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Abstract: A two-dimensional hydrodynamic model for the waters off the coast of Jiangsu, where
there are radial sand ridges (RSRs) (hereinafter, the RSR area), was established based on measured
topographic, tide level and tidal current data. Considering the complex topographic and geomorphic
characteristics of the RSR group in this area, an unstructured grid was used for the calculation. A
four-layer refinement was applied to the grid from outside to inside to better fit the complex topography.
The simulations were performed to examine the response of the hydrodynamic environment to the
morphology of the RSRs in three scenarios, namely, when there are natural RSRs, no RSRs, and
partially reclaimed RSRs. When there are no or partially reclaimed RSRs, the tidal current field still
exists in a radial pattern in the RSR area. The radial tidal current field is relatively stable and is not
controlled by the morphologies of the RSRs. The topographic changes do not alter the distribution
pattern of the radial tidal current field but do affect the local current fields. When there are no RSRs,
the flood currents can directly reach Jianggang. Under practical conditions, the RSRs block the tidal
currents during a flood tide to some extent. This phenomenon is particularly pronounced when the
RSRs are partially reclaimed. For example, during an ebb tide, when the tidal currents encounter
sand ridges or reclamation areas, their streamlines bend, and they flow around the obstacles. This
change will affect the material transport, sediment deposition and seabed erosion.

Keywords: RSRs; hydrodynamic model; numerical simulation; Jiangsu

1. Introduction

With a distinct morphology, the radial sand ridges (RSRs) in the coastal waters of Jiangsu
encompass a large area and form an area (hereinafter, RSR area) with dynamic sedimentary geomorphic
features that is unique in China and rare worldwide. Investigating and studying this area is of great
importance to theoretical research on marine sedimentary dynamics and the ecological protection of
offshore wetlands and tidal flats in Jiangsu. In recent years, researchers in China have offered many
new views on the hydrodynamic conditions around the RSRs, as well as their evolution, by extensively
analysing marine hydrological, hydrodynamic, sediment survey and satellite remote sensing data.
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1.1. Cause of RSR Formation

RSRs, which are tidal (sand) ridges with unique submarine landforms, consist of a series of
sand bodies that are parallel to the tidal currents and sand channels between them [1]. This unique
submarine landform is formed by strong tidal currents. Rectilinear tidal currents are essential for the
formation and development of tidal sand ridges. A tidal current velocity of 0.5-2.5 m/s is favourable
for the development of tidal sand ridges [2]. Some researchers noted that underwater sand ridges are
formed by directional, strong tidal or storm currents [3,4]. On this basis, underwater sand ridges can be
categorized into two types, namely, tidal current ridges and storm current ridges. The research on the
formation conditions for underwater sand ridges in China has found that underwater sand ridges can
be formed by directional currents that flow at 0.5 to 1.8 m/s, particularly 1.0 to 1.5 m/s. Tidal current
ridges are often distributed in shallow sea and coastal areas with water depths of less than 35 m, such
as estuaries, bays and the mouths of straits [5,6]. In the RSR area off the coast of Jiangsu, the tidal
currents flow at 1.0 to 1.5 m/s and there are also large amounts of loose sediment, thereby providing
conditions for the formation and development of tidal current ridges. The numerical simulations of
the tidal currents in the RSR area have shown that the radial tidal current field exists independent
of the submarine topography and may be the main driving force that forms and shapes RSRs [7].
Tidal currents are the main driving force that forms and maintains the RSR group. Standing tidal
waves, a large tidal range and a radial tidal current field in the RSR area give rise to the planar radial
distribution pattern and the “wide tidal flats, deep channels” structural morphology section of the RSR
group [8]. Tidal currents are the main dynamic factor that leads to the formation and development of
RSRs in the southern Yellow Sea. The differences in the tidal energy efficiency and tidal current velocity
distribution result in the spatial distribution and morphology of southern and northern sand ridges
and deep channels in the RSR area [9,10]. Abundant sediment and a unique long-term stable radial
tidal current field are necessary and sufficient conditions for the formation and development of an RSR
group in the southern Yellow Sea [11]. The RSR group is an accumulation landform formed under the
action of tides and tidal currents [12]. As sand ridges gradually migrate south-westward, new sand
ridges are continually replacing the old ones. These sand ridges should be called quasi-active sand
ridges instead of dying or residual sand ridges [13].

