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Channel deepening often triggers positive feedback between tidal deformation, sediment import and drag
reduction, which leads to the regime shift in estuaries from low-turbid to hyper-turbid state. In this study, a
transition in profiles of suspended sediment concentration (SSC) is hypothesised by including a positive feedback
loop of vertical mixing and settling. Such a hypothesis is validated by the historical observations in the North
Passage of Changjiang (Yangtze River) Estuary, with decreasing SSC in mid-lower layers and increasing SSC near
the bed after the deepening. A mobile pool of concentrated benthic suspensions (CBS) develops in the North
Passage, with a tidally averaged length of ~20 km and a mean thickness of ~4 m. The width of the CBS pool is
limited (<1 km) as the CBS is concentrated in the Deepwater Navigational Channel. The movements of the CBS
pool, combined with tidal asymmetry (e.g., slack-water asymmetry and lateral flow asymmetry), results in
sediment trapping in the middle reaches and on the south flank of the channel. Observations by a bottom tripod
system show the response of friction/drag coefficient to sediment concentration: (1) nearly linear decrease
within low SSC (<10 kg/m3); (2) constant and minimum coefficient (with drag reduction up to 60-80%) in the
presence of CBS (10-80 kg/m®). An empirical relationship was derived, which can be used to predict the friction
coefficient and the magnitude of drag reduction for sediment transport studies, particularly for modelling regime
shifts in estuaries.

1. Introduction

(Winterwerp and Wang, 2013). According to their hypothesis, channel
deepening results in tidal amplification, or, more generally, tidal

In estuaries, one can often observe regions where suspended sedi-
ment concentrations (SSC) are higher than in adjacent waters, called
estuarine turbidity maxima (ETM). ETMs are of great importance in the
natural and socio-economic value of estuaries, by affecting light avail-
ability (Yoshiyama and Sharp, 2006; Cloern et al., 2014), oxygen level
(Uncles et al., 1998; Talke et al., 2009) and dredging for navigational
channels (Liu et al., 2011).

In order to control flooding and accommodate larger ships, many
estuaries are heavily engineered, such as deepening by dredging and
narrowing by land reclamations. After the engineering, Winterwerp
et al. (2013) observed a regime shift in SSC from low- to hyper-turbid
state in the Ems Estuary (Netherlands, Germany) and Loire Estuary
(France). They attributed this transition to human-made deepening and
hypothesised a positive feedback loop for the regime shift in estuaries
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deformation (van Maren et al., 2015). As a result of which fine sediment
import increases, leading to a higher SSC. The higher SSC causes tur-
bulence damping and drag reduction, which in turn enhances tidal
deformation, hence forming a feedback loop.

A crucial step in their analysis is the impacts of suspended sediment
on the effective hydraulic drag, upon which the response of estuaries to
narrowing and deepening becomes amplified. By lowering the bed
roughness, various (idealised or complex) models reproduced the up-
stream shift in the ETM position and the transition to high SSC after the
channel deepening (Chernetsky et al., 2010; de Jonge et al., 2014; van
Maren et al., 2015). These results, however, followed from recalibration.
The reduced roughness thus was not resolved by the model itself, and the
transition was not dynamically modelled.

Theoretical expressions for the drag coefficient are a function of the
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Fig. 1. (a) Bathymetry of the Changjiang River Estuary. The water depth is relative to the theoretical depth datum. The dashed box indicates the study area, which is
enlarged in Fig. 1b. (b) The Deepwater Navigational Channel (DNC), dykes and groins along the North Passage. The dots represent the ship-borne stations deployed in
August 2012. The triangle indicates the tide gauging station located in Niupijiao. The x and y coordinates denote the along- and cross-channel direction, respectively.
(c) A cross-channel transect at CS4. The black lines represent three ship-borne stations deployed in 2012, and the red line denotes the station in 2014, including ship-
and tripod-borne observations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(flux) Richardson number (Wang, 2002; Winterwerp et al., 2009). The
semi-analytical approach by Winterwerp et al. (2009) was used to
analyse the tidal response to river engineering works (Winterwerp and
Wang, 2013). Their analyses present a snowball effect between tidal
amplification, sediment import and drag reduction. Dijkstra et al. (2019)
went one step further and dynamically modelled the transition in SSC by
including a reduced drag coefficient in their model. Their results high-
light the role of drag reduction in the sediment import capacity of the
system and hence the regime shift, supporting the feedback loop pro-
posed by Winterwerp and Wang (2013). In order to reproduce the in-
crease in SSC, Dijkstra et al. (2019) assumed that sediment is efficiently
resuspended from the bed. The efficient resuspension was achieved in
their model by choosing a high value of erosion parameter and by
including hindered settling and excluding the effect of drag reduction on
erosion. However, the validity of such an assumption has not been
confirmed by observations. Available field observation to date to verify
the theoretical expressions for drag reduction is scarce.

Studies mentioned above on the regime shift in estuaries mainly
focus on large-scale along-estuary (longitudinal) processes (e.g., tidal
deformation and sediment import). Small-scale vertical processes,
however, received little attention. The imported sediment may first
accumulate near the bed, forming concentrated benthic suspensions
(CBS). CBS is defined as a near-bed high-concentration suspension of
fine sediment. From a physical perspective, the CBS exhibits notable
turbulence damping and hindered settling, but remains Newtonian.

(Winterwerp, 2002; Bruens et al., 2012). Large vertical SSC gradients
exist within CBS, leading to turbulence damping through buoyancy ef-
fects and hence drag reduction (Winterwerp, 2001; Becker et al., 2018).
In suspensions of fine sediment (e.g., Severn Estuary and Changjiang
Estuary), hindered settling becomes important when SSC is higher than
~10 kg/m® (Manning et al., 2010; Wan et al., 2015). Rheologic exper-
iments show that the suspension of fine sediment displays Newtonian
behaviour for a concentration of <80 kg/m3 (Wang et al., 1998;
Thompson et al., 2006). Therefore, near-bed suspensions of fine sedi-
ment with a concentration of 10-80 kg/m® are considered as CBS in this
study.

A positive feedback loop between vertical mixing and settling was
proposed for the formation of CBS in estuaries (Winterwerp, 2002; Xu,
2009; Ge et al., 2018). Density stratification, generally initialled by
salinity stratification, inhibits vertical mixing through buoyancy
destruction (i.e., turbulence damping). Suspended sediment is therefore
confined in the bottom layer (Geyer, 1993), leading to decreasing SSC in
the upper water columns. Accumulated sediment produces a strong SCC
gradient which in turn strengthens stratification and causes further
sediment trapping near the bed (Winterwerp, 2001). With increasing
SSC, hindered settling becomes essential and provides a favourable sit-
uation for near-bed high SSC (Dijkstra et al., 2018). Once CBS forms,
such a positive feedback loop favours the stability of CBS. This feedback
loop, combined with the one proposed by Winterwerp and Wang (2013)
for regime shift in estuarine SSC, may result in the transition in vertical
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profiles of SSC. Since sediment tends to accumulate in the bottom layer,
SSC near the bottom may increase earlier than near the surface. In other
words, the hyper-turbid state develops from the bed to the water surface
during the transition. Although CBS was frequently found after channel
deepening (Wang, 2010; Becker et al., 2018; Lin et al., 2020), no study to
date shows the transition in vertical SSC profiles.

