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Abstract The concentrated benthic suspension (CBS) of mud, as a major contributor of sediment
transport in the turbidity maximum of the estuary, is of great challenge to be correctly monitored
through field measurements, and its formation mechanism is not well understood. A tripod system
equipped with multiple instruments was deployed to measure the near-bed hydrodynamics and sediments
in the North Passage of the Changjiang Estuary, with the aim at determining the formation mechanisms
of CBS. The measurements detected a significant dominance of high sediment concentration in the
near-bed 1-m layer: ~20 g/L at the southern site and ~47 g/L at the northern site. Strong CBS occurred under
weak tidal mixing condition and was directly relevant to the sediment-induced suppression of turbulent
kinetic energy and the enhanced water stratification due to saltwater intrusion and sediment suspension.
During the weak-mixing neap period, the typical thickness of CBS was about 0.2–0.3 m, with a life time of
~2.83 hr (suspended-sediment concentration > 15.0 g/L). Enhanced water stratification reduced vertical
mixing and confined the sediment entrainment from the near-bed layer to the upper column. This
enhancement was due to the suppression of turbulent kinetic energy as a result of the sediment
accumulation in the near-bottom column during the slack waterand also due to the appearance of a
two-layer salinity structure in the vertical as a result of saltwater intrusion near the bottom. These physical
processes worked as a positive feedback loop during the formation of CBS and can be simulated with a
process-oriented, one-dimensional vertical CBS model.

Plain Language Summary In the turbidity maximum, concentrated benthic suspension (CBS)
frequently dominates the near-bed sediment transport, which, however, is difficult to be correctly
observed, especially in the stratified condition. And the formation mechanism of CBS is complex due to the
interaction of sediment and hydrodynamics. In a stratified tide channel of the Changjiang Estuary, China,
a comprehensive tripod system, integrated with many cutting-edge instruments, is developed and deployed
tomeasure the CBS and to determine the formation process. This system detected the existence of CBS in the
lower near-bed 1-m layer, ~20 g/L at the southern site and ~47 g/L at the northern site, with the mean
thickness of 20–30 cm. The corresponding salinity, tidal velocities, wave, and turbulent kinetic energy were
also recorded. During the formation of CBS, tidal mixing is weak. And the salinity/sediment-induced
stratification greatly limits the vertical mixing and suppresses the turbulent kinetic energy production. The
saltwater intrusion creates a two-layer structure of salinity, leading to stratification and decreasing the
mixing. These physical effects work like a positive feedback loop. A one-dimensional vertical model had been
developed to successfully simulate the formation process of CBS, indicating the stable CBS during
weak-tidal-mixing neap cycle.

1. Introduction

Mud, a mixture of clay, silt, fine sand, and organic particles, is a major sediment type in the turbidity
maximum zone of an estuary. The turbidity maximum zone is an area where a river with abundant sediment
and freshwater discharge is connected to a sea or an ocean. It is a gateway for sand and mud from the
terrestrial source to sink in the marine environment. The mud suspension in the turbidity maximum zone
produces a significant mass exchange between the water column and seabed, which can have great
impacts on hydrodynamics, morphological development, ecosystem, and biogeochemistry at either local
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or regional scale (Ge et al., 2015a; Geyer & MacCready, 2014; Toublanc et al., 2015; Winterwerp, 1999;
Winterwerp & Van Kesteren, 2004). The concentrated benthic suspension (CBS) of mud can frequently occur
around an estuary as a result of sediment deposition, mass or bulk erosion, and convergence under physical
mechanisms (Bruens et al., 2002; Sottolichio & Castaing, 1999; Winterwerp, 2002, 2011). The near-bed
sediment dynamics is of great challenge to be correctly monitored through field measurements, requiring
jointed efforts with various instruments, including optical, acoustic, and even directly sampling techniques
(Manning et al., 2010; Manning & Dyer, 2007; Sottolichio et al., 2011; Traykovski et al., 2000, 2007). The
near-bed CBS is considered an important contributor to bed stratigraphy, channel siltation, and morphology
with responses to the sinking effects of remote terrestrial particles, local resuspension, and entrainment. CBS
has been shown to be a major component of sediment transport (Bruens, 2003; Ge et al., 2015b; Van Maren
et al., 2009).

According to the definition by Winterwerp (1999), the highly concentrated mud suspension represents the
cohesive sediment within the concentration range from ~100 to ~1,000 mg/L. The mud suspension with a
concentration order of ~10–100 g/L is categorized as fluid mud. In an estuarine region, sediment concentra-
tion varies with depth in a wide range from ~100 mg/L in the upper water column to ~10 g/L in the lower
water column near the bottom. Even under such conditions, the turbidity water still behaves like
Newtonian fluid. Therefore, in this study we consider the suspension with a concentration of ~15 g/L as
the CBS, which mainly occurs in the bottom layer, especially within the near-bed layer.

Many studies have been carried out to understand the influences of CBS on the suppression of turbulent
kinetic energy (TKE) production (Geyer, 1993; Toorman et al., 2002), the self-stratification via sediment diffu-
sivity (Dutta et al., 2014; Winterwerp, 2006), and the settling velocity with hindered effects (Baldock et al.,
2004; Cuthbertson et al., 2008). The entrainment process from the lower CBS layer to the upper clear water
layer was mainly examined through flume experiments and process-oriented numerical simulations
(Bruens et al., 2002, 2012; Kranenburg, 1994). These process-oriented models are a helpful tool to understand
the dynamics involved in both field measurements and flume experiments. For example, Winterwerp (2011)
used a one-dimensional vertical (1DV) point model to examine the turbulence-induced flocculation and
sediment-induced buoyancy destruction in the Ems River.

The identification and measurements of CBS, particularly under an environment characterized by energetic
interactions of river discharge, tidal currents, and surface waves, are of great challenge to study the formation
process for the CBS in a complex estuarine system. Unlike a flume experiment conducted under
manual/computer control, the actual CBS is not easy to be captured during a shipboard field survey, since
the CBS varies significantly with time and in space. It requires reliable state-of-the-art instruments with cap-
abilities of resolving high-resolution vertical profiles of sediment concentration, velocity, stratification,
and turbidity.

To examine the formation dynamics of the CBS near the bed surface in a strongly river-tide-interacting estu-
ary, we deployed a comprehensive tripod system with multiple high-resolution instruments in the turbidity
maximum zone of the Changjiang River Estuary. The measurements captured the formation process of CBS
over a tidal cycle with significant saltwater intrusion. A 1DV CBSmodel was configured using the updated ver-
sion 4.0 of Finite-Volume Community Ocean Model (FVCOM) and was used to examine the mechanism that
controlled the formation of CBS in the estuary.

This paper summarizes the major findings from our comprehensive observations and process-oriented 1DV
model experiments. The paper is organized as follows. In section 2, the study site and designs of field mea-
surements with a tripod system and anchored vessels are described. In section 3, the major findings from the
field measurements are summarized, and the mechanism of CBS formation is discussed. In section 4, the
process-oriented 1DV model is introduced, and the model simulation results are presented. Finally, conclu-
sions and follow-up discussion are presented in section 5.

2. Study Sites and Designs of Field Measurements

The Changjiang River is a major terrestrial source of sending particulate matters into the inner shelf of the
East China Sea (Figure 1a). In the last decade, although the Three Gorges Dam and other upstream dams have
strong regulation effects on the sediment discharge from the river to the sea (Chen et al., 2004; Yang et al.,
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2011), the Changjiang River still carries an annual sediment load of ~100–300 Mt to the East China Sea (Luan
et al., 2016). The sediment transport from the river has great impacts on shoreline evolution, islandmigration,
channel generation, and subduction. It also forms one of the most remarkable turbidity maximum zones in
the world.

Additionally, abundant freshwater discharge meets the saltwater from the ocean in the estuary, which cre-
ates a significant degree of stratification. The vertical mixing and stratification in the river estuary are under
the effect of time-dependent salt wedge. Geyer and MacCready (2014) calculated the estuarine parameter
space based on the freshwater Froude number and mixing number and classified the Changjiang River
Estuary as a time-dependent salt wedge in a tidal-dominant estuary. Their estimation showed the tidal
boundary layer had the possibility of reaching the sea surface in the Changjiang Estuary, indicating the tide
could have a modulation effect on the stratification.

The remote sensing images of the surface sediment concentration, derived from the Geostational Ocean
Color Imager satellite, clearly verified the nature of high turbidity of the Changjiang River (Ge et al., 2015b;
Shen et al., 2013). The river mouth is a typical turbidity maximum zone, where the sediment concentration
near the surface remains at ~ 0.2–0.5 g/L. The river mouth is also consisted as a channel-shoal system. The
Jiuduansha Shoal and Hengsha Shoal split this estuary into three channels: the North Channel, the North
Passage, and the South Passage (Figure 1b). Two parallel dikes and many perpendicular groynes were built
along the North Passage, which were designed to increase the flow energy in the main channel and hence
to reduce sediment siltation and deepen the channel (Ge et al., 2012; Pan et al., 2012). As the consequence
of deepened channel, the dike-groyne construction has physically trapped the sediment and made the

Figure 1. (a) Locations of the Changjiang River and the East China Sea. The small rectangle indicates the study area of the
Changjiang Estuary, which is enlarged in Figure 1b. (b) The bathymetry of the Changjiang Estuary and the dikes and
groynes along the North Passage. The small dashed box is the region for field observations, enlarged in Figure 1c. (c) Two
tripod sites NU and SU and their nearby mooring stations B and C.
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North Passage the most energetic channel with significant variability of sediment concentration (Ge et al.,
2012, 2015a, 2015b; Li et al., 2016; Pan et al., 2012).