1.2. Formation Time of Radiation Sandbanks

Regarding the age of radiation sandbar formation, various studies have differing opinions. Yang
Chang believed that the radiant sand ridge group is a Holocene sediment, which formed approximately
10,000 years ago [14]. Zhang believed that the earliest formation of the Yellow Sea shelf sand ridge was
4000 years ago and the modern tidal sand ridge was formed in 2000 [15]. Zhu et al. believed that the
largest transgression of the Holocene occurred 3800 years ago in the embryonic development stage of
the radiated sandbar [16].

1.3. Relationship between RSRs and the Radial Tidal Current Field

There are two completely opposite views on the relationship between RSRs and the radial
tidal current field. One view states that the radial tidal current field shapes the RSRs. Under the
hydrodynamic action of coastal currents, gradient currents are formed at Jinggong and radiate towards
the open sea, forming RSRs [17]. The other view is that the radial topography existed first and that radial
tidal currents were formed later and that the radial topography determines the radial tidal currents.
The RSRs were formed off the coast of Jianggang with the subaqueous delta of the paleo-Yangtze River
as the initial morphology, with the thick sediment of the subaqueous delta of the paleo-Yangtze River
as the material source and subsequently forming a radial tidal current field [18-20].
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1.4. Hydrodynamic Characteristics of the RSRs

Numerous researchers in China and elsewhere have conducted surveys and simulations of the
hydrodynamic environment surrounding the RSRs off the coast of Jiangsu. The coastal waters of
Jiangsu are mainly controlled by two tidal wave systems. A sinistral rotary tidal wave system with
an amphidromic point (near 32°30” N, 121°10" E) in the southern Yellow Sea controls the northern
coastal waters of Jiangsu, whereas a progressive tidal wave system that originates in the East China
Sea controls the southern coastal waters. The two systems converge at Jianggang. Regular semidiurnal
tides and strong semidiurnal tidal currents are the main types of tides and currents in the RSR area,
respectively, and the tidal currents in this area converge and diverge approximately at Jianggang in a
radial fashion [21]. Due to the convergence of tidal waves and concentrated wave energy, a large tidal
range and strong tidal currents are present in the RSR area, which is a strong tide area. The maximum
measured tidal range in the RSR area is 9.28 m. Under the combined action of the tidal wave systems
and tidal inlets, the strength of the flood tide is generally higher than that of the ebb tide (spring tides).
For example, the flood and ebb currents flow at 1.9 and 1.8 m/s, respectively, off the coast of Wanggang
and the flood and ebb currents flow at 2.0 and 1.75 m/s, respectively, in the Xiaomiaohong Waterway in
Lusi [22]. Thus, the complex tidal wave systems and the unique RSR group landform off the coast of
Jiangsu increase the distinctiveness and diversity of the hydrodynamic environment in the area.

1.5. Development and Use of the RSRs

Coastal tidal flats are important and precious resources. Before the implementation of any
development and use activity, the effects of engineering construction on tidal flats should be examined
from a scientific perspective and appropriate protection measures should be presented. Large-scale,
rapid human activity, such as tidal flat reclamation, will have a profound impact on the coastal
environment, and the topography and dynamic environment of the waters will reach a new equilibrium
through the interaction after the implementation of reclamation [23]. Therefore, the latest research
results show that high-precision mathematical tidal current models suitable for the coastal waters of
Jiangsu with unique topographic and geomorphic features should be established based on reclamation
projects to investigate the internal link between the hydrodynamic environment and the cause of the
formation of the RSR group. Additionally, some researchers analysed the effects of the construction
of artificial islands in the RSR area off the coast of Rudong on the tidal current field off the coast of
Jiangsu and on the tidal volume in each waterway, as well as the surrounding hydrodynamics and
sediment erosion and deposition [24-26]. Additionally, a two-dimensional (2D) mathematical tidal
current model was established for the RSR area off the coast of Jiangsu and it was used to analyse the
effects of a wind power farm in the intertidal zone on marine hydrodynamics [27,28]. Large-scale
human activity and the geomorphic features of the RSRs lead to an increase in the complexity of the
hydrodynamic environment in this area. Therefore, an ongoing, in-depth investigation of the response
of the hydrodynamic environment to morphological changes in the RSRs is essential.

