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Abstract: Marine sediment deposits near the Qiongzhou Strait have great potential as sources for
beach nourishment and infrastructure industry aggregates. Estimation of bedload transport during
the spring tide improves the understanding of the sediment movement characteristic under dynamic
conditions, which would further favor the assessment and mining of marine sand resources. To
study the bedload transport at the eastern entrance of the Qiongzhou Strait, the surficial sediment
distributions were obtained through hundreds of sediment samples from field work. A semi-implicit
cross-scale hydrological science integrated system model was adopted and validated to simulate
the tidal currents in the Qiongzhou Strait. With field observation and simulated data, we estimated
the spring tide bedload transport in the study area using the Bagnold Model. The transport rate in
the study area was found to have large temporal and spatial variation. The net transport direction
during the spring tide cycle was eastward in the southern parts of the strait and westward in
the northern strait. Our research has important implications for regional engineering and marine
resources management.

Keywords: bedload transport; sediment grain size; SCHISM; Qiongzhou Strait

1. Introduction

The Qiongzhou Strait is about 25 km wide, connecting the northern part of the South
China Sea (SCS) and the Beibu Gulf. At the east entrance of the Qiongzhou Strait, tidal
sand ridges develop under the tide-dominated dynamic environment [1–6]. With the local
eco-society development of Hainan Island and restriction of river sand mining, there is an
increasing demand for marine sand resources [7–12]. The huge sand bodies of the tidal sand
ridges have great potential as sources for infrastructure construction, beach nourishment,
and ecosystem restoration [13–15].

The formation and evolution of the tidal sand ridges at the eastern entrance of the
Qiongzhou Strait have been studied mainly through the analysis of hydrodynamic con-
ditions, geomorphology, and stratigraphic structures [4–6,15]. Cheng et al. [3] examined
the long-term bedform instability over the tidal sand ridges with historical nautical charts
and seismic profiling. The bedform movement celerity is found to be related to the current
velocity, bedform spatial scale, and sediment grainsize. As shown by field observations
made at a cross-section in the middle of the strait, the net bedload transportation during
spring tide is northeastern, while it shifts to the west during neap tide [3]. The transporta-
tion of water mass and sediment is westward near the northern coast, but eastward in the
southern part of the strait with much stronger transportation during spring tide than that
of neap tide [4]. However, sediment dynamics in the eastern part of the strait have not been
comprehensively analyzed with systematic sediment distribution information.
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The sediment distribution is closely related to seabed morphology and seabed sta-
bility [16,17]. Sediment distribution itself is usually used to distinguish differences in
sedimentary environments and to study sediment dynamics [18–22]. The spatial trends
of sediment transport can be estimated by sediment grain size trend analysis [12,23–26].
Moreover, in areas where the seabed is covered by coarse sand and gravel, a significant
portion of sediments will move as bedload in the more extreme current conditions. Since
the bedload responds rapidly to local flow conditions, it is possible that bedload influences
the evolution of bed morphology more than suspension does at a local scale [27–29].

The hydrodynamic condition near the Qiongzhou Strait is dominated by strong tidal
forcing. Under the action of east-west tidal currents, the sedimentary environment ranges
from erosion inside to accumulation outside the strait. Eroded channels have formed inside
the strait due to the strong tidal currents. At the outlets of the strait, the slowdown of tide
flow reduces its sediment-carrying capacity, which creates finger-like tidal sand ridges [1–3].
At the east entrance of Qiongzhou Strait, surficial sediment is mainly gravel and sand, and
bed load and saltation load dominated the sediment transportation [30]. It is important
to estimate the bedload transport during spring tide, as it not only decides local sediment
redistribution, seabed stability, and seabed morphology, but also influences the assessment
and mining of marine sand [31,32].

In recent years, there has been a migration of tropical cyclones toward coasts in global
oceans [33]. In the western North Pacific Ocean, tropical cyclones show westward migration,
which leads to an increase in the possibility of landfall near the Qiongzhou Strait and
adjacent areas. The interactions among tide, surge, and waves during storm events can be
significant in shallow waters due to the local enhancement by the complicated bathymetric
features and geometric configurations. Further, tide-surge and wave interaction also have
significant impact on sediment transport in the littoral zone [34,35]. Although the study
of wind-current-wave interaction and tidal surge is beyond the scope of this paper, the
present study offers an important reference to the sediment dynamics under such complex
dynamic conditions during storm events.

