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Coastal Areas and Deep Sea, Southern Marine Science and Engineering Guangdong Laboratory
(Guangzhou), Guangzhou, China, 3Department of Hydraulic Engineering, Tongji University,
Shanghai, China, 4Department of Ocean Science and Engineering, Shanghai Maritime University,
Shanghai, China
Sedimentation is an important mechanism to mitigate the shrinking of tidal flat

and to restore its ecological function by means of sand or mud nourishment.

To explore the sedimentation of cohesive sediments, a seabed tripod

observation system was deployed at the subtidal region of the Hengsha

Shoal adjacent to the turbidity maximum zone of the Yangtze Estuary for 11

days. The results showed that the fine sediment with the median grain size

around 8 mm occupied the whole water column. The seabed was in relative

equilibrium state with the fluctuation of bed level smaller than 16 mm during

the moderate wind condition while the seabed experienced a rapid erosion of

38mm and a successive intensive accretion of 68mm during the process of

wind wave and swell. The bottom hydrodynamic at 0.3mab during the bed

accretion was stronger than that during the bed erosion. The deposition

process of cohesive sediments can be better described by the simultaneous

deposition paradigm than that by the exclusive deposition paradigm according

to the direct data-model comparison of the bed level changes, especially

during the impact of fluid mud. Three possible reasons for the better

performance of the simultaneous deposition paradigm were proposed. The

first possibility is that the fine suspended sediments do maintain a continuous

contact with the sediment bed since the direct bed level changes during our

observation period has been well reproduced by the simultaneous deposition

paradigm. The second possibility is the SSC-induced turbulence damping

which facilitates the fine sediment settling in the form of cohesive sediment

flocs, indicating the settling of sediments can’t be judged by the critical shear

stress for deposition just based on the single particle grain size. The last

possibility is the fluid mud-induced overestimated bed shear stress by using

turbulent velocity fluctuation above the fluid mud-water interface, which

produces excess sediment erosion waiting to be compensated by the

simultaneous deposition paradigm. For practical modeling purposes,

modeling under the simultaneous deposition paradigm can give satisfactory
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results for the sedimentation of cohesive sediment especially during the impact

of wave or swell.
KEYWORDS

sedimentation, cohesive sediments, wave and swell, high turbidity estuary,
subtidal flat
1 Introduction

Tidal flat, located at the forefront of the coastal estuary wetland,

connects marine, terrestrial as well as freshwater ecosystems. As a

key component of estuarine ecosystem, tidal flats provide important

ecosystem services such as shoreline stabilization, storm and wave

buffering, breeding and nursing ground as well as carbon sink

(Costanza et al., 1997; Barbier et al., 2008; Cao et al., 2020; Li et al.,

2021; Toniolo et al., 2021; Zhang et al., 2021). However, in recent

years, tidal flats are under increasing threat from the anthropogenic

interventions (e.g., upstream damming, land reclamations) and

climate change (e.g., sea level rises, typhoon). For example, since

1990s, the land area in the Yangtze Estuary has increased by 10%

(Zhang et al., 2020) while the growth rate of the subtidal zone of

tidal flat, including the Hengsha Shoal which we studied in this

paper, has decreased from 6.0 km2/year (1977-1994) to -6.2 km2/

year (1994-2011) (Du et al., 2016). The weakened buffering capacity

of tidal flats affects the estuarine land safety and wetland ecosystem

stability (Ma et al., 2019; Kim et al., 2020).

Under these circumstances, sedimentation is an important

mechanism to mitigate the shrinking of tidal flat and to restore

the ecological function of tidal flat. Some practical approaches have

been designed for utilizing sedimentation to prevent the erosion of

tidal flats, which include soft solutions such as sand nourishments

(Cooke et al., 2012; Van der Werf et al., 2015; Brand et al., 2022)

and traditional hard solutions such as dikes, groins and seawalls

(Kuang et al., 2019). Recently, some innovative underwater

nourishments, which are located at the subtidal regions, such as

the channel wall nourishment, the shoreface nourishment and the

Mud Motor, have been proposed as a more simplified and

economical process of nourishing, but the effect of nourishments

on the local morphodynamics is still not well understood (Baptist

et al., 2019; Huisman et al., 2019; Brand et al., 2022). Therefore,

much more studies should be conducted on the sedimentation of

cohesive sediments at the subtidal flat.

Previous studies pay much attention on the profile shape of

the tidal flat and its long-term morphodynamics (Kirby, 2000;

Yang et al., 2003; Friedrichs, 2011; Liu et al., 2011). Tidal current

and wave are the two dominant forces that favor a dynamic

equilibrium shore-normal convex-up and concave-up profile of

tidal flats respectively (Friedrichs, 2011). The analytical result as

well as the in-situ observation supports the trends that the net
02
transport of suspended sediment at the tidal flat tends to be

landward when being dominated by the tidal energy and to be

seaward when being dominated by the wave energy (Janssen-

Stelder, 2000; Yang et al., 2003; Friedrichs, 2011), which further

contributes to the tidal flat erosion during periods of high waves

alternating with tidal flat deposition in the presence of mainly

tidal currents (Lee et al., 2004; Yang et al., 2008). Other studies

concern about some local features of tidal flat and theirs

morphodynamics process such as the development and

migration of the tidal creek (Wang et al., 2020; Zhao et al.,

2022), the morphodynamics impact of emergent vegetation

(Sánchez et al., 2001; Temmerman et al., 2007; Schwarz et al.,

2014) and the local sediment dynamics accompanied with its

morphological impacts (Zhu et al., 2017; Zhu et al., 2019; Wang

et al., 2020). Among theses, efforts have been made over the last

two decades to measure the erosion threshold of sediments (see

the summary by Hir et al., 2008). Recently, Zhu et al. (2019)

highlighted the complexity in predicting the erosion of tidal flat

due to needing a number of assumption and simplification and

endeavored to evaluate the parameters for erosion rate

formulation based on the local observation results.

In contrast to the number of studies on erosion properties,

few field investigations have been conducted on sedimentation

properties (Azhikodan and Yokoyama, 2018), which is the main

concern of this paper. The sedimentation at the tidal flat is

related to the sediment characteristics (settling velocity, critical

shear stress for deposition), the near bed suspended sediment

concentration (SSC) and the deposition paradigm. In coastal

sedimentology and morphodynamics, especially for those fine

sediment estuaries with median grain size (D50) finer than 63

μm, the settling velocity directly determines the vertical

distribution of SSC and near-bed deposition flux (Wan et al.,

2015). There are a number of factors controlling fine sediment

settling velocity such as SSC, turbulence, temperature, salinity,

floc size and density, mineral and organic compositions,

biological coatings, and the concentration of positive ions in

the suspension (Guan, 2003; Winterwerp and Kesteren, 2004).

