ﬁ water m\py

Article

Seasonal Estuarine Turbidity Maximum under Strong
Tidal Dynamics: Three-Year Observations in the
Changjiang River Estuary

Xia Hua 12, Huiming Huang 1'2-*, Yigang Wang 12, Xiao Yu 3, Kun Zhao 12 and Dake Chen -2

1 College of Harbor, Coastal and Offshore Engineering, Hohai University, Nanjing 210098, China;

huaxia@hhu.edu.cn (X.H.); ygwang@hhu.edu.cn (Y.W.); kunzhaol357@gmail.com (K.Z.);
chdake@126.com (D.C.)

Key Laboratory of Coastal Disaster and Defence, Ministry of Education, Hohai University,
Nanjing 210098, China

Shanghai Hydraulic Engineering Group Co., Ltd., Shanghai 201600, China; yuxiao@shslgc.com
*  Correspondence: hhmhhu@126.com; Tel.: +86-139-1388-2503

check for
Received: 19 May 2020; Accepted: 13 June 2020; Published: 28 June 2020 updates

Abstract: The estuarine turbidity maximum (ETM) under strong tidal dynamics (during spring tides)
was investigated along the Deepwater Navigation Channel (DNC) in the North Passage (NP) of
the Changjiang River Estuary (CRE) in wet and dry seasons of 2016, 2017 and 2018. The observed
water current, salinity, stratification and suspended sediment concentration (SSC) were illustrated
and analyzed. Results show that the SSC was lower in wet seasons than dry seasons in 2016 and
2017 because of the weak influence of typhoons before observations in wet seasons. On the contrary,
the SSC was higher in the wet season than the dry season in 2018 because of the strong influence
of typhoons in the wet season. Our observations challenged the common perspective that SSC in
the NP is higher in wet seasons than dry seasons, because the magnitudes of SSC were found to be
easily influenced by strong winds before observations. The along-channel distribution of high SSC
was determined by the location of salt wedge, and consequently, the ETM was further upstream in
dry seasons than wet seasons. The observed SSC was more concentrated in lower water layers in
wet seasons (“exponential” profile) than dry seasons (“linear” profile). This seasonal difference of
vertical SSC was related to the flocculation setting velocity influenced by temperature rather than the
weak stratification during spring tides. Moreover, on the basis of the net water/sediment transport
and flux splitting, large river discharge and a low-SSC condition could reduce siltation in the middle
DNC. The former vanished the convergence of water transport, and the latter reduced landward tidal
pumping sediment transport. Sediment trapping and siltation in the dry seasons occurred in the
seaward segment of the upper reach because of the decrease in the river discharge.

Keywords: Changjiang River Estuary; estuarine turbidity maximum; seasonal variation; magnitude
and distribution of SSC; siltation

1. Introduction

The estuarine turbidity maximum (ETM) refers to the region where the suspended sediment
concentration (SSC) is higher than adjacent regions upstream and downstream. The sediment
dynamics in the ETM exhibit significant difference among estuaries, depending on local topography,
fluvial and tidal forcing, and sediment composition [1]. The formation mechanisms of the ETM,
as reported by previous studies, can be attributed to estuarine circulation and residual current [2,3],
tidal asymmetry [4,5], resuspension [4,6], stratification [7,8], flocculation [9,10] and sediment phase
lag [11,12].
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The Changjiang River Estuary (CRE), being the estuary of the largest river in China, is a mesotidal
and partially mixed estuary with remarkable river discharges and strong tidal dynamics. The ETM in
a partially mixed estuary is commonly related to sediment trapping [1,7,13]. In the North Passage
(NP) of the CRE, where the Deepwater Navigation Channel (DNC) is located, sediment trapping is
observed as the convergence of the near-bottom residual sediment [14-16]. In the upper reach of the NP,
the seaward advective sediment transport dominates [15], while in the middle or lower reaches of the
NP, the landward sediment transport near the bottom was induced by landward residual current and/or
high SSC in the flood period. The landward residual current is related to estuarine circulation [17,18].
The high SSC is due to enhanced stratification [15,19] and lateral sediment supply [20] during a
flood tide.

The ETM in the NP shows a significant spring-neap and seasonal variation. Generally, spring
tides show a larger maximum velocity, higher SSC, more mixing and less stratification than neap
tides [21]. The SSC in wet seasons is much higher than that in dry seasons within the estuarine mouth,
indicating that the ETM is better developed in wet seasons [18,22-24]. However, a reversed seasonal
difference of SSC in 2016 is reported by us, the high SSC in the dry season is induced by cold-air front,
while the low SSC in the wet season is related to the limited influence of typhoons [25].

