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ABSTRACT

The curved tidal channel, Luotou Deep-water Navigational Channel, is the main channel of the
Ningbo Zhoushan Port, which is ranked first in the world. Tidal dynamics in the channel are spatially
and temporally asymmetric. In this study, the three-dimensional tidal dynamics in the channel were
analyzed using field data and simulated using FVCOM. The results show that the tides in the channel
flood/ebb along the northern/southern bank near the bottom/surface layer and these asymmetries
are due to the imbalanced Coriolis force, centrifugal force, sea-level gradient, and density gradient.
Residual current velocity peaks (0.7 m/s) in the middle of the channel as the same distribution as
sediment flux. There are two high turbidity zones (> 4 kg/m3) which are northern at flood than at
an ebb in the channel. The drag reduction effect of fluid mud enhances the lateral circulation, which
is strong near the Chuanshan Peninsula and frictional dissipation plays an important role in it. The
presence of suspended sediment changes the contribution of acceleration terms through impacting
density and bottom friction, and the centrifugal force term has the largest increases. This study pro-
vides the foundation for the morphology evolution and harbor management of macro-tidal turbid
coastal zones.
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Highlights

(1) A baroclinic model was built to study the tidal dynamics in macro-tidal turbid Zhoushan Islands.

(2) Asymmetric tides and lateral circulation occur in the Luotou Deep-water Navigational Channel
(DNQ).

(3) Mechanism of lateral circulation depends on tidal phases and locations in the DNC.

(4) Sediment impacts water density and drag coefficient, and then changes currents and sediment
fluxes in the DNC.

1. Introduction environment. The tidal circulation around the multiple

islands may trap sediment in turbidity maxima (Cancino
& Neves, 1999; Wang, He et al,, 2022), and may alter

Tidal dynamics in archipelagoes are complicate and are
highly correlated with the local geomorphology and

water environment (Choo & Kim, 2013; Wei et al., 2023;
Wu et al.,, 2018). Because of the presence of islands,
the tidal dynamics is complex due to spatial variations
in water depth and curved topography. High turbidity
in archipelagoes impacts the evolution of morphology
and variation of water density, and then changes tidal
dynamics.

In macro-tidal coastal zones, tidal dynamics in
archipelagoes are the dominant factor for the water

the location of turbidity maxima (Kim & Voulgaris,
2008). The ETM (Estuarine Turbidity Maximum) typ-
ically occurs near the upriver limit of salt intrusion of
macro or mesotidal estuaries, and its position and extent
are influenced by tidal oscillations and freshwater dis-
charge (Postacchini et al., 2023). Flood tides carry more
fine sediment towards the landward direction compared
to ebb tides, leading to the accumulation of fine par-
ticles near the coast (Du et al., 2022; Mitchell, 2013).
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Interactions between alongshore and cross-shore tidal
currents play an important role in cross-shore sedi-
ment transport. Therefore, tidal pumping is commonly
considered the primary mechanism driving the migra-
tion of the ETM in strong-tidal estuaries (Du et al,
2022; Yu et al.,, 2014). Changes in estuarine flow and
extreme climatic events can cause seasonal shifts in the
ETM. When freshwater discharge is low, the ETM moves
upstream, whereas with higher freshwater discharge, the
ETM moves seaward (Dai et al., 2013; Mitchell, 2013),
resulting in higher suspended sediment concentrations
(SSC) inside the mouth of the Yangtze River during the
dry season and lower during the wet season, with the
opposite pattern outside the mouth of the river (Dai
et al., 2013). Upstream dams and ENSO events have
impacts on the position of ETM and SSC within the estu-
ary (Zhou et al.,, 2020). In microtidal estuaries, storm
events can lead to the temporary appearance of the ETM,
with higher turbidity values during weaker storm periods
and lower turbidity values during stronger storm peri-
ods (Postacchini et al., 2023). In general, the SSC within
the ETM does not exceed a few hundred milligrams per
liter, but the unique topography of the Humber estuary
system results in concentrations much higher than this
value (Mitchell, 2013). Cross-shore circulation formed
within curved river channels influences sediment trans-
port within the river, tending to be scoured by concave
banks and silted by convex banks. (Kim & Voulgaris,
2008; Tao & Zhu, 2022). Low velocity zone or eddy cur-
rent zone will be formed at the back of the island (the
wake flow zone), which will lead to the settlement or sus-
pension of sediment (Calil et al., 2008; Isoguchi et al.,
2009).

In turbid coastal seas, sediment dynamics in archipela-
goes are subjected to and positive feedback to tidal
dynamics and geomorphology. The mechanism of sed-
iment transport determines the evolution of shoreline,
deposition or erosion of channels and the generation of
turbidity zone (Jiang et al., 2013; Wang, Dijkstra et al,,
2022), and then feeds back to the tidal dynamics. Sedi-
ments change the water density and viscosity (Winterw-
erp, 2001), and then alter the tidal dynamics, e.g. lateral
circulation and stratification (Cheng, 2007).