Previous sediment studies in the Changjiang River mainly focused on diluted suspension (Hu et al., 2009;
Jiang et al., 2013; Li & Zhang, 1998; Li et al., 2016; Shen & Verhoef, 2010; Song et al., 2013). Some near-bed
measurements were made to examine benthic processes (Song et al., 2013), but only a few were successful
at identifying the CBS with a concentration reaching ~20 g/L in the central North Passage (Liu et al., 2011),
without explaining the mechanisms of its formation and breakdown.

The North Passage was selected to be the study site for the field monitoring (Figure 1). This region is defined
as a turbidity maximum zone with strong interaction of tidal currents and river discharge based on previous
measurements (Liu et al., 2011). The pervious field measurements (see Figures 16 and 17 in Ge et al., 2013)
showed that in the North Passage the water is periodically stratified, with a significant surface-bottom salinity
difference (~15 practical salinity unit [PSU]) during the late-flooding phase and a well-mixed water column
during the late-ebb phase. This pattern agrees well with the classification of time-dependent salt wedges dis-
cussed in Geyer and MacCready (2014).

We equipped two tripod systems with multiple state-of-the-art instruments. Each tripod system was
designed as a half-pyramid shape with a two-layer structure (Figure 2). On the upper layer, an upward-
looking acoustic Doppler current profiler (ADCP-up) was mounted at 1.20 m above the bed (hereafter
referred to as “mab”); a current meter (ALEC Infinity-electromagnetic (EM) current meter; JFE Advantech
Co., Ltd.) at 1.45 mab to acquire the current data in the blindness of the ADCP-up; a tide/wave logger
(RBRduo) at 1.0 mab to record the fluctuation of the sea surface; and a Conductivity-Temperature-Depth
(CTD) at the same 1.0 mab to record temperature and salinity. The lower layer had 1.0-m height. Two tail-
connected optical backscattering sensors (type: OBS-3A, D&A Instruments) were mounted on the side ridge
of the lower pyramid and had the sensor heights of OBS-down at 0.18 mab and of OBS-up at 0.84 mab. A
Nortek acoustic Doppler velocimetry (ADV) instrument was installed at the middle of the pyramid to avoid
ridge’s influence on water’s fluctuations. The sensor position was at 0.4 mab, which qualified the valid data
coming from ~0.25 mab. Particularly, a high-resolution Argus Surface Meter-IV (ASM) was positioned at a cor-
ner of the pyramid, which covered the range of 0.05–1.01 mab. This ASM had a total of 96 optical sensors and
1-cm spatial interval along the rod, which was designed to record turbidity variation in the whole 96-cm pro-
file. Detailed configuration of all these sensors, such as average sampling resolution, duration, and frequency,
are listed in Table 1. Two tripod systems were deployed at two sites labeled NU and SU in Figure 1c. Themean
water depths at NU and SU were 10 and 11 m, respectively. Sites NU and SU were selected with the consid-
eration of instrument protection from possible damages due to the busiest navigation in the North Passage.
Additionally, two mooring vessels were anchored at two sites labeled B and C in Figure 1c. Sites B and C were
very close to sites NU and SU, and the anchored vessels were used to monitor the diluted suspension layer
above the tripod. The measurements were conducted over a 15-day period from 20 July to 3 August 2015,
which covered a full spring-neap cycle. During this period, the average freshwater discharge from the
upstream Changjiang River was ~46,000 m3/s.

Figure 2. (a) Top view and (b) side view of the tripod system with acoustic Doppler current profiler (ADCP)-up, conductiv-
ity-temperature-depth (CTD), acoustic Doppler velocimetry (ADV), optical backscattering sensor (OBS)-up, OBS-down, RBR,
ALEC, and Argus Surface Meter-IV (ASM). The heights (in centimeters above the bed) of these instruments are indicated.
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3. Data and Identification of CBS

The OBS-3A and ASM were optical sensors that measured water turbidity in nephelometric turbidity units
(NTU). Sediment samples were collected during the survey period at the tripod sites and put in a standard
rotating water tank at our laboratory. These samples were used to calibrate the sensors by constructing
the regression function of water turbidity with suspended-sediment concentration (SSC) at each tripod site.
The calibrated results showed different regression patterns of water turbidity via the sediment concentra-
tions for ASM and OBS-3A at sites SU and NU. For ASM, a piecewise regression function was found at site
SU, featuring a linear straight line when turbidity <500 NTU and a third-order polynomial fitting curvature
line when turbidity>500 NTU (Table 2). At site NU, the relationship between turbidity and SSC was fitted well
with a third-order polynomial line in the whole range of turbidity measurements. For OBS-3A, at both sites SU
and NU, the relationship between turbidity and SSC was presented by a piecewise regression function, similar
to that for ASM at site SU. The regression equations for AMS and OBS-3A are given in Table 2, in which the
value of R2 (>0.95) indicates a reliable fitting above the 95% confidence level. Using these regression func-
tions, we converted the water turbidity recorded by ASM and OBS to SSC in the units of gram per liter.

The time series recorded by the multiple sensors provided us insights of the variability of SSC and related
physical components over a spring-neap tidal cycle. This is highlighted in Figure 3, including the time series
of tidal elevation, water velocity, significant wave height, salinity, TKE, and SSC at sites SU and NU. The SSC
varied over the tidal cycle, with a peak value at the time of the minimum tidal flow during the flood-to-
ebb transition. Even though both sites SU and NU were close to each other in the North Passage, the varia-
bility of SSC differed significantly at both sites, on both short-term (semidaily) and long-term (neap-spring
cycle) scales.

At site SU, SSC was relatively low during the neap tidal cycle of 24–27 July (see the shaded area in Figure 3),
with an average value of 1.98 g/L at 0.18 mab and of 0.76 g/L at 0.84 mab; and it was high during the spring
tidal cycle of 31 July to 3 August, with an average value of 7.21 g/L at 0.18 mab and of 2.77 g/L at 0.84 mab. At
this site, the CBS mainly occurred during the spring tidal cycle, with a maximum SSC of 20.98 g/L at the time

Table 1
Configurations for the Instruments Installed on the Tripod System

Instrument deployed
Distance above bed

(m)
Sampling interval

(min)
Sampling

configuration Survey parameter

Acoustic Doppler current
profilers

1.2 (upward) 2 Cell size:
0.5 m

Profile velocity

Acoustic
Doppler vector(Nortek)

0.25 10 16 Hz * 70 s Near-bed velocity

Argus Surface Meter-I 0.05–1.01 2 SSC
RBRduo|Tide &Wave Loggers 1 10 Wave conditions
ALEC Infinity-EM 1.45 2 0.2 Hz * 50 s Velocity
OBS-3A 0.840.18 22 Salinity, temperature, SSC

Salinity, temperature, SSC

Note. EM = electromagnetic; OBS = optical backscattering sensor; SSC = suspended-sediment concentration.

Table 2
Regression Between Optically Sensed Turbidity and Suspended-Sediment Concentration

Instruments Results of calibration R2

SU: ASM y1 = 1.2 * 10�3x + 6.7 * 10�2 (0 < x < 500)
y2 = 1.0 * 10�9x3 � 2.2 * 10�6x2 + 2. * 10�3x � 0.3 (500 ≤ x ≤ 4000)

0.995
0.999

NU: ASM y = 1.2 * 10�10x3 + 5.2 * 10�7x2 + 3.7 * 10�4x + 0.38 (0 ≤ x ≤ 4000) 0.990
SU: OBS (down) y1 = 1.4 * 10�3x � 3.3 * 10�2 (0 < x < 500)

y2 = 7.6 * 10�10x3 � 3.4 * 10�6x2 + 6.7 * 10�3x � 1.9 (500 ≤ x ≤ 4000)
0.954
0.987

NU: OBS (down) y1 = 1.7 * 10�3x + 0.43 (0 < x < 500)
y2 = 2.5 * 10�9x3 � 8.8 * 10�6x2 + 1.2 * 10�2x � 3 (500 ≤ x ≤ 4000)

0.977
0.991

Note. The variables of x and y1/y2 indicate the optically sensed turbidity and corresponding calibrated sediment concen-
tration, respectively. ASM = Argus Surface Meter-IV; OBS = optical backscattering sensor.
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of the maximum tidal current during the semidiurnal tidal cycles. Even at 0.84 mab, the CBS exhibited a simi-
lar pattern as that at 0.18 mab, with a peak SSC of 12.07 g/L at 15:04 local standard time (LST) on 31 July. Note
that the flatness of SSC peaks was mainly caused by the limited measuring range of the OBS. During the neap
tidal cycle, the CBS suddenly formed a sharp peak over a short time period, with the maximum SSC up to
~18 g/L at 0.18 mab.