In this study, we focus on the North Passage of the Changjiang
(Yangtze River) Estuary (Fig. 1), where a Deepwater Navigational
Channel was constructed to meet the demand for sailing traffic. The
construction was launched in 1998, and the waterway depth was
developed in three phases: (1) to 8.5 m in 2002, (2) to 10 m in 2005 and
(3) to 12.5 m in 2010 (Liu et al., 2011). After dredging operations, the
ETM shifted 10-15 km upstream and became a wide turbidity zone
between CS2 and CS8 (Jiang et al., 2013). The maximum SSC near the
bed increased from several to tens kg/m3 (Jiang et al., 2013; Wan and
Zhao, 2017; Lin et al., 2020), although the sediment supply from the
Changjiang River declined by 70% (Guo et al., 2019). However, the
changes in SSC profiles remain unclear.

The objective of this study is to check whether a transition in SSC
profiles occurs in the North Passage and to quantify the drag reduction
caused by suspended sediment. This is done by analysing historical SSC
observations at the same or nearby sites as well as the near-bottom
measurements by a tripod system. An introduction to the Changjiang
Estuary is given in Section 2. Section 3 presents the data and methods
used in this study. The results are shown in Section 4, including regime
shift in SSC profiles, mobile CBS pool, drag reduction and tidal asym-
metry. The implications of the results to regime shift and sediment
transport in estuaries are discussed in Section 5. Finally, the conclusions
are summarised in Section 6.

2. Study area

The Changjiang River is one of the largest rivers in the world in term
of its river discharge and sediment load. The Datong gauging station,
~640 km upstream from the river mouth, is the tidal wave limit. Here,
daily river discharge and sediment load are measured. The annual sus-
pended sediment load at Datong declined from 470 million tons
(1953-1985) to 140 million tons (2003-2015) due to soil conservation
strategies and dam construction while the mean river discharge is
relatively stable (28,200 m3/s) (Guo et al., 2019). Both freshwater
discharge and sediment load show seasonal variation. The discharge is
approximately 40,000 m3/s in the wet season (May-October) and
~10,000 m3/s in the dry season (November—April) (CWRC, 2014). More
than 70% of sediment load is delivered to the estuary in the wet season.

The Changjiang Estuary is partially stratified with moderate tidal
forcing. The mean and maximum tidal ranges are approximately 2.7 and
5.0 m, respectively, according to data of the tide gauging located at
Niupijiao (Guo et al., 2015). Local mixing and stratification are
controlled by tidal currents, saltwater intrusion and freshwater
discharge. Local stratification is enhanced with saltwater intrusion.
Stronger stratification tends to occur in wet seasons and on neap tides
(Pu et al., 2015).

The North Passage of the Changjiang Estuary was deepened and
dyked, forming a Deepwater Navigational Channel with a width of 350
m and a depth of 12.5 m (referred to the Theoretical Depth Datum). The
construction includes two jetties (each 50 km) and 19 groins. After the
construction, the saltwater intrusion is enhanced in the upper reaches
and weakened in the lower reaches of the North Passage (Zhu et al.,
2006). Before the construction, flows could spill over the shallow shoals
at high waters, leading to strong lateral (cross-shoal) flows (Song and
Wang, 2013; Zhu et al., 2018). After the work, the jetties partially block
lateral flows and inhibit the water and sediment exchanges between the
channel and shoals.
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Table 1
Conditions of the in-situ measurements of suspended sediment concentrations in
the North Passage.

Time Location Depth Tidal range Discharge® (m®/
(m) (m) s)

30-31 Jul. N31°15.0', 7.0 4.4 27,900-43,200
1988 E122°0.5

29-30 Jun. N31°11.5", 9.0 3.6 38,200-51,500
1999 E122°8.4'

19-20 Aug. N31°14.2", 10.2 4.2 36,400-49,800
2005 E122°1.5

20-21 Aug. N31°14.2' , 11.7 4.1 38,600-44,800
2009 E122°1.5

17-18 Aug. N31°14.2" 11.9 4.5 50,700-57,900
2012 E122°1.5

14-15 Jul. N31°13.9', 12.1 4.1 34,600-47,100
2014 E122°2.3

14-15 Aug. N31°13.9", 11.6 4.0 31,000-49,800
2015 E122°2.3

@ Discharge measured at the Datong gauging station during the observation.
3. Data and methods
3.1. Historical bathymetry and SSC

Bathymetric data in 1986 and 1997 were digitised from marine
charts with an accuracy of £0.2 m. The data from 2002 to 2016 were
measured by echo sounders with an accuracy of +0.1 m. More details on
bathymetric data, refer to Zhu et al. (2019). All bathymetric data were
converted to be negative downward relative to the theoretical lowest
tidal level.

In-situ SSC measurements from 1988 to 2015 were used to investi-
gate the regime shift in SSC in the North Passage. All data were obtained
near the station CS4s (Fig. 1) during the spring tide of wet seasons.
Table 1 summaries the conditions during the observations. For each
campaign, water samples were hourly collected in six relative-depth
layers, i.e., 2/7H = 0.05 (near the bed), 0.2, 0.4, 0.6, 0.8 and 0.95
(near the surface), where H is the water depth, and z denotes the height
above the bed. Each water sample was filtered through a pre-weighed
filter (0.45 pm), and the filter was dried at 40 °C for 48 h and
reweighed to determine the SSC.

3.2. Survey and instruments

In order to capture the CBS and study its effects on the regime shift in
SSC, two fieldworks were conducted in the North Passage. Table 2
summarises the instruments employed and their configurations during
the observations. All data were collected during the spring tide of wet
seasons under calm conditions (no storms). The wind speed was <6 m/s,
and the significant wave height was <0.2 m. The discharges, measured
at Datong, were ~57,000 m>/s and ~44,350 m®/s during the observa-
tion in 2012 and 2014, respectively.

In August 2012, profiles of velocity, salinity and SSC were simulta-
neously measured in an along-channel transect with nine stations (CS1,
CS2, CS3, CS4, CS5, CS6, CS7, CS8 and CS9; Fig. 1b). The spacings be-
tween stations from upstream to downstream are 10.7, 4.1, 4.9, 5.5, 6.8,
6.6, 6.5 and 7.2 km, respectively. Meanwhile, profiles were collected in
a cross-channel section with three stations (CS4s, CS4 and CS4n from
south to north) (Fig. 1c). The spacing between stations is ~500 m. Flow
velocity and direction were obtained by rotor current meter (RCM), and
SSC and salinity were derived from water samples. These data were
collected every 30 min in the six relative-depth layers. This observation
lasted for 13 h, covering a tidal cycle during spring tides.