Although efforts have been made by many researchers to investigate the ETM in the NP, these
studies are commonly conducted in a single year without comparison among years. Moreover, these
observations are during different phases of the DNC construction, denoted under different influences
of human activities. As a step forward, multi-year observations were conducted in 2016, 2017 and
2018, when the DNC project finished. We illustrate and compare the observed current velocity, salinity,
stratification and SSC in wet and dry seasons of the three years to find out more general features and
mechanisms of ETM in the NP. Section 2 presents detailed information about the study area, and the
methods of field observation and data analysis. The results are illustrated in Section 3, followed by a
discussion in Section 4 and conclusions in Section 5.

2. Materials and Methods

2.1. Study Area

The Changjiang River Estuary (CRE) is located on the east coast of China (Figure 1a) and featured
as the “three-level bifurcations and four outlets” layout. It is divided into the North Branch and the
South Branch by the Chongming Island. The South Branch is further divided by Changxing Island into
the North Channel and the South Channel, and finally, the latter is divided into the North Passage and
the South Passage by JDS (Jiuduansha Shoal) (Figure 1b). The tidal regime is mesotidal and semidiurnal
with a mean tidal range of 2.66 m and maximum of 4.62 m at the river mouth. The Changjiang River
is the largest river in Asia. The river discharge is remarkable and varies seasonally with the lowest
monthly mean value of 11,200 m%/s in January and the highest monthly mean value of 49,700 m3/s
in July [15]. The seasonal freshwater and neap-spring varying tide meet and interact in the North
Passage (NP), causing complex salt intrusion, mixing, stratification and flow dynamics [17,26,27].
Wave dynamics are negligible under normal weather because of the mouth bars, while they will become
considerable during extreme weather with strong winds [28,29]. Moreover, water exchanges between
channels and shoals make the dynamic environment for sediment movement more complicated [24,30].
In order to stabilize river regimes and assure navigation, the Deepwater Navigation Channel (DNC)
(Figure 1c) has been built in the NP. The DNC is about 60 km in length, 0.4 km in width, and about
12.5 m in depth. The along-channel dikes and attached groins enhance the capacity of suspended
sediment and prevent the lateral sediments from moving into the channel, but sediments can still
cross over the south dike during flood tides when the water level is higher than the top of the south
dike [24,29,31]. This large-scale artificial project was constructed through three phases and significantly
changed the flow and sediment in the NP [32-34]. For convenience, the DNC can be divided into three
reaches: upper reach (NGN4-CS9), middle reach (CS6—-CS3) and lower reach (CS7-CS10).
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Figure 1. (a) Location of the Changjiang River Estuary and Datong gauge station, (b) topography of
the Changjiang River Estuary (refer to the 85 National Vertical Datum of China), and (c) the location of
observation stations and the Deepwater Navigation Channel (DNC) project (upper reach: NGN4-CS9,
middle reach: CS6-CS3, and lower reach: CS7-CS10).

2.2. Field Observations

The current velocity, salinity as well as the suspended sediment concentration (SSC) were observed
at nine stations along the DNC (Figure 1c) during spring tides in both wet and dry seasons of 2016,
2017 and 2018 (Table 1). The current velocity was measured using a rotor current meter (SLC9-2).
The SSC was measured from the water samples by desalting and oven-drying. The salinity was also
measured from the water samples by using the silver nitrate titration method. The velocity data and
water samples were collected vertically at six layers (surface, 0.2 h, 0.4 h, 0.6 h, 0.8 h and bottom, where
h represents the whole water depth) of the water column with one-hour intervals. The sea-surface
level at Niu Pi Jiao (NP]) tidal gauge station, wind data at C510 and water discharge at Datong gauge
station were also collected (Table 1). Moreover, the daily sediment loads at the Datong gauge station
were estimated according to the Changjiang River Sediment Bulletin [35] (Table 1).

Table 1. Time period and dynamic environment during six observations.

Ttem Wet Season  Dry Season ~ Wet Season  Dry Season  Wet Season  Dry Season

ems of 2016 of 2016 of 2017 of 2017 of 2018 of 2018

. . 11to 12 28 February 14 to 15 30to 31

Observation period 21 to 22 July March 10 to 11 July to 1 March August January
Tidal range (m) 3.76 4.15 3.53 4.10 4.28 3.65
Wind Speed (m/s) 3.5 3.8 4.0 2.8 43 4.0

Wind direction SSE NW SE S SE SW NW SE SE NW NE

Watefriéj;)harge 67.200 18.100 68.400 13.300 38.500 15.800
Sediment load ~120 ~20 ~93 ~17 ~50 ~10

