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Sediment resuspension primarily occurs within the bottom boundary layer (BBL)

of water bodies, particularly in silty coastal environments, and helps form the fluid

mud layer (FML). In this study, we report data on the water level, waves, currents,

and suspended sediment concentration (SSC) collected from the Bohai Sea over

one year, at a vertical resolution of 4 cm, by using the acoustic wave and current

profiler, acoustic Doppler current profiler, and an acoustic backscattering

system. The aim was to investigate the mechanisms of formation and

disappearance of the FML as driven by wave–current interactions on silty

seabeds The findings revealed a thin and stable FML within 4–12 cm of the

seabed in shallow waters. Strong waves contributed more significantly to

sediment resuspension than strong currents. Moreover, the SSC near the

seabed was generally governed by the currents, while waves were

predominant in this regard in stormy conditions. The index of intensity of the

bottom shear b—defined as the ratio of the wave–current-induced shear stress

to the critical shear stress—was identified as a sensitive indicator of variations in

the SSC. Significant sediment resuspension occurred in case of the coupling of

large wave and current events on the fine-grained seabed, when the value of b
exceeded 10 for more than 20 h and the Rouse number persisted below 0.01 for

over 30 h. Following the storm (b < 10), the sediment gradually accumulated, and

this led to the formation of the FML. Prolonged periods in which the value of b
surpassed 10 for over 10 h while that of the Rouse number remained below 0.01

for more than 30 h resulted in considerable sediment resuspension and the

destruction of the FML. Our results highlight the profound impacts of wave–

current interactions on the formation and disappearance of the FML within the

BBL in silty, shallow marine environments. The work here offers critical insights

into the dynamics of fine-particle sediment, and provides suggestions for

mitigating the negative effects associated with the FML.
KEYWORDS

fluid mud layer, bottom boundary layer, shear stress, sediment resuspension, wave-
current coupling
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Highlights
Fron
• We used high-resolution observations to identify a thin and

stable fluid mud layer (FML) in si l ty , shal low

marine environments.

• The index of bottom shear intensity b controlled the

formation, disruption, and disappearance of the FML.

• The concentration of suspended sediment near the seabed

was generally controlled by currents, while waves were

predominant in this regard during storms.
1 Introduction

Sediment resuspension significantly influences the topography

of the seabed as well as the ecosystem, and thus has implications for

marine engineering (Weeks et al., 1993). This makes it necessary to

investigate the bottom boundary layer (BBL), which is the

predominant site of sediment resuspension (Wang et al., 2000;

Winterwerp, 2011). The entire water column can be considered to

be the BBL in such shallow areas as estuaries and bays, which are

characterized by active tidal currents and waves (Wang et al., 2000).

Sediment resuspension frequently leads to the formation of the fluid

mud layer (FML) in silty coastal environments (Ge et al., 2018).

Seabeds with a median grain size (D50) smaller than 0.03 mm are

classified as clay seabeds, those with a value of D50 larger than 0.1

mm are categorized as sandy seabeds, while seabeds with value of

D50 in the range of 0.03 mm–0.1 mm and clay content below 25%

are defined as silty seabeds (Ministry of Transport of the People’s

Republic of China, 2022). Fluid mud influences the preservation

and use of coastal resources, impacts the safety of navigation and

the survival of zoobenthos, and is associated with the development

of coastal sedimentary structures (Wu et al., 2022). Therefore, it is

important to investigate the formation, transport, and siltation of

the FML in the BBL.

Inglis and Allen (1957) coined the term “fluid mud” in the 1950s

to characterize water columns with high sediment concentrations

near the seabed in the Thames estuary. Since then, a large number of

studies has focused on the FML, particularly in estuaries and ports

(Flores et al., 2018; Wu et al., 2022; Wan et al., 2014). Researches have

used various techniques of field observation to investigate the origins

and settling velocities of fluid mud (Maynard, 1985; Kirby, 1988). Li

et al. (2001) classified the causes of accumulation of fluid mud in the

Yangtze River estuary into three categories: slack flow, a saltwater

wedge, and storm surges. He reported that the thickness of the FML

exceeded 1 m in dredged channels. Shi (2001) observed that the FML

generally appears during floods and ebbing tides, while Yu et al.

(2017) showed that the action of strong waves can facilitate the

formation of the FML during flood-induced tides. Moreover, Liu et al.