In this study, a 2D hydrodynamic model was established for the RSR area off the coast of Jiangsu
based on the measured topographic, tide level and tidal current data. Numerical simulations were
performed to examine the hydrodynamic environment in the RSR area off the coast of Jiangsu and to
analyse the response of the hydrodynamic environment to the morphology of RSRs in three scenarios,
namely, when there are natural RSRs, no RSRs and partially reclaimed RSRs.

2. Study Area

An area of the coastal waters of Jiangsu where an RSR group exists was selected as the study
area (Figure 1a). The RSR group, stretching 200 km from south to north and 90 km from east to west,
consists of over 10 large banded sand ridges that converge approximately at Jianggang and extend
northward, eastward and south-eastward. Approximately 70 sand ridges of varying sizes are exposed
in the coastal waters during a low tide, and sand ridges above sea level (0 m) encompass an area of
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2100 km?. The tidal inlets are distributed between the sand ridges with water depths ranging from
approximately 0 to 25 m.

120° 121° 122° —
345

— km

34
340

Yellow Sea 335

Latitude

33°
33

325

32°

32

1 IR NI B T .
120.5 121 121.5 122 122.5 123
Longitude

(@) (b)

Figure 1. (a) The area of the coastal waters of Jiangsu; (b) The bathymetry and observation points (@
signify the tide level observation points; A signify the tidal current observation points).

Legend

~ - Radial sand ridges

As shown in Figure 1b, the study area has a unique geomorphology and a complex
topography [29,30]. Among the radiant sandbars, there are more than a dozen large sandbars.
Most of the sandbars are linear. Most of the sandbank heights are above the theoretical low tide surface
and they are exposed when the tides fall. The exposed areas of the larger sandbars, such as Dongsha,
Tiaozini, Jiangjiasha and Lengjiasha, are 693.79 km?, 505 km?, 124.65 km? and 107.28 km?, respectively.

Among the radiant sandbars, there are deep-water tidal inlets, such as Xiyang, Huangshayang,
and Lanshayang. The Xiyang tidal inlet is the most important tidal channel in the northern part of the
tidal flat and it is basically north-south. The Huangshayang and Lanshayang tidal inlets are located in
the south-central part of the radiant sandbar and are basically east-west. The —20 m isobath of the
Xiyang tidal inlet is 2.5 km wide and 10 km long; the —20 m isobath of the Huangshayang tidal inlet
is 0.6 km wide and 4 km long; the —20 m isobath of the Lanshayang tidal inlet is 1.3 km wide and
13 km long.

3. Research Methods

3.1. Mathematical Model

The coastal waters of Jiangsu are wide and shallow. A 2D semi-implicit shallow-water model was
selected and solved using the finite volume method [31-34]. Considering the complex topographic
and geomorphic features of the RSR group in these waters, an unstructured grid was used for the
calculation to fit the complex topography.

The basic governing equations for calculating tidal currents are as follows:

(9_17 JHu OJHv

o Ty =Y M
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where H = I + 1) is the total water depth; /1 is the distance between the seabed and the still sea surface;
1 is the sea surface fluctuation above the still sea surface; u and v are the velocity components in the x
and y coordinate directions; f = 2wsing is the Coriolis force coefficient (w is the angular velocity of
the earth and ¢ is the geographic latitude); C = M x h/° is the Chezy coefficient (M is the Manning
coefficient); ¢ is time and g is the gravitational acceleration.

3.2. Grid and Bathymetry

3.2.1. Grid

To prevent the overflow of dry points at the boundaries of the model and improve its stability,
the model was set to include the RSRs off the eastern coast of Jiangsu based on the topographic
characteristics of the study area. The coastline length of the study area is approximately 340 km. The
computational domain stretches approximately 270 km from south to north and approximately 160 km
from east to west and encompasses an area of approximately 43,200 km?.

Instead of simply refining the mesh according to depth gradient, (which is a common strategy
that generates a large number of elements), the computation domain was divided into several zones
from offshore to nearshore. As shown in Figure 2, each zone has its own mesh parameters, such as the
maximum element size, the larger element offshore or the smaller nearshore.
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Figure 2. Grid generation of the study area.
3.2.2. Bathymetry

The model bathymetry has several sources. For the offshore part, the sea chart was chosen. This is
measured by the Chinese navy. For the sandy ridge part, the digital format bathymetry from several
offshore wind farm projects was obtained. The topography of the study area is shown in Figure 1b.