(10* ton/day)
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2.3. Stratification and Mixing

The gradient Richardson number (R;) is commonly applied to study the stratification and mixing
in estuaries [36,37]:

NZ
R; = 5z 1
2_ 89
N ?)
ou\? v\
2 _ 22 il
2= (%) (%) ©

where N denotes the buoyancy frequency and S denotes the mean shear. Based on linear stability
theory, the critical value for mixing is R; = 0.25. When R; < 0.25, the flow is unstable and mixing
occurs. When R; > 0.25, the flow is stable and stratification occurs. p is the estuarine water density,
calculated following Li et al. [38]:

p = po(1+BSw) @)

where py is the density of pure water, f = 7.8 X 107 and S, denotes the salinity of water.

2.4. Water and Sediment Transport

The along-channel residual transport of water and sediment through a unit width of a cross-channel
section is commonly used to investigate the water and sediment transport in the ETM zone [15,25].
This method is improved by us as the following:

e |Trewepy (k)| 0
(k) = X 100% ®)
|Trwebb(k)) + 'Trwflood (k)l
d
Ased (k) [Tsedn () x 100% ©)

- |Trsedebb(k)| + |T1’S€d flood(k))

where Ay (k) and Agy(k) are the percentages that ebb water/sediment transport account for the total
water/sediment transport at the at the k layer, k =1, ... , 6, k = 1 represents surface layer and k = 6
represents bottom layer. When Ay, (k) and Ay (k) > 50%, ebb water/sediment transport is dominant and
the residual water/sediment transport is seaward; when A, (k) and A4 (k) < 50%, flood water/sediment
transport is dominant and the residual water/sediment transport is landward. The previous method
concentrates on the quantity of net water/sediment transport, while the improved one is more efficient
to show the relative strength of ebb and flood water/sediment transport.

Tebb/ flood —
Trwebb/flood(k) = ﬁ Vk -n - Azdt (7)
Tevb/ flood —
Trsedehb/ﬂood (k) = L Vi-n-SSCy - Azdt (8)

where Trwepp fiood (k) and Trsed f,ood(k) are the total water/sediment transport during ebb/flood period

at the k layer, Vi and SSCj are the current velocity and the sediment concentration at the k layer
respectively, Az = h/6 is the thickness of each layer, & is the total water depth varying with the tidal
wave propagation and T/ 1004 18 the period of the ebb/flood tide.

The flux splitting method is commonly applied in estuaries to investigate material (such as salt
and sediment) flux transport mechanisms [5,38]. The flux splitting method in this research follows our
previous study [25].
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3. Results
3.1. Tidal-Averaged Current, Salinity and SSC along the DNC

The along-channel profiles of tidal-averaged current velocity, salinity and SSC are shown in
Figure 2. The magnitudes of the tidal-averaged current corresponded to the tidal ranges at NPJ (Table 1)
and showed a similar pattern of distribution along the DNC in the six observations. The velocities
decreased from surface (~1-2 m/s) to bottom (~0.5-1 m/s), with maximum along-channel values
in the middle or lower reaches of the DNC (Figure 2(a-2—f-2)). Due to the larger river discharges,
the maximum along-channel currents were further downstream in wet seasons. Meanwhile, the length
of salinity intrusion (represented by isohalines in Figure 2(a-1-f-1) was shorter in wet seasons than
dry seasons. The most significant salinity intrusion among wet seasons was observed in 2018 (even
approaching those in the dry seasons), as a result of a comparatively small discharge, strong tidal
dynamic and long-time unchanged SE wind (Figure 2(e-1)).
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Figure 2. Along-channel distributions of tidal-averaged current velocity magnitude, salinity and
suspended sediment concentration (SSC): (a—f) represent the wet and dry seasons of 2016, wet and
dry seasons of 2017, and wet and dry seasons of 2018 respectively. (1)—SSC and isohalines (with the
interval of 2 psu) and (2)—magnitude of tidal-averaged current velocity (calculated by absolute values
of current velocities during two flood-ebb tidal cycle and denoting the strength of tidal dynamic).