In this paper, we present the distribution of surficial sediment, tidal current during
spring tide from both observation and numerical simulation, and sediment transport of
the Qiongzhou Strait through the comprehensive analysis of tidal currents and seabed
morphology. Our conclusions provide a scientific basis for marine environmental protection
and the management of marine resources [36].

2. Materials and Methods
2.1. Overview of the Study Area

The east entrance of the Qiongzhou Strait experienced transgressive and regressive
episodes during the Quaternary, leaving a large thickness of sediment in the area. Global
sea level rise since the last glacial period created the Qiongzhou Strait, which connected the
previously isolated water bodies in the northern SCS and the Beibu Gulf. Due to strong tidal
currents, tens of large tidal sand ridges have formed at the outlets of the strait [6,37]. The
orientation of the tidal sand ridges is consistent with the main direction of tidal currents.
Erosion channels are located between the sand ridges. The sediments in this area are mainly
sand and gravel, which gradually become finer from west to east and are fine sand at the
far end of the sand ridges [15]. Tides in the study area are irregular semi-diurnal tides,
with an average tidal range of 1.42 m. The maximum surface current velocity can reach
1–2 m/s, and the maximum bottom current can reach 1 m/s [5,38,39]. The residual current
is westward with a maximum velocity of 10–40 cm/s at the surface [40,41]. The average
wave height at the eastern entrance of the strait is 0.9–1.0 m. The normal wave direction
and strong wave direction in the study area are NNE [5,42].

2.2. Field Work and Data Processing

The seabed surface sediment samples were collected during two field surveys in
2008 and 2015. A total of 249 stations were sampled, with a sampling interval of about
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5 km (locally enhanced sampling over the southern part of the study area, Figure 1).
The sampling thickness was 5 cm of the seabed surface. After pre-treatment to remove
organic matter, calcium carbonate, and salt, the sediments were dispersed using sodium
hexametaphosphate and ultrasonic vibration. For sediments with a particle size of less than
2 mm, a Mastersizer2000 laser particle size analyzer (produced by Malvern, UK) was used
for grain size measurement. For coarser sediments, the sieving method was used for grain
size analysis. The complete particle size distribution was obtained after normalization. The
grain size parameters were calculated using the graphic method. Sediments were classified
using the Folk-Ward classification system [23].
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Figure 1. The topography and geomorphology of the east entrance of Qiongzhou Strait. Blue circles
denote the seabed sediment sampling stations, Red asterisks denote the six field observation stations
for tidal current.

Tidal current observations were collected from 09:00 on 8 March to 10:00 on 9 March
2020 (spring tide) at six stations in the study area. The 25 h tidal current observation
was conducted simultaneously at the six stations. Tidal velocity profiles were collected
at 1 hr intervals using the three-point method (surface layer, 0.6 h, bottom layer, where h
is the depth of the water column). The observation was carried out with the AEM-USB
self-recording ocean current meter, the depth-mean velocity was then calculated.

2.3. Numerical Simulation of Tidal Current

The tidal current was simulated through numerical models to examine the charac-
teristics of the tidal current in the study area. Considering the complex terrain near the
Qiongzhou Strait, a semi-implicit cross-scale hydrological science integrated system model
(SCHISM) with an unstructured triangular grid was adopted. SCHISM is a derivative
product built from the original semi-implicit Eulerian-Lagrangian finite-element model
(SELFE, v3.1dc; [43]) and distributed with an open-source Apache v2 license, with many
enhancements and upgrades, including a new extension to the large-scale eddying regime
and a seamless cross-scale capability from creek to ocean [44]. It uses a highly efficient
and accurate semi-implicit finite-element/finite-volume method with Eulerian-Lagrangian
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algorithms to solve the Navier-Stokes equations (in hydrostatic form), in order to addresses
a wide range of physical and biological processes. The numerical algorithm judiciously
mixes higher-order with lower-order methods, to obtain stable and accurate results in an
efficient way. This model has had a relatively stable performance for complex terrain areas
and has been widely used in offshore sedimentary dynamics [45,46]. The SCHISM model
uses an unstructured horizontal triangular grid covering the northwestern part of the
South China Sea (105–113◦ E, 16–22◦ N), with a total of 49,221 nodes and 91,827 elements.
The bathymetry in the modeling domain is generated from SRTM15+ [47] with a spatial
resolution at 15 arc seconds, and regional digital China Nautical Charts published by the
Navigation Guarantee Department of the Chinese Navy Headquarters. The mesh reso-
lution ranged from 200 m in the Qiongzhou Strait to 15 km on the open ocean boundary.
There are 40 layers in total, with 20 sigma layers at 40 m or shallower water. Z levels of
thickness of 5 m to 200 m were adopted for water depths of 40 to 2200 m. The model was
verified by the water level time series from the tide gauge stations.