To access high-resolution profiles of velocity, salinity and SSC near
the bed, we deployed a tripod system in July 2014. The tripod system
was located at CS4T, ~200 m away from the Deepwater Navigational
Channel (Fig. 1c). A downward-looking Acoustic Doppler Current
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Table 2
Shipboard and tripod instruments and their sampling configurations.

Marine Geology 433 (2021) 106403

Sampling interval (min)

Sampling configuration Survey parameter

Time Carrier Instrument deployed Distance above the bed (m)
201,208 Vessel RCM * 30
Sampler * 30
201,407 Vessel ADCP H-0.5 10
OBS * 60
LISST * 60
201,407 Tripod ADCP-down 1.0 5
ADCP-up 1.2 5
ADV 0.35 10
RBR 1.1 5
CTD 0.35 5
ASM 0.11-1.06 5
OBS 0.35, 0.55, 1.06 5

1Hz x 30s Velocity

- Salinity, SSC

0.5 Hz, cell size: 0.5 m Velocity profiles

1Hz x 30s Salinity, temperature, and SSC
1Hz x 30s Floc size distribution

1 Hz x 60 s, cell size: 0.05 m
0.5 Hz x 60 s, cell size: 0.5 m

Velocity profiles
upper velocity, wave

8Hz x 90 s near-bed velocity

4Hz x 60 s Wave conditions

1Hz x 60s Salinity, temperature, and depth
1 Hz x 60 s, cell size: 0.01 m SSC profiles

1Hz x 60 s Salinity, temperature, and SSC

The symbol * denotes that the instrument was moved from the water surface to the bed, collecting data in six relative-depth layers, i.e., z/H = 0.05 (near the bed), 0.2,
0.4, 0.6, 0.8 and 0.95 (near the surface), where H is the water depth, and z denotes the height above the bed.

Profilers (ADCP-down, 1.0 MHz high-resolution profiler, Nortek AS,
Norway) obtained velocities from 0.1 to 0.8 m above the bed (mab here-
after) with a resolution of 0.05 m. An upward-looking ADCP (ADCP-up,
600-kHz, Teledyne RD Instruments) was placed at 1.2 mab to measure
the velocity profiles in the upper water column with a cell size of 0.5 m.
A downward-looking Acoustic Doppler Velocimeter (ADV, Nortek Vec-
tor) measured velocities at 0.35 mab with a sampling frequency of 8 Hz.
The ADV worked continuously for 90 s every 10 min. The sensors in the
ADV were also used to monitor the heading, pitch and roll state of the
tripod. An Argus Surface Meter-IV (ASM) measured turbidity profiles
from 0.11 to 1.06 mab at a resolution of 1 cm. To measured turbidity,
salinity and temperature near the bed, Optical Backscattering Sensors
(OBS, D&A Instruments CO, type: 3A, USA) were placed at 0.35, 0.55
and 1.06 mab, respectively. Ship-borne measurements include profiles
of velocity, salinity and turbidity above the tripod measured by ADCP
and OBS. Water samples were hourly collected in the six relative-depth
layers to calibrate the OBSs and ASM. Upon careful sensor calibration,
the ASM- and OBS-derived SSC contain a mean relative error of 25% and
30%, respectively (Lin et al., 2020).

3.3. Friction velocity and drag coefficient

Friction velocity (u+) is the linkage between current velocity and bed
shear stress. Four methods provide estimates of u+ by (1) log profile (LP);
(2) turbulent kinetic energy (TKE); (3) direct covariance (COV) mea-
surement; and (4) inertial dissipation (ID) utilising the Kolmogorov
spectrum (Kim et al., 2000). The estimates from the LP and ID methods
contain large bias in the presence of stratification (Friedrichs and
Wright, 1997; Kim et al., 2000). Considering the high SSC and the
frequent occurrence of stratification in the North Passage, we used the
COV and TKE methods to estimate the friction velocity.

The instantaneous velocity data recorded within each burst of the
ADV provide estimates of TKE, as

1 /— —
TKE =3 (u/z +V2+ w’2> (€))

where u’, v’ and w’ are streamwise, transverse and vertical fluctuations
of velocity, respectively; the overbars indicate time-averaging over each
burst period. Turbulent velocity analysis was systematically conducted
by the three-stage-post-processing method (Chanson et al., 2008). Note
only ADV data with a high signal-to-noise ratio (>5 dB) and correlation
(>70%) were used.

As the ratio of bed shear stress (7, = pu?) to TKE is constant (Soulsby
and Dyer, 1981; Stapleton and Huntley, 1995), the estimate of u+ from
the TKE method is given by

trge = (C,TKE)? )

where C; (~0.20) is a proportionality constant.

For a fully turbulent flow with large Reynolds number (xu«z/v >> 1),
the COV method gives estimates of ux by

—— Tl
Urcoy = (—u'Ww —V'W)? 3)

The effect of SSC on flow resistance or bed shear stress can be
evaluated by calculating the drag coefficient (Cp¢;)) and friction coeffi-
cient (f). The drag coefficient is a parameter used for the conversion
between friction velocity and current velocity (i) at height z above the
bed (Thompson et al., 2006; Burchard et al., 2011; Zhu et al., 2016)

2
Coy = (Z—) )

The friction coefficient links depth-averaged velocity (ug) to the
friction velocity (Wang et al., 1998) by

[ (w\’

L_(Z 5

3 o (5)
Note that the friction coefficient (f) relates to the Chézy bed friction

coefficient (C in rn'/z/s), Manning coefficient (n) and water depth H as% =

1
%2 = g% (Chow, 1959; Wang et al., 1998; Winterwerp et al., 2009).

3.4. Eddy viscosity and diffusivity

The effect of suspended sediment on turbulent mixing can be eval-
uated by calculating the eddy viscosity () and diffusivity (k). Eddy
viscosity is a function of internal stress and vertical velocity gradient (Lu
and Lueck, 1999):

v, = —u'w'g—;‘ v’w/%

(2 +(2)

Since the internal stress was obtained by the ADV, direct estimates of
eddy viscosity by Eq. (6) were only available at 0.35 mab. To access the
eddy viscosity for the entire water column, we employed the model
proposed by Munk and Anderson (1948):

(6)

)(1 +10Ri) @

z
v, = KmZ(l 7

where H is the water depth; Ri is the gradient Richardson number
defined as

o

-0
Ou v

in which p is the density of sediment-laden flow accounting for the effect
of temperature, salinity and suspended sediment. This model was

Ri= —
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Fig. 2. (a) Measured channel depth from 1986 to 2016 with smooth fits. The dashed line indicates the site where historical data of suspended sediment concen-
trations (SSC) were collected. (b) Tidally averaged SSC in six relative-depth layers, i.e., 2/H = 0.05 (near the bed), 0.2, 0.4, 0.6, 0.8 and 0.95 (near the surface), where
H is the water depth, and z denotes the height above the bed. Error bars denote standard deviations, and red arrows show the trend in SSC. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

validated against the estimates from Eq. (6) before in-depth analyses.