When simulating the hydrodynamics in an area with alternating sand ridges and deep channels
similar to the study area, the grid should be refined as much as possible based on the topographic
conditions. Good model validation results can be obtained by fine control of the grid scale.
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3.3. Boundaries and Initial Conditions

3.3.1. Open Boundaries

The west boundary of the 2D hydrodynamic model is the shore boundary, and its north, east and
south boundaries are open boundaries. When computing tidal currents, a given tide level process at
the open boundaries is needed. The tidal current field within the computational domain is jointly
controlled by the rotary tidal wave system in the southern Yellow Sea and the progressive tidal wave
system originating in the East China Sea. To ensure that the tidal current field within the computational
domain can reflect the actual tidal current movement, an open sea tide level process was generated for
the open boundaries of the model based on the harmonic constant provided by the MIKE 21 Global
Tide Model.

Regarding the offshore water level boundary conditions, two points were selected and the tidal
constituents were extracted from the MIKE 21 Global Tide Model. For the north and south boundaries,
the water levels predicted based on 8 tidal constituents were usemad as the N and S boundary water
levels, respectively. While for the east boundary, linear interpolation was carried out for generating the
water level based on the N/S boundary. The positions and 8 tidal constituents are listed in the Table 1.

Table 1. The positions and 8 tidal constituents.

Point 1 (Lon: 121.82; Lat: 34.56) Point 2 (Lon: 123.06; Lat: 32.31)
Tidal Constituent

Amplitude Phase Amplitude Phase
M2 0.20 119.97 1.29 86.52
S2 0.11 162.52 0.57 114.85
K1 0.12 256.94 0.16 50.98
o1 0.10 196.09 0.09 26.74
N2 0.05 115.03 0.24 67.44
P1 0.04 252.20 0.05 46.78
K2 0.03 164.33 0.15 117.58
Q1 0.02 162.30 0.01 51.32

3.3.2. Moving Boundaries

The dry/wet cycling in the intertidal zone within the computational domain was treated using a
frozen grid analysis. When the water depth at a designated grid point is less than eq4,y, the grid point
is set as a dry point and not taken into consideration. When the water depth at a certain grid point is
greater than eqyy but less than eyet, the current velocity at this grid point is set to zero and this grid
point is only included when computing the continuity equation of flow. When the water depth at a
certain grid point is greater than eyet, this grid point is included in the computation and the tidal flat
at this grid point is considered to be submerged under tidewater conditions.

3.4. Calculation Conditions

Three topographic conditions were calculated in the hydrodynamic model, namely, natural RSRs,
no RSRs and partially reclaimed RSRs. No sediment transport model was considered.

Natural RSRs—the RSRs that remain in the natural condition, as shown in Figure 1b.

No RSRs—it is assumed that the area contains no RSRs and has a flat submarine topography. The
flat submarine depth is —16 m, as shown in Figure 3a.

Partially reclaimed RSRs—it is assumed that the RSRs have been reclaimed in two areas, i.e., A
and B, as shown in Figure 3b.



Water 2019, 11, 2190 7 of 21

345 0 345

34

33.5 335

Latitude
Latitude

33

32.5 325

32 W
I I I I | L I I I I I - | I L I |
120.5 121 1215 122 122.5 123 120.5 121 121.5 122 122.5 123

Longitude Longitude
(a) (b)
Figure 3. Assumed topographic conditions: (a) No radial sand ridges (RSRs); (b) partially reclaimed RSRs.

4. Results
4.1. Model Validation

4.1.1. Validation Data

The established 2D hydrodynamic model was validated using the tide level and tidal current data
for the RSR area collected between 5 August and 13 August, 2010. There were 5 tide level observation
points (T1-T5) and 7 tidal current observation points (C1-C7) in the RSR area. The locations of the
observation points are shown in Figure 1b. The time spans of the data included spring tide, moderate
tide and neap tide. The spring tide occurred between 12:00 on 12 August 2010 and 13:00 on 13 August
2010. The moderate tide occurred between 08:00 on 8 August 2010 and 09:00 on 9 August 2010. The
neap tide occurred between 16:00 on 5 August 2010 and 17:00 on 6 August 2010.