At site NU, different patterns of CBS emerged. At 0.18mab, timing and frequency of CBS occurrence remained
the same over all tidal cycles. The maximum concentration of the mud suspension was 47.54 g/L, which
occurred at 17:32 LST on July 25 during the neap cycle. Most of these SSC peaks had a value >30 g/L
(Figure 3f), demonstrating that site NU was featured by a strong dominance of CBS. Unlike site SU, the SSC
at site NU decreased significantly in a short distance away from the seabed. At 0.84 mab, the SSC dropped
to ~1.0 g/L, with the maximum value of 3.18 g/L that occurred at 05:04 LST on July 24 during the neap tidal
cycle (Figure 3g).

The statistics regarding the occurrence of CBS at sites NU and SU over the entire measurement period were
analyzed, and our key findings are illustrated in Figure 4. The CBS was a common feature for the suspended
sediment in the North Passage. At site NU, the CBS occurred with a frequency of 20.7%, the maximum SSC of
47.54 g/L, and the longest duration of 2.83 hr. Strong CBS was found during the neap tidal cycle. At site SU,
although the mud suspension remained at a lower concentration and CBS occurred with a frequency of only
7.74%, it showed its longest duration of ~2.73 hr (Figure 4b), which occurred during the spring tidal cycle. This
suggests that the CBS was an important contributor to the benthic sediment transport at these sites.

4. Formation and Breakdown Mechanisms of CBS

The tripod measurements showed the strong tidal variations of currents, salinity, and sediment transport as
well as the variation of vertical mixing at both sites during the neap-spring cycle. The Changjiang Estuary is a
tidal-dominated regime. The variations caused by tidal mixing and stratification play critical roles in sediment

Figure 3. Time series of tide elevation, horizontal velocity from acoustic Doppler velocimetry (ADV; 0.25 mab), significant
wave height from RBR, salinity from optical backscattering sensor (OBS)-down (0.18 mab), derived turbulent kinetic
energy (TKE) from ADV, suspended-sediment concentration (SSC) from OBS-down (0.18 mab), and SSC from OBS-up
(0.84 mab) at NU (blue) and SU (green) tripod sites. The shaded region indicates the neap tidal period.
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transport, particularly in the formation and breakdown of the CBS. In addition, the sediment has an impact on
the physics of the water column. The sediment-induced density gradient can change the stratification and
thus the baroclinic pressure gradient force. These processes are described and discussed next.

4.1. Tidal Mixing

In the North Passage, tidal-induced shear is a major force that caused the sediment to be eroded away from
consolidated seabed, resuspended from the unconsolidated bed load and entrained from fluid mud or CBS
(Song et al., 2013). It also plays an important role in sediment deposition and accumulation in the benthic
layer when either current was weak or water was stratified.

The tripod measurements clearly show that the occurrence of the CBS was highly correlated with the tidal
phase, mainly taking place in the late-flood to early-ebb period (Figure 4). In view of tidal elevation, the
CBS frequently took place at high water or during the high-to-low transition period. During the rising period
of tidal elevation, no evidence of CBS was observed at either site. The CBS mainly occurred during the late-
flood or early-ebb period. Figure 5 shows that the CBS had a high probability of occurrence during the transi-
tion period from the flood tide to the ebb tide and was not able to form during the late-ebb or early-flood
period. These results demonstrate that the tidal currents and tidal-induced mixing had significant influences
on the formation of CBS.

Many studies used the Simpson number (Burchard et al., 2011; Stacey et al., 2010) to estimate the intensity of
tidal mixing. The Simpson number is defined as the ratio of the potential energy change due to tidal straining
to the production rate of TKE. However, the Simpson number only applies to the case with availability of hor-
izontal gradients of density and tidal velocity. The Simpson number is also known as the horizontal
Richardson number, which is not suitable for our case. Burchard et al. (2011) defined an unsteadiness number
to estimate the efficiency of tidal mixing based on the ratio of water depth to friction velocity for a given tidal
frequency. However, it applies only to the estuarine in the absence of stratification. Therefore, it is not applic-
able for our case since the Changjiang River and inner shelf of the East China Sea were well stratified during
the measurement period (Chen et al., 2008; Ge et al., 2012, 2015). Geyer and MacCready (2014) proposed a
mixing parameter to quantify the effectiveness of tidal mixing for the stratified estuary as follows:

Figure 4. Time series of depth from optical backscattering sensor (OBS) and velocity from acoustic Doppler velocimetry
(ADV) at sites (a) NU and (b) SU. The pink shading demonstrates the longest occurrence of concentrated benthic
suspension (CBS) at these two tripod sites. The yellow shading indicates the occurrence of CBS longer than 2 hr; the gray
shading shows the occurrence of CBS shorter than 2 hr. The red line in the velocity plot indicates the late-flood to early-ebb
period, and the blue line indicates the late-ebb to early-flood period.
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M2 ¼ CdU2
T

ωNH2 ; (1)

where N ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
βgSocean

H

q
is the buoyancy frequency, UT is the magnitude of tidal velocity, H is the water depth,

Cd is a constant parameter, ω is tidal frequency, and Socean is the reference salinity (Geyer, 2010; Geyer &
Ralston, 2011). It is set as the mean salinity out of the estuary during the summer time (with a constant value
of 30.0 psu; Ge et al., 2013), and g is gradational acceleration taken as a constant of 9.8 m2/s. In Geyer and
MacCready (2014), a constant β = 7.7 × 10�4 was specified. In the Changjiang estuary, the actual density ρ

can change rapidly due to varying salinity. Instead of using a constant, β ¼ ρ
ρ0
� 1

� �
=s is used to

Figure 5. Time series of vertical profiles of (a) flow velocity, (b) flow direction, (c) along-channel flow velocity, and (d) mix-
ing effectiveness parameter during neap tide at site NU. (e–h) Same as Figures 5a–5d, except during spring tide. The
shaded regions with labels N1–N7 show the occurrences of concentrated benthic suspension during neap tide, and those
with labels S1–S10 indicate the occurrences of concentrated benthic suspension during spring tide.
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determine the time series buoyancy frequency, where s is the instantaneous salinity at the time when β is cal-
culated. Tidal mixing is defined to be effective when M > 2.0, when well-mixed water column is produced
(Geyer & MacCready, 2014).

Applying equation (1), we estimated M at sites NU and SU. In the North Passage, the M2 tide dominated, so
the estimation was made for the M2 tidal frequency. In our calculation, UT was determined by moving aver-
age of UH over the T/2 tidal period (T was the M2 tidal period), and UH was the mean vertical velocity derived
from the ADCP records. N was calculated using the salinity recorded on the tripods and by the nearby
anchored vessels over the same T/2 tidal period. H was determined by moving average of water depth mea-
sured by OBS (down) mounted on the tripods over the T/2 tidal period. Cd was taken as 0.0025. Therefore,
the UT, N0, and H in equation (1) are all time dependent on the tide and degree of stratification during the
calculation of M.

The time series of tidal velocity, direction, and M at site NU over the neap and spring cycles are shown in
Figure 5. The result ofM< 2.0 during the neap cycles suggests that vertical tidal mixing was weak. The occur-
rence of CBS matched the low trough (<0.5) duration of M, implying that the vertical tidal mixing was sup-
pressed during the weak tidal straining period. Considering M was estimated based on the magnitude of
averaged tidal velocity in the T/2 tidal period, the instantaneous mixing efficiency should be much lower
at the late-flood or early-ebb phase. In our case, the low value of M during the neap tidal cycle was a result
of enhanced stratification due to the formation of a stable two-layer system in the vertical. A similar situation
was found during the spring tidal cycle. M reached the highest value of >3.0 at the maximum ebb tidal cur-
rent and the lowest value of <2.0 during the late-flood tidal period. This means the tripod site was vertically
well mixed at themaximum ebb tide. The fact that the CBS occurred during the spring tidal period in whichM
was in the range from 0.5 to 2.0 suggested that the occurrence of CBS co-occurred with significantly weak
tidal mixing. In our observations, we found that the CBS had a low probability to form when M > 2.0 over
the spring-to-neap transition period.

Effectiveness of tidal mixing was also visible through the vertical distribution of velocity. The occurrences of
CBS during the late-flood tidal phase, such as N4, N3, N5, and N7, were accompanied by a two-layer composi-
tion of water velocity. An opposite phase was observed for the tidal velocity in the vertical. When the upper
water column was in the ebb tidal phase with a flow direction of ~120°, the lower water column was in the
flood tidal phase with a flow direction of ~300° (Figure 5c).

Note that during the increasing phase of M, the CBS events sometimes occurred after the lowest value of
M(Figure 5). The M shown in Figure 5 is not the instantaneous mixing efficiency. Based on the definition of
M, it is determined through the tidal velocity averaged over the T/2 tidal period. Therefore, the calculation
of M was done by an integration over this period using the moving average method. Additionally, the CBS
was not instantaneously formed whenM reached its minimum. It requires the time for the sediments to accu-
mulate into the CBS during their settling into the benthic layer. These two factors led to a delay of CBS for-
mation with respect to the minimum M.

Both observations and model results also revealed that the threshold of M for the CBS formation differed
between spring and neap tide cycles. During the neap tide, the CBS formed in the range of M=0.5–1.0, while
during the spring tide, it was in the range of 1.0–2.0. This difference was mainly associated with the
suspended-sediment load and typical sediment grain size in the upper water column, which were both much
bigger during the spring tide than during the neap tide. The suspension contained larger-grain-size sediment
particulate during the spring tide than during the neap cycle. Although the mixing efficiency was relatively
larger during the spring tide, the settling of the larger-grain-size sediment was significant and adequate to
form a CBS. To produce the CBS, the smaller-grain-size sediment suspension during the neap cycle could
be easier to accumulate in the benthic layer under weak mixing condition with smaller M.