(2013) have claimed that the FML dissipates after large storms owing

to enhanced tidal forces. Stratification, as driven by the sediment and

salinity, has been identified as a critical factor influencing the

formation of the FML (Ge et al., 2018, 2020), while extreme

weather conditions have been identified as a catalyst for its

formation (Tang et al., 2019; Liu et al., 2022).
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Fluid mud poses a multi-faceted challenge to research on the

marine sediment. The observational datasets used in past work are

frequently constrained by their inadequate duration or resolution

(Ge et al., 2018; Traykovski et al., 2007). Notably, no study to date

has reported observations of near-seabed hydrodynamics and FML

processes by using high-resolution equipment (< 0.1 m) over a

continuous year in shallow marine environments (Shi, 2010;

Azhikodan and Yokoyama, 2018). The lack of measured data on

the formation and movement of fluid mud, which is closely related

to dynamic conditions, has hindered our understanding of the

initiation, transport, and deposition of sediment, as well as the

dynamics of formation of fluid mud and its dissipation in the BBL

under wave–current interactions (Liu et al., 2023).

In this study, we use acoustic backscatter profile sensors (ABS)

to gather data on the suspended sediment concentration (SSC) from

station BH02 of western Bohai Bay within 148 cm above the seabed

over one year, at a vertical resolution of 4 cm. The aim is to

investigate the impact of waves and currents on the formation and

dispersion of the FML in shallow marine environments. To this end,

we analyze the mechanisms of sediment transport as well as the

processes governing the formation and disappearance of the FML in

the BBL under wave–current coupling. This is important for better

understanding the dynamics of fine particle sediment and

addressing issues of siltation in engineering applications.
2 Data and methods

2.1 Study area

Bohai Bay is located in the western Bohai Sea, and has an

average depth of 12.5 m (Figures 1A, B). It undergoes irregular

semi-diurnal tides, with an average tidal range of 2–3 m and a

spring tidal range of approximately 4 m. Notably, ebb tides last

longer than flood tides in Bohai Bay. The region is dominated by

waves generated by wind, with an average height of 0.6 m and a

maximum height of 4 to 5 m (Zhang, 2012). The important ports of

Tianjin and Caofeidian are located in Bohai Bay. Its sedimentary

composition includes silt, clayey silt, and sandy silt (Figure 1C; Pan

et al., 2018), the distribution of which is mainly influenced by runoff

from the inlet, tidal currents, and monsoon (Qin and Li, 1982). The

Yellow River delivers approximately 1.1 billion tons of sediment to

the Bohai Sea each year (Li et al., 2004; Yang et al., 2019). While

previous studies have identified an extensive FML in the Yellow

River Delta, it has not been found on the silty seabed of the Bohai

Sea, where the influence of water and sediment from the Yellow

River decreases. We chose station BH02 for our field observations.
2.2 Observations

The mooring station BH02 (117.91° E, 38.61° N; depth, 11 m)

was located in the western Bohai Bay (Figure 1). We collected high-

resolution data on the water level, waves, velocity and direction of

the current, and SSC at BH02 from June 21, 2016, to July 23, 2017

(Table 1). The station was equipped with a T-frame for downward
frontiersin.org
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observations, and an acoustic wave and current profiler (AWAC)

(Nortek AWAC–600 kHz) for upward observations (Figure 2). The

AWAC transducer was located 1.5 m above the seabed while the T-

frame, which was positioned 2 m above the seabed, was equipped

with an acoustic backscattering system (ABS) rod (AQUA scat

1000) and an acoustic doppler current profiler (ADCP) (Nortek AS,

Norway; 2 MHz). Moreover, we used a downward-looking ABS to

measure the SSC near the seabed (0–148 cm) at a vertical resolution

of 4 cm (Figure 2). The ABS instrument was deployed by divers, and

was not inserted deeper into the seabed to reduce the risk of damage
Frontiers in Marine Science 03
to it. Oysters and seaweed attached to the base observation platform

over the study period. The equipment was checked and the batteries

replaced every 60 days on average during the spring, summer, and

autumn, and every three months in winter. The maintenance

periods were short, and the marine biomass attached to the

equipment had a minimal impact on the measurements recorded

by the sensors. Wind-related data were sourced from the European

Centre for Medium-Range Weather Forecasts Reanalysis v5

(ERA5), and had a temporal resolution of 1 h and a spatial

resolution of 0.25°.
TABLE 1 Sampling time at BH02 station.

Instruments Time Periods Parameters Sampling intervals
Number of layers/vertical layer

thickness (m)

ABS
2016/07/27-2016/12/18
2016/12/19-2017/06/03
2017/06/04-2017/07/23

SSC
1 hr
2 hr
1 hr

38/0.04

ADCP 2016/07/27-2017/06/03 Current 10 min 128/0.01

AWAC
2016/06/21-2016/12/18
2016/12/18-2017/03/27
2017/03/29-2017/07/23

Current, Water
level, Wave

10 min
30 min
10 min

11/1
The observational periods were interrupted for 1-3 h due to battery replacement and equipment safety checks.
FIGURE 1

Location of the study area. (A) Bathymetric chart of the Bohai Sea; The area labeled ‘b’ is outlined by the red line. Red dots indicate cities while blue
lines indicate the primary rivers flowing into the Bohai Sea. (B) Bathymetric chart of Bohai Bay. Black dot indicates station BH02. (C) Distribution of
sediment grain sizes in western Bohai Bay (Pan et al., 2018).
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2.3 Methods

2.3.1 Processing of ABS data
We used AQUAtalk software, developed by Aquatec Group Ltd.

(UK), to convert the results of measurements of the ABS into SSC

values. The raw data acquired by the ABS needed to be corrected for

spherical diffusion, attenuation in the water level, variations in the

velocity of sound, and the near-field effects of the sensors. The range

correction algorithm was used to account for the temperature,

salinity, and depth, while the bottom detection algorithm was

applied to filter and eliminate data recorded below the seabed.