4.1.2. Validation Results

The tide levels and tidal current velocities and directions calculated by the model were validated
using the data measured at 5 tide level observation points and 7 tidal current observation points
(Figures 4-6). The tide levels were observed continuously during the observation period. The tidal
current velocities and directions were observed only in the spring, moderate and neap tides. The error
analyses of the measured and calculated values are shown in Tables 2—4.

As shown in Figure 4, the measured values of the tidal stations are in good agreement with
the calculated values, and the high tide and low tide, as well as the tidal level process, are basically
consistent. As shown in Table 2, the correlation coefficients between the measured values and the
calculated values of the tidal stations are 0.96, 0.98, 0.99, 0.99, and 0.97, and the correlations between
the measured values and the calculated values are good.

From the verification results of the tidal current velocity (Figure 5) and direction (Figure 6), it can
be observed that the tidal current velocity correlation between the calculated value at point C7 and the
measured value is slightly worse. The correlation coefficient is 0.78 and the calculated values of the
flow points at the other points are generally consistent with the measured values. The tidal current
direction correlation coefficients between the calculated values and the measured values of each point
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are 0.80, 0.71, 0.74, 0.70, 0.92, 0.80, and 0.89. The simulated direction conversion process is basically
consistent with the measured process.

Overall, it can be concluded that the established 2D hydrodynamic model can be used to simulate
the hydrodynamic environment in the RSR area.
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Table 2. Tide level verification error.

Verification Error T1 T2 T3 T4 T5
Measured mean square error 1.35 1.80 1.71 1.96 1.65
Calculated value mean square error 1.62 1.84 1.75 2.01 1.65

Measured value and calculated value

) . 0.96 0.98 0.99 0.99 0.97
correlation coefficient

Table 3. Tidal current velocity verification error.

Verification Error C1 C2 C3 C4 C5 Coé Cc7

Measured mean square error 0.57 0.44 0.39 0.50 0.38 0.35 0.29

Calculated value mean square error 0.61 0.42 0.47 0.52 0.50 0.42 0.35

Measured value and caleulated value o3 o0 080 092 092 090 078
correlation coefficient

Table 4. Tidal current direction verification error.

Verification Error C1 C2 C3 C4 C5 Coé Cc7

Measured mean square error 90.79 101.62  86.28 98.65 101.79  94.29 101.56
Calculated value mean square error 92.41 9738 9479 8586 9078 8739  86.41
Measured value and caleulated value 05 71 o074 070 092 080 089
correlation coefficient

4.2. Tidal Current Field Analysis

4.2.1. Tidal Current Field in the Natural RSR Area

Figure 7 shows the maximum flood and ebb current fields under the natural RSR condition. There
are regular semidiurnal tides and strong tidal currents over the entire RSR area. The areas north and
south of Jianggang are mainly controlled by the rotary tidal wave system in the southern Yellow Sea
and the progressive tidal wave system originating from the East China Sea, respectively. During a
flood tide, the tidal currents converge from the open sea towards Jianggang. During an ebb tide, the
tidal currents diverge from Jianggang towards the open sea. Rectilinear currents are the main type
of current in the coastal waters and tidal inlets in the RSR area. At the nearshore of Jianggang, the
current velocity is approximately 0.5-0.7 m/s. The current velocity is 1.0-2.0 m/s over the RSR area.
The maximum current velocity reaches over 2.5 m/s in some tidal inlets (e.g., Xiyang tidal inlet).

As shown in the local tidal current field, an overbank flow occurs in the shallow-water zones of
the RSR area as a result of topographic effects as the water level rises during a flood tide. During an
ebb tide, the water level drops, the sand ridges on the tidal flats are exposed and the tidal currents flow
into the tidal inlets. During the maximum flood period of a spring tide, the tidal current velocities are
high in the east and low in the west, and the tidal currents in the eastern RSR area generally flow at a
velocity greater than 1.5 m/s and in an azimuth direction of 180-270 degrees. In comparison, the tidal
current velocities in the western RSR area close to the shore are generally lower than 1.0 m/s. During
the maximum ebb period of a spring tide, the tidal current velocities are higher than those during the
maximum flood period. In addition, the difference in the tidal current velocity between the eastern and
western RSR area decreases and ebb currents generally flow in an azimuth direction of 0-90 degrees.
In the Xiyang tidal inlet in the north-western RSR area, the maximum ebb current velocity can reach
2.6 m/s and the ebb current flows in an azimuth direction exceeding 330 degrees. High velocities are
the notable characteristics of tidal currents in the RSR area.
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Figure 7. Maximum flood and ebb current fields when the natural RSRs are present (the base map

shows the topography: left is the global tidal current field and right is the local tidal current field); (a)
Maximum flood; (b) Maximum ebb.