In summary, the measurements at the tripod sites clearly showed that weak tidal mixing and two-layer-
structured tidal currents during the neap tidal cycle were the major contributors to the formation of CBS in
the North Passage. During the CBS formation period, the tidal kinetic energy was insufficient to bring the
sediment up from the seabed boundary to the upper water column. In this case, the downward sediment set-
tling overcame the upward mixing, which induced bottom accumulation of sediment. When the two-layer
structure of tidal currents was weakened during the spring tidal cycle, the weak tidal mixing during the
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late-flood tidal phase could still lead to significant sediment settling into the lower column and to generate
the CBS like what we observed at S1, S2, S3, and S7.

4.2. Turbulence Suppression

The ADV with the sensor depth at 0.4 mab was configured with a 16-Hz sampling frequency and for the 70-s
continuous sampling period. The averaging interval for every burst sampling was 10 min (Table 1). u

0
, v

0
, and

w
0
, denoting the quasinormal probabilities, are the x (east–west), y (south–north), and z (vertical) fluctuating

components of the instantaneous velocity. The covariance u0ð Þ2, v0ð Þ2, and w0ð Þ2 present the mean turbulence
normal stresses. TKE can be defined as in Tennekes and Lumley (1972):

k ¼ 1
2

u0ð Þ2 þ v0ð Þ2 þ w0ð Þ2
� �

: (2)

This is the formula used to estimate TKE at sites SU and NU shown in Figure 3.

With similar magnitudes of the near-bed tide velocity at sites SU and NU (Figure 3b), we found that the TKE
differed significantly during the tidal transition cycle of 20–24 July before the neap tidal cycle. During that
period, the peaks of TKE’s fluctuation at site SU were nearly 2 times as large as those at site NU. However,
the magnitude of SSC at site NU was 1 order of magnitude larger than that at site SU. The near-bed TKE also
reflected potential mixing from the bottom to the surface. Under a weak TKE condition, the sediment was
confined in the lower water column. In this case, the water’s mixing energy was too weak to produce an ade-
quate transport in the upward direction.

During the neap tidal period, the tidal velocity and mixing were weak. The tidal energy was not capable of
fully penetrating into the near-bed layer. Therefore, the TKE was remarkably low during this period, hence
producing a sediment-settling-favorable condition. With small TKE, the bottom shear stress was not sufficient
to cause significant erosion from the seabed; so the settling effect became dominant. Considering that the
fine clay was themajor component in sediment suspension and had a low consolidation rate, it mainly stayed
in the near-bed layer to form a fluffy CBS layer. It was also easily resuspended into the water column through
the entrainment by sufficient tidal mixing at the maximum ebb or flood tide.

After the neap tidal cycle, the TKE at site SU was still larger than that at site NU, but the difference in magni-
tude was smaller than that before the neap tidal cycle. This matched the reduced SSC difference between
sites NU and SU during the spring tidal cycle. In general, lower TKE increased the sediment settling from
the upper to lower column and decreased the sediment entrainment from the lower to upper column, which
tended to cause significant sediment accumulation in the near-bed layer.

The observations, on the other hand, suggested that the high SSC in the near-bed layer also had negative
feedback on the production rate of TKE as a result of the reduction of TKE and of diffusivity K by suspended
sediment. A Richardson number-dependent formulation of K was derived by Munk and Anderson (1948),
which is given here:

K ¼ K0 1þ 10
3
Ri

� ��1:5

; (3)

where K0 is the constant diffusivity for well-mixed water and Ri is the gradient Richardson number defined as
Ri ¼ � g

ρw
∂ρ=∂z
∂u=∂zð Þ2, where ρw is the water density with consideration of pressure, salinity, temperature, and mud

suspension. Using equation (3), we estimated the reduction of K using our measurements and obtained K/
K0=0.018–0.027. The results showed that under a high near-bed SSC condition, as Ri increased, K decreased,
which potentially suppressed the production rate of TKE. This process was closely related to stratification,
which was physically caused by salt wedge or mud suspension. It should bementioned that Ri is also an alter-
native for quantifying the amount of tidal mixing under stratified condition.

4.3. Salinity-Induced Stratification

The enhanced stratification characterized by the two-layer salinity structure was the result of freshwater dis-
charge from the upstream of the Changjiang River and saltwater intrusion from the inner shelf of the East
China Sea. This unique two-layer structure was clearly revealed by the salinity and current measurements
on the anchored vessels at sites B and C, and shown in Figures 6 and 7, respectively. The maximum
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vertical difference of salinity and velocity occurred during the transition period from the flood tide to the ebb
tide. During that period, the upper layer featured a low-salinity offshore flow, while the lower layer showed a
high-salinity onshore flow (Figures 6b, 6c, 7b, and 7c). The surface salinity remained at a low value of 0–
2.0 psu during the spring and neap cycles. The maximum salinity near the bottom reached 20.0 psu when
the strong saltwater intrusion occurred. The vertical distribution of the high-salinity water also exhibited
different patterns during the neap and spring tidal cycles. During the neap tidal cycle, the high-salinity
water stayed in the near-bed 4–6 mab when the strong stratification appeared (Figures 6c and 7c). During
the spring tidal cycle, as the tidal mixing intensified, the high-salinity water was entrained into the upper
water column, so that the thickness of the high-salinity water reached ~8 mab at site C and ~10 mab at
site B. At site B, the high-salinity water mixed upward toward the surface at 00:00 LST on 31 July. Using
log10(Ri/0.25) as an index for stratification intensity, we found that the CBS co-occurred with strong

Figure 6. Time series of vertical profiles of (a) flow velocity, (b) flow direction, (c) salinity, and (d) log-scaled gradient
Richardson number at mooring B during neap tide. (e–h) Same as Figures 6a–6d, except during spring tide. The shaded
regions indicate the occurrences of concentrated benthic suspension at site SU.
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stratification during both spring and neap tidal cycles (Figure 7d). At site SU, for example, the CBS occurred
during 10:00–12:00 LST on 30 July, during 21:00 LST on 30 July, and during 02:00 LST on 31 July.

During the strong saltwater intrusion period, the typical value of Ri ranged from 2.5 to 50, yielding a reduction
of diffusivity by 2 orders of magnitude, based on equation (3) in Munk and Anderson (1948). It indicated sig-
nificant suppression on the TKE production, which greatly limited the vertical mixing of sediment particles
from the lower to upper water column.

4.4. Sediment-Induced Stratification

Here sediment-induced stratification referred to the stratification influenced by vertical gradient of the sedi-
ment density in the benthic bottom layer above the seabed. The SSC profiles within the 1-m-thick benthic
layer were measured at a 1-cm resolution by the ASM (Figure 8). The whole water column in the 1-m benthic
layer was covered by the high sediment suspension with an up-limit concentration of 20 g/L at site NU and of

Figure 7. Same as Figure 6, except at site NU.
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5 g/L at site SU. At site NU, the thickness of CBS was ~60–100 cm during the tidal transition period of 20–23
July. During the neap tidal cycle with the strong salinity-induced stratification and weak tidal mixing, the
thickness of CBS decreased, and the vertical gradient of SSC increased in the bottom benthic layer. The
upper 0.6- to 1.0-mab column was occupied by the sediment with a low concentration of <8 g/L, while
the lower 0- to 0.4-mab column was featured by the continuous CBS accumulation. With this high-
resolution AMS profiler, the nearly 1-day-lasting CBS was captured around 25 July at site NU (Figure 8a).
During the neap tidal cycle of 26–28 July, the bottom benthic layer was occupied mainly by lower-
concentration sediment except for some short-lived high-SSC events, which were identical to the OBS
measurements. During the neap-to-spring transition period when the short-lived high-SSC events
occurred, the thickness of CBS increased from 0.4 to 1.0 mab.

At site NU during the spring tidal cycle, the duration of short-lived high-SSC events gradually became longer
as the tidal velocity increased. At site SU, the main pattern of SSC during the spring tidal cycle was similar to
that at site NU, except for low SSC magnitude. However, a different pattern was found during the transition
tidal period of 20–23 July and the neap tidal cycle of 24–26 July. The water column kept the low SSC during
the transition period (Figure 8b). Significant, short-lived high-SSC events occurred during the neap tidal cycle,
with peaks up to 1.0-mab height and durations up to a few hours. During those short-lived high-SSC events,
the maximum SSC reached ~18 g/L.

A Butterworth filter was used to remove the tidal oscillations from the 2-min-interval sampling of SSC profiles
in the near-bed 1-m layer. Then, the vertical gradient of SSC was calculated by using the filtered SSC profiles.
The vertical gradients of SSC at sites NU and SU are displayed in Figure 9. We can see that site NU was char-
acterized by a strong SSC gradient, starting from the tidal transient period and rising to a peak during the
neap tidal cycle around 25–26 July. The maximum gradient of SSC reached ~40 g/(L*m). The vertical gradient
of SSC was relatively smaller during the spring tidal cycle (Figure 9a), with a typical value of 10 g/(L*m). In
some isolated patches, the gradient was up to 20 g/(L*m). At site SU, the vertical gradient of SSC was gener-
ally weak, with a typical value of 2–4 g/(L*m) over the neap and spring cycles.