SSC is regarded as the active scalar of settling velocity and as one

of the major determinants of fine sediment settling process

(Gratiot et al., 2005; Manning et al., 2010). The fine sediments

experiences two distinct settling processes with the increasing

SSC, that are the accelerated flocculated settling when the SSC is
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below the certain limit and the decelerated hindered settling

when the SSC is over this critical value (Whitehouse et al., 2000;

Wan et al., 2015). The hindering effects that are observed under

quiescent conditions when the concentration exceeds the certain

limit (approximately 10 kg/m3) are reduced in highly turbulent

conditions (Gratiot et al., 2005). Meanwhile, the bottom water

turbulence will be suppressed if the near-bed high SSC prevails

and generates a strong vertical stratification, which prevents the

upper high tidal energy from being transferred into the water

bottom and impacts the erosion and deposition of bed (Shen

et al., 2020; Wu et al., 2022).

The critical shear stress for deposition could be another

important factor controlling the sedimentation of tidal flat. In

general, the critical shear stress for suspended sediment

deposition is smaller than the erosion threshold, such that an

intermediate range of bottom shear stresses can exist in which

neither erosion nor deposition occurs (Sanford and Halka,

1993). However, the need of the deposition threshold for

describing the near-bed deposition flux is still under debate, as

there are two different paradigms of the erosion and deposition,

the exclusive paradigm and the simultaneous paradigm (Sanford

and Halka, 1993; Zhu et al., 2017; Dong et al., 2020). The

exclusive paradigm suggests that the deposition in the bed

occurs only when the bottom shear stress drops below the

deposition threshold. In contrast, the simultaneous paradigm

allows the deposition to take place at all times regardless of the

deposition threshold. A distinct discrepancy of supporting each

deposition paradigms has been found among the results from

laboratory experiments (Partheniades, 1986; Lau and

Krishnappan, 1994; Ha and Maa, 2009), field measurements

(Kranck and Milligan, 1992; Sanford and Halka, 1993) and

numerical simulations(Ao et al., 2010; Sanford, 2008; Shen

et al., 2018; Dong et al., 2020), as the laboratory measurements

often seem to support exclusive paradigm while field data or

numerical simulation tend to support continuous deposition or

the both respectively. Besides that, in natural environments, the

combined effects of physical processes, geochemical properties,

and biological activity complicate the determination of the

critical shear stress for erosion and deposition (Grabowski

et al., 2011), which makes the value of deposition threshold

become quite variable (Dong et al., 2020).

Although the above studies broaden our knowledge of the

morphodynamics of tidal flats, few attentions have been paid on

the morphodynamics at the subtidal region of the tidal flat (Yang

et al., 2003) and the sedimentation properties. Yang et al. (2003)

had proposed to deem the tidal marshes, unvegetated tidal flats,

and adjacent subtidal regions as a coupled system and examined

its simultaneous response to storms. Recently, the cross-shore

analysis on the turbulence, wave energy and sediment transport

in the intertidal and shallow subtidal zones of sand beach system

has been received increasing attention (Christensen et al., 2018;

Christensen et al., 2019; Savige et al., 2021). Therefore, more

efforts should be paid to study the sedimentation at the subtidal
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region of tide flat not only for enriching our knowledge of the

sedimentation properties but also for better utilizing the

underwater nourishment to mitigate the shrinking of tidal flat

under the threat of global climate change.

In this paper, we set up a field campaign at the subtidal

region of the Hengsha Shoal which is located near the estuarine

turbidity maximum (ETM) of the Yangtze Estuary, China to

study the sedimentation process during the impact of wind wave.

Instruments with high vertical and temporal resolutions were

deployed to capture the near bed SSC variation and the bed level

changes for 11 days. Using the in-situ data, we reveal a

phenomenon on the sedimentation with extreme high SSC at

the subtidal region of the tidal flat under the impact of wave and

discuss the performance of different deposition paradigms to

estimate the near-bed deposition flux.

The paper is organized as follow. Section 2 gives an overview

of the study area. The field campaign is described in Section 3.

This section provides the definitions of variables and parameters

calculated by the observed data as well. Results are shown in

Section 4. The interpretation and discussion of the results

follows in Section 5. Conclusions are drawn in Section 6.
2 Study area

In situ observations were conducted at the subtidal region of

Hengsha Shoal, located near the ETM of the Yangtze Estuary,

China (Figure 1A). The Yangtze Estuary is well-known for the

considerable runoff from the Yangtze River, strong tides and

high SSC. It has a three-tier bifurcation and four outlets to the

East China Sea. They are the North Branch, the North Channel,

the North Passage and the South Passage, respectively

(Figure 1A). The average tidal range varies from 2.4 to 3.2 m,

and the annual average freshwater discharge reaches 28,527 m3/s

with the peak value above 50,000 m3/s during flooding season

(Chen et al., 1999). Semi-diurnal tides and reciprocating tidal

currents predominate in this estuary. The fluvial annual mean

sediment discharge is approximately 0.486 billion tons before

the 1990s (Milliman and Syvitski, 1991) and has been reduced to

0.123 billion tons after the operation of Three Gorges Dam in the

Yangtze River in 2013 (Dai et al., 2018). In the Yangtze Estuary,

the ETM zone is extremely large on a spatial scale, spreading

over the entire mouth zone downstream from the south branch

and inside the 10-m isobaths (Han and Lu, 2015). The maximum

near-bed SSC at the ETM zone of Yangtze Estuary can reach

above 40 kg/m3 during a tidal cycle (Lin et al., 2021). Controlled

by the East Asian monsoon system, southeasterly winds

dominate in summer in the Yangtze Estuary, with multi-year

averages ranging between 3.5 and 4.5 m/s (Yang et al., 2008).

The Hengsha Shoal is located at the east end of the Hengsha

Island, situated at the lower segment of the North Channel

(Figure 1A). It is in a tongue-shaped distribution along the west

east direction. As the forefront of Hengsha Island, the Hengsha
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Shoal is constantly under the impact of wind wave, tidal flow as

well as the movement of ETM. After the implementation of the

land reclamations in the intertidal zone of Yangtze Estuary, the

depth-mean of tidally averaged SSC has been declined and the

landward boundary of the ETM zone in the North Channel is

moved seaward (Teng et al., 2021). The erosion in the subtidal

region of Hengsha Shoal has been accelerated owing to the

intertidal reclamations (Du et al., 2016). The bed elevation of our

observation site was 4.9m below the mean sea level.
3 Material and methods

3.1 Data collection

Our observations, lasting for 11 days, were carried out from

June 21 to July 2, 2019. The bed level changes in association with

tides and waves were monitored by the tripod observation

system. The tripod was mounted with one wave monitoring

instrument, two current monitoring instruments and two water

turbidity monitoring instruments (Figure 1B).