The average noise in each channel was subtracted from the data on

backscatter. The SSC profile was obtained by using the method

proposed by Thorne and Hanes (2002). According to the principle

of acoustic measurement, the intensity of scattering of the source

was proportional to the SSC in the water column. We calibrated the

results by using data on the particle size of the sediment in the

study area.

A comparative analysis of our data with SSC values obtained by

suction filtration yielded a minimal average absolute error and a

high degree of correlation (Hay and Sheng, 1992; Hu et al., 2016).

The correlation coefficient was 0.99 in 1992 (Hay and Sheng, 1992)

and 0.93 in 2016 (Hu et al., 2016), which confirmed the accuracy of

the SSC derived from measurements of the ABS. Kuang et al. (2011)

have shown that the ABS can accurately measure concentrations

below 10 g/L, with an upper limit of measurement of 20 g/L.
Frontiers in Marine Science 04
2.3.2 Definition of FML
Fluid mud is typically characterized based on the SSC. The

consensus in research is that the threshold SSC of fluid mud is 10

kg/m3 (Kineke and Sternberg, 1992; Hale and Ogston, 2015; Tu

et al., 2022). Liu et al. (2022) have also claimed that the threshold in

southern Bohai Bay is 10 kg/m3 (Figure 1A). We thus set the

threshold SSC of fluid mud to this value. The SSC of fluid mud

exceeded the gel point, and ranged from 10 to 100 g/L (Winterwerp

et al., 2002). Values of the SSC on the seabed significantly surpassed

this range.

2.3.3 Calculation of bottom shear stress
Currents and waves are critical for controlling sediment

resuspension (MacVean and Lacy, 2014), while the bottom shear

stress needs to be determined to predict the SSC (Heath et al., 2016).

The average velocity of the current in the near-shore bottom boundary

layer usually adheres to a logarithmic distribution (Yang et al., 2016).

We applied the log profile (LP) method to data on the profile of the

velocity of the current recorded by the ADCP to calculate the current-

induced shear stress (tc) in the study area (Chen et al., 2019). The LP

method was represented through the von Karman–Prandtl Equation 1

(Soulsby, 1997), while tc was calculated by using Equation 2.

U(z) = (u*=k )In(z=z0) (1)

tc = ru*
2 (2)
FIGURE 2

Observation equipment at BH02 station. (A) ABS rod. (B) Field image. (C) Tripod equipment. (D) A schematic diagram of the observation system.
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In the above, U(z) is the average velocity (m/s) above the seabed z

(m) during the sampling period, u* is the frictional velocity (m/s), k is
the Carmen constant (0.4), r is the density of seawater (1025 kg/m3),

and z0 is the length of roughness of the seabed (z0 = ks/30, where ks =

2.5D50 is the Nikuradse particle roughness and D50 is the median

grain size of the sediment). The sediment at station BH02 was

predominantly composed of clayey silt (D50 = 7.8125 µm), with a

clay content of approximately 30% (Pan et al., 2018).

We used linear wave theory to calculate the amplitude of the

orbital wave velocity Uw and the radius of the major axis of near-

bottom wave orbit Awas Equations 3, 4 (Shi et al., 2014).

Uw =
pHrms

Tsinhð2pd=LÞ (3)

Aw = UwT=2p (4)

where Hrms is the root mean-squared height of the wave (m), T

is its period (s), d is the depth of water (m), Hrms =Hs/
ffiffiffi
2

p
, Hs is the

significant wave height (m), and L is the wavelength (m) that was

calculated as Equation 5 (Li and Amos, 2001).

L = g  T2   tanh(2pd=L)=2p (5)

The orbital motion of waves enhances the shear stress on the

seabed. We calculated the wave-induced shear stress (tw) as

Equation 6 (Soulsby, 1995).

tw =
1
2
rfwU

2
w (6)

where r is the density of seawater (1025 kg/m3) and fw is the

frictional coefficient of the wave that is related to its Reynolds

number Rew (Rew =AwUw/n). In this expression, n is the kinematic

coefficient of viscosity of seawater (10-6 m2/s)).