The influence of sediment on density can be estimated using the following equation,

ρ ¼ ρw þ 1� ρw
ρs

� �
C; (4)

where ρw is the water density that is a function of temperature and salinity, ρs is sediment density, and C is the
SSC in the water column. Using equation (4), we calculated the sediment-induced gradient Richardson

Figure 8. Variation of suspended-sediment concentration (SSC) in the near-bed 1-m range at sites (a) NU and (b) SU.
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number in the lower 1-m column, and the results are plotted in Figure 10. Note that the ASM-derived SSC in
each profile did not fully follow the hydrostatic assumption for lower SSC in the upper cell and higher SSC in
the lower cell. Due to turbulent mixing, diffusive process, and sediment settling, the SSC at neighboring
optical sensors could have strong stochastic patterns, which could lead to a negative value of Ri. In this
situation, it is invalid to calculate log10(Ri/0.25). For the case with higher SSC or within the benthic layer of
CBS, the optical sensor of ASM could reach its upper limit and resulted in a constant maximum turbidity
value at the measurement site. When this happened, Ri was incomputable in the uniform SSC vertical cells,
such as the near-bed 0.2–0.4 mab around 25 July at site NU. These turbulence and sensor upper limit
together caused invalid cells, which are shown in Figure 10.

In spite of these blanked cells, the major pattern of the sediment-induced stratification was captured. The
occurrence of CBS matched well with a large value of Ri, showing that in such a thin benthic layer, sediment

Figure 9. Variation of gradients of tide-filtered suspended-sediment concentration (SSC) in the near-bed 1-m range at sites
(a) NU and (b) SU.

Figure 10. Variation of sediment-density-induced gradient Richardson number with log-scaled contour in the near-bed 1-
m range at site NU. The pink shading demonstrates the longest occurrence of concentrated benthic suspension (CBS) at
these two tripod sites. The yellow shading indicates the occurrence of CBS longer than 2 hr, and the gray shading shows the
occurrence of CBS shorter than 2 hr.
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stratification could be much stronger than the salinity-induced stratification. As a result, it could significantly
limit the upward transport of sediment due to the suppression of turbulence.

The mean status of the benthic CBS at sites NU and SU were evaluated using the time series of filtered SSC
profiles (Figure 11). We can see that both sites were characterized by highly concentrated mud suspension
during the neap tidal cycle. During this period, the two sites were controlled by the same physics, including
weak tidal mixing, strong salinity- and sediment-induced stratification, and density-gradient-induced turbu-
lence suppression. All these physical processes favored the formation of CBS. We also estimated the thickness
of CBS (Figure 11), which showed a value of ~0.2–0.3 m at site NU. At this site, the tide-removed SSC had a
maximum value of ~20 g/L during the neap tidal cycle, which was much larger than that during the spring
tidal cycle. At site SU, the SSC was relatively higher during the neap tidal cycle compared with that during
neap-spring transition and tended to be vertically homogenized. This was induced by relatively strong TKE
(Figure 3), which produced relatively strong vertical mixing. The filtered SSC vertical gradient demonstrated
the TKE’s influences on the vertical distribution of CBS. Weak TKE produced a thin, strongly stratified, highly
concentrated CBS. Comparatively, relatively strong TKE provided higher mixing energy at site SU, leading to a
thick, weakly stratified, lowly concentrated CBS in the lower benthic layer.

5. 1DV CBS Model Simulation
5.1. 1DV Model

To examine the physical processes controlling the formation and breakdown of CBS under the conditions of
stratification and suppression of TKE production, we configured a 1DV numerical model based on the
FVCOM. FVCOM is an unstructured-grid, three-dimensional (3D), primitive equation ocean numerical model
(Chen et al., 2003; Chen, Beardsley, & Cowles, 2006; Chen, Cowles, & Beardsley, 2006; Huang et al., 2008). It
uses a nonoverlapped triangular mesh in the horizontal and a terrain-following coordinate in the vertical.
The updated version 4.0 of FVCOM has incorporated the full dynamics of sediment transport as a kernel mod-
ule, which includes both noncohesive and cohesive sediments and their mixtures’ interaction.

To simplify the physics of CBS formation, the CBS was considered as a thickness-varying layer with constant
sediment concentration, similar to the approach used to calculate fluidmud byWang andWinterwerp (1992).
In general, the concentration of CBS is in the range from ~10 to ~100 g/L (Winterwerp, 1999). For our
measurements, the typical concentration of CBS was about 20 g/L, with a maximum concentration of

Figure 11. (a) Time series of tide-removed turbulent kinetic energy (TKE) and suspended-sediment concentration (SSC)
profiles in the near-bed 1-m range at sites (b) NU and (c) SU. The red dashed boxes indicate the neap tide period.
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~47.54 g/L, so the fluid-mud dynamics should be applicable. Built on the fluid-mud dynamics, we divided the
vertical column from the sea surface to the consolidated seabed into three layers: (1) the suspension layer
from the sea surface to the water-CBS interface (where the regular water-sediment mechanism
dominated), (2) the CBS layer in the thin benthic layer with a constant, high sediment concentration, and
(3) the consolidated bed (Figure 12a). The CBS with the sediment concentration of ~10 g/L exhibited a
transition from Newtonian to non-Newtonian behavior (Winterwerp, 1999). The CBS, with the
concentration <20 g/L, mainly shows Newtonian flow characteristics, interacting with the ambient flow,
and exhibits a similar viscosity to water. When the water-sediment mixture becomes denser with typical
concentration range of 20–100 g/L, the CBS layer has been classified as mobile suspension with non-
Newtonian behavior, which is moving freely under upper tide-induced shear or bathymetry downslope
under the gravity (Manning et al., 2010). Under non-Newtonian condition, an interface that separates the
suspension/CBS is referred to as a lutocline. The CBS layer could be stationary or flowing, depending on
the laminar shear stress upon the interface between the suspension and CBS layers. In order to simulate
the physical process with spring-neap variation, we included the temporal variation of horizontal velocity,
but no horizontal transport was defined. The 1DV model was configured with six cells, with all scalar
variables at nodes and velocity at cell centers being the same. This treatment enabled us to establish a
1DV model using the 3D code and grid configuration.

As the CBS was treated as a constant-concentration layer, the formation of CBS can be determined by the
source and sink of sediment in and out of the CBS. At the interface between suspension and CBS layers,
deposition brought sediment into the CBS layer from the upper column, and the entrainment process made
the CBS resuspended into the upper suspension layer. At the CBS-bed interface, the seabed could be eroded
into a CBS layer when the adequate shear stress was larger than the critical shear stress for erosion, and CBS
could also contribute to the seabed through the consolidation (dewatering) process (Figure 12a). The
growth/diminishing of CBS could be determined by the sum of deposition, entrainment, erosion, and
consolidation processes. It required that the 1DV model resolve the multilayer vertical discretization in the
suspension layer to include density stratification, turbulence suppression, and advection. It also needed a
depth-averaged CBS layer and finite or infinite thickness of the seabed, depending on the
model configuration.

Figure 12. (a) Sketch showing the physical processes considered in the three-layer suspension- concentrated benthic sus-
pension (CBS)-bed system. (b) The model grid with one control volume for momentum in the one-dimensional vertical
experiment.
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According to the governing equation of the 3D, suspended-sediment transport, the sediment content and
local change at a given location and time can be determined by the following equation:

∂C
∂t

þ ∇· uCð Þ þ ∂ ω� ωsð ÞC
∂z

¼ ∂
∂z

KM
∂C
∂z

� �
; (5)

where ∇ represents horizontal derivative; C (g/L) is the SSC; u (m/s) is the horizontal water velocity vector;
ω (m/s) and ωs (m/s) are the vertical water and sediment-settling velocities, respectively; and KM (m2/s) is ver-
tical eddy viscosity. In this 1DV experiment, ∇ · (uC) was set to zero based on the assumptions of no horizontal
gradients for velocities and sediment concentration, which yields

∂C
∂t

þ ∂ ω� ωsð ÞC
∂z

¼ ∂
∂z

KM
∂C
∂z

� �
: (6)

The control equations of CBS dynamics, including the continuity and momentum equations, are described as
in Wang and Winterwerp (1992):

∂dm
∂t

þ ∂umdm
∂x

þ ∂vmdm
∂y

¼ 1
cm

dm
dt

; (7)

∂um
∂t

þ um
∂um
∂x

þ vm
∂um
∂y

þ g
ρm � ρ
ρm

∂ηm
∂x

� Ωvm þ 1
ρmdm

τbx � τsxð Þ ¼ � 1
ρm

ρg
∂η
∂x

; (8)

∂vm
∂t

þ um
∂vm
∂x

þ vm
∂vm
∂y

þ g
ρm � ρ
ρm

∂ηm
∂y

� Ωvm þ 1
ρmdm

τby � τsy
� � ¼ � 1

ρm
ρg

∂η
∂y

; (9)

where t is time, dm is the thickness of CBS layer; um and vm are the eastward and northward components of
the CBS’s horizontal velocity, respectively; cm is the sediment concentration within CBS, which is constant in
both height and time; ρm is the bulk density of CBS; ρ is the density of suspension in the upper layer; Ω is the
Coriolis force acceleration coefficient; τbx and τby are the shear stresses at the x- and y-directions, respectively,
upon the CBS-bed interface; τsx and τsy are the shear stresses at the x- and y-directions, respectively, upon the
suspension-CBS interface; ηm is the elevation of CBS; and η is the surface elevation of the suspension layer.