2.4. Calculation of Bedload Transport Rate

The bedload transport rate is calculated using the Bagnold [48] method. Based on the
coarser sediment particles in this area, the Hardisty [49] equation is used for calculation
as follows:

qb = k1

(
U100

2 − U100 cr
2
)

U100 (1)

where qb is the bedload transport rate (kg·m−1·s−1), U100 is the vector of tidal current
velocity 100 cm above the seabed (m·s−1), and U100 cr is the critical incipient velocity at
100 cm height from the seabed (m·s−1).

U100 is converted from depth-mean velocity according to the empirical equation of
Soulsby [29,50]. The direction remains the same. The equation is as follows:

Uz =
( z

0.32h

)1/7
U, 0 < z < 0.5 h, (2)

where z is the height from the seabed (m), h is the water depth (m), and U is the depth-mean
velocity (m·s−1).

U100 cr is a function of sediment grain size. The equation is as follows [51]:

U100 cr = 122.6 d50
0.29d < 0.2 cm, (3)

where d50 is the median grain size of the sediments (cm).
In Equation (1), k1 is a coefficient with a dimension of kg·m−4·s−2, which is a function

related to the grain size of the sediment. That equation is as follows [52,53]:

k1 = 0.10exp
(

0.17
d50

)
, d50 > 0.2 mm, (4)

k1 =
1

8.9d500.42 , d50 < 0.2mm. (5)

3. Results and Discussion
3.1. Sediment Distribution

Distribution of the grain fraction of the sediment in the study area is shown in Figure 2.
The gravel component is mainly located in the western part of the study area, close to the
main channel of Qiongzhou Strait. In this area, the gravel constitutes about 20% to 50% of
the sediment samples. In other regions, the gravel content is less than 10%. The average
gravel content of the entire study area is 9.7%. The dominant grain size in the study area
is sand, making up an average of about 71.0% of the sediment samples. The high sand
content areas occur mainly among the tidal sand ridges at the east entrance of the strait and
also near the estuaries, where the sand content ranges from 40% to 100%. The high-sand
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area accounts for more than 60% of the study area. In the open continental shelf to the east
of the tidal sand ridges, the sand content is also about 10% to 30%. The area with high silt
content (between 30% and 70%) is located on the open shelf to the east of the tidal sand
ridges and in the bays along Qiongzhou Strait. In other areas, the silt content is generally
less than 20%. On average, silt content over the entire area is 15.3%. The average clay
content in the study area is 3.9%, with a distribution similar to that of silt.
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Figure 2. Distribution of sediment components percentage, (A) gravel, with contour interval of 10%,
(B) sand, with contour interval of 10%, (C) silt, with contour interval of 10%, and (D) clay, with
contour interval of 2%.

The distribution of sediment components reflects the hydrodynamics. The gravel
sediments are mainly located inside the strait, mostly along the eroded channel; the finer
particles are eroded away by the east-west reciprocating tidal current and the gravel
component remains. Over the tidal sand ridges, as the current velocity decreases gradually
from west to east, more sandy and muddy sediments are deposited, resulting in the
distribution of fine-grained sediment shown in Figure 3. The grain size of the sediments
in the study area ranges from −1.15 ϕ to 8.07 ϕ, with an average value of 2.15 ϕ. The
grain size range in the tidal ridges is between −1 ϕ and 2 ϕ, classified as coarse sand. The
grain size range in the muddy zone is between 4 ϕ and 6 ϕ, classified as coarse silt. The
sorting coefficient in the study area is 0.40–4.27, with an average value of 1.69, indicating
poor sorting. In the tidal ridges, the sorting coefficient is relatively low, indicating that the
sediment is transported over long distances. The tidal ridge area is an important sediment
transport and aggregation area. In general, the distribution characteristics of mean grain
size and sorting correlate well with the orientation of the tidal sand ridges.