Rew ≤ 105,   fw = 2Re−0:5w ;

Rew > 105,   fw = 0:0521Re−0:187w ;

The wave–current-induced shear stress   (tcw) was calculated as

Equations 7, 8 (Soulsby, 1995).

tcw = ½(tm + tw cosjj j)2 + (tw sinjj j)2�1=2 (7)

tm = tc½1 + 1:2(tw=(tc + tw))
3:2� (8)

where tm is the average shear stress under the action of waves

and currents, the angle of propagation of which is j.

2.3.4 Calculation of critical shear stress
We determined the critical shear stress (tcr) of the cohesive

sediment by Equations 9–11 (Shields, 1936; van Rijn, 1993).

tcr = gqcr(rs − r)D50 (9)

qcr = 0:24=D* + 0:055(1 − exp ( − 0:02D*)),  D* > 5

qcr = 0:3=(1 + 1:2D*) + 0:055(1 − exp ( − 0:02D*)),  D* ≤ 5 (10)

D* = ½g(s − 2)=v2�1=3 D50 (11)
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where g is gravitational acceleration, qcr is the critical Shields

number, rs is the density of the sediment (2650 kg/m3), D50 is its

median grain size, s is the ratio of the density of sediment to that of

seawater, and D* is the dimensionless grain size number. The

critical shear stress tcr was determined to be 0.03 Pa, which aligns

with its previously reported values for the same particle size

(Mehrdad and Kyle, 2012). In addition to the grain size, the

critical shear stress is influenced by the organic matter content

(Araújo, 2004). However, the low organic matter content in Bohai

Bay had a minimal impact on the critical shear stress (Zhao, 2019).

The index of intensity of bottom shear, denoted by b, is defined
as the ratio of the wave–current-induced shear stress tcw to the

critical shear stress tcr . It quantifies the capacity of resuspended

seabed sediment within the BBL under specific grain sizes.

2.3.5 Gradient Richardson number
The density of suspended sediment concentration rsed is

calculated as Equation 12 (Wang, 2002).

rsed = rpure + (rs − rpure) SSC=rs (12)

rpure is the pure water density, rs is the sediment density, and

SSC is the suspended sediment concentration.

The gradient Richardson number Ri quantifies the effect of

stratification. It is a dimensionless number that represents the ratio

of stratification of seawater (which inhibits vertical mixing) to the

velocity shear (which generates vertical mixing) between the upper

and lower layers. The gradient Richardson number Ri is defined as

Equations 13–15 (Howard, 1961; Miles, 1961).

Ri¼ N2=S2 (13)

N2 = −
g
r0

(
∂ r
∂ z

) (14)

S2 = (
∂ u
∂ z

)2 + (
∂ v
∂ z

)2 (15)

where N2 is the square of the frequency of buoyancy (s-2), S2 is

the square of the vertical velocity shear (s-2), r0 is the density of

seawater, z is the height above the sea floor, and u and v are the

mainstream velocity and the lateral velocity, respectively. The

Richardson number represents the instability of fluid structures

(Trowbridge and Kineke, 1994; Tang et al., 2023). A higher

Richardson number reflects stronger stratification, which inhibits

vertical mixing and leads to the stable stratification of the water body.

Conversely, a lower Richardson number means that the vertical shear

leads to instability in the water body, where this facilitates material

exchange. According to linear stability theory (Zhang andWu, 2018),

the critical threshold of Ri is approximately 0.25. We introduce the

parameter log10(Ri *4) to clearly differentiate Ri.

2.3.6 Suspension index
When the impact of advection-induced transport is neglected, the

particles of sediment are resuspended when the upward turbulent

diffusion and downward sedimentation reach an equilibrium under

hydrodynamic oceanic forces. The Rouse parameter (R) serves as the
frontiersin.org
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index of suspension, and reflects the interplay between gravitational

and turbulence-induced effects (Rouse, 1939). The calculations of R

are as Equations 16–18 (Rouse, 1939).

R =
ws

b   k   u*
(16)

ws =
(rs − r)gD2

18rn
(17)

u* =

ffiffiffiffiffiffiffi
tcw
r

r
(18)

where ws is the settling velocity of the particles of sediment that was

calculated according to Stokes’ Law, k is the Carmen constant (0.4), u* is

the shear velocity, D is the median grain size of the sediment, n is the

kinematic coefficient of viscosity of seawater (10-6 m2/s), tcw is the shear

stress on the seabed, and b is a constant related to the eddy viscosity and
eddy diffusivity that is sometimes considered, but was neglected here.We

instead assumed that it was approximately equal to one (Bassett et al.,

2023). When R is lower than 2.5, the sediment is suspended to varying

degrees (Bassett et al., 2023). As the Rouse number decreases, the effect of

turbulence intensifies, which enables a larger number of particles of the

sediment to counteract gravity and remain suspended in the water

column (Cheng et al., 2024).
3 Results

Figure 3 shows the time series of the wind speed, depth of water,

significant wave height (Hs), velocity of the bottom current, index of
Frontiers in Marine Science 06
intensity of bottom shear b, and SSC at station BH02 over the study