Curved tidal channels in archipelagoes enhance the
complexity of the tidal dynamics and sediment dynam-
ics. Curved channels may have a choking effect on tides,
which will inhibit the tidal flow (Byun et al, 2004;
Gusti et al, 2023). Generally speaking, axial flow is
dominant; while lateral circulation may have a compa-
rable scale (Winant, 2007). Strong lateral circulations
can be generated by the asymmetric cross-channel sea
level gradients of the curved channel caused by cen-
trifugal force and baroclinic gradient force (Kim &

Voulgaris, 2008; Zheng et al., 2022). Lateral circulation
is also affected by other factors, such as nonlinear advec-
tion, Coriolis force, and friction dissipation (Xiao et al.,
2019).

The Zhoushan Islands (29°32" —31°04'N, 121°31’
—123°25'E), the largest archipelago in China, is com-
prised of 1390 islands. It is located in the mouth of
Hangzhou Bay (Figure 1(a)). The area has multiple
islands, Luotou Deep-water Navigation Channel (DNC)
with distinct curvature (Figure 1(c)). The Luotou DNC is
the main DNC of Zhoushan-Ningbo Port, and is aligned
in an east-west direction. It is the main tidal channel
between Hangzhou Bay and the East China Sea (Chen
etal., 1990; Figure 1(c)). The channel is about 17 km long
and 1.6 km-4.5 km wide, with depths ranging from 35 m
to 112 m, which is twice the depth of the surrounding
waters (Figure 1(c)). Tides propagate from the outer sea
into Hangzhou Bay through the Luotou Channel and the
multiple tidal channels between the islands. The tides in
the island’s sea areas are strong with a large tidal range,
strong tidal currents and thorough mixing. The average
tidal range reaches 2.5 m, increasing gradually to 4-6 m
upstream in Hangzhou Bay (Pan et al., 2019). The sed-
iment transport in the Luotou DNC corresponds to the
ebb and flood tidal channels. The suspended sediment
concentration decreases during flood tides and increases
during ebb tides. The net sediment transport direction
is by the ebb tides (Feng & Yao, 2013). Tidal and sed-
iment dynamics in the DNC attack lots of attention, as
they are correlated with the siltation and erosion of navi-
gational channels and coastal structures in the Zhoushan-
Ningbo Harbor. For example, researchers paid attention
to the tides and tidal asymmetry (Chu et al., 2022), sus-
pended sediment concentration (Du et al., 2021) in the
islands sea areas. However, the three dimensional tidal
and sediment structures in the area, especially in the
macro-tidal turbid DNC, are still needs detailed investi-
gation.

Understanding the tidal dynamics in macro-tidal tur-
bid sea areas in multiple islands and their interaction with
sediments is important for coastal planning and water
quality management. In this study, a three-dimensional
numerical model is built and validated, to investigate
the tidal and sediment dynamics in the sea area of
Zhoushan Islands, with special attention being paid to
the tidal structure in the Luotou DNC. Firstly, field
observations and numerical simulation methods were
used to study the three-dimensional tidal dynamics near
Zhoushan Islands. Secondly, the vertical structure of
tidal currents/lateral circulation/Eulerian residual cur-
rents in the DNC are examined. Thirdly, the impacts of
high turbidity on tidal dynamics are numerically investi-
gated.
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Figure 1. (a) Map of the study area; (b) model grids with depth contours; (c) map of Zhoushan Islands with depth contours, (d)
Horizontal/Along-channel/Lateral current direction. Tidal data were collected at Stations G1, G2, G3, respectively. Temperature and salin-
ity data were collected at Stations sw08 and sw10. Stations 14 and 2# were the validation points of current. Sections S1 (A-A"), S2 (B-B'),
S3 (C-C') and S4 (D-D’) are used to examine the vertical profiles of tidal flow in the Luotou Channel. LTC: Luotou Channel, JTC: Jintang
Channel, CZC: Cezi Channel, FDC: Fodu Channel, TZG: Tiaozhoumen Channel, XZG: Xiazhimen Channel.

2. Methodolo
» p:pw+(1—p_w)c
2.1. Model description Ps

The hydrodynamic model was built based on the three- (1.0 puw represents the seawater density without sedi-
dimensional numerical model FVCOM (The Finite Vol- . psrepresents the density of sediment.

ume Coastal Ocean Model) (Chen et ' al., 2003). The Considering the effect of fluid mud, the Flux Richard-
sedlment model was two-way coupled with the hydrody- ¢, number Ry is introduced into the calculation for-
namic model. mula of the bottom friction coefficient Cy4. The effect

Based on the high turbidity in Hangzhou Bay, the sed- 4 the fluid mud layer on the bottom boundary layer is
iment model considers the coupling of the sediment and generalized (Wang, 2002; Wang et al., 2005):

water density. We use the formula proposed by Winter-
werp (2001) to calculate the density of seawater when )
sediment contributions are taken into account: Cq= K

a +ARf)2[ln(% F1)— 1]2
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where A = 5.5 is the empirical coefficient, x is the Kar-
man constant, zo represents the bed roughness height and
h is the depth.