Based on the governing equations of CBS dynamics in equations (7)–(9), the formation and evolution of the
CBS is not only determined by the source/sink term in equation (7) but also influenced by advection, shear
stress at two interfaces, and the Coriolis force. Particularly, this system contains two types of barotropic pres-

sure gradient force. One is due to the elevation gradient of the CBS layer, which is determined by g ρm�ρ
ρm

∂ηm
∂x

and g ρm�ρ
ρm

∂ηm
∂y for x- and y-components in equations (8) and (9). The other is barotropic pressure gradient

force from the upper surface water elevation, defined as � 1
ρm
ρg ∂η

∂x and � 1
ρm
ρg ∂η

∂y for x- and y-components

in equations (8) and (9).

Under the nongradient assumption of the 1DV model, ∂umdm∂x , ∂vmdm∂y , ∂um∂x ,
∂vm
∂y ,

∂ηm
∂x ,

∂ηm
∂y ,

∂η
∂x, and

∂η
∂y are all zero. Then,

equations (8) and (9) are simplified to

∂um
∂t

¼ Ωvm � 1
ρmdm

τbx � τsxð Þ; (10)

∂vm
∂t

¼ Ωum � 1
ρmdm

τby � τsy
� �

: (11)

The shear stresses at the interface between suspension and CBS layers are calculated by using

τsx
τsy

� �
¼ Δu

Δv

� �
f sρ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δu2 þ Δv2

p

8
; (12)

and the shear stresses at the interface between CBS and consolidated seabed are calculated by using
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τbx
τby

� �
¼ um

vm

� �
τmffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u2m þ v2m
p ; (13)

τm ¼ τB þ fmρm
8

u2m þ v2m
� �

; (14)

where fs is the friction coefficient between the CBS layer and the upper suspension layer; fm is the friction
coefficient between the CBS layer and the seabed; τB is the Bingham yield strength for the transitional
behavior from the Newtonian to non-Newtonian CBS, which is set to 0.2 N/m2; u and v are the x- and
y-components of the horizontal velocity in the suspension layer, respectively; Δu and Δv are the velocity
differences between the upper suspension layer and the CBS layer, respectively, and are given by

Δu ¼ u� um; (15)

Δv ¼ v � vm: (16)

The flow of the CBS was driven by the shear stress (τs) between the suspension layer and the CBS layer and by
the shear stress (τb) between the CBS layer and the seabed. These shear stresses, however, were not deter-
mined by the barotropic gradient of the CBS flow or the benthic tidal flow. It was calculated by equations (12)
and (13), which only involves local motion. In the 1DV model, the flow of fluid mud under the gradient of
CBS’s surface was not included. The flow of CBS was purely determined by the local motions of the suspen-
sion layer and the CBS layer. If the CBSmodel is extended to 2D or 3D, the surface gradient of CBS needs to be
taken into account.

The total source and sink terms for the CBS formation are calculated by using

dm
dt

¼ Settling� Entrainment þ Erosion� Dewatering; (17)

in which Settling and Erosion are the source terms to the CBS formation and Entrainment and Dewatering are
the sink terms. These terms are determined as follows:

Settling ¼ H
τdm � τs
τdm

� �
ωsCb

τdm � τs
τdm

� �
; (18)

Entrainment ¼
2Cs u�;m

		 		2 � τB
ρm

� �
u!� u!m

� �þ Cσ u�;s
		 		2 � τB

ρm

� �
u�;s
		 		

ghΔρ
ρ þ Cs u!� u!m

� �2 Cm; (19)

Erosion ¼ H
τb � τe

τe

� �
Me

τb � τe
τe

� �
; (20)

Dewatering ¼ V0Cm; (21)

where H() is the Heaviside function. The term in the brackets is valid only if its value is positive. Cb is the SSC in
the bottom layer of the suspension column attached upon the CBS. τdm is the critical shear stress for settling,
and τdm = 0.1 N/m2. τb ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τ2bx þ τ2by

q
is the shear stress between the CBS and the consolidated bed,

V0 = 2.0 × 10�7 m/s is the consolidation rate, Cm is the sediment concentration in the CBS layer, and
Me = 0.001 kg/(m2·s) is the bulk erosion coefficient. τe is the critical shear stress for erosion of the consolidated
bed, which is set to 0.2 N/m2.u�;s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u3� þ u3�;m

3
q

, where u* is the friction velocity of the flow in the suspension
layer and u*, m = fs(u� um)

2. The empirical coefficients are Cs = 0.25 and Cσ = 0.42. The other parameters in the
simulation were configured as follows: cm = 75.0 g/L, fs=0.032, fm = 0.05, and ωs = 0.006 m/s.

The tidal forcing for the 1DV model was specified by the multiple astronomical tidal constituents, which were
calculated using the harmonic analysis at site NU. The T_tide MATLAB package developed by Pawlowicz et al.
(2002) was used for tidal harmonic analysis for 15-day time series velocities at site NU. In our 1DV model, the
tidal flow was generalized by specifying the periodically changing pressure gradient. This gradient forcing
generated the barotropic tidal current throughout the water column. With the inclusion of vertical eddy visc-
osity and bottom friction under a stratified condition, the tidal velocity varied with depth and the vertical
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shear of currents against vertical stratification generates tidal mixing in the vertical. In addition to tidal-
induced turbulent mixing, the tide flow also created the benthic flow upon the CBS. Both tidal-induced
mixing and benthic flow directly affects the growth and subduction of the CBS.

The grid configuration for the 1DV model is shown in Figure 12b, which contains seven triangular nodes for
scalar variables and six cells for vector variables. These nodes and cells comprised one controlling volume for
FVCOM numerical space discretization (Chen et al., 2003, 2013). To satisfy the nongradient assumption in the
horizontal, all triangular cells were set to a uniform depth of 11 m as shown at site NU. The vertical column
was discretized into 50 uniform layers. The vertical eddy viscosity (Km) and thermal diffusion coefficients
(Kh) were parameterized using the Mellor and Yamada (1982) level 2.5 (MY-2.5) turbulent closure model.
The density effect, including sediment and salinity, was considered in equation (4) and taken into account
when Km and Kh were calculated. The suppression of turbulence under stratification and density were also
included in the model by using equation (3).

5.2. Modeling Results

The simulation, marked as Exp CBS, was run with initial conditions of zero velocity, zero SSC in the water col-
umn, and zero thickness of CBS. The model simulation was conducted with the inclusion of tidal oscillation at
site NU for the period from 10 July to 10 September 2015. The period covered four neap-to-spring cycles, with
a springmaximum velocity of ~3.0 m/s and a neapmaximum velocity of ~1.0 m/s (Figure 13a); themodel was
able to reconstruct the observed tidal velocity and mixing as site NU.

Exp CBS reproduced a typical spring-to-neap pattern of the sediment concentration in the bottom suspen-
sion layer, a layer that was close to and directly covered the CBS layer. In this layer, the SSC was high at
the maximum spring ebb and flood as the tidal velocity was the strongest, and the SSC was low during
the neap tidal cycle as the tidal velocity was weak (Figure 13b). The SSC peaks during the spring tidal cycle
ranged from 10 to 20 g/L, depending on the magnitude of the tidal velocity. The SSC was about 1–3 g/L at
the lower bottom during the neap tidal cycle. This model-simulated spring-neap pattern was in agreement
with the observed SSC variation in the suspension layer.

The periods for two typical cases with and without stable CBS in the benthic layer were selected to check the
contributions of CBS terms in equations (18)–(21) (Figures 13d and 13e). During the weak mixing neap tide,

Figure 13. Time series of (a) tide velocity; (b) near-bottom suspended-sediment concentration (SSC) in the suspension
layer; and (c) thickness of concentrated benthic suspension (CBS); and the contributions of settling, entrainment, dewa-
tering, and erosion (d) in the stable CBS period from 23 to 25 July and (e) in the oscillated CBS period from 29 to 31 July. The
dashed blue box indicates the neap tidal period, and the shaded areas in the right panel are the periods without the CBS in
the benthic layer.
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the near-bed shear stress was less than the critical shear stress for erosion τe, leading to a zero contribution of
the erosion term in the formation of the CBS (Figure 13d). The dewatering (consolidating) contribution was
constant when the CBS was included, although it was weak with a magnitude of 0.036 kg·m·s�1. Therefore,
the variation of the CBS thickness was mainly determined by the terms of settling and entrainment, revealing
a relatively stable settling effect.

The entrainment effect changed with the tide flow. When the tide flow became large, the CBS was unstable
due to stronger tidal mixing. When the CBS was present, the contributions of the four terms showed similar
patterns as those found during the stable CBS period. However, in the case without CBS (shaded regions in
Figure 13e), the consolidation was invalid. The erosion term became significant. The entrainment was practi-
cally the eroded amount into the upper column. Therefore, the formation of the CBS was determined by the
residual due to erosion and settling. When settling overwhelmed erosion, the CBS was formed in the
benthic layer.