The wave height and wave period were collected by the

Acoustic Wave and Current Meter (AWAC, Nortek AS,

Norway) which tracked the surface fluctuations at a frequency

of 2 Hz over a duration of 1024 s, yielding 2048 measurements

per burst.
Frontiers in Marine Science 04
An Acoustic Doppler Current Profile (ADCP, 2.0 MHz high-

resolution profiler, Nortek AS, Norway) was used to measure

high-resolution 3D current velocity profiles. The burst interval

was 4 min. Each velocity profile was the mean value collected at a

frequency of 1 Hz over a duration of 30 s. The ADCP was

attached to the tripod with the transmitters facing downwards

and was located 55 cm above bed (ab). The blanking distance

was 10 cm, and the cell size was set to 1 cm.

An Acoustic Doppler Velocimeter (ADV, 6.0 MHz Vector

current meter, Nortek AS, Norway) was used to measure three-

dimensional turbulent velocities in a 2.65 cm3 volume of water.

The ADV was fixed firmly to a tripod, with the transmitters

oriented downwards and the emitter positioned 40 cm ab. The

sampled water volume, which was positioned 15 cm in front of

the emitter, had a height of 25 cm. the ADV recorded 128 sets at

a frequency of 8 Hz, resulting in a 15 second sampling duration

every 4 min. The ADV recorded current data was discarded

when the number of bad data (signal-to-noise ratio (SNR)< 20 or

correlation coefficient (COR)< 70) reached 30% of the

whole dataset.

Turbidity in the water column was measured every 4 min by

using optical back-scatter sensors (OBS3+, Campbell Scientific,

Inc, USA), with the probes positioned 20 cm and 30 cm ab.

Turbidity signals from the OBS sensors were converted into SSC

values via calibration with in situ sediment samples. The

calibration experiment was carried out in the laboratory.

Turbidity dataset was collected with different concentrated
FIGURE 1

(A) Location of Yangtze Estuary. (B) Map of the Yangtze Estuary showing the observation sites by means of tripod. (C) Schematic representation
of instrument deployment and location with respect to the seabed. The AWAC was used to obtain the wave parameters. the ADCP and the
OBS3+ were used to measure velocity profiles and turbidity signal respectively. The ADV was deployed for the high-frequency sampling of
velocity data at 8 Hz as well as the bed level change.
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well-mixing water samples obtained by constantly adding

sediment from in-situ sediment samples to clear water. At the

same time, different concentrated water samples were filtered by

0.45-mm filters to obtain SSCs. Regression between SSC and

OBS3+ derived turbidity yielded a correlation coefficient of 0.99

(Figure 2). As the regression figure showed that the relationship

between turbidity signal strength (counts) and the SSC had two

different characters that were the positive relationship and the

negative relationship. The turbidity signal strength (counts) was

increased with the SSC when the SSC was lower than 10kg/m3,

which presents a positive relationship. While, when the SSC is

greater than a certain value, the signal strength decreased

dramatically with the increasing SSC, which presents a

negative relationship. Due to the impact of extreme high SSC,

the acoustic signal strength emitted from the ADCP was

absorbed dramatically, which presented a sharp decrease of

signal strength. Therefore, the negative relationship was used

to estimate the SSC when the abnormal signal strength recorded

by the ADCP was found.

The bed level changes were obtained by the ADV’s measured

distance between its probe to the sea bed (Andersen et al., 2007;

Yu et al., 2017; Zhu et al., 2019). The ADV measured the

distance between the transmitter and the sediment surface

every 4 min with a high accuracy of ±1 mm. The wind

velocity and direction were monitored at the NPJ

station (Figure 1A).
3.2 Data analysis

3.2.1 Calculation of the bed shear stress
The total bed shear stress due to the combined wave-current

action, tcw (N/m2), was calculated using the Grant and Madsen
Frontiers in Marine Science 05
(1979) wave–current interaction model:

tcw =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tw + tc cosjcwj jð Þ2+ tc sinjcwj jð Þ2

q
(1)

in which tw (N/m2) and tc (N/m2) are the wave- and

current-induced bed shear stresses, respectively. jcw (°) is the

angle between the current direction jc (°) and wave propagation

direction jw (°). Four separate parameters are required to

calculate total bed shear stress, that are tw , tc , jw and jc .
The wave-induced bed shear stress, tw , was obtained by

analyzing surface-elevation monitoring data. Wave parameters

(significant wave height Hs and significant wave period (Ts )

were derived from the monitored data recorded by AWAC via

SUV method (Pedersen et al., 2007). At the edge of the wave

boundary layer, the peak orbital excursion and peak orbital

velocity can be express as:

Ad =
Hs

2 sinh khð Þ (2)

Ud = wAd =
pHs

Ts sinh khð Þ (3)

in which k (=2p/L , L = (gT2
s =2p)tanh(kh)is the wave length)

is wave number (m-1), h is water depth (m) and w is angular

velocity (s-1). The time-averaged (over half a wave cycle) bed

shear stress due to waves, tw (N/m2), can be expressed as (Van

Rijn, 1993):

tw =
1
4
rfwU

2
d (4)

in which r is the water density, fw is the friction coefficient

(-), which is determined by the diagram of hydraulic regimes of

oscillatory flow (Van Rijn, 1993).

fw =

2Re−0:5w      ,   laminar        

            0:09Re−0:2w  ,   smooth   turbulent

min exp −6 + 5:2r−0:19
� �

, 0:3
� �

,   rough   turbulent

8>><
>>:

(5)

where Rew = UdAd
υ (-) and r = Ad

ks
(-) are the wave Reynolds

number and relative roughness, respectively. ks (=2.5d50 ) is the

Nikuradse roughness where d50 is the median grain size of the

bed sediment, and υ (m2/s) is the kinematic viscosity of water.