period. The annual average wind speed was 5.1 m/s, and peaked at

16.5 m/s (Figure 3A). The average velocity of the bottom current

was 0.29 m/s, and reached a maximum value of 0.87 m/s

(Figure 3D). Moreover, the average Hs throughout the year was

0.48 m, with a maximum value of 3.2 m (Figure 3C). The time series

of the SSC shows its values at heights of 148 cm and 30 cm above the

seabed from July 27, 2016 to July 23, 2017 (Figure 3F). It was higher

during the summer and autumn, and lower during the winter and

spring. The seabed underwent a minimal change in height of only 4

cm (Figure 3F). Throughout this period, the index of intensity of

bottom shear b mostly remained below 20 (Figure 3E).
3.1 Impact of waves and currents on SSC

We conducted spectral analyses of the values of Hs, the velocity

of the bottom current, and the SSC 30 cm above the seabed at a

temporal resolution of 1 h by using the fast Fourier transform (FFT;

Figure 4). The spectral peaks of the SSC at 1 cpd (cycle per day), 2

cpd, approximately 3 cpd, and nearly 4 cpd corresponded closely

with the spectrum of velocity of the bottom current. The diurnal

tidal components, O1 and K1, and the semi-diurnal components, M2

and S2, were aligned with the high spectral values, which shows that

variations in the SSC in the BBL were significantly influenced by

tidal cycles.

We analyzed values of Hs and the velocity of the bottom current

to assess the impacts of the waves and currents on sediment

resuspension in the BBL. Values of both exceeding 95% were used

to characterize strong waves and currents, while the value of the SSC
FIGURE 3

Time series of elements at BH02 station. (A) Wind speed. (B) Water depth. (C) Significant wave height (Hs). (D) Bottom current velocity. (E) Bottom
shear intensity index b. (F) SSC measured within 148 cm above the seabed. The purple line indicates the SSC time series at 30 cm above the seabed,
while the vertical green lines indicate that the SSC in the BBL ranges from 60 to 80mg/l. The black area at the bottom indicates the seabed.
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30 cm above the seabed served as the indicator of sediment

resuspension. The statistics on frequency illustrated in Figure 5A

reveal that the average tcw was 0.49 Pa under high-velocity currents

and large values of Hs, and was markedly higher than tcr .
Consequently, strong currents and waves yielded an average SSC

of 302.35 mg/L (Figure 5A). The average tcw was 0.40 Pa in

scenarios involving strong waves and weak currents, while the

average SSC was 127 mg/L (Figure 5B). Conversely, the average

tcw was 0.16 Pa while the SSC was 100.89 mg/L under strong

currents and weak waves (Figure 5C), while the average tcw was 0.09

Pa and the SSC was only 31.26 mg/L under weak currents and waves

(Figures 5D, E). Furthermore, the coefficient of the correlation

between tcw and tw was 0.82, while that of the correlation between

tcw and tc was only 0.58 (Figure 5F).

The average values of tcw during flood tides and ebb tides were

0.12 Pa and 0.10 Pa, respectively (Figure 6C), while the

corresponding values of the average SSC were 57.10 mg/L and

37.42 mg/L (Figure 6B). The SSC was thus 1.53 times greater during

flood tides than during ebb tides, where this can be partly attributed

to stronger currents. The ratios of the SSC to tcw were 0.75 and 0.56

during flood tides and ebb tides, respectively. Under an equivalent

bottom shear stress, the value of the SSC during flood tides was 1.34

times higher than that during ebb tides (Figure 6A). This shows that

the direction of the current, in addition to its velocity, significantly

influenced the modulation of the SSC within the BBL (Figure 6D).
3.2 Characteristics of FML

The continuous profile of the SSC over a year clearly illustrated a

highly concentrated bottom layer (SSC > 10 g/L) 4–12 cm above the

seabed. This is referred to as the FML (Figure 7A). High-resolution

vertical profiles of the SSC revealed four scenarios—no FML, and

FMLs with thicknesses of 4 cm, 8 cm, and 12 cm (Figure 7D)—that

led to a clear delineation of the boundaries of the FML. No FML was

observed at station BH02 from August 1, 2016 to October 19, 2016,
Frontiers in Marine Science 07
while high-velocity waves (0.15 m/s) and a strong bottom current

persisted (Figures 7B, C). The FML appeared on October 20, 2016,

and persisted until the observation period ended on July 23, 2017

(Figure 7A). Moreover, Figure 7C shows that the depth of water

exhibited seasonal variations that were primarily driven by the

atmospheric pressure, wind, and temperature.
3.3 Formation of FML

Two significant wind-related processes, with peak velocities of

14.5 m/s and 14.9 m/s, were observed from October 20 to 22, 2016,

and led to extreme tidal ranges of 3.8 m and 4 m, respectively

(Figure 8A). The SSC in the BBL increased rapidly as the value of Hs

reached 3.2 m (Figure 8B), and this was accompanied by vigorous

currents throughout the BBL. The FML was formed after October

24 (Figure 8E), and persisted until the end of the observation period

(July 23, 2017; Figure 7A fig).