4.2.2. Current Field in Different Topographic Conditions

Figure 8 shows the maximum flood and ebb current fields when there are no RSRs. Figure 9
shows the maximum flood and ebb current fields when the RSRs are partially reclaimed. Compared
with the maximum flood and ebb current fields when the natural RSRs are present (Figure 7), the tidal
current field still exists in a radial pattern in this area when there are no RSRs or when the RSRs are
partially reclaimed. Similar to the maximum flood and ebb current fields when the natural RSRs are
present, when there are no RSRs or the RSRs are partially reclaimed, tidal currents converge from the
open sea towards Jianggang during a flood tide and diverge from Jianggang towards the open sea
during an ebb tide. The radial tidal current field exists independent of the RSRs.
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Figure 8. Maximum flood and ebb current fields when there are no RSRs (the base map shows the
topography: left is the global tidal current field and right is the local tidal current field); (a) Maximum
flood; (b) Maximum ebb.

As shown in the local tidal current field, the topographic changes do not alter the distribution
pattern of the radial tidal current field but affect local current fields. Compared to natural RSRs and
partially reclaimed RSRs, in the case of no RSRs, the tidal current can go directly to Jianggang and the
flow rate is approximately 0.7-0.9 m/s near the shore of Jianggang.
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Figure 9. Maximum flood and ebb current fields when the RSRs are partially reclaimed (the base map
shows the topography: left is the global tidal current field and right is the local tidal current field); (a)

Maximum flood; (b) Maximum ebb.
4.3. Analysis of the Response of the Tidal Current Field to the RSRs

To further analyse the response of the tidal current field to the morphology of RSRs, tidal current
streamlines were plotted for the three designed scenarios, i.e., natural RSRs, no RSRs and partially
reclaimed RSRs. Figure 10 shows the global tidal current streamlines and Figure 11 shows the local
tidal current streamlines.

As shown in Figure 10, the maximum flood and ebb streamlines more clearly show that the tidal
current field in the RSR area is in a radial pattern, regardless of whether there are RSRs. The tidal
currents converge and diverge at Jianggang during a flood tide and an ebb tide, respectively. The
radial tidal current field in the RSR area is stable and is not controlled by the morphology of the RSRs.

The topographic changes do not alter the distribution pattern of the radial tidal current field but
affect local current fields. As shown in Figure 11, when there are no RSRs, flood currents can directly
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reach Jianggang. However, under natural RSR condition, the RSRs block the tidal currents during
a flood tide. When the tidal currents are unable to overflow the banks during a low tide, they can
reach Jianggang only via the deep inlets. This phenomenon is particularly pronounced when the
RSRs are partially reclaimed. During an ebb tide, when the tidal currents encounter sand ridges or
reclamation areas, their streamlines bend, and they flow around the obstacles. This change will affect
the material transport, sediment deposition and seabed erosion. For example, the incident flow surface
of a reclamation area blocks the water flow, resulting in a local decrease in the flood and ebb current
velocities and, thus, sediment deposition. By contrast, the tidal currents are able to flow by the two
sides of this reclamation area without hindrance at an increased velocity and, thus, may erode the
original sand ridge, thereby exerting a profound, cumulative impact on the morphology of the RSRs.
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Figure 10. Cont.
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Figure 10. The tidal current streamlines in different topographic conditions (the base map shows the
topography); (a) Maximum flood and ebb streamlines when the natural RSRs are present; (b) Maximum
flood and ebb streamlines when there are no RSRs; (¢) Maximum flood and ebb streamlines when the

RSRs are partially reclaimed.
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Figure 11. The tidal current streamlines in the local area (the base map shows the topography);
(a) Maximum flood and ebb streamlines when the natural RSRs are present; (b) Maximum flood and
ebb streamlines when there are no RSRs; (¢) Maximum flood and ebb streamlines when the RSRs are

Longitude

partially reclaimed.