Since the fluctuating velocities measured in the vertical

dimension are assumed not to be contaminated by wave

orbital motion (Kim et al., 2000; Andersen et al., 2007), the

current-induced bed shear stress, tc , was estimated by the

variability in turbulent velocity fluctuation in the vertical

dimension, w2
t  , via the following equation (Stapleton and

Huntley, 1995):

tc = 0:19rw2
t (6)

Because the measured near-bed velocities can be affected by

wave motion in tidal areas, wave-turbulence decomposition is
FIGURE 2

Regression relationship between the Obs3+’s signal strength and
the SSC.
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applied (Zhu et al., 2016). We used the energy spectrum analysis

(ESA) approach, which is a technique developed by Soulsby and

Humphery (1990) to split the variance without separating the

instantaneous time series. The current direction and the wave

direction were obtained from the burst-mean velocities and

decomposed wave orbital velocities, respectively (Zhu

et al., 2016).
3.2.2 Bed level simulation
The bed level variation was determined by the rates of

erosion, E, and deposition, D, in kg/m2/s:

Dh
Dt

=
1

rdry
D − Eð Þ (7)

where Dh is the bed level variation in the time period Dt , rdry
(kg/m3) is the dry density of surficial sediment. The dry density

is set to 1400 kg/m3 in this paper, which is close to the value used

by Zhu et al. (2017) in the Yangtze Estuary. The rates of erosion

are estimated by the Ariathurai-Partheniades equation

(Partheniades, 1965; Ariathurai, 1974):

E = M
tcw
te

− 1

� �
(8)

where M (kg/m2/s) is the erosion constant, tcw (N/m2) is the

total shear stress due to the combined effects of wave and current

action, te (N/m2) is the critical bed shear stress for erosion. The

estimate of the erosion threshold remains a challenge since it

depends on the grain size distribution (Shields, 1936), the

chemical impacts of cohesive sediment (Taki, 2000) and the

biological effects (Van Prooijen et al., 2011). Thus, in this paper,

the erosion threshold was determined by comparing time series

of the bed shear stress and bed level changes in high frequency

(Andersen et al., 2007; Verney et al., 2007; Shi et al., 2015; Zhu

et al., 2019).

The deposition rate, D, in eq.(7) was derived from the

sediment flux at the bed according to the aforementioned two

different deposition paradigms:

D = cbws (simultaneous paradigm) (9)

or

D =
0,     tcw ≤ td

cbws 1 − tcw
td

	 

,     tcw ≤ td

8<
: (exclusive paradigm)(10)

where cb (kg/m3) is the near bed suspended sediment

concentration, ws (m/s) is the group settling velocity of

suspended sediment. During the period of accelerated

flocculated settling, the group settling velocity of cohesive

sediment is strongly dependent on the SSC and can be

estimated as:

ws = E1c
E2
b (11)
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in which E1 and E2 are constants varying among estuaries

(Whitehouse et al., 2000). As the sediment concentration is

over a certain limit, the process of hindered settling must be

accounted for estimating the near bed deposition flux. We

followed the formula of Whitehouse et al. (2000) which

considered the process of hindered settling.

ws =
υ

de
10:362 + 1:049 1 − Cf

� �4:7D3
*

h i0:5
−10:36

n o
(12)

de=lC
E2/2,

l = ½19:8rnrE2s E1
g(re−r)

�0:5,

Cf =
rs − rð ÞC
re − r

(13)

where de is the effective diameter of a floc increasing with the

volume concentration C=cb/rs , rs is the density of sediment, l is

the length-scale, re =r+0.03(rs−r) is the effective density of the
floc and Cf is the volume concentration of floc. In the Yangtze

Estuary, E1 and E2 can be set to 0.002 and 1.5, respectively (Zhu

et al., 2017).

3.2.3 Gradient Richardson number
The gradient Richardson number (Ri) between 0.2 mab and

0.3 mab is calculated by the ratio of the square buoyancy

frequency to the square vertical velocity shear (Dyer, 1986):

Ri =
− g

rc
∂ rc
∂ z

∂ u
∂ z

� �2+ ∂ v
∂ z

� �2 (14)

where g is the gravity acceleration (m/s2), rc=r+(1−r/rs)·SSC is

the SSC-induced density (kg/m3), z is the height above the

seabed. The velocities between 0.2mab and 0.3mab were

obtained by the bottom ADCP profiles. The SSC at 0.2mab

and 0.3mab was collected by the OBS3+. Based on the linear

stability theory, the critical value for active mixing is Ric=0.25 .

When Ri<0.25 , the flow is unstable and the mixing is enhanced.

On the contrary, when Ri>0.25 , the flow is stable and the mixing

is suppressed.
4 Results

4.1 Wind and wave

During the 264-h spring-neap tidal cycle, the wind and wave

conditions were quite variable (Figures 3A, C). At first, prior to

the hours 72 (Phase I, moderate wave), the prevailing wind

direction was northeaster and the wind speed was generally

moderate. The averaged wind velocity at the NPJ station during

this period was 5.2 m/s and the averaged significant wave height

(SWH) at the observation site was 0.5 m. During the period from

the hours 72 to 120 (Phase II, wind wave), the southeaster wind

prevailed and the wind speed was increased rapidly, with the
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maximum wind speed exceeding 12 m/s. The wind wave was

correspondingly intensified, with the SWH increased up to

0.84 m at the observation site. During the period from the

hours 120 to 168 (Phase III, swell), the wind speed was back to

normal, with the minimum wind velocity being 0.6 m/s and the

maximum wind velocity around 9.0 m/s. The averaged wind

velocity during this period was 4.3 m/s and the wind direction

was somewhat variable. In contrast to the weak wind speed, the
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wave dynamic was increased dramatically due to the impact of

the swell. The strongest wave process was appeared in this field

campaign, with the maximum SWH being 0.92 m and the

longest significant waver period (SWP) around 8 s. After the

impact of swell (Phase IV, hours from 168 to the end, moderate

wave), the wind speed remained moderate in general. The wind

direction shifted constantly and the wind wave was weak. The

averaged wind speed was 5.2 m/s and the averaged SWH at the
FIGURE 3

Time series of (A) wind velocity and direction, (B) water depth and depth-averaged current velocity, (C) SWH and SWP, (D) energy spectra of
water level (Sh), (E) SSC at 0.2 mab, (F) wave/current-induced bed shear stresses (tw and tc , respectively) and total bed shear stress (tcw ) and
(G) the bed level changes observed by ADV instrument.
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observation site was 0.4 m. The SWP during this period was

fluctuated around the 4.4 s.
4.2 Tidal current and bed shear stress

During the Phase I, the tide was on the transition from the

spring tide into the neap tide. The depth-averaged current

velocity at the observation site varied periodically between the

0.23 m/s and 0.9 m/s, with an averaged value of 0.51 m/s during

this period (Figure 3B). Due to the moderate wind condition, no

clear peak was seen in the water level energy spectrum

(Figure 3D), which had also been observed at the intertidal flat

of the Yangtze Estuary (Zhu et al., 2016). The wave-induced bed

shear stress (tw ) was negligible, with the value less than 0.15 N/

m2. The averaged total bed shear stress (tcw ) during this period

was 0.4 N/m2 (Figure 3F).

During the Phase II, the tide dynamic became weaker. The

depth-averaged current velocity was ranged from 0.19 m/s to

0.86 m/s, with an average value of 0.48 m/s (Figure 3B). In

contrast to the weak tidal dynamics, a strong onshore wind

prevailed, which generated significant wave dynamic at our

observation site. A clear single-peak, occurred at a frequency

around 0.18 Hz, was seen in the water level energy spectrum due

to the impact of wind wave (Figure 3D). The wave-induced bed

shear stress was increased to 0.26 N/m2, with an averaged value

of 0.13 N/m2 during this period (Figure 3F). The averaged total

bed shear stress during this period was 0.38 N/m2.