Consider the effect of flocculation settlement, the
model adopts the formula of sediment flocculation set-
tling rate proposed by Cao and Wang (1994):

1+ cC"™

W =W X
14+ cUm

where wy is the settling velocity calculated by the Stokes
settling formula, U is the current velocity, 1, ¢z, my, ma,
ks are the empirical coeflicient.

The detailed governing equations and numerical
methods are presented in the supplementary file.

2.2. Model domain and configuration

The model domain covers the entire Zhoushan Islands
and the continental shelf of the East China Sea, including
the multiple-island geometry and accurate open-ocean.
The unstructured triangular model grid contains 113,704
cells and 61,016 nodes (Figure 1(b)), and the mesh of the
main study area (near the Luotou Channel and Zhoushan
Islands) is refined and improved to focus on the detailed
tidal and sediment dynamics in the DNC, with a resolu-
tion of 200 m.

The open boundary of the model is located in the
open ocean away from the coast (Figure 1(b)). The forc-
ing on the open boundary includes the main eight tidal
components, My, Sy, N, Ky, Ky, O1, P; and Q. These
tidal constituents were obtained from the TPXO website
(Egbert et al.,, 1994). The model was run for 14 days from
21th October 2020. For the river discharge of Qiantang
River and Yangtze River, refer to the ‘China River Sed-
iment Bulletin® (http://www.mwr.gov.cn/sj) The model
configuration is shown in the Table 1. The baroclinic
effect is considered in the model, the sediment, tem-
perature and salinity affect the density and the bottom
friction, and thus the tidal circulation. Hence, sediment,
temperature, and salinity are also verified in the model
validation. Please see the supplement for a detailed model
configuration.

The suspended sediment in the water body has an
important influence on the hydrodynamics, especially in
high turbidity sea areas, such as in Zhoushan Islands. We
set up two cases, without (the reference test 1) and with
(test 2) considering sediment, to examine the impacts of
high turbidity on tidal dynamics. In test 2, the sediment
model is considered, while other settings are the same in
test 1 (Table 1).

2.3. Model validation

The model results are validated by hourly tidal-elevation
data from two stations, G1, G2, over the period 19th -
27 July 2007, and hourly current data from station 1#
in 11th-12th and 19th-20th November 2006 and station
2# in 26th-27th January 2007. These stations are near the
main study area (deep-water channel) to prove our model
is suitable for deep-water channel. We also have the mea-
sured current data and hourly averaged temperature and
salinity data at station sw08 and sw10 in 25th October
(neap tide)/28th October (medium tide)/1st November
(spring tide) to validate the model results. Part of the val-
idation figure are shown in the Figure 2, the others are
provided in the supplementary file.

As shown in Figure 2, the model results are in good
agreement with the measured tidal level data, and the
maximum tidal level deviation is less than 10% of the
maximum tidal range (~3.5m). The simulated flow
velocity and direction are also in good agreement with
the measured results, and the deviation of the maximum
flow velocity is less than 30% of the maximum flow veloc-
ity (~ 1.8 m s™!). The measured temperature is generally
larger than the simulated temperature, and the salinity is
smaller than the simulated salinity, but the deviations are
within 5%, which proves the reliability of the model. The
suspended sediment concentrations of this model have
been verified, and provided in the supplementary file (Li
et al., 2022 and 2023).

3. Results
3.1. Sea surface elevation in the DNC

The spatial asymmetries in tidal elevation and current
velocity are illustrated in the numerical results. Tidal flow
in the DNC is characterized by spatially and temporal
asymmetric sea surface levels and tidal flow patterns, due
to islands and coastlines. The asymmetric characteristics
are well reproduced by the numerical model (Figure 3
and Figure 4).

Figure 3(a-d) show the modelled sea surface level dur-
ing a spring tidal cycle in the DNC. At the high slack
water (Figure 3(b)), the sea surface level increases by
about 30 cm when tides propagate through the islands
from the open sea, due to the nonlinearity and choking
effects generated by the multiple islands. The highest sea
surface level (about 1.8 m) appears at the west side of the
islands. Similar characteristics, with a larger decrease of
40 cm, are found at the low slack water (Figure 3(d)), and
the lowest sea surface level (about - 1.4 m) appears at
the west side of the islands. At the peak flood/ebb cur-
rent (Figure 3(a, c)), the sea surface level is about 40 cm
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Table 1. model parameter and case configuration.
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Model parameter

Parameter setting

Grid resolution 200-30000 m
Number of nodes and elements 61016, 113704
Number of sigma layers 20
Internal and external model time step 2s,0.25
Median particle size of sediment 0.008 mm
Sediment porosity 0.5
Sediment settling velocity empirical parameter 0.06, 4.60, 0.75,0.90, 1.30
Critical incipient motion shear stress 0.1 N m-2
Sediment erosion rate 0.00005-0.0006 kg m-2 s-1
Bed roughness length 0.005-0.05 mm
Case name Temperature Salinity River Sediment
Test 1 VA VA v X
Test 2 v v Vv J
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Figure 2. Comparison of observed and modeled (a) sea surface elevation at Stations G1; (b) current velocity and direction at Stations
1#; (c) temperature and salinity at Stations sw08, (d) SSC at Station N1. Solid lines indicate model results; dotted lines indicate observed

results.

lower/higher at the landward side than the seaward side
of the DNC, due to the choking effect of the DNC.