At 3:00 am on October 20, the average velocity of the current

reached 0.76 m/s, and led to a high SSC in the BBL with an average

concentration of 719.81 mg/L (Figures 8C, E). The higher value of

the SSC in the lower layer compared with that in the upper layer

suggests that the resuspended sediment on the seabed was the

primary source of the SSC. The velocity of the current reached 0.59

m/s during the subsequent, rapid flood tide, with values of Hs and

tcw of 2.92 m and 0.99 Pa, respectively. The latter significantly

exceeded tcr in value (0.03 Pa). The index of intensity of bottom

shear b surpassed 10 for 23 h (Figure 8D). The combination of high-

velocity waves and strong currents caused the value of b to exceed

20 several times (Figure 8D), with a high SSC observed throughout

the water column. A Rouse parameter smaller than 0.01 for 35 h

suggested pronounced effects of turbulence and the intense

resuspension of the sediment, which created conditions favorable

for the formation of the FML. As tcw decreased to 0.3 Pa (with b
falling below 10), the FML formed, and its height decreased with the

value of tcw.
FIGURE 4

Spectrum analysis of Hs, current speed, and SSC.
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The velocity of the flood-induced current was 0.81 m/s while

that of Hs was 1.99 m at 4:00 am on October 22, 2016. This yielded a

value of tcw of 0.77 Pa. The value of b was above 10 for 28 h, and led

to the destruction of the FML. A Rouse parameter smaller than 0.01

for 34 h suggested significant resuspension of the sediment, which

in turn caused the average SSC to surge to 530.20 mg/L in the BBL.

As Hs decreased, tcw fell below tcr on 10 occasions (b was below 10).

This caused the FML to reappear, although its height decreased with

the reduction in tcw. After October 24, 2016, the value of Hs

stabilized at below 0.6 m, while the thickness of the FML

decreased, and it stabilized 4 cm above the seabed.
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3.4 Destruction of FML

The velocity of wind increased to 12.25 m/s, Hs was 2.48 m, the

tidal range was 2.90 m, while the velocity of the current was 0.49 m/

s from 6:00 am to 9:00 am on July 21, 2016 (Figures 9A, B). The

maximum tcw was 0.54 Pa, while b persisted above 10 for 13 h

(Figure 9C). The Rouse parameter had a value smaller than 0.01 for

16 h, indicating strong turbulence-induced mixing (Figure 9D). The

FML was unstable during this period owing to strong ebb currents,

which caused it to dissipate into the upper saltwater and ultimately

vanish (Figure 9D). As Hs and the velocity of the current decreased,
FIGURE 5

Statistical values of SSC under varying wave and current conditions at BH02 station. (A) Small waves and currents. (B) Strong waves and small
currents. (C) Small waves and strong currents. (D) Strong waves and currents. (E) Statistical values of wave-induced shear stress, current-induced
shear stress, and wave-current induced shear stress under different wave and current conditions at station BH02. n represents the number of data in
this case. (F) The time series of bottom shear stress.
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b fell below 10 to facilitate the deposition of the suspended

sediment. However, tcw was greater than tcr , because of which the

suspended sediment accumulated on the seabed. This caused the

FML to recover (Figure 9D).

The data on the SSC were classified into three categories based

on the values of b (Figure 10). The SSC measured 30 cm above the

seabed represented the resuspension of the sediment due to the

absence of the FML at this height. When b was below one, the

average SSC was 22.75 mg/L, while the average Hs and velocity of

the current were 0.36 m and 0.18 m/s, respectively. As the value of b
fluctuated from one to 10, the average SSC increased to 50.42 mg/L.

When b exceeded 10, the average SSC surged to 176.42 mg/L, which

was significantly higher than that in previous instances during the

study period. Further, the average Hs and velocity of the current

were 1.72 m and 0.38 m/s, respectively. Consequently, the severe

effects of shearing of the waves and currents instigated considerable

sediment resuspension when b surpassed 10. This led to the

disruption of the FML.
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The FML remained stable from October 24, 2016 onward

(Figure 7A). When b was greater than 10, only 21% of the data

suggested the presence of the FML, primarily owing to the short

duration of instances in which b exceeded 10. When b continuously

exceeded 10 (strong currents coupled with high-velocity waves),

this led to significant sediment resuspension and the disappearance

of the FML. As Hs and velocity of the current decreased to b below

10, sediment resuspension diminished, allowing for gradual

accumulation on the seabed.
4 Discussion

4.1 Control of wave–current coupling over
SSC in BBL

Bed shear stress is a crucial parameter in estimating the

sediment transport and SSC variation, impacted by waves,
FIGURE 6

Statistical values of the erosion rate (A), SSC (B), and wave-current induced shear stress tcw (C)during flood and ebb tides at BH02 station. The
brown bars indicate the overlap of the flood tide process and ebb tide process. (D) Rose diagram of bottom current.
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currents, and their combinations (Grant and Madsen, 1979;