The SSC increased with water depth and reached the maximum at the bottom in all six observations
(Figure 2(a-1-f-1)). The extent of the high SSC (ETM) roughly agreed with the region of salinity intrusion,
and the maximum along-channel value located around 10-psu (6-14-psu) isohaline. Therefore,
the along-channel distribution of the ETM displayed a similar seasonal variation as the salinity, with a
more upstream location in the dry season than the wet season. The ETM was poorly developed with the
highest SSC at ~2 kg/m?® and a small extent of high SSC in the wet season but was well developed with
the highest SSC at ~3 kg/m> and a large extent of high SSC in the dry season in 2016 (Figure 2(a-1,b-1)).
This phenomenon has been reported and discussed as an abnormal phenomenon in our previous
study [25]. Coincidentally, a similar phenomenon was again detected in 2017, with the highest SSC at
~1.5 kg/m3 in the wet season and at ~2.2 kg/m3 in the dry season (Figure 2(c-1,d-1)). In 2018, the SSC
was obviously higher in the wet season with the maximum over 5 kg/m? (in fact, ~8.5 kg/m?®) than the
dry season with the maximum at ~2 kg/m? (Figure 2(e-1,£-1)). This remarkable near-bottom high SSC
was much higher than those in other observations, even under the similar tidal dynamic (represented
by a similar tidal range in NPJ and similar current velocities along the DNC) in the dry season of 2016.
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3.2. Inner-Tidal Current, Salinity, Stratification and SSC at Middle DNC

The CSW station located at the middle DNC, where severe siltation exists. The time series of
water level, current velocity, salinity and SSC at CSW within two flood-ebb tidal cycles are illustrated.
The currents reversed to flood/ebb ~1-2 h after the low/high water level (Figure 3(a-1-f-1)), the phase
difference between the current and water level is caused by the combination of friction and channel
convergence [39]. The flood and ebb currents showed significant tidal asymmetry in terms of current
velocity and duration (represented by time periods between white color bars in Figure 3(a-1-f-1)).
Due to the large river discharge and the effect of the DNC project, the ebb currents were much stronger
and had longer durations than the flood currents. The durations of flood currents were shorter at the
surface than the bottom, while the ebb currents showed the opposite. The vertical asymmetry of the
current duration was induced by baroclinic pressure gradient force. This force has the same direction
as the flood current and increased with the water depth [15,39]. By the same token, the flood current
speeds were more homogeneous along the depth compared with the ebb currents.

flood ebb flood ebb ebb flood ebb  flood ebb flood ebb
(e-1

Water depth (m)

0 ,A‘ 1
0246 81012141618202224260 2 4 6 8 1012141618202224260 2 4 6 8 1012141618202224 26

Time (hours)

Along-channel velocity ( m/s ) Salinity ( psu ) Log,o(Ri/0.25) SSC (kg/m3)
_— I DA S T E T
321012 3 0 5115202530 -3-2-10 12 3 012345678910

Figure 3. Variations of along-channel current, salinity, stratification and SSC during two flood-ebb tidal
cycles at CSW: (a—f) represent six observations respectively (according to Figure 2). (1-4) represent

along-channel current velocity, salinity, gradient Richardson number log;,(Ri/0.25) and SSC, respectively.
Positive velocity denotes seaward current, and negative velocity denotes landward current.
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The maximum and minimum salinity occurred at high water slack and low water slack, respectively,
indicating a movement of saltwater with the flood and ebb currents (Figure 3(a-2—£-2)). In dry seasons,
the salinity was higher than the wet season because of a smaller river discharge. The salinity was also
related to the tidal dynamic. For example, a stronger salinity intrusion was observed with a larger
tidal range in the second tidal cycle than the first in the wet season of 2016 (Figure 3(a-2)).

The stratification and mixing alternated during flood-ebb tidal cycles in six observations
(Figure 3(a-3-f-3)), indicated by positive and negative gradient Richardson numbers log,,(Ri/0.25).
The stratification occurred near the high water slack (later flood and early ebb), and the mixing
occurred during the rest of the tidal period, in accordance with the advance and retreat of saltwater.
The differences of stratification and mixing between wet and dry seasons were not distinct under
strong tidal dynamic. In the wet season of 2018, the stratification was stronger than those in other
observations and even occurred near the bottom during ebb period (Figure 3(e-3)). Given the similar
salinity distribution, the enhanced stratification was more related to weak shear rather than larger
buoyancy frequency. In fact, with high SSC near the bottom, the turbulence is significantly inhibited
and the weak shear is induced [40,41].

The variation of SSC was more complex than the current, salinity and stratification. Firstly,
as mentioned in Section 4.1, the magnitudes of SSC showed a significant difference even in the same
season and with similar tidal dynamic. Secondly, although the SSC fluctuated generally with the
acceleration and deceleration of the tidal currents, out-of-phase phenomenon between peak SSC and
peak flow existed widely, and the peak SSC occurred at different phases during a tidal cycle in six
observations (Figure 3(a-4-f-4)). For example, the peak SSC was observed respectively before and
after the peak flow during the first flood period in the dry and wet seasons of 2018 (Figure 3(f-4,e-4)).
The out-of-phase phenomenon is generally explained by sediments lag [42,43], flow spiral [9] and
advection [25].