The turbulent Prandtl-Schmidt number (Pry) relates eddy viscosity
(vy) to eddy diffusivity (k;), as k; = vy/Pry. Since the performance of the
standard turbulence model is unsatisfactory in the simulation of sedi-
ment diffusion in stratified flow, researchers proposed various param-
eterisations between Pr; and Ri. Wan and Wang (2017) compared these
models and recommended the one proposed by Karimpour and Ven-
ayagamoorthy (2014). This model provides reliable estimates by taking
the effect of buoyancy and wall boundary into account.

Pr, = (1—§)§—;+ (1 —%)Pr,doJrPr,o ©

where Pryo is the difference between the neutral turbulent
Prandtl-Schmidt number at the wall (Pry,0 ~ 1.1) and the neutral tur-
bulent Prandtl-Schmidt number for a homogeneous shear flow (Pryp =

0.7); Ry is the flux Richardson number given by Ry = 0.25[1-exp
(—7.5Ri)].

3.5. Erosion and deposition

The erosion (entrainment) from the bed (fluid mud layer) to the CBS
layer can be determined as follows (Mehta, 1988):

T _
£ - M(Tw 1) (Tp > Tee) 10)

O (Th S Tce)

where M is the bulk erosion coefficient; 7., is the critical shear stress for
erosion, with a typical value of 0.2 N/m? in the North Passage (Ge et al.,
2015). For simplicity, it is assumed that M and 7., are uniform over the
depth of the sediment on the river bed (i.e., excluding consolidation).
Making this assumption has no consequence on our conclusion.

The settling from the CBS to the lower layer can be calculated by

Dl i(DCb (11)

in which Cy is the near-bed sediment concentration of the CBS; w is the
effective settling velocity, accounting for hindered settling by (Dankers
and Winterwerp, 2007)

(1-¢)*(1—9,)

1+25¢ (12)

= wy
where ¢, = C/p; is the volumetric concentration of primary particles; ¢

= C/Cyge the relative volumetric concentration. Since near-bed sediment
in the North Passage is fine material with a median diameter of ~12 ym
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Fig. 3. Along-channel (left panels) and cross-channel (middle panels) distributions of velocity (arrows), salinity (contour lines) and suspended sediment concen-
tration (SSG; filled contours) at the time of maximum ebb (ME), low-water slack (LWS), maximum flood (MF) and high-water slack (HWS) during a spring tide (05:00
to 18:00, 17 August 2012). Right panels show the depth-averaged velocity (ug) and water depth (H) at station CS4. The white dashed lines denote the contour line of
SSC of 10 kg/m®, showing the top of the concentrated benthic suspension. An orthogonal coordinate according to channel direction is used for velocity decom-
position. Positive along-channel velocities, u, at stations CS1, CS2, CS3, CS4, CS5, CS6, CS7, CS8 and CS9 indicate the directions of 115°, 101°, 101°, 101°, 113°,
125°,125°, 125° and 90° from the north, respectively. At each station, positive cross-channel velocity, v, is perpendicular to u, pointing from the Jiuduan Shoal to the

Hengsha Shoal (nearly northward).

(Lin et al., 2020), the gelling concentration (Cg) is set to be 80 kg/m3 in
this study, as observed by Dankers and Winterwerp (2007) in their
settling experiments for fine sediment. A sensitivity analysis of the gel-
ling concentration is shown in the Appendix (Fig. A1). When SSC rea-
ches the gelling point, flocs start forming a space-filling network
structure on the bed, and the effective settling velocity is zero. In the
North Passage, the sediment density (ps) is 2570 kg/m® (Guo et al.,
2017). The settling velocity of flocs in almost clear water (wo) has an
average of 0.1 mm/s (Wan et al., 2015). Observations by Xu (2009)
shows that the bed level near CS4 increases ~5 cm after a 3.5-h CBS
event. To match this magnitude of bed level variation, M is set to 0.001
kg/m?/s in this study.

4. Results
4.1. Regime shifts

The evolution in bathymetry is presented in Fig. 2a, showing a
profound deepening between 1997 and 2010. The water depth increased

from ~6 m to ~12 m. After the Deepwater Navigational Channel Project
(2010), the depth is maintained by frequent dredging.

Profiles of SSC near the station CS4 notably changed from 1988 to
2015 (Fig. 2b). Tidally averaged sediment concentrations in the near-
surface water column remained stable at a level of 0.2-0.3 kg/m®
(0.95H) and 0.3-0.6 kg/m3 (0.8H). In the mid-lower water column,
concentrations decreased from 1.2 to 0.3 kg/m3 (0.6H), from 1.7 to 0.4
kg/m3 (0.4H) and from 2.1 to 0.9 kg/m3 (0.2H). Observations of near-
bed (0.95H) SSC, however, show a slight increase from 3.0 to 3.6 kg/
m®. Although this increase is small, the positive standard deviation
significantly enlarged. Enlarged standard deviations in 2014 and 2015
indicate near-bed high concentrations (up to 40 kg/m®) during the tidal
cycle. It suggests that the estuary undergoes a regime shift in SSC pro-
files as expected, with decreasing SSC in the mid-lower water column
and frequent high SSC in the bottom layer.

4.2. Mobile CBS pool

Observations in 2012 show a mobile CBS pool in the mid-lower
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each station.

reaches of the North Passage (Fig. 3). At low-water slack, the CBS pool
was in the lower reaches (between stations CS5 and CS8), with a length
of ~20 km and a thickness of <3 m. The pool moved toward upstream
then during the flooding tide. At the maximum flood, the pool covered
an area from stations CS4 to CS6. The thickness increased and exceeded
6 m, while the length reduced to ~10 km. At high-water slack, the CBS
pool reached CS3, with length and thickness similar to those at low-
water slack. On the early ebb, the position of the front of the CBS pool
was fixed (at station CS3), although along-channel flows had turned
seaward. The tail of the pool, however, retreated directly from high-
water slack. As a result, the length of the CBS pool expanded and
reached the maximum (~30 km) at the maximum ebb, covering stations
from CS3 to CS8. The thickness at this time was less than 3 m, with the
maximum at station CS5 (~4 m). On the late ebb, the CBS pool
continued to retreat and back to its initial position at low-water slack.
Over a tidal cycle during spring tides, the CBS pool had a mean length of
~20 km and a mean thickness of ~4 m. At station CS4, the CBS appeared
from the maximum flood to the maximum ebb (Fig. 4b).