Wiberg, 1995; MacVean and Lacy, 2014; Brand et al., 2010; Heath

et al., 2016). We separately analyzed typical and extreme wave-

related conditions. When tw was below 0.1 N/m2, the correlation
Frontiers in Marine Science 10
coefficient between tcw and tc was 0.81, indicating that the tidal

cycle predominantly governed the SSC in the BBL. Conversely,

during storm events in which tw exceeded 0.1 N/m2, the correlation

coefficient between tcw and tw was 0.85, signifying that the action of
FIGURE 8

Time series of elements at BH02 station from October 19 to October 25, 2016. (A) Time series of wind speed and water depth. (B) Time series of Hs
and tw . (C) Time series of bottom current velocity and tc . (D) Time series of the bottom shear intensity index b and the total time b >10. (E) SSC time
series within 40 cm above the seabed alongside the Rouse parameter series (yellow line). (F) Time series of log10(Ri *4) within 100 cm above
the seabed.
FIGURE 7

Time series of SSC and current velocity at BH02 station. (A) Time series of SSC within 40 cm above the seabed. The red dashed line indicates critical
shear stress tcr and the yellow line indicates the time series of wave-current induced shear stress tcw . (B) Time series of current velocity and Hs in
BBL. (C) Daily average current velocity time series, monthly average current velocity statistics at 10 cm above the seabed, and monthly average water
depth. (D) High-resolution vertical profile of SSC.
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waves dominated the SSC in the BBL in this case. In shallow waters,

strong waves contributed more significantly to sediment

resuspension than strong currents (Larcombe et al., 1995; Uncles

and Stephens, 2010).
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Localized resuspension and horizontal advection of sediment

are two main sources for suspended sediment at a fixed observation

point (Weeks et al., 1993; Yu et al., 2012; Xiong et al., 2017). It was

higher during flood tides than during ebb tides in the western Bohai

Bay, which highlights the dominance of the tidal dynamics of floods

(Chen et al., 2019). The interactions between the waves and currents

led to the resuspension of a substantial amount of sediment near the

Yellow River estuary (Liu et al., 2016). The water mass characterized

by a high SSC spread to the western and northern Bohai Bay during

flood tides (Zhou et al., 2017; Sun et al., 2020; Zhao et al., 2022).

Consequently, the westward current contributed to a larger supply

of sediment through advection (Figure 6D). This, coupled with

enhanced hydrodynamic forces and sediment resuspension, led to a

higher SSC during flood tides compared with that during ebb tides.
4.2 Mechanism of formation and
destruction of FML

Past studies have claimed that the FML lasts for a short time. For

instance, Tang et al. (2023) reported that fluid mud near a river delta

persisted for only 1.5 days. Yu et al. (2017) observed that the

appearance of fluid mud was non-periodic, while Shi (2001) have

claimed that the SSC generally peaks during surges in floods and ebbs

as well as a slack in the former. In a large wave event during the neap

tide, Tang et al. (2019) found the FML with thickness of 4-16 cm near

the seabed. The FML is formed in the BBL in these cases. However, our

results revealed a long-term and stable FML in shallow marine

environments that persisted from October until the end of the study

period (Figure 11A). The FML thus lasted much longer than has been
FIGURE 9

Time series of elements at BH02 station from July 18 to July 22, 2017. (A) Time series of wind speed and water depth. (B) Time series of Hs and
bottom current velocity. (C) The bottom shear intensity index and the total time b >10. (D) Time series of SSC within 40 cm above the seabed and
Rouse parameter series (yellow line).
FIGURE 10

Statistical values of SSC under different conditions at BH02 station. n
denotes the number of data in this case and b represents the
bottom shear intensity index.
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reported in past work (Tang et al., 2023, 2019; Yu et al., 2017; Shi, 2001;

Liu et al., 2022), primarily owing to the significantly smaller grain size

of the seabed sediment in the study area compared with areas

considered in past research. Therefore, the critical erosion-induced

shear stress was lower, and this allowed weaker waves and currents to

sustain the FML. We calculated log10(Ri *4) within 100 cm above the

seabed (Figures 8F, 11B), and found that its values were lower during

storm events preceding the formation of the FML (Figure 8F). This

suggests that the waves responded rapidly to intense winds, and this led

to a rapid increase in tcw as well as sediment resuspension (Ha and

Park, 2012; Tang et al., 2023). As the hydrodynamic forces

subsequently decreased, the value of log10(Ri *4) increased

(Figure 11B) to reflect a stable water column. The stratification of

the water column was more pronounced than the shear instability

induced by the current, where this hindered vertical mixing and thus

contributed to the maintenance of a stable FML (Tang et al., 2023). The

BBL within 1 m of the seafloor can also be stably stratified by

suspended sediment (Kineke et al., 1996; Trowbridge and Elgar, 2003).