During the Phase III, the neap tide dominated and the wild

wind calmed down. The depth-averaged current velocity was

further decreased, ranging from 0.24 m/s to 0.7 m/s, with an

average value of 0.42 m/s (Figure 3B). In contrast to the weak

tide and wind, a strong wave process dominated this period due
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to the impact of the swell. A clear double-peak was found in the

water level energy spectrum, of which the energy spectrum

covering from 0.07Hz to 0.19 Hz was significantly enhanced

(Figure 3D). The wave-induced bed shear stress was further

increased to 0.46 N/m2, with an averaged value of 0.22 N/m2

during this period, which was stronger than the wave-induced

bed shear stress during the Phase II (Figure 3F). The averaged

current-induced bed shear stress during this period was 0.32 N/

m2, which was a little greater than the averaged current-induced

bed shear stress, around 0.28 N/m2, during the Phase II

(Figure 3F). This phenomenon can be attributed to the extra

turbulence increasing tc during the impact of wind or wave (Zhu

et al., 2016). The averaged total bed shear stress during this

period was 0.5 N/m2.

During the Phase IV, the tide was on the transition from the

neap tide into the spring tide and a moderate wind prevailed.

The depth-averaged current velocity was ranged from 0.17 m/s

to 0.95 m/s, with an average value of 0.5 m/s (Figure 3B).

Without the prominent impact of wave, the current-induced

bed shear stress was increased in accordance to the tide

dynamics (Figure 3F). The averaged total bed shear stress

during this period was 0.5 N/m2.
4.3 Nearbed SSC and bed level changes

The time series of the nearbed SSCmonitored at 0.2 mab and

the corresponding bed level changes were shown in Figures 3E

and G. During the Phase I, the SSC at 0.2 mab was generally

lower than 5 kg/m3, except for the high SSC recorded at the

hours 23 and hours 71. The averaged SSC during the flood tide

and the ebb tide were 2.5 kg/m3 and 2.0 kg/m3 respectively. The

averaged flood and ebb velocity was 0.47 m/s and 0.55 m/s,
FIGURE 4

Grain size distribution of suspended sediment as well as the bed surficial sediment sampled at the observation site.
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respectively. The variation of the SSC at 0.2mab was not in

consistence with the variation of the current velocity, which

presented the correlation coefficient between the SSC and

current velocity lower than 0.2. The lower correlation

coefficient indicated that the variation of the SSC at our

observation site was not only related to the local sediment

resuspension and deposition but also influenced by the

advection of the SSC from the nearby ETM zone. This kind of

phenomena was also reported in other high turbidity estuary like

the Yellow River Delta (Zhang et al., 2022). Recently, Zhang et al.

(2021) proposed a multiscale frequency superposition to

qualitatively identify the horizontal advection of SSC. During

the Phase I, no prominent erosion or deposition of seabed was

found, with the bed level fluctuation smaller than 16 mm.

During the Phase II, a strong onshore wind produced a

significant increasing of SWH. A prominent erosion of seabed

occurred at the hours 96, with the erosion thickness around

38 mm, just when the SWH reached the maximum, which

indicated that the wave-induced increase of shear stress

triggered the prominent erosion of seabed. However, the

corresponding SSC at the hours 96 didn’t reached the

maximum during this Phase, with the value lower than 1 kg/

m3. The extreme high SSC at 0.2 mab, with the value greater than

70 kg/m3, was appeared after the hours 108 when the wind wave

had been diminished. The extreme high SSC lasting for 5.4 hours

induced a slight deposition of seabed with the deposition

thickness around 8.4 mm.

The neap tide interacting with the swell dominated the Phase

III for two days. In the first day, from the hours 120 to the hours

144, the fluid mud (SSC >10 kg/m3) was not appeared although

the SWH had been increased due to the impact of swell. The

average SSC at 0.2 mab during the first day was 2.0 kg/m3. The

bed level was fluctuated slightly during this period, which

experienced the swell-induced slight seabed erosion of 8.2 mm

from the hours 120 to the hours 130 and the succeeding seabed

deposition of 29.8 mm from the hours 130 to the hours 135. The

fluid mud appeared at the second day and could almost exist for

the whole day except for some short intervals with total 5.75

hours. Due to the absorption of acoustic energy by the fluid mud,

the bed level change observed by ADV instrument was missed

except for the moments when the fluid mud moved outside our

observation site. Thanks to the lower SSC, the ADV captured the

trend of bed level variation during and after the impact of fluid

mud. According to the measured bed level changes, the rapid

seabed deposition of 62 mm during the impact of fluid mud

occurred despite of the stronger bed shear stress which was

equivalent to the bed shear stress during the Phase II and was

stronger than that in the first day during the Phase III.

During the Phase IV, the fluid mud was dissipated and the

tidal dynamics was continuously strengthened. Without the

impact of wind wave or swell, the SSC at 0.2mab returned to

normal and the seabed was in relative equilibrium state with the

fluctuation of bed level smaller than 15 mm. The averaged SSC
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during the flood tide and the ebb tide were 1.17 kg/m3 and 0.7

kg/m3 respectively. The bed levels recorded before and after the

impact of fluid mud indicated that the fluid mud tended to

encourage the bed sedimentation.
4.4 Sediment properties

During a tidal cycle, the median grain size of nearbed

suspended sediment varied between 6.6 mm and 10.2 mm, with

the average value of 8 mm. Meanwhile, the averaged median grain

size of near water surface suspended sediment was 7.9 mm. The

grain size distribution of near bottom suspended sediment was

quite close to that of near water surface suspended sediment, with a

mud (below 62.5mm) content of over 91% (Figure 4). The median

grain size of bed surficial sediment at our observation site was

67.3mm, with a mud content of 48% (Figure 4). Therefore, the fine

sediment, not only occupying the whole water column but also

representing nearly half of bed sediments, could be the major

participant in determining the erosion or the deposition of seabed.