During the neap tidal cycle (Figure 3(e-f)), the tidal
elevations are more asymmetric spatially at high and low
slack water in the DNC than during spring tides. At
slack water (Figure 3(f, h)), the decrease of sea surface
level (by about 10 cm) is smaller than that during spring
tides, when the tides propagate through the islands, again
due to the nonlinearity and choking effects generated by
the multiple islands. At the peak flood/peak ebb current
(Figure 3(e, g)), smaller difference (20cm) of sea sur-
face levels between seaward and landward sides of the
DNC happens during neap tides than that during spring
tides.

During flood tides, the Coriolis force is in the same
direction with the centrifugal force, towards the bank
opposite the cusp of the Chuanshan Peninsula, indicated

by ‘C’ in Figure 3(a). Hence the tidal flow near the cusp
shows a spatially asymmetric pattern (Figure 3(a)), which
means the sea surface level is lower near the peninsula
cusp and becomes higher at the opposite bank. During
ebb tides (Figure 3(c)), the Coriolis and the centrifugal
forces are in opposite directions, and the flow pattern is
less asymmetric.

The tidal flow near the surface and bottom levels are
shown in Figure 4. During spring tides (Figure 4(a-d)),
the tidal current directions around the Zhoushan Islands
are basically in accordance with the coastlines. The main
flow channel is from the head of the Chuanshan Penin-
sula, through the DNC to the Cezi and Jingtang channels,
and finally into Hangzhou Bay (Figure 1). The velocity of
ebb tides is higher than that of flood tides. The flow is near
the southern bank of DNC during ebb tides, while is near
the northern bank during flood tides. The flow channel
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at the seaward entrance of the DNC is more curved at the
bottom level than that at the surface during both peak
flood and ebb currents, due to the impact of the islands.
Eddies occur (in the horizontal x-y plane) around the
islands, only at slack waters during both flood and ebb
tides. During peak flood and peak ebb tides, tidal flow is
homogeneous, with wake flows near the islands.

Weaker tidal forcing during neap tides (Figure 4(e-f))
led to weaker current velocities during flood and ebb
tides. Similarly, the strength of the ebb flow is greater.
Compared with the spring tides, the flow is more curved
in some area due to the smaller velocity. In addition, the
low velocity zone behind the island (wake flow zone)
decreases due to the low flow velocity.

3.2. Vertical structure of tidal currents in the DNC

The flood and ebb tidal current velocities and vectors
at 1, 12, 30 and 60 m below the sea surface during a
spring tide are shown in Figure 5. These depths were
chosen because the 1m depth is in the near-surface
level, the 12 m depth is the mean depth in this vicinity,
and the 30 and 60 m depths are located lower down in
the DNC.

The current velocity decreased from about 2.0m
s71/2.2m s7! at the 1 m level (Figure 5) to about 1.8 m
s71/1.8m s7! at the 60m level in the DNC at the
flood/ebb current during spring tides. The peak current
velocities occur at the northern bank of the Luotou Chan-
nel during the flood current and the south bank during
the ebb current due to the effects of the Coriolis force.
The vertical current-velocity gradients are larger during
flood tides than ebb tides.

Atadepth of 30 m in the DNC (Figure 5), tides come in
mainly through the Tiaozhoumen and Xiazhimen Chan-
nels (Figure 1(c)), with peak current velocities at the
Xiazhimen Channel. Tides move out from Hangzhou Bay
to the DNC through the Cezi and Jintang channels, with
peak current velocities occurring in the Jingtang Chan-
nel. The horizontal tidal currents are complex through
the islands near the northern bank of the DNC, affecting
the current velocity in the DNC.

There is a similar flow pattern at 60 m with that at
30 m, but with no currents outflow to or inflow from the
islands near the northern bank of the DNC, due to the
water depth. Hence, the flow in the DNC at this depth is
quite homogeneous and is constrained within the DNC,
with slight variations due to bathymetry changes.

3.3. Lateral circulation at cross-sections in the DNC

To examine lateral circulations in the DNC, cross-
sections S1, S2, S3 and S4 (Figure 1(c)) were selected

to illustrate the vertical profiles of tidal current veloci-
ties. For the convenience of representation, we define the
velocity perpendicular to the section direction as Vy, the
velocity along the section direction as V), and the veloc-
ity along the water depth direction as V. Positive values
indicate the eastward, northward and upward directions.