Strong wave–current coupling is prevalent in the fine sedimentary

regions of Bohai Sea in the Yellow River Delta (Liu et al., 2016; Jiang

et al., 2020). Annual variations in the wind, waves, and tidal currents in

the area frequently facilitate the formation of the FML (Liu et al., 2022).

Wave-induced liquefaction generally leads to the formation of fluid

mud (Traykovski et al., 2007; Flores et al., 2018). Tang et al. (2019) have

shown that sustained periods of strong waves (longer than 15 h) are

essential for the formation of the FML. Significant sediment

resuspension occurs during storm events, coupled with strong

currents on fine-grained seabeds, when the value of b surpasses 10

for longer than 20 h, where this likely occurs owing to wave-induced

liquefaction. When b falls below 10 after a storm, the FML is formed,

and can persist for an extended period. The long-term maintenance of

the FML can be attributed to two primary factors. On the one hand, the

interactions among flocs within the fluid mud could hinder he settling

velocity of the fine particles, thus preventing the settlement of highly
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concentrated suspended sediments (Dyer, 1986; Villaret and

Trowbridge, 1991; Whitehouse et al., 2000). On the other hand,

sediment with smaller particle sizes (< 0.05 mm) is particularly

resistant to deposition after having been suspended (Hjulstrom,

1955). When b exceeded 10 for longer than 10 h, the sediment

within the FML underwent significant resuspension, which in turn

increased the SSC throughout the BBL and subsequently disrupted the

FML. Conversely, when b remained below 10, a new FML was formed.

A substantial reduction in the maximum wave–current-induced shear

stress can also result in the dissipation of the FML (Tang et al., 2019). If

the Rouse number remains below 0.01 for over 30 h while b exceeds 10
for longer than 10 h, the sediment on the seafloor is vigorously

resuspended into the water column, which makes it difficult for fine

particles to settle after suspension (Whitehouse et al., 2000). This

situation may foster conditions that are favorable for the formation of

the FML, if one did not previously exist. In case the FML is already

present, it may be destroyed by this process.
5 Conclusions

In this study, we used high-resolution observational data on the

water level, waves, velocity and direction of the current, and SSC from

station BH02 in Bohai Bay over one year to investigate the mechanisms

of formation and disappearance of the FML in the BBL under the

influence of wave–current interactions. We also calculated the shear

stress, Richardson number Ri, and Rouse parameter to this end. We

identified a thin (4–12 cm thick) and stable (persisting for almost one

year) FML on the seabed in shallow marine environments. The

following conclusions can be drawn from our results:

Sediment resuspension on silty seabeds can lead to the

formation of fluid mud, where this process is closely associated

with wave–current interactions. When tw was below 0.1 N/m2, the

SSC in the BBL was predominantly controlled by the patterns of
FIGURE 11

Time series of SSC, Hs and log10(Ri *4) within 50cm above the seabed. (A) SSC and Hs. (B) log10(Ri *4).
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currents following tidal cycles. Conversely, during storm events in

which tw exceeded 0.1 N/m2, the SSC in the BBL was

predominantly controlled by waves. Strong waves contributed

more significantly to sediment resuspension than strong currents.

For coupled large storm and current events on the fine-grained

seabeds, instances when b exceeded 10 for over 20 h coupled with the

Rouse number remaining below 0.01 for over 30 h, resulted in

substantial resuspension of fine-grained sediments, thereby supplying

material for the formation of the FML. As b decreased to below 10

following the storm, the sediment gradually settled, and this led to the

formation of a stable FML. However, if b surpassed 10 for longer than

10 h and the Rouse number was smaller than 0.01 for longer than 30 h,

the sediment within the FML underwent significant resuspension that

destabilized it, and caused it to eventually disappear. The sustained

maintenance of the FML can be attributed to two main factors. First,

the interactions among flocs within the fluid mud significantly

hindered the settlement of highly concentrated suspended sediment.

Second, sediments with smaller particle sizes struggle to settle after

having been suspended. Values of the Richardson number Ri indicated

that the stratification of water was more pronounced than the

instability induced by current shear, thereby inhibiting vertical

mixing and ultimately promoting the stability of the FML.

The findings of this study differ from those of past work in the

following ways: Previous studies have claimed that large waves caused

by storms or strong currents during rapid flood and ebb tides are

responsible for the formation of the FML, which persists for only a

short time. However, the fine particle size of the seabed sediment in the

study area caused the FML to persists for a significantly longer period

than has been reported in past work. It is important to recognize that

our analysis is based solely on statistical observational data. This

highlights the need for further investigation based on flume

experiments to clarify the empirical trends reported here.
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