3.2. Critical Incipient Velocity

Figure 4 shows the distribution of critical incipient velocity at 100 cm above the sea bed
(U100 cr) as a contour map. The U100 cr of the study area is between 0.124 and 0.792 m·s−1

with an average value of 0.437 m·s−1. High U100 cr corresponds to the coarse sediments of
the study area. The U100 cr from the Qiongzhou Strait to the Southwest Shoal is higher than
average, exceeding 0.5 m·s−1 in all, and exceeding 0.6 m·s−1 in some cases. East of Hainan
Cape, where the sediment type is fine sand, the U100 cr is mostly between 0.4~0.5 m·s−1. In
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other areas covered by muddy sediments, the U100 cr is less than 0.3 m·s−1. This spatial
distribution of critical incipient velocity leads to large variation of sediment erodibility
time, hence the stability of the sandy seabed during the tide cycle.
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3.3. Temporal and Spatial Characteristics of Tidal Currents

Characteristics of the irregular semi-diurnal tides were clearly identified based on
the tidal current data from the six observation stations. The tidal current is an east-west
reciprocating current that manifests in four phases: ebb with eastward current, flood with
westward current, ebb with westward current, and flood with eastward current [4,34]. The
current velocity was about 1.0 m·s−1 at flood tide and between 0.2~0.8 m·s−1 at ebb tide.
The eastward current had a smaller tide range, higher flood current velocity, and shorter
flood tide duration than the westward current. The maximum current velocity occurred
near Hainan Cape (Station C1) during the flood tide, and the minimum current velocity
occurred during the current reversal period of ebb tide (as shown in Figure 5).

As shown in Figure 6, the tidal current was stronger at stations C1, C3, and C5 (located
in the outer sea area) than at stations C2, C4, and C6 (located in the coastal waters). Station
C1 had the greatest velocity (with maximum up to 2.0 m·s−1). At these stations, the
eastward current velocity was significantly greater than the westward velocity. Because
of the topography, the current direction at each station shows some variability, but the
directions of flood and ebb tide are essentially consistent with the depth contours (as shown
in Figure 6).
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The numerical simulation of the tidal current field is in good agreement with data
from the observation stations. Four typical phases of the tidal current field are shown in
Figure 7.

The intensity of the westward current was greater than that of the eastward current,
especially in the north and middle of the strait. In flood, the depth-mean velocity of
westward current was as high as an average value of 0.93 m·s−1. The velocity reached up
to 1.30 m·s−1 in the northern part of the Qiongzhou Strait and in the shoal area, which
accounts for about 40% of the study area. At ebb tide, the current velocity increased,
especially in the middle of the Qiongzhou Strait, where the current velocity averaged
1.54 m·s−1 (see Table 1 for details). The highest velocities for the eastward current occurred
in the southern part of the Qiongzhou Strait and some of the shoal areas. The eastward
ebb current ran along the middle and south channels, Southwest Shoal, North Shoal, and
South Shoal. The highest velocities for the eastward flood current occurred mainly in the
Wailuo Channel and along the coast of Hainan Island. Therefore, the central and northern
parts of the Qiongzhou Strait were strongly influenced by the westward currents, while
the eastward currents strongly influenced the south and coastal areas of Hainan Island.
The main reason for this is the effect of the coastal currents in western Guangdong, which
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make the waters of the Qiongzhou Strait show a westward transportation trend. In the
southern parts of the Qiongzhou Strait, the effect is not quite as obvious due to blockage by
the Hainan Island coast, which results in relatively strong eastward currents [40,54].
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Table 1. The tidal current velocity in different tide phases at the east entrance of the Qiongzhou Strait.
Phase A represents ebb with an eastward current. Phase B represents flood with a westward current.
Phase C represents ebb with a westward current. Phase D represents flood with an eastward current.
The number before the slash shows the maximum velocity and the number behind the slash shows
the average velocity, with unit of m·s−1. The number in the bracket shows the distribution proportion
of the statistical scope.

Location
The Tide Phases

Phase A Phase B Phase C Phase D

The whole Study area 1.96/0.67 2.30/0.93 2.72/0.92 2.57/0.67
Inside the strait and the shoal area 1.96/0.92(31%) 2.30/1.30(40%) 2.72/1.59(34%) 2.57/1.24(17%)

Other areas 1.10/0.32(69%) 2.20/0.54(60%) 2.02/0.59(66%) 2.00/0.55(83%)