Section SI is at the southern entrance to the chan-
nel. The tidal current, flooding into the channel from the
outer sea, has peak along-channel velocity V at the sur-
face layer at the eastern bank (1.2m s™!) (Figure 6(a)).
The vertical gradient of flow velocity is small in the deep
channel on the eastern bank. On the west side of the
section, there is a weak circulation (V), the third-row
arrow). During ebbing from the channel to the outer sea,
the along-channel tidal current velocity V also peaks at
the surface layer with a velocity of 1.2 m s, on the mid-
dle and eastern side of the channel (Figure 6(b)). There is
a large lateral circulation (V) near the deep channel on
the eastern bank of the Section S1. Opposite currents on
the western bank also create lateral circulation (V), the
second to fourth-row arrow). The lateral flow of section
S1 is mainly northward/southward at the peak flood/ebb
tides, and the surface/bottom flow velocity is high/low.
The lateral flow velocity reaches the maximum (1.3 m
s~1) on the surface of the middle channel.

At Section S2 (Figure 6(c-d)), the peak flood and ebb
current velocities V, are higher at the southern bank
(1.6m s ! and 1.5m s7!) than at the northern bank
(1ms~! and 1 m s™!). There is a lateral circulation, with
surface currents towards the northern bank (0.9 m s™!)
and bottom currents towards the southern bank (0.5 m
s7h) (Figure 6(c)) at the peak flood tide. At the peak ebb
tide, water flows almost exclusively from the northern
bank to the southern bank, except for a small circulation
on the northern bank. The maximum flow velocity (0.6 m
s~1) is almost in the middle of the water instead of the
surface. Because the surface water has a northward flow
trend in the action of centrifugal force.

Tides flood through Section S3 (Figure 6(e)) along
the northern bank (peak current velocity V, 1.8 m s™!)
and ebb (Figure 6(f)) along the southern bank with a
peak current velocity of about 1.4m s~!. During the
flood tides, no strong lateral circulation occurs, with only
some surface water flowing in the south direction. The
water flows mainly from the southern bank to the north-
ern bank, with the maximum velocity (0.5m s~!) in the
middle of the water. Strong lateral circulation appears
during the ebb tides, with surface currents (0.6 m s
towards the southern bank and bottom currents (0.3 m
s~!) towards the northern bank.

Section S4 connects the DNC with Hangzhou Bay.
Current floods along two main tidal channels into
Hangzhou Bay (Figure 6(g)), with peak current velocity
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V, 1.8 ms~! in the southern channel and 1.4 ms™! in the
northern channel. Ebb currents are along the same chan-
nels back to the DNC (Figure 6(h)), with peak current
velocity V, 1.6 m s~ ! in the southern channel and 1.4 m
s~! in the northern channel. The southern channel has
a larger depth, and the vertical distribution of velocity
is similar to the logarithmic distribution. The maximum
velocity is at a depth of about 60 m. There is no strong lat-
eral circulation here. The lateral flow is mainly northward
(0.9m s~1)/southward (0.9 m s™!) at the peak flood/ebb
tides.

According to the above, the lateral flow velocity V) is
of the same order of magnitude as the axial velocity Vin
the curved channel and there are lateral circulations in
sections S1 to S4.

3.4. Eulerian residual currents in the DNC

As residual currents are important for sediment and
nutrient transport, we calculate the Eulerian residual cur-
rent velocities in the DNC (Methods are provided in the
supplementary file). The calculation duration is a spring-
neap tide cycle. The Eulerian residual current velocities at
1, 12,30 and 60 m below the sea surface and the vertically
averaged residual current velocities are shown in Figure
7. The residual current velocities vary by the geometry
of the islands, with large current velocities occurring on
the Jingtang Channel (0.7 m s™! at 1 m below sea sur-
face), the area around the islands near the DNC (0.8 m
s~! at 1 m below sea surface) and northern side of the
Chuanshan Peninsula (0.6 m s~! at 1 m below sea sur-
face). The main reasons are the asymmetric ebb and flood
tide and the blocking effect of islands (during ebb and
flow tide, a wake flow zone with low flow velocity will
appear behind the island). At the seaward entrance of
the DNC, a clockwise eddy appears (Figure 7) near the
western bank (at Section S1, Figure 1(c)) and an anti-
clockwise eddy (Figure 7) appears near the eastern bank
(at Section S2-S3, Figure 1(c)), with vertically averaged
current velocity of about 0.4 m s~

Vertically, the residual current decreases or even
increases inversely leading to a vertical circulation in the
sections S1-S4. Such as there is a vertical circulation in the
deep channel on the eastern bank of section S1. Then, we
find the lateral circulation clearly on the residual current
profile of sections S1 and S2. The upper residual current
flows to the southern bank (eastern bank in section S1)
and the lower residual current flows to the northern bank
(western bank in section S1). This phenomenon is also
seen slightly in section S4 but almost none in section S3.
There are obvious lateral flows in each section (0.2 m s~}
in sections S1, S2, S3 and 0.3 m s~ ! in $4.) (Figure 8).