By comparing time series of the bed shear stress and bed

level changes in high frequency, which had been captured by the

ADV instrument, the critical bed shear stress for erosion (te) and
deposition (td) was estimated (Andersen et al., 2007). We

collected a number of critical bed shear stress, based on the

moment when the state of seabed began to shift between the

erosion and the deposition. The frequency distribution of the

extracted critical bed shear stress during our observation period

was shown in Figure 5. The estimated critical bed shear stress for

erosion and deposition was 0.15 N/m2 and 0.13 N/m2

respectively, after averaging the top three high-frequency

values. The critical bed shear stress for deposition was 0.87

times the critical bed shear stress for erosion (td=0.87te ). The
estimated critical bed shear stresses for erosion and deposition
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FIGURE 5

Frequency distribution of the estimated critical shear stress for
erosion (te) and deposition (td) from the ADV-measured bed
level variability.
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were therefore applied to describe the bed surficial sediment

movement at the subtidal region of Hengsha Shoal.
5 Discussion

5.1 Performance of runs with different
deposition model

It’s still under debate that whether the critical bed shear

stress for deposition (td) should be used to describe the physics

of sedimentation even among the results of flume experiments

(Partheniades, 1965; Krone, 1993; Winterwerp, 2007). The

exclusive paradigm which believes that the sedimentation and

erosion can’t occur simultaneously in cohesive sediment

dynamics was first proposed by Partheniades (1965) according

to the experiments carried in a rotating annular flume. In the

deposition experiment, the annular flume was set to a specific

rotating speed in order to make the mud suspension settle and

reach an equilibrium state. After that, the remaining suspension

was carefully exchanged with clear water while the flume was

maintaining the same speed. It finds that the exchanged water

remained clear, which contributes to the conclusion that the

erosion does not occur with the deposition. However, in another

deposition experiment conducted in a straight flume by using

the labeled sediment particles, Krone (1993) found erosion and

deposition must occur simultaneously, at least during part of

the experiment.

In addition, the indoor experiment can’t well represent the

unsteady hydrodynamics in estuary (Sanford and Halka, 1993).

Therefore, runs with two different deposition models, the

exclusive paradigm (Eq. 8,10) and the simultaneous paradigm

(Eq. 8,9), for reproducing the bed level changes (Eq. 7) during

our observation period were conducted to discuss the physics of

sedimentation at the Yangtze Estuary directly. To fulfill this goal,

the erosion constant shown in Eq. 8 should be estimated at first.

In estuary, it is quite difficult to accurately calculate the erosion

constant because it depends on the consolidation of bed,

sediment composition, evolution of the sediment under the
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complex and mixed effects of the physical and biological

interaction process. The typical value of this parameter was in

the range of 10-6 to 10-3 kg/m2/s (Ge et al., 2015). And, according

to previous studies (Kuang et al., 2013; Ge et al., 2015; Shen et al.,

2018), the erosion rate in the Yangtze Estuary was in the range of

2.5×10-6 to 2×10-4 kg/m2/s. Due to the uncertainty of erosion

constant, the erosion constants were determined in the range of

10-6 to 10-3 kg/m2/s through the process of calibration under two

different deposition models during three different phase of our

observation period that were the phase of calm wind (Phase I),

the phase of wind wave and swell (Phase II and III) and another

phase of calm wind (Phase IV) respectively. Meanwhile, the

calibrated erosion constant, for example the Mex calibrated

under the exclusive deposition model, was also used to predict

the bed level changes under the simultaneous deposition model.

All the information of running cases and parameter settings was

shown in Table 1 and the performances of two different

deposition models were shown in Figure 6 and Table 2.

During the Phase I and IV, both the simultaneous paradigm

and the exclusive paradigm, when using the calibrated erosion

constant, could reproduce the relative bed level changes

(Figures 6A, C). The RMSEs of case Ex-1 and Sim-1 were both

smaller than 6mm (Table 2). However, the trend of this two

deposition paradigms showed prominent difference, which

showed that the simultaneous deposition paradigm reproduced

the trend of the bed level change better than that of the exclusive

deposition paradigm (Figures 6A, C). During the Phase II and

III, the performance of the exclusive paradigm using the

calibrated erosion constant (case Ex-1) was much worse than

that of the simultaneous paradigm (case Sim-1), with the RMSE

of case Ex-1 around 24.9mm which was bigger than the RMSE of

case Sim-1 around 17.5mm (Table 2). Meanwhile, the

correlation index of Sim-1and measured bed level change was

0.7 during the Phase II~III, which was quite bigger than the

correlation index of Ex-1 with the value of 0.3. The most

prominent disagreement between these two deposition

paradigms occurred from the hour 144 to the hour 168 when

the extreme high concentrated sediment clouds prevailed

(Figure 3E). It indicated that the simultaneous deposition
TABLE 1 Simulation codes with different conditions.

Case name Model rdry(kg/m3) te(N/m2) td(N/m2) M(kg/m2/s)

Phase I ~ IV PhaseI PhaseII ~ III PhaseIV

Ex-1 Eq.(8),(10) 1400 0.15 0.13
1×10-6

(calibrated Mex)
6.9×10-5

(calibrated Mex)
2×10-4

(calibrated Mex)

Sim-1 Eq.(8),(9) 1400 0.15 off
9×10-5

(calibrated Msim)
2×10-4

(calibrated Msim)
2×10-4

(calibrated Msim)

Ex-2 Eq.(8),(10) 1400 0.15 0.13
9×10-5

(Msim)
2×10-4

(Msim)
2×10-4

(Msim)

Sim-2 Eq.(8),(9) 1400 0.15 off
1×10-6

(Mex)
6.9×10-5

(Mex)
2×10-4

(Mex)
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paradigm worked more efficiently to reproduce the bed level

variation when the extreme high concentrated sediment clouds

prevailed such as the mud fluid.

Besides that, the results also showed that the erosion constant

played a vital role in determining the performance of each

deposition models and the erosion constant didn’t remain

constant during our observation period. The calibrated erosion

constant adopted by both the exclusive deposition paradigm and

the simultaneous deposition paradigm experienced almost the

same changing process. From the Phase I to Phase III, the

erosion constant was increased dramatically with the help of the

wave (or swell) process (Table 1). The reason for explaining this

increasing process can be attributed to the bed liquefaction due to

the wave process (Lambrechts et al., 2010; Ren et al., 2020). From

the Phase III to the Phase IV, the calibrated erosion constant was
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increased up to 2×10-4 kg/m2/s under the exclusive deposition

paradigm while the calibrated erosion constant under the

simultaneous deposition paradigm was remained unchanged,

with the value of 2×10-4 kg/m2/s. Due to the poor performance

of exclusive deposition paradigm during the Phase II and III

(Figure 6B), the calibrated erosion Mex couldn’t well represent

the erodibility of the sea bed. Therefore, it’s more acceptable that

the erosion constant (Msim) was nearly unchanged from the Phase

III to the Phase IV, according to the results of simultaneous

deposition paradigm. The variation of erosion constant is related

to the sediment property and the water content (Sanford and Maa,

2001). This unchanged characteristic could be explained by the

newly deposited fine sediment whose water content was

approximate to that of liquefied surficial sediments during the

Phase III.
TABLE 2 Root-mean-square error of simulated results under two different deposition paradigms.