3.4. Analysis of Bedload Transport Rate

Figure 8 shows the bedload transport rates calculated from data on the grain size and
tidal currents during the four tidal phases. About 60–90% of the sediments in the study
area have been transported. The eastward and westward currents can transport about
60–65% and 75–90% of the sediments, respectively. This indicates that sediments in the
study area have been substantially disturbed by tidal currents. Therefore, the possibility
of sediment transport is relatively high. In the central part of the Qiongzhou Strait, there
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is evidence of strong erosion of the original strata, whereas at the eastern entrance of the
Strait, there is evidence of instability and migration of sand ridges [6,55].
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The distribution of transport rate shows that high values of qb are concentrated in the
northern and southern parts of the Qiongzhou Strait, as well as in the shoal areas. In the
central parts of the Strait, where the sediments have been sorted by high-speed currents
within the channels for a long time, the in situ gravels are too coarse to be easily carried
away, which results in a low transport rate. In the northern parts of the Qiongzhou Strait,
the effect of strong westward currents results in sediments being transported at a rapid rate
(0.12–0.16 kg·m−1·s−1) in a southwest direction along the Luodou Shoal, Northwest Shoal,
West Shoal, and the nearby channels. In the southern parts of the Strait, where water depths
are less than 50 m, eastward flood currents transport sediments to the Chushui Shoal at an
average rate of 0.12 kg·m−1·s−1. During the ebb period associated with eastward currents,
the high values of qb are transferred to the South Shoal and the North Shoal. As a result,
the average qb is 0.08 kg·m−1·s−1.

During spring tide, sediment transport mainly occurs along the northern and southern
parts of the Qiongzhou Strait, at water depths between 10 and 50 m. The transport rate is
significantly greater in the north than in the south. The net transport direction is westward
in the north and eastward in the south. The eastward transport peaks during flood tide.
The transport rate is weaker in the central parts of the strait, lower by one to two orders of
magnitude. This finding is similar to the results of previous studies [4,5,16]. In the shoal
area, the transport rate is consistently high during the spring tide period, indicating the
strong influence of the ridges. However, the transport rate and direction on both sides of
the middle channel and the north channel are quite different [5].
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It is estimated that the net bedload transport in the study area mainly occurs in the
northern, southern, and shoal areas of the Qiongzhou Strait, and the main channel has a low
net bedload transport flux (Figure 9). In the northern part of the strait, the net bedload
transport direction is westward, while in the southern part of the strait and the shoal
area, the net bedload transport direction is eastward, but only in the bay on the southern
coastline (such as Puqian Bay, the south channel, etc.) is the net bedload transport direction
westward (as shown in Figure 9). This trend correlates the intensity of the tidal current,
demonstrating that the east-west tidal current is the primary influence on bedload in the
Qiongzhou Strait.
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Figure 9. Net bedload transport flux at the east entrance of Qiongzhou Strait during spring tide. The
yellow arrow indicates that bedload transport is eastward and the red arrow indicates that bedload
transport is westward.

3.5. Estimation of Bedload Transport Flux

Figure 10 shows the transport rate at six observation stations near the Southwest
Shoal. The bedload transport rate in the southern part of the study area was generally
high, indicating that the sediments were quite active. Sediment movement occurred during
flood tide. The transport rate was significantly greater moving eastward than westward,
which is similar to the simulation results. The relatively higher rates at stations C1 and
C2 occurred during flood tide when the currents were eastward. Through the calculation
from the observed data of six stations, the maximum values were 0.436 kg·m−1·s−1 and
0.269 kg·m−1·s−1 in the directions of 110◦ and 70◦ for station C1 and C2, respectively.
During the rest of the field observation, no transport occurred at station C1, and the
transport rate at station C2 was SWS at 10−2 kg·m−1·s−1. At other stations, the transport
rates were mostly less than 0.10 kg·m−1·s−1, with directions of 80–90◦ and 250–260◦. At
station C3, the transport direction was 50◦ and 220◦. For the six observed stations in the
southern part of the study area, the U100 was mostly greater than U100 cr during the spring
tide period, especially when the current direction was eastward. These conditions resulted
in a large near-bed shear stress, which moved the sediments. In contrast, the westward U100



Water 2023, 15, 724 11 of 15

was close to or slightly higher than the U100 cr. As a result, at some stations (such as C1 and
C4), sediments would not move obviously. The simulated result also shows (Figure 9) that
from the Southwest Shoal to Hainan Cape, the net bedload transport direction is eastward,
which is roughly the same as the observed stations.
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Figure 10. Time sequence diagrams of sediment transport rates at the six observed stations. The
green line represents the tidal level. The red point represents the tidal current direction. The black
bar shows the bedload transport rate.