Cross-channel SSC distributions are presented in Figs. 3e-3h and 4f,
showing a limited width of the CBS pool (<1 km). The CBS pool mainly
exists in the Deepwater Navigational Channel and could not reach the

shallow shoals protected by the groins. The SSC was typically higher in
the main channel (up to 68 kg/ms) than on the flanks (<10 kg/ms).
Particularly when the CBS appeared, averaged SSC in the main channel
was up to 50 kg/m®, while those on both flanks were ~3.0 kg/m>.
Significant lateral SSC gradients were therefore produced. Such
considerable gradients, combined with even small lateral flows (aver-
aged 0.1 m/s), could make a crucial contribution to SSC variations on
both flanks. From the late flood to the early ebb, southward lateral flows
coincided with a sharp SSC increase on the south side and a reduction on
the north side of the channel (Fig. 4h). After that, the opposite was true
until the maximum ebb. Lateral advection seems to play a vital role in
local SSC variations. The CBS events on both sides of the channel may be
a result of the cross-channel movements of the CBS pool.

Fig. 5 shows the time series of velocity, salinity and SSC at station
CS4T in 2014. Near-surface and near-bed water columns exhibited
different intra-tidal variation patterns of SSC. Near the surface, the SSC
reached the minimum at slack waters and the peak value at the
maximum flood/ebb. It suggests that near-surface SSC was mainly
controlled by resuspension and deposition. In the bottom layer, how-
ever, high SSC (up to 63 kg/m>) appeared on the early ebb instead of at
the maximum flood/ebb. The CBS was observed only in the lowest 1 m
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from high-water slack to the maximum ebb, with a lifetime of ~3.5 h
(Fig. 5e). Note the low SSC in the upper water column before CBS events.
There was not enough sediment available for settling to support the
near-bed high SSC. The CBS at station CS4T, therefore, was not the result
of settling from the upper water column.

Near-bed (0.35 mab) variations in SSC and currents are shown in
Fig. 6. During the CBS event from 1:40 am to 5:20 am on 15 July, for
example, the SSC rapidly increased to the maximum (63 kg/m3) in the
first 40 min and decreased for the next 60 min. After reaching the
minimum (~5.0 kg/mg), the SSC increased again (to 25 kg/mg) and
persisted for 80 min, followed by a 30-min reduction. A similar pattern
of SSC variation was captured in other CBS events. There were south-
ward lateral flows (from the main channel to the Jiuduan Shoal) during
the increase of SSC and northward flows during the reduction (Fig. 6¢
and d). It suggests that local SSC variation at CS4T is mainly driven by
cross-channel flows, as observed in 2012 (Fig. 4h). Southward flows

drive the movements of the CBS pool from the main channel toward the
Jiuduan Shoal, leading to the rapid SSC increase at station CS4T, while
the return flows cause decreasing SSC. However, the SSC reduction at
the end of the CBS event is an exception. This reduction could be
attributed to the seaward movement of the CBS pool. During this period,
the CBS pool was moving seaward. When the pool moved further
downstream, it no longer covered the station CS4T. The SSC at CS4T,
therefore, was maintained relatively low on the late ebb.

4.3. Drag reduction

Based on turbulent velocities measured at CS4T in 2014, the drag
reduction can be quantified. Before the quantification, we compared the
estimates of friction velocity (u+) given by the TKE method and COV
method. The results show that these two methods give similar estimates
(Fig. 7a). The ratio of squared friction velocity to squared depth-
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averaged velocity (ug) returns the friction coefficient (f); the ratio of
squared friction velocity to squared near-bed (0.35 mab) velocity (up)
returns the coordinated drag coefficient Cp—o.35). The friction coeffi-
cient and drag coefficient show a similar intra-tidal variation, with high
values at slack waters and low values in the presence of CBS (Fig. 7c).
The high values during the ebb-flood transition may result from the
shear stress induced by cyclonic spirals at low flow velocities (Wu et al.,
2011). In order to avoid the contamination of this nonlinear effect, the
data at low flow velocity (<0.5 m/s) was removed in the analyses of drag
reduction by suspended sediment.

On the late ebb, when CBS and stratification were absent, f and Cp
(z=0.35) had values of 3.1 %x10~* and 7.0x 10’4, respectively. In the
presence of CBS, f decreased to 0.9x107* and Cp(z—0.35) declined to
2.5x107*. It suggests that CBS causes a reduction of 60-80% in bed
shear stress for given flow velocity. With the assumed critical stresses for
erosion, such a drag reduction will reduce erosion (or entrainment) from
the consolidated bed (or fluid mud layer), and hence benefit the net
deposition of sediment from the CBS to the layers below.

Both normalized friction coefficient (f/fo) and drag coefficient (Cp()/
Cp(z)0) show a sharp reduction with increasing SSC (Fig. 8). Within SSC
of 0.5-10 kg/m?3, the friction coefficient linearly decreases; in range of
10-40 kg/m®, f is relatively constant and minimum (Fig. 8a). The
reduction in drag coefficient appears to fall into three ranges: (1) 0.5-3,
(2) 3-10 and (3) 10-30 kg/m3 (Fig. 8b). In the first range, the drag
coefficient is constant. A linearly decreasing Cp(;) appears in range 2,

and constant and minimum Cp,) in range 3. The maximum reduction in f
(~80%) and Cp(z) (—~60%) were both observed in the presence of CBS.
No fluid mud was observed in this study, so the increase of the drag at
higher SSC (>100 kg/m®) could not be confirmed by our observations.

4.4. Reduced eddy diffusivity

The eddy viscosity model proposed by Munk and Anderson (1948)
was validated by field observations (Fig. 9a). The correlation coefficient
between observed and modelled eddy viscosity is at an excellent score
level (>0.65). Combined with the formulae for turbulent Prandtl-Sch-
midt number (Karimpour and Venayagamoorthy, 2014), the model can
simulate the eddy diffusivity properly. Based on validated models, we
obtained profiles of eddy diffusivity in the water column.

Time series of eddy diffusivity shows a profound reduction in the
presence of CBS on the early ebb (Fig. 9¢). Although profiles of velocity
and salinity were similar, eddy diffusivity was significantly lower with
than without CBS, in particular near the bed (Fig. 9d and e). Two
mechanisms are responsible for this reduction. First, the drag reduction
by CBS returns a lower friction velocity, and thus eddy viscosity reduces.
Second, SSC gradients in CBS enhance near-bed stratification, leading to
a reduction in eddy diffusivity through buoyancy destruction (Fig. 9b).
As a result, vertical sediment diffusion from CBS to the upper water
column is suppressed, which provides favourable situations for sediment
trapping near the bed. Accumulated sediment, in turn, enhances the
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stability of CBS. These results show indications for the positive feedback
mechanisms controlling the formation and maintenance of CBS (Win-
terwerp, 2002; Ge et al., 2018).