5. Discussion

Through simulation, it was found that the radial tidal current field in the RSR area is stable
and is not controlled by the morphology of the RSRs and that topographic changes do not alter the
distribution pattern of the radial tidal current field. Therefore, the tidal action plays an important role
in the formation of the submarine sand ridges.

Some studies have also shown that the trend plays an important role in sand ridge shaping. Davis
et al. conducted a detailed investigation of linear sand ridges off the southwest coast of Florida, United
States and found that they are tide-dominated sand bodies and that tidal currents play a significant
role in the sediment distribution [35]. Asymmetric tidal currents provide a hydrodynamic basis for
sand sources of linear sand ridges [36-38]. In addition, waves also play a role in the formation of sand
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ridges that cannot be overlooked. For example, in the Celtic Sea, intense erosion by waves and tidal
waves resulted in the formation of shore-oblique ridges [39].

The topographic changes do not alter the distribution pattern of the radial tidal current field
but affect local current fields. Five points were selected to analyse the local flow rate changes under
different terrain conditions. The position of the points are shown in Figure 12 and the flow rate change
values are shown in Table 5.
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Figure 12. The position of the flow rate analysis points.

Table 5. Flow rate change value (m/s).

Natural RSRs No RSRs Partially Reclaimed RSRs
Point Maximum Maximum Maximum Maximum Maximum Maximum
Ebb Flood Ebb Flood Ebb Flood

P1 0.65 0.36 1.15 0.43 0.55 0.38
P2 1.04 0.74 0.83 0.62 1.38 0.82
P3 1.66 0.76 1.07 0.93 1.34 0.66
P4 1.50 1.85 1.65 1.60 1.40 1.81
P5 2.29 1.39 1.34 1.45 2.08 1.40

P1 is located near the shore. Compared with natural RSRs, the maximum ebb flow rate of no
RSRs increased by 77.5%. The maximum flood flow rate increase is 21.0%. P2 is located on the south
side of the B-area. The flow rate of the partially reclaimed RSRs is greater than the flow rate of the
natural RSRs and no RSRs. The main reason is that the flow around the reclamation area and the
flow velocity at the P2 point increased. P3 and P4 are located on the east side of the reclamation area.
Compared with the natural RSRs, the maximum ebb flow rate of the partially reclaimed RSRs at P3 and
P4 decreased by 19.1% and 7.1%, respectively, and the maximum flood flow rate decreased by 12.8%
and 2.2%, respectively. P5 is located at the Xiyang tidal inlet. Under the conditions of natural RSRs
and partially reclaimed RSRs, the maximum ebb flow rate exceeds 2 m/s. Under the no RSR condition,
the maximum ebb flow rate reduced by approximately 40.0%.

This study was conducted from the perspective of the relationship between the morphology
of RSRs and the hydrodynamic environment in the coastal waters. In addition, in this study, the
response of the hydrodynamic environment to the morphology of RSRs was simulated under given
tidal current boundary conditions. Under practical conditions, the tidal currents, waves and sediment
transport in the study area are complex processes that affect each another. Moreover, human activity,
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climate change, sea-level rises and storm tides also affect the study area. All these factors increase the
uncertainty in the results of this study.

6. Conclusions

In this study, a 2D numerical model was set up and verified with 5 tide level observation
points and 7 tidal current observation points in the study area. To study the response of the
hydrodynamic environment to the morphology of RSRs, three topographic conditions were calculated
in the hydrodynamic model, namely, natural RSRs, no RSRs and partially reclaimed RSRs. Conclusions
can be drawn as follows:

(1) The tidal current is the main driving force for the formation and development of radiant sandbars
and plays an important role in the formation of sand ridges.

(2) The timing of the formation of radiant sandbars is different and the previous research results
have been shown to be mostly in the order of thousands of years.

(3) When simulating the tidal field under three different terrain conditions, the radial tidal field in
the radiated sandbar area is stable and is not controlled by the radiant sandbar form.

(4) The topographical change does not change the distribution pattern of the radial tidal field, but
it will have a certain impact on the local flow field. Under the conditions of natural RSRs and
partially reclaimed RSRs, the streamline bends and flows around the sand ridge or the reclamation
area. Due to the topography blocking, the flow rate on the upstream face of the reclamation area
decreases and the flow rate on both sides of the reclamation area increases.
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