During the spring tidal cycle, the CBS was found in its formation process with large variation, suggesting that
the CBS was dynamically unstable over a short period during the spring tidal cycle. In this period, the forma-
tion of CBS was mainly caused by the significant sediment deposition from the suspension layer under a
weak current condition. In this case, the sediment was easily brought to the suspension layer through strong
tide-induced entrainment. The 1DV model did reproduce the stable CBS during the neap tide and the high-
frequency formation and breakdown of CBS during the spring tide (Figure 13a). These results matched well
with the observed CBS occurrences at site NU at the same tidal period, as shown in Figure 4.

During the neap tidal cycle, the sediment settling under a weak tidal condition was confined in the bottom
layer, which caused the sediment gradually deposited into the CBS. With the weak tidal mixing, the current
was unable to provide adequate TKE production, so the tidal straining was too weak to promote the entrain-
ment process and to resuspend the CBS from the bottom benthic layer. In this case, the dewatering activity
was relatively slow, which consolidated the CBS into the seabed. These processes jointly resulted in the stable
formation of CBS, which was characterized with a thickness of ~20 cm.

5.3. SSC in the Suspension Layer

To identify and qualify the contributions of different physical processes on the variability of suspension layer,
we ran Exp no-CBS, which has the same configuration as Exp CBS, except without the inclusion of CBS
dynamics. In Exp no-CBS, we only considered the regular sediment processes of deposition and erosion with
one suspension-bed interface in the system. In Exp CBS, the deposited sediment first settled into the CBS
when it was already formed or initialized the CBS above the bed. In Exp no-CBS, the sediment directly sank
into the seabed. By comparing the two experiments (Figure 14), we can examine different outcomes of the
deposited sediment from the suspension layer to the CBS layer, or to the consolidate bed.

When a stable CBS layer was formed, such as during the neap tide cycle, the top of the CBS layer was practi-
cally the lutocline. The vertically averaged SSC in Exp CBS was lower than that in Exp no-CBS (Figure 14a). This
pattern remained true even at the bottom of the suspension layer (Figure 14b). It indicates that the lutocline
did prevent upward mixing during the neap cycle.

During the spring cycle, the lutocline was not stable due to stronger mixing. The entrainment in Exp CBS was
significant, and the sediment in the water column returned to the bed through consolidation, which was a
slow process. Comparatively, in Exp no-CBS the sediment was returned from water column to seabed by set-
tling process, which was a quick process. And bed sediment needed stronger bottom shear stress, larger than
τe, to resuspend by erosion process. It indicates that the water column in Exp CBS could contain more sedi-
ment in the spring tide. Therefore, the difference of numerically dealing with the source/sink term at the
seabed in these experiments led to higher sediment concentration in the water column in Exp CBS during
the spring tide (Figure 14).

These 1DV model results support the observations from our tripods and anchored vessels and confirm the
importance of benthic sediment dynamics. The weak tidal mixing and density-induced stratification can pro-
duce stable CBS during the neap tidal cycle and short-lived CBS during the spring tidal cycle. This 1DV model
was included in the official release of FVCOM version 4.0 as an independent module, which can be down-
loaded from the FVCOM website (http://fvcom.smast.umassd.edu/fvcom/).
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6. Discussion
6.1. Hindered Settling

The settling velocity has a great influence on the effectiveness and speed of the deposition. Under the high-
concentration CBS, the sediment particles hindered each other during settling, and the effective settling velo-
city was reduced as a result. Under an environment with the sediment concentration from a few to ~100 g/L,
the hindered settling could significantly decrease the effective settling velocity with various gelling concen-
trations from 40 to 120 g/L (Winterwerp & Van Kesteren, 2004). This process also contributed to the formation
and sustaining of CBS. The typical settling velocity of cohesive mud in the turbidity maximum zone of the
Changjiang Estuary was about 0.6 mm/s (Shao et al., 2011). If the gelling concentration is about 40 g/L
(Ross, 1988), the sediment concentration of 20 g/L can reduce the settling velocity to less than 0.1 mm/s. It
can help the sediment stay in the fluidmuch longer until it touches the seabed. Larger gelling concentrations,
such as 80 and 120 g/L, can also yield a significant reduction of settling velocity.

6.2. Formation and Breakdown of CBS

Both the observations and 1DV numerical model results suggested that the formation of CBS was controlled
by the complex hydrodynamic and sediment processes. The 1DV model revealed that the deposition from
upper suspension column and entrainment of sediment determines the height of the CBS during the forma-
tion and breakdown of the CBS. The tidal mixing determines the stability of the CBS, which is verified by
observation and modeling results, TKE production and suppression, and density-induced stratification from
salinity, and sediment also had significant contribution on the CBS formation.

Taking a typical CBS event at site SU at 03:00 on 24 July 2015 as an example, with the occurrence of CBS dur-
ing the period from the late flood to early ebb tide (Figure 15), the mixing efficiency played a critical role in
the formation and breakdown processes of the CBS. When the mixing efficiency decreased during the late
flood tide, especially when the two-layer flow was established (Figures 15b and 15c), the benthic TKE
decreased and the sediment significantly accumulated in the benthic layer (Figure 15d), and the CBS was
formed and sustained even after the mixing efficiency reached the minimum.

The salinity-induced stratification has been taken into account for the estimate of mixing efficiency in equa-
tion (1). The vertical salinity gradient also reached its maximum from the late flood to early ebb tide

Figure 14. Time series of near-bottom suspended-sediment concentration (SSC) in the suspension layer with (yellow) and
without (blue) considering the dynamics of concentrated benthic suspension (CBS). The red dashed box indicates the neap
tide period.
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(Figure 15c). It favored the reduction of mixing efficiency. With the sup-
pression of sediment- and salinity-induced density, the benthic TKE kept
its minimum during the stratification.

The weak tidal mixing was the background hydrodynamic condition for
sediment deposition, in which the settling velocity was significantly
reduced through hindered effects. The freshwater discharge from the
upstream of the river and saltwater intrusion from the inner shelf formed
a two-layer salinity structure in the vertical, which enhanced stratification.
The stratification greatly limited vertical mixing and confined the sediment
in the lower water column. The accumulated sediment produced a strong
SSC gradient in the near-bed layer, which reduced sediment diffusivity and
TKE production. This process reduced vertical mixing and sediment diffu-
sion and enhanced sediment-induced stratification. These physical pro-
cesses functioned as parts of a positive feedback loop (Figure 16) and
increased the formation of CBS until stronger tidal mixing occurred.

The mud accumulation through deposition process from the suspension
layer was the major source of sediment to create and sustain the CBS.
During the spring tidal cycle, the sediment from the CBS through entrain-
ment or from the seabed through erosion increased the suspended load in
the water column, which, subsequently, deposited under a weak tide con-
dition during the neap tidal cycle. The deposition mainly occurred during
the weak-current tidal phase, in both spring and neap tidal cycles. Based
on the tripod observations, we noticed that the deposition took place dur-
ing the transition from late flood to early ebb and from late ebb to early
flood. However, not all depositions from these two periods could form
CBS, even during the neap tidal cycle. Statistically speaking, CBS was only
detected during the late-flood to early-ebb period. Therefore, the

Figure 15. Vertical distributions of (a) tidal flow, (b) direction, and (c) salinity, and (d) time series of benthic turbulent kinetic
energy (TKE), suspended-sediment concentration (SSC), and mixing efficiency during the formation and breakdown of a
selected concentrated benthic suspension event at site SU at 03:00 on 24 July 2015. Gray- and yellow-shaded regions
indicate the formation stage and breakdown stage of the CBS, respectively.

Figure 16. The positive feedback loop of physical processes controlling the
formation process of concentrated benthic suspension during weak tidal
mixing. TKE = turbulent kinetic energy; SSC = suspended-sediment
concentration.
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formation of CBS was related not only to the sediment source provided by deposition but also to the
inherent hydrodynamics.

The breakdown of CBS was also highly correlated to the combined mixing efficiency. The breakdown mainly
occurred during the early-ebb period; when the ebb tide current increased (Figures 15a and 15b), the tide-
induced mixing efficiency started to increase in the water column (Figure 15d). Hence, the entrainment from
CBS to the upper suspension layer was increased. With the developing of the ebb tide, the salinity gradient
was weakened, so was the salinity-induced stratification (Figure 7). It was mainly an opposite procedure of
the physical feedback loop in Figure 15.

Although the increased tidal mixing could enhance entrainment and then trigger the breakdown process,
the contributions of horizontal advection and transport need our attention, too. After the CBS was formed,
the benthic current was still in the flood-current direction, pushing the CBS in the upstream direction (arrow
in Figure 15b); it matched with the breakdown of the CBS, and the SSC reached its minimum when the
benthic current reached its tipping point from flood to ebb direction (arrow in Figure 15d). Therefore, the
breakdown of CBS was associated with joint effects of increased vertical mixing and horizontal advection.

6.3. Possible Source and Movement of CBS

During the analysis of tripod measurements and numerical simulations, the CBS formation and breakdown
were treated as 1DV processes. However, besides the vertical physical processes, horizontal advection and
transport are also important contributors to the sediment variation at sites SU and NU.

