to the amphidromic point of the Bohai Sea,
the velocity of the ice-covered M1 station was still greater than that of the M2 station as a whole.
Owing to the shielding effect of sea ice, the variation of the residual current was hardly affected by
the change of the wind field.

During the period of sea ice coverage, the average volume concentration of the suspended
sediment at the bottom layer was 4.9 uL/L and the average turbidity was 8.6 NTU, which were only
approximately half of the values without sea ice cover, namely 9.3 uL/L and 17.8 NTU, respectively.
The grain size component most prone to resuspension in this sea area was fine sand, and the
resuspension of cohesive sediment could occur under strong hydrodynamic conditions alone.

The suppression of sea ice maintained a low near-bottom TKE, with an average of 0.3 m?/s? and
a maximum of merely 6.6 m?/s?, which had no response to strong winter monsoon winds greater than
15 m/s. The low TKE implied that the near-bottom water body was stable and could not induce
turbulent resuspension, and the SSC in the water body remained low. When there was no sea ice
cover, strong wind forcing in winter could generate high TKE, with a maximum of 19.8 m?/s?, thus
inducing turbulent resuspension events; thereafter, the sediment resuspension dominated by wave-
induced shear stress continued to occur, leading to a continuous increase in SSC.

Under the condition of sea ice cover, the boundary of the solid ice surface increased the drag
coefficient of the surface water body, which suppressed the flow of the upper seawater. When the
current velocity was high during the flood and ebb tides, the vertical distribution of current velocity
was no longer a traditional logarithmic type but was parabolic. Matched with the parabolic vertical
velocity distribution, when the ice cover was approximately 10 cm thick, the maximum vertical
velocity was mainly distributed in the 3.4 m layer underwater. During the period of sea ice cover, the
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SSC was low and the ice layer was thin; hence, the existence of sea ice did not affect the vertical
distribution of SSC in the water body.
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