4.5. Tidal asymmetry

The North Passage is ebb-dominant. During the observation in 2012,
the depth-averaged velocity of ebb tides was up to 1.8 m/s, while that of
flood tides was <1.2 m/s, indicating the asymmetry in peak velocity.
Maximum velocity occurred near the water surface and exceeded 3.0 m/
s during ebb tides. The duration of the ebb tide was 7.9 h, longer than
that of the flood tide (4.5 h). These differences between flood and ebb
tides decreased in the bottom layer.

At low-water slack, the flow acceleration is ~2 times higher than at
high-water slack (Fig. 10a), indicating the slack-water asymmetry. For a

11

given critical shear stress for erosion (z..) and friction coefficient (f), the
lower acceleration implies a longer slack (when 7p < 7..) after high water
than after low water. Thus, sediment has more time to settle at high-
water slack. It suggests that much more intensive deposition occurs at
high-water slack than low-water slack. This asymmetry, combined with
the movements of the CBS pool (Section 4.2), sheds light on the sediment
trapping and channel siltation in the North Passage.

The maximum cross-channel velocity (v) was southward and up to
0.4 m/s (Fig. 2). In the bottom layer, the averaged magnitude of
southward v (0.16 m/s) was slightly greater than that of the northward
(0.12 m/s). Southward v occurred for 60% of the time, with the
remaining 40% of time northward. These results indicate the lateral flow
asymmetry. Strong southward flows persisted from the late flood to the
early ebb. As a result, the CBS pool tends to be on the south flank of the
channel when reaching the upstream limit, particularly when the net
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deposition of sediment occurs from the CBS to the bed (Fig. 10b). The
asymmetries in slack waters and lateral flows were confirmed during the
observation in 2014 (Figs. 5 and 6).

5. Discussion
5.1. Field observations vs laboratory experiments

Our filed observations show the response of friction coefficient (f)
and drag coefficient (Cp(z—0.35)) to SSC (Fig. 8). Both f and Cp(;-0.35) are
relatively constant and minimum within a SSC range of 10-40 kg/m>
where the CBS occurs, showing a reduction of 60-80% in drag. Within
low SSC, f and Cp(,—0.35) exist different response. The drag coefficient for
near-bed velocity (Cpz—0.35)) appears constant within the SSC of 0-3 kg/
m® and linearly decreases in the range of 3-10 kg/m>; whereas f, a
friction coefficient for depth-averaged velocity, show a linear decrease
in the range of 0-10 kg/m®. This difference is due to the height above the
bed of the characteristic velocity. In low-concentration sediment-laden
flows, near-bed velocity and friction velocity change almost

12

synchronously with SSC, while the velocity in the upper water column
lags. Therefore, near-bed drag coefficient keeps constant in a certain
range of SSC, while f immediately decreases with increasing SSC.

Our results confirm the response of the drag coefficient to SSC
observed by Thompson et al. (2006) from laboratory experiments
(Fig. 8b). They observed a constant and minimum drag coefficient in the
SSC range of 20-120 kg/m3, with a reduction of up to 50%. Our field
observations, however, suggest a greater drag reduction. The under-
estimated drag reduction in the lab could be attributed to severe scale
effects in small-scale facilities (Winterwerp et al., 2009). In these facil-
ities, the water depth is limited; hence turbulence and mixing are sup-
pressed by the free water surface in addition to sediment concentration.
As a result, sediment-induced buoyancy destruction will not be easily
observed, and the drag reduction will be underestimated in such small
facilities.

5.2. Verification of theoretical expressions for drag reduction

The friction/drag coefficient is a function of the (flux) Richardson
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number (Wang, 2002; Winterwerp et al., 2009). Based on the log-linear
velocity profile, Winterwerp et al. (2009) derived a simple relation for
the friction coefficient (Chézy coefficient in their study) as

N w Ca
Cue gt

where Cegr denotes the effective Chézy coefficient, Cy is the Chézy co-
efficient for neutral conditions, and Ri- and f are a bulk Richardson
number and the Rouse number, respectively, defined as.
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Chézy coefficient for neutral conditions equals to 25 m'/%/s in the
Changjiang Estuary (Winterwerp et al., 2009).

The bottom drag coefficient in a sediment-laden bottom boundary
layer can be given by (Wang, 2002)

(15)

1+AR, z]7°
g,ni]
K

Cri =
D) [ )

in which zj is the bottom roughness set equal to 0.1 mm for the bed
sediment in the North Passage with a median grain size of 12 pm (Cheng,
2015; Lin et al., 2020). The effect of stratification is taken into account
by a stability function (1+ARy), where A is an empirical constant and A
= 5.5 for partially stratified estuaries (Wang, 2002).

Our observations could be used to verify these theoretical expres-
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Fig. 12. Typical distributions of (a) streamwise (u"), (b) transverse (v") and (c) vertical (w”) fluctuations of velocity and their Gaussian fits (curves) with (red) and
without (blue) the presence of concentrated benthic suspension. (d) Comparison between the burst-averaged fluctuations under these two conditions. Data were
collected at CS4T during the spring tide on 14 July 2014. PSU: practical salinity units. (For interpretation of the references to colour in this figure legend, the reader is
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13



J. Lin et al.

Marine Geology 433 (2021) 106403

(a) Deepening
Tidal .
_______________ deformation Tl
,/"/ ~— \‘\\
Reduced Near-bed
d mixing sediment trapping 3
Reduced More sediment
drag import
L Enhanced Hindered
stratification settling e
________________ S Higher ________-----""/‘
Near-bed SSC
zZHA (b) Low turbidity z/HA (c) Transition to high turbidity

Dilute suspension

Consolidated bed

Dilute suspension

\
1
1
1
)
\
1
\
\
\
\
\
\
\
\

CBS \

Fluid mud

Consolidated bed

Cc

Fig. 13. (a) Sketch of the feedback processes underlies a regime shift from low-turbid to hyper-turbid conditions as a consequence of deepening. The feedback
mechanism combines the positive feedback loop (dashed blue circle) by Winterwerp and Wang (2013) and Van Maren et al. (2015) and a positive feedback loop of
vertical processes (solid red circle). Schematic diagram showing the states of entrainment/erosion (upward arrows) and settling (downward arrows) before (b) and
after (c) deepening, explaining the transition in profiles of suspended sediment concentration (SSC, red lines). The length of the arrows scales the magnitude of
sediment flux. Under highly turbid conditions, the entrainment and settling reduce due to the turbulence damping and hindered settling, respectively. The erosion of
the bed is similar to that under low-turbid conditions as no drag reduction occurs in the presence of fluid mud. The SSC profile in panel (b) is duplicated in panel (c)
by a grey dashed line. CBS: concentrated benthic suspensions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

sions (Fig. 11). The expression by Winterwerp et al. (2009) returns
overestimated f at low Richardson number (low SSC) and under-
estimated f at high Richardson number (high SSC). The drag reduction is
thus underestimated at low SSC and overestimated at high SSC. The
underestimation may be attributed to the fact that this expression does
not account for the drag reduction caused by flocculation (Wang et al.,
1998), bedforms (Winterwerp et al., 2009) and thickening of the viscous
sub-layer (Li and Gust, 2000). The overestimation, however, may results
from increasing viscous resistance at high SSC (Wang et al., 1998;
Thompson et al., 2006). Our data show a power function relationship
between the friction coefficient, the Richardson and Rouse Numbers. An
empirical expression is obtained by fitting, as

Co

(-

2+ 58.21(HRi-p)*" (16)

with a correlation coefficient (RZ) of 0.67 (N = 120). Note that this
empirical formula only applies to concentrations less than 40 kg/m? and

that viscous resistance needs to be considered at higher concentrations.