3.5. SSC and sediment fluxes in the DNC

In the DNC, it is difficult for sediment to be thor-
oughly mixed to the surface layer due into the large
water depth. The SSC near the bottom layer is 2-4 times
greater than that near the surface layer (Figure 9). During
spring tides, the sediment at the bottom is re-suspended
when flow velocity is large (e.g. peak flood and peak
ebb currents), and the maximum SSC reaches 4~ 5kg
m~>; while the maximum SSC at the bottom is about
2~2.5kg m™> during neap tides, due to smaller cur-
rent velocity. There are two high turbidity zones near
the bottom layer (bottom SSC > 4kg m™2), which are
located in the northwest of the Chuanshan Peninsula
(HSSC2, Figure 9(g)) and in the channel between the
two islands (HSSC1, Figure 9(g)). The location of these
two turbidity zones is by the high flow velocity areas
(Figure 4). The locations of the surface turbidity zones
(surface SSC > 1.5kg m~ during spring tides) are dif-
ferent from those near the bottom level, due to the lat-
eral transport of sediment. In the position of S2 section,
the location of the surface high turbidity zone is more
northward at flood tides and more southward at ebbing
tides.

The sediment fluxes in unit width (the calculation
method is in the supplementary file) in the DNC are
smaller in the middle of the channel and larger on both
sides during a spring/neap tide. In a neap tidal cycle, due
to the low bottom flow velocity, the sediment fluxes are
very small at the bottom (although the SSC is very large),
and the maximum sediment flux at the surface/bottom
reaches 5 kg/15 kg (per neap tidal cycle, unit width, 24 h)
near the northern bank of section S3/in the middle of
the channel (Figure 10). During a spring tidal cycle,
large flow velocity and large SSC lead to a large sedi-
ment flux, which reaches 15kg/20kg (per spring tidal
cycle, unit width, 24 h) near the surface/bottom layer near
the northern bank of the channel /in the middle of the
channel (Figure 10). Overall, the distribution of sediment
fluxes is similar to the distribution of residual currents.
From an along-channel perspective, the sediment fluxes
are large in the areas with high residual current veloc-
ity. The maximum sediment flux occurs near the bottom
level because the sediment is scoured from the sea bed
and the bottom SSC is much greater than that near the
surface. From a lateral perspective, the lateral sediment
transport and residual current are almost identical, and
the directions of the surface and bottom sediment fluxes
are opposite in the sections S1 to S4, due to the lateral
circulation.

Seen from the sediment fluxes at each section, there
is an obvious asymmetry in sediment transport in
the curved DNC. Except for section S2, sediment is
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transported landward along the northern bank of the
channel; and seaward alone the southern bank. The
section S1 is outside the seaward entrance of the DNC,
and has a large width. There are two channels for inward
and outward sediment fluxes, and the sediment fluxes are
relatively small (—60 kg~ 100 kg, minimum on the bot-
tom of the western bank, maximum on the bottom of
eastern bank). Sections S2-54 in the DNC have high flow
velocity and high SSC, so the sediment fluxes are large,
especially in section S3 (in the middle of the DNC, -
300 kg ~ 350 kg, minimum on the bottom of the southern
bank, maximum on the bottom of the northern bank). At
each section, there are large lateral sediment fluxes, up
to 80 ~ 140 kg near the bottom layer. Lateral circulations

of sediment occur in sections, with the sediment fluxes
in opposite directions near the surface and the bottom
layers (Figure 11).

4. Discussions

4.1. Interaction of Coriolis and centrifugal force on
lateral circulation

In a channel with flood and ebb tides, the lateral circu-
lation of centrifugal force in a bend can be broken down
into two components, a steady component and a periodic
component. It could be reflected in the sea surface eleva-
tion, where the steady component maintains a constant
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sea surface gradient, and it changes when the periodic
component is superimposed (Cheng, 2023). In this study,
the sealevel at Section S3 is higher on the south bank than
on the north bank at peak ebb. The difference is smaller
at peak flood, and it is more pronounced at spring tide
because the centrifugal force is related to the flow speed.

The pattern of circulation in Section S2 is induced
by the imbalance between the cross-sectional sea-level
gradient, the centrifugal force and the Coriolis force in
the vertical water column, as the centrifugal force and
the Coriolis force vary with current magnitudes. Dur-
ing flood tides, the centrifugal force together with the
Coriolis force exceeds the sea-level gradient at the surface
level to form a lateral circulation directed to the north-
ern bank in the curved channel, while the converse is
true near the bottom (Figure 6(c, d)). Then a clockwise

circulation is formed. During ebb tides, the sea-level gra-
dient is directed to the southern bank, as the centrifugal
force is always larger than the Coriolis force (Table 2).
Then, the sum of centrifugal force and the Coriolis force
overtakes the sea-level gradient at the surface level, while
the converse is true near the bottom. Thus, a clockwise
circulation is also formed. This flow is expected to play
an important role in residual circulation and sediment
transport.