3.3. Temporal and Spatial Variations of Current, Salinity, Stratification and SSC along the DNC

To investigate the temporal and spatial variations of currents, salinity and SSC along the whole
DNC, four typical moments (peak flood, high water slack, peak ebb and low water slack) were
chosen to show their tidal-varying vertical distributions (Figure 4), and the corresponding mixing
and stratification are shown in Figure 5. Due to the interaction between freshwater and saltwater,
the currents exhibited a significant along-channel difference. At peak flood and peak ebb, currents
in the middle reach were larger than those in the upper and lower reaches (Figure 4(a-1-f-1,a-3—£-3)).
At high water slack, the currents reversed to ebb earlier in the upper water column in the lower reach
than in the lower water column in the upper reach (Figure 4(a-2—£-2)). At low water slack, the currents
reversed to flood earlier at lower water layers in the lower reach than at upper water layers in the upper
reach (Figure 4(a-4—f-4)). The isohalines moved upstream and downstream with the flood and ebb
currents, and the slopes of isohalines varied during a tidal cycle (Figure 4), inducing alternated mixing
and stratification along the DNC (Figure 5). Generally, the stratification was significant at upper and
middle water layers at peak flood (Figure 5(a-1-f-1)) and then extended to the upper reach and covered
whole water depth at high water slack (Figure 5(a-2—£-2)). During ebb tides, the stratification was
weaker than that during flood tide with a smaller vertical salinity gradient (Figure 5(a-3-f-3,a-4—f-4)).
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Figure 4. Variations of axial current, salinity and SSC along the DNC: The (a—f) represent six observations,
respectively (according to Figure 2). (1-4) represent peak flood, high water slack, peak ebb and low
water, slack respectively. The rightward arrow means seaward axial current, and the leftward arrow
means landward axial current. The isohalines (in psu) are shown in black lines.

According to previous researches [24,25], a threshold (0.70 kg/m?) of SSC is defined to investigate
the extent of the ETM zone (denoted as the white color in Figure 4). Obviously, the ETM zone moved
landward and seaward with flooding and ebbing currents, indicating that the effect of advection was
important for the motion of ETM in the NP [25]. The along-channel extents of ETM were much larger
in dry seasons than those in wet seasons, agreeing well with the intrusion of saltwater. The SSC
fluctuated with high values at flood and ebb peaks while with low values at high and low water slacks
during most observations. However, the SSC remained a high value at slack water in the wet season of
2018. The most possible reason is due to the hindered settling with high SSC near the bottom [44,45].
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Figure 5. Variations of salinity and stratification along the DNC: The (a—f) represent six observations,

respectively (according to Figure 2). (1-4) represent peak flood, high water slack, peak ebb and low
water slack, respectively. The isohalines (in psu) are shown in black lines.

3.4. Residual Transport of Water and Sediment

The percentages that ebb water/sediment transport account for the total water/sediment transport
(A and Ag,y) were calculated using the methods in Section 3.3. In wet seasons, A, exceeded 50%
along the whole channel except seaside stations CS4 and CS10, indicating that the residual water
transport was mainly seaward (Figure 6(a-1,c-1,e-1)). The net seaward water transport was induced
by large river discharge in this season and by water supply from the south passage [30]. Ay, was
homogeneous along water depth at landward stations while decreased with depth at seaward stations.
This distribution was corresponded well to the distribution of salinity (Figure 2), indicating the
significant influence of salt intrusion on residual water transport. In the wet seasons of 2016 and 2017,
Ased showed similar distribution as Ay, and the residual sediment transport was seaward in the upper
and middle reaches (Figure 6(a-2,c-2)). As shown in Figure 7a,c, the advection terms (T7 + T3) were all
seaward with large magnitudes. The tidal pumping terms (T3 + T4 + T5) were seaward with relatively
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small magnitudes at most stations except CS3 and CS7. The vertical circulation terms (T + T7) were
landward, but their magnitudes cannot balance the seaward terms, leading to a seaward transport of
the total residual sediment. In the wet season of 2018, despite the seaward residual water transport
along the DNC, landward residual sediment transport occurred near the bottom at CS6, CS3, CS7 and
CS54 (Figure 6(e-2)). Tidal pumping terms and the vertical gravitation circulation terms are landward,
and their magnitudes increased a lot in the middle reach (Figure 7e), resulting in landward residual
sediment transport near the bottom in these stations (residual sediment fluxes of the whole water
depth were seaward). At CSW, although the landward terms were large, the increase in the seaward
advection term was more remarkable, strengthening the seaward residual sediment transport.
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Figure 6. Percentages that ebb water/sediment transport account for the total water/sediment transport
along the DNC: (a—f) represent six observations, respectively (according to Figure 2). (1)—and
(2)—represent water transport A, and sediment transport Ag;, respectively. The red dashed lines
represent the value 50%. Values >50% denotes ebb-dominated and seaward residual transport, while
values <50% denote flood-dominated and landward residual transport.