Case name RMSE (mm)

Phase I Phase II~III Phase IV

Ex-1 5.6 24.9 5.3

Ex-2 21.8 32.3 9.5

Sim-1 4.7 17.5 4.6

Sim-2 18.1 39.2 7.2
fro
A

B

C

FIGURE 6

Performances of two different deposition paradigms during our observation period (Phase I: A, Phase II~III: B and Phase IV: C).
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5.2 Deposition of cohesive sediments
during the impact of swell

Generally, different formulations can be approximately

equivalent when they are fit to a limit range of same data

(Sanford and Halka, 1993). However, the formulations based

on two different deposition paradigms can’t reach consensus

when reproducing the observed bed level changes during the

impact of swell (Phase III, Figure 6B). In response to this

problem, a further investigation was carried out to analyze the

hydrodynamic and mixing condition during the Phase III of our

observation period (Figure 7, Figure 8).

With the help of down looking ADCP instrument

(Figure 1C), the time series profiles of current velocity in

30cm above the bed as well as the vertical averaged velocity,

which lasted for two tidal cycles, were shown in Figure 7B and

Figure 7A respectively. It showed that the tidal dynamics in each
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tidal cycle were similar. The averaged tidal range was 1.3m

during the first tidal cycle of Phase III and the averaged tidal

range was 1.4m during the successive tidal cycle (Figure 7A).

Meanwhile, the tidal-averaged vertical mean velocity was 0.11m/

s and 0.1 m/s during the first and successive tidal cycle

respectively (Figure 8). In most time of Phase III, the relatively

stronger tidal velocity was stayed at the upper layer, while the

velocity close to zero was located near the sea bed (Figure 7B).

According to the linear wave theory, the observed swell-induced

wave belonged to the shallow-water wave since the estimated

wave length ranging from 25m to 52m was much greater than

the critical influencing wavelength (= 2 times the water depth).

Meanwhile, the breaking wave didn’t occur at our observation

site because the ratio of the SWH to the water depth was less

than 0.2, which was smaller than the critical wave breaking

condition (=0.43, Wan et al., 2014) in the Yangtze Estuary. The

swell-induced wave dynamic was a little bit enhanced since the
FIGURE 7

The hydrodynamic and mixing condition within 0.3 mab under the impact of fluid mud during our observation period (Phase III), which includes
the times series of vertical-averaged velocity within 0.3 mab and the water depth (A), the profiles of current velocity within 0.3 mab (B), the SSC
at 0.2 and 0.3 mab (C) and the mixing condition within 0.3 mab described by gradient Richardson number (D).
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SWH as well the SWP during the second tidal cycle

(approximately hours 144 ~ 168, Figure 3F) were greater than

those during the first tidal cycle (approximately hours 120 ~ 168,

Figure 3F). Therefore, assuming the same tidal dynamic and

enhancing wave force are dominated during these two tidal

cycles, a relative tendency of bed erosion should be appeared at

the successive tidal cycle when compared with the trend of bed

variation during the first tidal cycle, which is supposed to be

slowing down the rate of bed accretion or triggering the erosion

of sea bed. However, the rate of bed accretion during the

successive tidal cycle was much greater than that during the

first tidal cycle (Figure 3G), indicating that other factor was

responsible for the rapid bed accretion during the successive

tidal cycle.

Based on the records of two OBS3+ instruments (Figure 1C),

the mixing condition near bed was totally different during these

two tidal cycles (Figure 7D). During the first tidal cycle, the SSCs

at 0.2 mab and 0.3 mab were less than 10 kg/m3. The vertical

difference of SSC between at 0.2 mab and at 0.3mab was

negligible, which fostered a well mixing condition near bed

(Figure 7D). While during the successive tidal cycle, the

vertical difference of SSC between at 0.2 mab and at 0.3 mab

was quite obvious owing to the appearance of the near bed fluid

mud of which the thickness was less than 0.3m. A stronger SSC-

induced vertical stratification was formed and existed almost

within the whole successive tidal cycle, which made the mixing

condition suppressed near the sea bed. The SSC-induced

turbulent damping had been reported at indoors experiment

(Li and Gust, 2010) as well as in other field investigations (Shen

et al., 2020; Hao et al., 2022), which proposed that the SSC-

induced vertical density stratification decreased vertical
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momentum exchange, prohibited the near bed sediment

resuspension and facilitated sediment settling.

Our observation also found that the current velocity above

the fluid mud, approximately higher than 0.25 mab, was greater

than that without the impact of fluid mud (Figure 8). This

phenomenon can be explained by the drag reduction due to the

fluid mud suspensions achieved by reduced momentum

exchanging and vertical mixing near the upper fluid mud-

water interface (Li and Gust, 2010). On the contrary, the near

bed current velocity under the impact of fluid mud, located from

0.05mab to 0.2mab, was much smaller than that without the

impact of fluid mud (Figure 8). Compared with the flow velocity

without the impact of fluid mud, the occurrence of smaller flow

velocity under the impact of fluid mud was not only related to

the decreased momentum exchanging at the upper water-mud

interface but also associated with the increasing viscosity (Qian

and Wan, 1983) as well as the change of the rheological

behaviors (Wang and Winterwerp, 1992).

Therefore, in despite of the stronger wave dynamics, the rate

of bed accretion was increased due to the SSC-induced turbulent

damping, the increasing flow viscosity and the rheological

behaviors of fluid mud during the second tidal cycle of Phase III.
5.3 Possible reasons for better
performance of the simultaneous
deposition paradigm

There are three possible reasons for explaining the better

performance of the simultaneous deposition paradigm especially

during the Phase II and III of our observation period.
FIGURE 8

The tidal-averaged vertical profile of current velocity during the Phase III of our observation period.
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The first possibility is that the fine suspended sediments do

maintain a continuous contact with the sediment bed according

to the results of flume experiment (Mehta and Partheniades,

1975; Krone, 1993; Winterwerp, 2007) and the model simulation

(Sanford and Halka, 1993; Sanford, 2008; Dong et al., 2020).

Winterwerp (2007) reexamined the original laboratory

experiments behind the exclusive erosion and deposition idea

(Einstein and Krone, 1962). He noticed that due to the larger

time span of the flume experiment, the erosion flux was limited

by the availability of erodible material. The experimental results

could be equally well reproduced by allowing for continuous

deposition but invoking a stochastic bed shear stress and a

gradual strengthening of the bed. The so-called critical shear

stress for deposition (td) in fact represented the critical shear

stress for erosion (te) of freshly deposited sediment

(Winterwerp, 2007). Sanford and Halka (1993) simulated the

variation of total SSC in Chesapeake Bay under different

paradigms of erosion and deposition of mud and pointed out

the better performance of the simultaneous deposition paradigm

possibly due to the complex in-situ field conditions that couldn’t

be replicated in the laboratory experiments underlying the

exclusive paradigm and the relatively weak representation of

in-situ sediment behavior by a single sediment particle.