The combined effects of the Coriolis and centrifugal
forces were examined to specify the spatially asymmetric
characteristics of the tidal flow caused particularly by the
tides. Due to the Coriolis force, the flood tide is turned
to the northern bank of the channel, and the ebb tide is
pushed to the southern bank of the channel. The cen-
trifugal force pulls the flow to the northern bank. The
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Figure 9. Surface and bottom SSC in the DNC during peak flooding and peak ebbing tides during neap and spring tides.

cross-channel pressure gradient subsequently produces
a lateral circulation pattern. The centrifugal forces have
the reverse effects. This is consistent with the results

mentioned by Cheng (2023). He mentioned the relatively
importance of the Coriolis and centrifugal force is mea-
sured by Rossby number. Here, we use a more intuitive
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Figure 10. Surface and bottom sediment fluxes in the DNC during a neap tidal cycle, a spring tidal cycle and a spring-neap tidal cycle.

comparison of these two forces along the channel, which
is shown in Table 2. The ratio of the centrifugal force to
the Coriolis force is 2.1, indicating that the centrifugal
force is more important in the DNC. This is due to the
curved flow structure and the controlling effect of coast-
lines. The combined effects of the Coriolis and centrifugal
forces also enhance mixing in the channel.

4.2. Impacts of SSC on currents

Figure 12 illustrates the modeled flow velocity in the
DNC, when considering the impacts of suspended
sediment (test 2). The flow velocity in the DNC is high

at peak flood and ebb currents during spring tides,
with current speed of 2.5m s™1/1.5m s™! at the sur-
face/bottom layer. Current speed is relatively low during
neap tides. Compared with Figure 4, the presence of sed-
iment increases the flow velocity in DNC during spring
tides. During neap tides, the current velocity increases
slightly, and even decreases in some areas. Consider-
ing the sediments in the model (test 2), the flood tidal
channel near the bottom level is moved northward. The
influence of the sediment on the flow is calculated (flow
velocity in test 2 minus that in test 1) and illustrated
(Figure 13). During spring tides, within the DNC, when
sediment is considered in the model (test 2), the current
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Table 2. Comparison of Coriolis force and centrifugal force in the
Luotou Channel.

Coriolis ~ force Centrifugal Centrifugal/Coriolis
(ms™2) force (ms—2)
Force 2QUssin(9) U2/R 2WSOR
Value 1.1x 107 23x107* 2.1

*Note: Q = 0.0000729s~"; U = 1.5ms~";0 = 29.99%; R = 10000 m;

velocity increases greatly. The increased velocity mainly
occurs in the larger SSC area, mainly along the axis direc-
tion. Considering the sediment in the model in test 1 also
promotes lateral circulation within the DNC. The same
phenomenon is seen during neap tides, but the effect
issmaller.

Sediment impacts water from two different ways in the
numerical model. First, the SSC impacts water density,
and creates baroclinic gradient forces that promote cur-
rent velocity. According to Figure 14, the residual density

caused by sediment is up to a maximum of 2kg m™3,

which is a small change relative to the density of the water,
and may not be able to make such a large change in flow
velocity. The second way, is the drag reduction effect due
to the fluid mud in the bottom boundary layer. The sed-
iment particles in Zhoushan Islands are mainly silt, and
the mud layer is formed at the bottom level. As early as
1998, Shi (1998) discovered the fluid mud layer at the
seabed in Hangzhou Bay. Under the action of oscilla-
tory shear, the mud becomes a fluid stage after ‘two-step’
yield, and the apparent viscosity and complex viscosity
of the mud are greatly reduced (Wang, He et al., 2022).
It means the presence of the mud layer reduces the Cy
value, and subsequently dampens the bottom stress, so
that the flow velocity changes. Hence, we use the opti-
mized Cyto represent the drag reduction effect of fluid
mud layer (Yao et al., 2023). The fluid mud layer will
persist under continuous hydrodynamic conditions and
become thicker under strong hydrodynamic conditions
(such as typhoon) (Wu et al., 2023).
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Figure 12. Modeled tidal flow near the surface/bottom layer during spring/neap tides when considering sediment in the model
(test 2).
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Figure 13. Velocity differences during spring/neap tides, between the model results with and without sediments (test 2-test 1).

4.3. Impacts of SSC on lateral currents

For analyzing the generating mechanisms of the lateral
circulation, we show the time series of momentum terms
(the term of the equation 1 in the supplementary file) at
the station W (the middle of section S2, the high veloc-
ity area of the channel) during spring and neap tides
(Figure 15).

At the peak flood during the spring tide, the non-
linear advection has a positive (southward) accelerating
effect on the middle and lower water, and the nega-
tive (northward) accelerating effect on the upper water,
which promotes the formation of the clockwise lateral
circulation (Figure 15(a, a’)). The effect of centrifugal
force is similar to that of nonlinear circulation, but the
effect is slightly smaller (Figure 15(c, ¢’)). For the Coriolis
force, during the flood tide, the acceleration of the mid-
dle layer of water is southward, and the acceleration of
the upper and lower layers is northward. During the ebb
tide, the upper water is northward and the lower water
is southward (Figure 15(b, b’)). The effect of the baro-
clinic gradient force is similar to that of the Coriolis force,
causing the upper water to accelerate southward during
flood tides, and the lower water to accelerate northward.
The reverse pattern occurs during the ebb tides (Figure
15(d, d)). The baroclinic gradient force is related to the
water density. Therefore, the impact of baroclinic gradi-
ent force is enhanced in test 2 when considers sediment.