The expression by Wang (2002) assumes that Ry asymptotes to a
value of 0.25 around Ri ~ 1 (Mellor and Yamada, 1974; Wang, 2002;
Karimpour and Venayagamoorthy, 2014). It means that the turbulence
is entirely suppressed by the stratification when Ri > 1, returning the
minimum bottom drag coefficient. Thus, this expression mainly esti-
mates drag reduction when Ri < 1. Our observations, however, show
that the drag coefficient is relatively stable at low Richardson numbers
and that a notable drag reduction occurs at higher Richardson numbers
(Ri > 1) with high SSC (Fig. 11b). It indicates that Eq. (15) un-
derestimates the drag reduction at high sediment concentration, giving
an overestimated drag coefficient.

5.3. Transition in SSC profiles
Both field observations (Fig. 8) and laboratory experiments

(Thompson et al., 2006) show that the maximum drag reduction occurs
in the presence of CBS. Such a reduction (up to 60-80%) results from the
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turbulence damping. Fig. 12 shows a decrease in velocity fluctuations
and TKE in the presence of CBS when compared to values without CBS.
Eddy diffusivity, therefore, decreases because of (1) reduced friction
velocity (i.e., reduced turbulence production from the bed) and (2)
increased buoyancy destruction. As a result, sediment entrainment
significantly reduces. On the one hand, reduced entrainment from CBS
to upper dilute suspensions decreases the SSC in the upper water col-
umn. On the other hand, reduced entrainment favours sediment trap-
ping in CBS and lower fluid mud layers. With sediment accumulation,
near-bed SSC increases, hence hindered settling becomes important;
and in turn hindered settling supports high SSC by reducing settling
from CBS to lower fluid mud layer or consolidated bed (Dijkstra et al.,
2018).

No fluid mud and relevant friction/drag coefficient were obtained
from our measurements. Results from laboratory flumes (Wang et al.,
1998; Thompson et al., 2006) show that the drag in the presence of fluid
mud is close to that in clear water (i.e., no drag reduction). This is
because, as SSC further increases, viscosity effects begin to outweigh the
drag reduction by turbulence damping. It implies that there is no
reduction in bed shear stress when fluid mud occurs; hence the erosion
from the bed is similar to that under the clear-water condition. Besides,
the SSC of fluid mud often exceeds the gelling concentration, so the
settling velocity/flux is almost zero. The drainage and consolidation of
fluid mud require a long time of slack water, which is hard to achieve in
tidal estuaries. Entrainment processes re-fluidise the mud on acceler-
ating tides, preventing the consolidation of the sediment-water mixture
(Bruens et al., 2012). As a result, both increased drag and hindered
settling favour all erodible sediment to suspend, supporting the
assumption by Dijkstra et al. (2019) that the erosion is independent of
near-bed stratification. With this assumption, they provided model
support for the regime shift in estuarine SSC.

Above analyses suggest a transition of SSC profiles for the regime
shift. Our observations provide evidence for the positive feedback loop
proposed by Winterwerp and Wang (2013). After the deepening, a
mobile CBS pool develops in the North Passage, leading to a drag
reduction up to 60-80%. Reduced hydraulic drag strengthens tidal
deformation, which may increase sediment import (Xing, 2016).
Regarding vertical processes, the erosion of the bed is similar to that
under low-turbid conditions as the drag reduction by turbulence
damping is counterbalanced by increasing viscosity in the presence of
fluid mud. The entrainment of fluid mud and CBS, however, significantly
decrease due to the reduction in eddy viscosity by (1) reduced initial
turbulence production from the bed and (2) increased buoyancy
destruction. Besides, hindered settling support the stability of CBS and
fluid mud. As a result, CBS and fluid mud layers develop near the bed,
whereas concentrations in the upper water column decrease. A more
comprehensive feedback mechanism is sketched in Fig. 13, depicting the
transition in SSC profiles during the regime shift to the hyper-turbid
state. Such a transition was observed in the North Passage (Fig. 2).
Although the decrease in sediment supply from the Changjiang River
could also decrease the SSC in the water column (Guo et al., 2019), the
frequent high concentrations in the bottom layer confirm this transition
in SSC profiles.

5.4. Implications for sediment transport

After the deepening, the North Passage exists a mobile CBS pool. The
length and thickness of this pool vary with tidal phases (Fig. 3). These
variations imply the development (i.e., formation and breakdown) of the
CBS, controlled by the sediment availability from the upper water col-
umn and the lower fluid mud layer or river bed. When tidal currents are
strong, sediment resuspension and entrainment increase due to strong
turbulent shears (Bruens et al., 2012). Strong stratification (generally
triggered by salinity), however, inhibits the sediment mixing to the
upper water column (Ge et al., 2018). As a result, suspended sediment
accumulates near the bottom, leading to the formation of CBS and hence
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increasing the thickness of the CBS pool. The accumulated sediment
produces strong SSC gradients, which in turn enhances stratification and
near-bed sediment trapping (Winterwerp, 2001; Becker et al., 2018).
Such positive feedback provides a favourable situation for the formation
and maintenance of CBS.

A broader CBS pool occurs at the maximum ebb than at the
maximum flood (Fig. 3a and c), which can be explained by stronger
stratification on ebb than flood tides (Pu et al., 2015). As the turbulent
mixing overcomes the relatively weak stratification on flood tides,
sediment can be mixed higher up into the water (Burchard et al., 2018),
resulting in an increased thickness of the CBS pool. Once the amount of
sediment transported upward is higher than that available from the bed
or fluid mud layer, CBS will break down. As a result, the CBS pool is
shortest (~10 km) and thickest (~6 m) at the maximum flood. Stronger
stratification at the maximum ebb, however, inhibits vertical mixing and
confines sediment in the bottom layer (Geyer, 1993), producing CBS.
Hence, the longest (~30 km) CBS pool appears, but its thickness is less
than that at the maximum flood. The difference of CBS pool between the
maximum ebb and the maximum flood confirms the entrainment
asymmetry observed by Becker et al. (2018).