In dry seasons, the Ay is generally smaller than that in wet seasons and values < 50% universally
occurred in the middle reach in all observations (Figure 6(b-1,d-1,f-1)). With a decrease in river
discharge, the domination of ebb water transport receded and the residual water transport turned
to landward in the middle reach. Compared to the residual water transport, the landward residual
sediment transport in the middle reach was more significant, represented as a larger extent and a
smaller magnitude of A,y than A, (Figure 6(b-2,d-2,£-2)). As shown in Figure 7b,d f, the tidal pumping
and vertical gravitation circulation terms were landward from CS9 to CS7. These landward terms
balanced or even overbalanced the seaward advection terms, leading to slight seaward total sediment
flux and landward total sediment flux in the middle reach. In the dry season of 2016, the tidal pumping
terms near CSW were much larger than those in 2017 and 2018, causing considerable landward residual
sediment transport at CSW (Figure 7b).



Water 2020, 12, 1854 110f 18
L Total  -=-T14T2  —— T3+T4+T5 - T6+T7
NGN4 1 -1 () NGN4
CSo 1 = €S0
CS9 - 1 Cs9
CS6 - - - Ccs6
CSW 1 . csw
CS3 A - cs3
CS7 A . cs7
Cs4 - Ccs4
Cs10 | . Ccs10
-8 8 8 4 0 4 8 '|-4 %1
NGN4 - "1 ) 1 0 NGN4
€S0 1 o e Ik Cs0
CS9 1 - j A \\ cs9
CcS6 - . ‘ i I) csé
CSW o ‘\\ g 0 csw
cs3 A L [: \? cs3
cs7 1 o N \l ;\’ cs7
Cs4 - - / ﬁ Ccs4
CS10 1 - ' l' Cs10
8 4 4 8 8 4 0 4 8 4 0 4

Sediment flux ( kg/(m's) )

Figure 7. Components of total sediment fluxes at along-channel stations: The (a—f) represent six
observations, respectively (according to Figure 2). T; + T is the advection term, T3 4 T4 + T5 is the
tidal pumping term and T + T7 is the vertical circulation term. Positive values denote seaward terms,

and negative values denote landward terms.

4. Discussion

4.1. Magnitude of SSC in the ETM Zone

SSC varies not only in flood-ebb tidal cycle but also over the spring-neap tidal cycle [24,26,27],
indicating that the magnitude of SSC in the ETM is much related to tidal dynamics. To investigate
the influence of tidal dynamics on the magnitude of SSC, the along-channel distribution of the
tidal-averaged bottom current velocity and SSC as well as the depth-averaged ones were shown in
Figure 8. In the wet season of 2018, the depth-averaged current velocity of all the observation stations
was ~1.1/1.2 times as large as those in the wet seasons of 2016 and 2017, while the depth-averaged
SSC showed ~2.1/2.4 times differences (Figure 8a,c,e). At the bottom, a slight increase in velocity led
to a more significant increase in SSC, with ~2.8/3.4 times difference in all stations and ~6.2/5.2 times
difference in CSW. The tidal dynamics were similar in dry seasons of 2016 and 2017, while the
magnitudes of SSC in 2016 were ~1.7/2 times higher in the bottom layer/all water depth than those
in 2017. Moreover, the tidal dynamics in 2017 were stronger than 2018 but the SSC showed little
differences. Hence, the magnitude of SSC was more than determined by tidal dynamics, indicating
that other controlling factors existed.
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Figure 8. Along-channel distributions of tidal-averaged bottom current velocity, SSC and depth-
averaged current velocity, SSC: The (a—f) represent six observations respectively (according to Figure 2).
The averaged current velocity magnitudes in the figure were calculated by absolute values of current
velocities over two flood-ebb tidal cycle and denote the strength of tidal dynamic.