Compared to the model-data comparison of SSC (Sanford and

Halka, 1993; Dong et al., 2020), a more direct model-data

comparison of relative bed level change in this paper was

further supported the idea that the fine suspended sediments

do maintain a continuous contact with the sediment bed in in-

situ field conditions.

The second possibility is that the near bed high suspended

sediment cloud suppresses the momentum exchange and

facilitates the forming of cohesive sediment flocs. Since the

fine sediments consume the turbulent energy to keep in

suspension, the SSC-induced vertical stratification damps the

turbulent energy and facilitates the fine sediment settling in the

form of cohesive sediment flocs. According to the in-situ floc size

measurement (Zhu et al., 2022), the floc size at the North

Passage of Yangtze Estuary was 24~106mm under different

turbulent shear stress, which was an order of magnitude larger

than the particle grain size ranging from 5.8 to 10.6mm. The

median grain size of nearbed suspended sediment at our

observation site was quite close to the particle grain size

measured by Zhu et al. (2022) (Figure 4). The critical SSC for

maximum flocculation varies over a range of 1~30kg/m3 (Wu

and Wang, 2004; Wan et al., 2015). Therefore, the critical shear

stress for deposition of fine sediment particle (td) may not be

acceptable to judge the moment of bed accretion since the

settling of cohesive sediment flocs could still occur when the

bed shear stress is over the critical shear stress for deposition of

fine sediment particle (td).
The third possibility is the impact of nearbed high

concentrated suspended sediment like fluid mud, which

distorted the bottom logarithmic velocity distribution and
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weakened the bed shear stress. In many practical modelling

(Delft Hydraulics, 2003; Lyu and Zhu, 2018; Shen et al., 2018), a

logarithmic velocity distribution is used to estimate the bed shear

stress since the turbulent bed boundary, usually occupying from

several centimeter above bed to 20~30% of water depth, is well

developed in nature conditions. Without the impact of fluid

mud, the vertical distribution of current velocity 0.3mab fit the

logarithmic distribution and the bed shear stress could be

estimated by the variability in turbulent velocity fluctuation

(Stapleton and Huntley, 1995) (black line, Figure 8). However,

the extreme high SSC clouds like fluid mud, with the thickness

smaller than 0.3m during our observation, distorted the

logarithmic current profile. An overestimated bed shear stress

by using turbulent velocity fluctuation at 0.3mab could happen

since the current velocity was significantly enhanced above or

decreased below the fluid mud-water interface (red line,

Figure 8). Compared to the exclusive deposition model, the

simultaneous deposition model produced more sediment

deposition flux which offset the excessive sediment erosion due

to the overestimated bed shear stress especially during the

impact of fluid mud. Although a more detailed fluid mud

model can be used to simulate the erosion and deposition flux

during the impact of fluid mud (Ge et al., 2020), it will be quite

complex and time-consuming since an extra fluid mud module

should be added to well describe the physical process of fluid

mud and the model resolution of vertical grid should be high

enough to distinguish the thickness of fluid mud which could be

smaller than 30cm during our observation. For practical

modeling purposes, modeling under the deposition paradigm

can give satisfactory results especially during the impact of wave

or swell.
6 Conclusions

264-h spring-neap tidal cycle observation was deployed with

a bottom tripod to study the sedimentation of cohesive

sediments at the subtidal region of Hengsha Shoal, located

near the ETM of the Yangtze Estuary, China. The tripod was

mounted with one wave monitoring instrument (AWAC), two

current monitoring instruments (ADCP and ADV) and two

water turbidity monitoring instruments (OBS3+) in order to

collect the information of the wave dynamic, the tidal current,

the near bed SSC and the relative bed level changes. The

observation period could be divided into four phases

according to wind and wave conditions. During the Phase I

and IV, a moderate wind prevailed and the tidal dynamic was on

the transition between the spring tide and the neap tide. The SSC

at 0.2mab was generally lower than 5 kg/m3 through most of the

observation period. The seabed was in relative equilibrium state

with the fluctuation of bed level smaller than 16 mm. During the

Phase II and III, the neap tidal was accompanied with a

significant process of wind wave and swell. A prominent
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erosion of sea bed, with the erosion thickness around 38 mm,

was achieved at the hours 96 when the wind-wave induced SWH

was increased to the maximum and the SSC at 0.2mab was still

lower than 1 kg/m3. In contrast, a rapid seabed deposition of

62 mm from the hours 130 to the hours 135 was observed during

the impact of fluid mud although the tidal current and swell-

induced wave dynamic was much stronger than that during the

erosion of sea bed at the hours 96.

According to the variation of relative bed level, the estimated

critical bed shear stress for erosion and deposition was 0.15 N/

m2 and 0.13 N/m2 respectively. The erosion constant didn’t

remain unchanged during our observation period. The

calibrated erosion constant during the Phase I based on the

simultaneous deposition paradigm was 9×10-5 kg/m2/s due to

the relatively consolidated surficial sediments while the

calibrated erosion constant was increased up to 2×10-4 kg/m2/s

due to the impact of wind wave during the Phase II and remain

unchanged during the successive tidal cycle (Phase III~IV).

The sedimentation of cohesive sediments at our observation

site was analyzed according to the comparison of in-situ relative

bed level changes to the modeling results under the exclusive and

simultaneous deposition paradigms. The results showed that the

sedimentation under simultaneous deposition paradigm, which

believed that the erosion and deposition of sediment must occur

simultaneously, described the relative bed level changes better

particularly during the impact of fluid mud. Three possible

reasons for the better performance of the simultaneous

deposition paradigm were suggested. The first possibility is

that the fine suspended sediments do maintain a continuous

contact with the sediment bed since not only the indirect

variation of SSC came from original laboratory experiments

behind the exclusive erosion and deposition idea (Einstein and

Krone, 1962) but also the direct bed level changes during our

observation period have been well reproduced by the

simultaneous deposition paradigm. The second and third

possibilities are attributed to the near bed high suspended

sediment clouds like fluid mud which suppresses the

momentum exchange and distorts the near bed logarithmic

velocity distribution. The SSC-induced turbulence damping

facilitates the fine sediment settling in the form of cohesive

sediment flocs whose size can be an order of magnitude larger

than the particle grain size in the Yangtze Estuary, indicating the

settling of sediments can’t be judged by the critical shear stress

for deposition just based on the single particle grain size.

Meanwhile, an overestimated bed shear stress by using

turbulent velocity fluctuation at 0.3mab could happen since

the current velocity was significantly enhanced above or

decreased below the fluid mud-water interface. Compared to

the exclusive deposition model, the simultaneous deposition

model produced more sediment deposition flux to offset the
Frontiers in Marine Science 15
excessive sediment erosion due to the overestimated bed shear

stress especially during the impact of fluid mud. For practical

modeling purposes, modeling under the deposition paradigm

can give satisfactory results especially during the impact of wave

or swell.
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