At slack waters, both floc size and settling velocity enlarge because of
low turbulent shears (Guo et al., 2017). The settling flux of sediment
thus increases, lowing the SSC in the upper water column and the
thickness of CBS (Fig. 3b and d). However, hindered settling allows for
the maintenance of CBS (Dijkstra et al., 2018). The typical settling ve-
locity in the North Passage is ~0.1 mm/s (Wan et al., 2015). For the
gelling concentration of 80 kg/m> and the mean SSC (28 kg/m>) of CBS,
the effective settling velocity is ~80% lower and less than 0.02 mm/s.
The settling from the CBS to the lower fluid mud or bed is thus inhibited,
favouring the stability of CBS.

Our observations show along-channel and cross-channel movements
of the CBS pool during the spring tide. The pool is located between CS5
and CS8 at low-water slack and between CS3 and CS7 at high-water
slack. During the flood tide, the excursion of the pool is ~10 km,
which is consistent with that of saltwater intrusion. The CBS is mainly
distributed in the Deepwater Navigational Channel, and the width of the
CBS pool is generally less than 1 km. Driven by lateral flows, CBS moves
toward the northern shoals on flood tides and the southern shoals on ebb
tides. However, the distance of cross-channel movement is limited due
to the small amplitude of lateral flows. Thus, the CBS pool could not
reach the shallow shoals protected by the groins. Ge et al. (2018)
investigated the formation and breakdown of the CBS on the flanks of
the channel by a one-dimensional vertical model. However, we argue
that the CBS they observed may result from lateral movements of the
CBS pool. High SSC driven by lateral flows from the channel was also
observed by Li et al. (2019), although no CBS was detected in their
study.

The movements of the CBS pool, together with tidal asymmetry (e.g.,
slack-water asymmetry and lateral flow asymmetry), shed light on the
sediment trapping in the estuary. The slack-water asymmetry in the
North Passage suggests a longer slack (when 7 < 7) after high water
than after low water (Fig. 10a). Much more sediment thus settles from
the CBS to the bed during high-water slack (in the middle reaches) than
during low-water slack (in the lower reaches). Such along-channel
asymmetry in sediment deposition could be amplified when CBS-
induced drag reduction is taken into account (Fig. 10c). Note that the
longer slack also favours the consolidation of deposited sediment, which
increases the critical shear stress for resuspension and reduces the
sediment erosion during subsequent tidal acceleration. Hence, consoli-
dation accelerates the sediment trapping in the middle reaches of the
North Passage. Note that our calculations did not account for the
dependence of settling velocity on salinity (Fig. 10c). However, floccu-
lation tests suggest that salinity effect favours the sediment trapping in
the middle reaches of North Passage, as the salinity there is within the
most favourable range (8-13 psu) for flocculation (Wan et al., 2015).

The lateral flow asymmetry in the North Passage results from lateral
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Fig. Al. Along-channel distribution of estimated net deposition rate of sediment from CBS over a tidal cycle during spring tide, with different choices of gelling

concentration (Cgep).

density gradients and the curvature effect (Chen and de Swart, 2018;
Zhu et al., 2018; Zhou et al., 2019). Due to the lateral flow asymmetry,
the CBS pool tends to move to the south flank of the channel, especially
when sediment settles from the CBS to the bed (Fig. 10b). As a result,
more intensive deposition occurs on the south flank than on the north
flank of the channel, which may underlie the higher siltation rate on the
south flank (Fig. 10c).

In sum, the mobile CBS pool favours the sediment trapping in the
middle reaches of the North Passage and on the south flank of the
channel. This pattern of sediment transport helps to understand how
sediment accumulates in an ebb-dominant estuary, favouring the
maintenance of ETM and mouth bars in estuaries.

6. Conclusions

In this study, based on field observations in the North Passage of the
Changjiang Estuary, we investigated the behaviour of CBS and provided
information about the possible underlying mechanisms for the regime
shift to hyper-turbid conditions. Historical observations (1988-2015)
show a transition in SSC profiles after deepening, with decreasing SSC in
mid-lower water columns and increasing SSC in the bottom layer. A
positive feedback loop between vertical mixing and settling, combined
with the feedback mechanisms hypothesised by Winterwerp and Wang
(2013), might explain such a transition (Fig. 13). Our results provide
indications for the presence of such a mechanism. The sediment accu-
mulation in the estuary, generally driven by the processes proposed by
Winterwerp and Wang (2013), enhances density stratification, upon
which fine sediments are trapped near the bed due to turbulence
damping and hindered settling. Then a snowball effect is initiated,
favouring the formation of CBS and fluid mud. It suggests that the
regime shift from low-turbid to hyper-turbid state is a result of the
thickening of the CBS and/or fluid mud layer. Such a transition in SSC
profiles is expected to be observed in other estuaries undergoing the
regime shift.

After the deepening, a mobile CBS pool develops in the North Pas-
sage. Its location, length and thickness vary with tidal currents. It is
located in the lower reaches at low-water slack and in the middle rea-
ches at high-water slack, with an excursion of ~10 km during the flood
tide. Over a tidal cycle during spring tide, the pool has an averaged
length of ~20 km and a mean thickness of ~4 m. The CBS mainly dis-
tributes in the Deepwater Navigational Channel; the CBS pool thus has a
narrow width (<1 km). It is argued that the CBS on flanks of the channel
results from the cross-channel movements of the CBS pool. The move-
ments of the CBS pool, together with tidal asymmetry (e.g., slack-water
asymmetry and lateral flow asymmetry), leads to sediment trapping in
the middle reaches and on the south flank of the channel.

The observations by the bottom tripod show the response of the
friction (f) and drag coefficient (Cp(,)) to sediment concentration. The
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results show that both f and Cp,) are constant and minimum in the
presence of CBS. The drag reduction is up to 60-80%, which is higher
than that observed in laboratory experiments. These observations also
allow the verification of theoretical expressions for drag/friction coef-
ficient by Wang (2002) and Winterwerp et al. (2009). The expression by
Wang overestimates Cp(;) at high SSC; whereas the expression by Win-
terwerp et al. overestimates f at low SSC and underestimates f at high
SSC. An empirical relationship was derived by fitting that can be used to
predict friction coefficient and the magnitude of drag reduction for
sediment transport studies.
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Appendix A. Appendix

When calculating the deposition of sediment from CBS, there is a
wide range for the choice of gelling concentration (Cgel)' We considered
five values (with Cg; = 60, 70, 80, 90 and 100 kg/m~) and studied how
this choice affected the final estimation of sediment settling from CBS.
This sensitivity analysis shows that the net deposition of sediment from
CBS is significantly affected by the gelling concentration (Fig. A1). When
Cyger increases by 10 kg/mg, the amount of sediment settling decreases by
~20%. However, different choices of Cg; do not change the asymmetry
of sediment deposition, i.e., much more sediment tends to deposit in the
middle reaches than in the lower reaches of the channel.
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