At the peak flood and ebb tides, the flow velocity is large,
hence, the friction dissipation is relatively large. The
upper water and lower water have opposite acceleration
due to friction dissipation, resulting in lateral circulation
(Figure 15(e, €’)). Under the combined action of various
forces, the lateral circulation of water changes tempo-
rally clockwise and anticlockwise. Nonlinear circulation,
centrifugal force and baroclinic gradient force are the
dominant factors, while the effects of frictional dissi-
pation and Coriolis force are small. On the one hand,
the existence of sediment changes the density of the
water body and enhances the role of various acceler-
ation terms (except friction dissipation). On the other
hand, the friction dissipation term is greatly reduced
due to the drag reduction of the bottom fluid mud layer
(Figure 15(f, )).

During the spring and neap tides, we estimate the con-
tribution of the momentum terms to the lateral circula-
tion at the S2 section (Figure 16). If considering sediment
in the model in test 2, the frictional dissipation term, non-
linear advection term and baroclinic gradient force term
make the main contribution, while Coriolis force and
centrifugal force term are very small. The contribution
of baroclinic gradient force during neap tides is greater
than that during spring tides, and the contribution of
nonlinear advection term is smaller during neap tides
than that during spring tide. The presence of sediment in
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Figure 14. Impacts of sediments on water residual density. Density differences between the model results with and without sediments
(test 2-test 1), that is, the change of water density caused by sediment in the DNC during spring/neap tides.

test 2 makes the proportion of centrifugal force term sig-
nificantly increase, while Coriolis force term is still very
small. The presence of sediment reduces the shear stress
of the sea bed, thereby increasing the flow velocity and
lateral circulation. Figure 16 also illustrates the similar
conclusions. The presence of sediment reduces the fric-
tion term and nonlinear advection term at each time of
the tidal cycle.

In general, frictional dissipation plays an important
role in the formation of lateral circulation. Friction mod-
ifies the structure, strength, and phase of curvature-
induced lateral circulation (Cheng, 2023). The presence
of sediment enhances the role of centrifugal force, thus
increasing the lateral circulations and sediment fluxes.

5. Conclusions

The three-dimensional tidal dynamics in a macro-tidal
turbid deep navigational channel (DNC) in Zhoushan
Islands were observationally studied by field data and
numerically examined using FVCOM. The impacts of
high turbidity on tidal dynamics are numerically inves-
tigated. Model results indicate that tidal flow in the Luo-
tou Channel is characterized by the spatially asymmetric

tidal elevation and currents. During spring tides, tidal
elevation decreases by up to 30 cm at high slack water
when tides propagate through the channel. The differ-
ence in sea surface elevations, between the seaward side
and the landward side of the DNC, reaches 40 cm dur-
ing the peak flood current. The tidal current directions
are controlled by the coastlines. The velocity of ebb tides
is higher than that of flood tides. The main tidal chan-
nel is near the southern part of DNC during ebb tides,
while is near the northern bank during flood tides. The
flow channel at the seaward entrance of the DNC is more
curved at the bottom level than that at the surface dur-
ing both peak flood and ebb current. During the flood
tides, lateral circulation appears in section S2, with sur-
face currents towards the northern bank and bottom cur-
rents towards the southern bank. During the ebb tides,
lateral circulation appears in section S3, with surface cur-
rents towards the southern bank and bottom currents
towards the northern bank. Residual-current speeds peak
at about 0.7m s~! at the northern side of the mid-
dle channel and at the northern side of the Chuanshan
Peninsula. Two eddies, with vertically averaged current
speed of 0.5m s~ !, are generated by the multiple-island
geometry, the curvature of the Chuanshan Peninsula
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and the spatially asymmetry of the flooding-ebbing cur-
rents. In the four sections the directions of residual
currents in the upper and lower water bodies is incon-
sistent. This pattern is produced by the unbalanced
Coriolis force, centrifugal force, sea-level gradient, tem-
perature gradient and salinity gradient in the vertical
profile along the channel during both spring and neap
tides.

The suspended sediment concentration is impacted
by the curvature in DNC, through impacting the hydro-
dynamics, and there are two high turbidity zones. The
high turbidity zones are more northward at flooding tides
and more southward at ebbing tides. The distribution
of sediment flux is similar to that of residual current.
Sediments increase the current velocity through baro-
clinic gradient force caused by water density and drag
reduction effect of mud layer in sea bed. Drag reduc-
tion effect of fluid mud is the main effect of increas-
ing flow velocity. At the peak flood and ebb tides, the
larger flow velocity enhances the effects of the nonlin-
ear advection, centrifugal force and friction dissipation,
and then amplifies the lateral circulation. The asymmet-
ric distribution of currents and SSC leads to the variation
of water density to produce baroclinic gradient force.
The friction dissipation, followed by nonlinear advection
and baroclinic gradient force, dominate the lateral cir-
culation. The presence of sediment increases the effect
of centrifugal force, and increases/decrease the contri-
bution of baroclinic gradient force during spring/neap
tides.
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