In our previous study, we have proposed that the magnitude of SSC in the ETM is not only affected
by tidal dynamic but also by the quantity of sediments available to resuspend, which was related to
extreme weather before the observation [25]. This opinion was examined by all observations in this
new study. Lacking on-site wind and wave data before observations, we used wind data near the
NP]J station from the European Center for Medium-Range Weather Forecasts (ECMWF) (Figure 9).
In the wet seasons of 2016 and 2017, the wind speeds before observations were relatively stable with
modest magnitudes, indicating that typhoons had weak influences on the CRE. As a result, the SSC
was relatively low with insufficient sediment available to resuspend here. The weak resuspension
effects were identified by small tidal pumping terms in these two observations (Figure 7a,c), given that
tidal pumping terms indicate the exchange of sediments between water and stream bed under the
tidal dynamics [5]. On the contrary, three typhoons influenced the CRE and induced strong winds
before the observation in the wet season of 2018. Particularly, the typhoon “Yagi” passed by the CRE
just two days before the observation. In the dry season of 2016, a strong cold-air front occurred with
strong winds three days before the observation. Therefore, the SSC in these two observations was
significantly higher than other observations because of sufficient sediment available to resuspend,
identified by large tidal pumping terms (Figure 7b,e). Moreover, the winds in 2017 were smaller than
those in 2018 six days before the observations. Therefore, the stronger tidal dynamic in 2017 than
2018 failed to induce an obvious increase in SSC because of less sediment available to resuspend.
We once considered the “reversed” seasonal variation of SSC in 2016 as an abnormal phenomenon [25].
Based on the multi-year observations, this “reversed” seasonal variation of SSC was again detected
in 2017. Hence, the common perspective that SSC is higher in the wet season than the dry season
seems a bit of arbitrary, considering that the magnitudes of SSC were easily influence by strong winds
during all observations. The influence of winds, especially strong winds on suspended sediment,
are reported in many other estuaries, such as the Jiulong River Estuary (China) [46], the Mandovi
Estuary (India) [47,48], the Tay Estuary (UK) [49] and the Tavy estuary (UK) [50]. In the Mandovi
Estuary [47,48], winds are even the major formation mechanism of the ETM. The influences of winds
on suspended sediment originate from the enhanced resuspension induced by wind-driven waves [51].
Then, the influences differ a lot among estuaries because of the different dynamics and topographies.
Based on our previous study [25] and some other studies [28,29], the cross-dike sediment transport
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from the JDS to the NP is enhanced by stronger resuspension on the shoal and a higher water level near
the dikes under strong winds. Then, the large amount of sediments was trapped in the NP (possibly in
the form of fluid mud) and influenced the magnitudes of SSC by current-dominated resuspension.
However, as mentioned in Section 2.1, the dynamics and topography are so complex in the CRE and it
is still unclear if sediments come from other regions (such as outer sea or regions between dikes) under
strong winds. Hence, more importance should be attached to the influence of winds on sediment
transport in the CRE, especially in the NP.

——— Wetseason — — — Dryseason

Wind velocity ( m/s )

Days before observation

Figure 9. Wind speeds near NPJ station before observations: (a—c) represent 2016, 2017 and 2018,
respectively.

4.2. Along-Channel and Vertical Distribution of SSC in the ETM Zone

The high SSC moved upstream and downstream with the advance and retreat of isohalines
during the flood-ebb cycle (Figure 4). The extent of the tidal-averaged high SSC roughly coincided
with the region of salinity intrusion, with the maximum value locating around 10-psu isohaline
(Figure 2(a-1-£f-1)), but showed a weak relationship with the along-channel current (Figure 2(a-2—f-2)
and Figure 8). This meant that the along-channel distribution of SSC was determined well by the
along-channel location of the salt wedge, and thus, the ETM was further upstream in the dry season
than the wet season.

Li et al. [52] categorizes instantaneous vertical profiles of SSC into three types in the NP. In fact,
the instantaneous profiles of SSC are more complex and irregular, while tidal-averaged profiles of SSC
were regularly exponential [53]. Hence, the tidal-averaged profiles were used to investigate the vertical
distribution of SSC in this study (Figure 10). The tidal-averaged SSC and salinity increased with the
water depth. Compared to dry seasons, the salinity showed a steeper slope along the depth with a
smaller difference between surface and bottom in wet seasons, indicating a weaker tidal-averaged
stratification. The vertical profiles of SSC were in “’exponential” style in the wet seasons while
in “linear” style in the dry season. This meant that the high SSC was more concentrated in lower
water layers in wet seasons. The vertical distribution of SSC is often reported to be influenced by
stratification [15,21,52]. The more concentrated SSC in lower water layers occurred in environment
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with weaker stratification; thus, stratification was not the reason for this seasonal difference of vertical
SSC. As reported by Wan et al. [54], the flocculation setting velocity increased with rise in temperature,
especially under a high-SSC condition. Hence, more concentrated SSC in lower water layers was
induced by a larger setting velocity in wet seasons and the concentrated SSC was most distinct in the
wet season of 2018, with the highest SSC among the three years. Of course, the vertical distribution of
SSC dominated by the flocculation setting was for the spring tides with weak stratification. During
middle and neap tides when the stratification is enhanced, further researches are required to reappraise
the contributions of flocculation setting and stratification to the vertical SSC.