Taking site NU as an example, the flow was flood dominant during both neap and spring cycles (Figures 17a
and 17b). But the along-channel flow decreased significantly from 0.5 to ~0.1 m/s after the CBS was formed in
Exp CBS. The lateral cross-channel flow also had a contribution to the CBS’s movement, which mostly flowed
northward. It had the same order of magnitude (0.1–0.2 m/s) as the along-channel current.

The horizontal current can result in large-scale distribution of CBS. Based on the average horizontal velocity
(~0.3 m/s in the along-channel direction and ~0.1 m/s in the cross-channel direction) and the maximum sus-
taining duration of CBS (2.83 hr at site NU), the CBS could cover an area of 3 km × 1 km approximately.

Figure 17. The (top) along-channel and (bottom) cross-channel velocities during (left) neap and (right) spring cycles at site
NU. Positive values in along-channel velocity indicate flood current, and positive values in cross-channel velocity
indicate northward flow crossing the channel. The pink shading marks the longest occurrence of concentrated benthic
suspension (CBS) at site NU. The yellow shading indicates the occurrence of CBS longer than 2 hr, and the gray shading
shows the occurrence of CBS shorter than 2 hr.
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Besides the local production of CBS, the remote source of CBS could be an additional source of sediment.
With the current speed and direction during the CBS and the estimate of the range, the sediment of the
CBS at site NU could come from its southeastern region, near or close to the main channel. Previous field
observations had revealed the existence of benthic fluid mud within the main channel (Liu et al., 2011;
Song et al., 2013). This could be a potential sediment source, from which sediment was transported to the
region around site NU under the advection effects shown in Figure 17, forming the CBS.

The advection of suspended sediment might have contributed to the formation and breakdown of the CBS.
However, identification of the effect of advection requires higher-resolution observations over a broader
area. The numerical model also needs to be extended to 3D and be fully coupled with a hydrodynamic model
covering the whole North Passage and its adjacent region, in order to study this effect.

The different behaviors of the CBS between sites NU and SU could also be attributed to the hydrodynamic
condition and its induced advection and movement of suspended sediment. Sites NU and SU were located
on two sides of the main channel of the North Passage. Although the two tripod sites were geographically
close to each other, they had significant differences of physics and sediment dynamics. The benthic saltwater
intrusion that occurred in flood tidemainly flowed at the north side of themain channel (Figure 17 in Ge et al.,
2013), which produced stronger stratification condition at the north side. Comparatively, the saltwater
intrusion and the vertical gradient of salinity south of site SU was weaker (Figure 3e). It led to stronger mixing
efficiency at site SU, which potentially carried more bottom sediment into the upper water column.
Therefore, site SU had lower-frequency occurrence and lower concentration of CBS formation (Figure 3f).

6.4. Perspectives on General Physics

Geyer and MacCready (2014) classified estuaries based on mixing number M and freshwater Froude number
Frf. Frf is defined as

Frf ¼ UR= βgSoceanHð Þ1=2 (22)

where UR is the net velocity due to river flow scaled by the maximum possible frontal propagation speed.
Defining the estuarine Frf-M space, the stratification level of individual estuary could be estimated. This
Frf-M space has a broader range, which covers not only the whole estuary due to large oscillation of
freshwater discharge in different seasons but also tide current and stratification level in different periods.
The CBS formation, however, is a feature driven by local physical and sediment dynamics. The stratification
and mixing conditions during the CBS formation at a local site was difficult to be classified based on the
originally defined Frf-M parameter space. For this reason, a modified parameter method for evaluatingmixing
efficiency is proposed in section 4.1 through a moving-average algorithm with an average period of a T/2
tidal cycle. The method is aimed to provide an estimation of mixing efficiency for local measurements. In this
method, the freshwater Froude number is localized as

Frfl ¼ URL= βgSoceanHð Þ1=2 (23)

where URL is the local net velocity due to river flow’s contribution. The URL could be estimated by a difference
between the total residual flow (Ures) and tidal-induced residual flow (UT) over a tidal cycle, that is,

URL ¼ Ures � UT (24)

In our case, at NU site, Frfl ranges from 0.6 in the neap tidal cycle to 1.7 in the spring tidal cycle.
Correspondingly, M varies from 0.1 to 3.5. Low Frfl means that the local formation and subduction plays a
major role in CBS dynamics, while high Frfl suggests that the horizontal transport may prevail.

Both the near-bed tripod measurement and numerical simulation revealed that in the time-dependent salt
wedge system the effect of tidal modulation on the formation of CBS varies with stratification and tide
mixing. The moving-average algorithm over a time scale of tidal cycle allows us to quantify time-dependent
mixing efficiency under a condition with rapid changes of tidal currents and surface-bottom salinity
difference. With this method, the tidal-induced mixing efficiency is quantificationally related with the
formation of the CBS. This is useful for CBS studies in a time-dependent stratified estuary, since the
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stratification level is not stable, not only during a ~14-day spring-neap cycle but also during a semidiurnalM2

cycle at individual spring/neap periods.

Our observations revealed that the CBS has higher probability of occurrence with mixing efficiency of 0.1–0.5
in neap cycles and 0.5–2 in spring cycles. It is possible to extend this result to similar tide-mixing/stratification
condition when dealing with the CBS or high-concentration suspension under a time-dependent stratified
condition. For example, the Pearl River in the South China Sea is a similar time-dependent salt-wedge estuary
characterized with the interaction of river discharge-induced buoyancy and tidal-driven flows. In that estuary,
the stable vertically stratified condition can lead to a higher near-bottom sediment suspension at the edge of
salinity plume near the river mouth during the neap cycle than during the spring cycle, with a maximum SSC
of ~2.38 g/L (Gong et al., 2014; Ren &Wu, 2014). Using the data displayed in Ren andWu (2014), we estimated
the M value at the maximum suspension time during the neap cycle, which was ~0.37. This value is in the
range that is consistent with what we found in the Changjiang River Estuary. The Magdalena River is located
in the tropical region, Colombia, South America. Restrepo et al. (2018) used Frf to determine the balance
between the river advection and vertical stratification. The resulting bottom SSC is ~10 g/L during the low
stream flow period, which is close to a value required for the CBS formation. The Frfl-M parameter space could
be applied to estimate local mixing efficiency for CBS formation.

In addition, the timing of the CBS occurrence observed in this study could serve as an additional general
indicator applicable for other similar periodic stratified estuaries with tidal modulation. In those types of
estuaries, the CBS could be found under a strong stratification condition over the transition period from
late-flood tide to early-ebb tide.

The observed characteristics of the short life and thin layer of CBS in the Changjiang River Estuary raise a
challenge for the future numerical simulation. It requires a numerical model capable of not only having a
high-resolution discretization on horizontal, vertical, and temporal scales but also being driven with complete
physics, including bed-CBS-water interactions and suppression of turbulence by stratification from salt and
sediment. Otherwise, the numerical model could either overpredict the height of pycnocline above the
seabed or fail to resolve the vertical distribution of baroclinic gradient force. As a result, the vertical SSC
gradient could be underestimated.

7. Conclusions

Two tripod systems equipped with multiple state-of-the-art instrument sensors, plus two anchored vessels,
were deployed to monitor benthic concentrated suspension in the North Passage of the Changjiang
Estuary. The observed data indicated that the formation of CBS (>15 g/L) was a common feature in the
turbidity maximum zone in the study region. High-frequency CBS occurrences were found at the two tri-
pod sites from the late-flood to early-ebb tidal period, especially during the neap tidal cycle. The mean
thickness of CBS was about 20–30 cm above the seabed, and the CBS had short life of existence, less
than 2.8 hr.

The physics involved, including tidal mixing, turbulence, and stratification, were examined, indicating that
the weak tidal mixing from late-flood to early-ebb period is a key physical factor in the formation. The
sediment- and salinity-induced stratification created a significant two-layer structure in the vertical, which
greatly limited vertical mixing and confined the sediment within the benthic layer. The higher density in
the benthic layer greatly reduced diffusivity and TKE production. These physical processes worked as a
positive feedback loop.

A 1DV process-based CBS model was developed. It successfully revealed the formation and breakdown of
CBS under different tidal conditions during spring-neap period. It revealed that the weak tidal mixing during
the neap tidal cycle formed a stable CBS as observed at site NU, and higher-frequency formation and
breakdown of CBS in the spring tidal cycle. The weak tidal mixing at the late-flood stage during the neap tidal
cycle constrained the tidal straining of the boundary layer into the bottom and brought the benthic mud
suspension into the upper water column. Our observations showed that the stratified tidal mixing parameter
M under a weak mixing condition during the late-flood to early-ebb period was mainly influenced by the
stratification caused by the saltwater intrusion. In the other deposition stage during the late-ebb to
early-flood period, both sites NU and SU were controlled by the freshwater discharged from the upstream
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river, and the water column was less stratified, producing relatively strong tidal mixing compared with that
during the late-flood to early-ebb period.

It should be noted that CBS’s identification in this paper was carried out through the indirect optical
backscattering sensor with calibration against the sediment collected in the field. If direct sampling of CBS
is required in future studies, it should be conducted in the late-flood and early-ebb period with stronger ver-
tical salinity gradient, based on the results in this paper. Additionally, high-frequency sampling method (10-
to 20-min interval) needs be applied due to CBS’s short life cycle.
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