SSC (kg/m?)
00511520 1 2 3 40051152 005115 2 025575100 05115 2
(a) b) (c) (d) (e) (f)

Surface
0.2H
04H -
0.6H
0.8H -

Bottom -

0 3 6 91247101316 0 3 6 9 12811141720 0 3 6 9 123 6 91215
Salinity ( psu )

Figure 10. Vertical profiles of tidal-averaged SSC and salinity at CSW: The red line represents SSC,
and the black line represents salinity. The (a—f) represent six observations respectively (according to
Figure 2).

4.3. Sediment Transport and Siltation in the DNC

In previous studies, the convergences of residual sediment flux in the middle DNC are widely
observed [14,15,20,38]. Most of them are based on a single observation and are used to explain sediment
trapping and siltation in this reach [14,20,38]. Li et al. [15] point out that the sediment transport and
convergences vary within a spring-neap tidal cycle while the concern about seasonal difference of
sediment transport and convergence is still lacking. Based on multi-year observations in both the
wet and dry seasons, the water and sediment transports showed distinct seasonal differences in our
research. The residual water and sediment fluxes in lower water layers were landward in the middle
reach of the DNC in dry seasons (Figure 6b,d,f). The landward sediment fluxes converged with those
seaward fluxes from the upper reach, inducing sediment trapping and siltation in the seaward segment
of the upper reach (Figure 6(b-2,d-2,{-2)). However, due to the large river discharges, the residual
water fluxes were seaward in the middle reach in wet seasons (Figure 6(a-1,c-1,e-1)). In the wet seasons
in 2016 and 2017 when the SSC was relatively low, the advection effect dominated (Figure 7a,c); thus,
the residual sediment fluxes were seaward, corresponding to the residual water fluxes (Figure 6(a-2,c-2)).
The absence of convergent residual water and sediment flux was not conducive to sediment trapping
and siltation in the middle reach (convergence occurred in the lower reach). In the wet season of 2018
when the SSC was relatively high, the enhanced tidal pumping effect (Figure 7e) induced landward
residual sediment fluxes at CS6 and CS3 near the bottom (the residual sediment fluxes of the whole
water depth were seaward), and a near-bottom convergence occurred between CSW and CS3 favouring
the siltation (Figure 6(e-2)).

Compared to 20112015, siltation in the middle DNC reduced in 2016 and 2017; Liu et al. [55]
infer that the low SSC and reduced siltation are mainly owing to the increase in the height of the
sediment-preventing dike from 2015 to early 2016 and partly due to the weaker influence of typhoon.
The recovery of high SSC in 2018 explained that the increase in the height of sediment-preventing
dikes was not the crucial reason for low SSC in 2016 and 2017. Based on our research, the low SSC was
mainly related to the weaker influence of typhoons. Moreover, the large river discharge and a low-55C



Water 2020, 12, 1854 15 0f 18

condition jointly limited the siltation in the middle reach. The former vanished convergence of water
flux, and the later reduced landward tidal pumping effect.

5. Conclusions

To investigate more general features and mechanisms of ETM in the NP, multi-year observations
were conducted in 2016, 2017 and 2018. The ETM showed different seasonal variations among the
three years: the SSC was lower in wet seasons than dry seasons in 2016 and 2017 while higher in the
wet season than the dry season in 2018. The common perspective that SSC is higher in wet seasons
than dry seasons seemed a bit of arbitrary, and the winds before observations played an important role
on the magnitude of SSC besides the tidal dynamic.

The extent of the tidal-averaged high SSC roughly coincided with the intrusion region of salinity,
and the along-channel maximum value was approximately located around 10-psu isohaline. Under
strong tidal dynamics, there were small differences in stratification between wet and dry seasons
and tidal-averaged stratification was slightly weaker in wet seasons. The SSC showed “exponential”
profiles in wet seasons but “linear” profiles in dry seasons, indicating that the high SSC was more
concentrated in lower water layers in wet seasons. The more concentrated high SSC in lower water
layers in wet seasons was induced by a larger setting velocity under higher water temperatures rather
than the weaker stratification.

The large river discharge vanished convergence of water transport, and the low-SSC condition
reduced the landward tidal pumping effect during spring tides in the wet seasons of 2016 and 2017,
jointly limiting the siltation in the middle DNC. Compared to wet seasons, sediment trapping and
siltation in the dry seasons occurred in the seaward segment of the upper reach because of a decrease
in the river discharge.
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