Table 2 displays the bedload transport flux obtained by decomposing the transport rate
vector into two directions, north and east, and then calculating their integrations over 25 h. Sta-
tions C1 and C2 have the largest transport fluxes, 6048.5 kg·m−1·d−1 and 4061.8 kg·m−1·d−1,
respectively, both in an eastward direction and parallel to the depth contours. The transport
flux at other stations is slightly less than 1000 kg·m−1·d−1 in an eastward direction. The
transport flux at station C6 is only 279.6 kg·m−1·d−1 in a WWS direction.

Table 2. The unit width bedload transport flux at the observation stations.

Station Name Mass Unit Width Transport Flux
(kg·m−1·d−1)

Volume Unit Width Transport Flux
(m3·m−1·d−1) Direction (◦)

C1 6048.5 2.28 109
C2 4061.8 1.53 72
C3 716.0 0.27 72
C4 719.3 0.27 80
C5 938.7 0.35 105
C6 279.6 0.11 233
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Through simulation, the average net bedload transport flux in the study area is
5873.8 kg·m−1·d−1, the median is 3411.9 kg·m−1·d−1, the first quartile is 1167.9 kg·m−1·d−1,
and the third quartile is 8030.3 kg·m−1·d−1. This indicates that the relative peak value of
net bedload transport flux in the study area is relatively large, but the values in most study
areas (about 66%) are less than the average value. Therefore, the net bedload transport flux
obtained by tidal current simulation seems to be in agreement with the observed stations,
but there are some differences. For example, station C6 has a small net transport flux, with
quite a difference from the simulation results, which may be related to the effect of longshore
drift and waves. This simulation did not consider the influence of waves and longshore
drift. Therefore, for the local complex environment, the model needs to be improved so as to
simulate the hydrodynamic environment and the sedimentary dynamic process of bedload
more effectively.

As shown in Figure 9, the transport of bedload in the study area presents the character-
istics of the center to the east and the two sides of the channel to the west, but the sediment
flux in the two directions is quite different. According to calculations, the distribution area
of eastward bedload transport is 114% higher than that of westward, and the average mass
unit width transport flux is 12% higher than that of westward. Therefore, the bedload
transport trend in the study area is generally eastward, which is mainly distributed in the
south of the Strait and the shoal area.

In general, the sediment transport process in the study area is complicated, with
bedload transport rates that vary substantially across time and space. Bedload transport is
controlled mainly by the reciprocating current in the strait, as well as by sediment sources.
Studies have shown that the sediment sources are diverse in the study area, including the
erosion of the central parts of the strait, the input of terrigenous materials by rivers, and
the materials from the northern shelf of the South China Sea, leading to large differences
in the characteristics of the sedimentary environment [55–57]. In gravelly deposit zones,
sediment transportation is weak, although the current velocity is high during spring tide.
In central parts of the Qiongzhou Strait, a large amount of material was eroded from the
original strata during the Holocene, and fine-grained sediments were carried away. The
gravelly component was retained, forming a protective layer that prevents further erosion
by currents [6,55,56]. Our study found that the main bedload transport channels along the
northern and southern coastal zone are characterized by strong tidal currents and fine-grain
sediments, which is consistent with other studies [39,58]. Therefore, it is the differences
in bedform and sea-land patterns that cause large differences in the form, distance, speed,
and direction of bedload transport, further resulting in great variations in seabed stability
and bedform [5].

4. Conclusions

The hydrodynamic processes in the Qiongzhou Strait are controlled by the area’s
topography and the east-west reciprocating tidal currents. Large tidal sand ridges have
been formed at the eastern entrance with sand content up to more than 50%. The central
parts of the strait are heavily eroded, leaving residual gravel that makes up between
20% and 50% of the sediments. The trend of grain size getting finer from the west to
east indicates that the sediments have been transported over a long distance, resulting in
well-sorted sediments over the sand ridges.

The tide at the eastern entrance of the Qiongzhou Strait is influenced by tidal waves
from the South China Sea and the Beibu Gulf, resulting in an irregular semi-diurnal tide.
The tidal cycle consists of four phases, including an eastward ebb current, a westward flood
current, a westward ebb current, and an eastward flood current. In general, the velocity of
the westward current is significantly greater than that of the eastward current, especially in
the central-northern parts of the Qiongzhou Strait. The average current velocity during
spring tide is between 0.67–0.93 m·s−1. The maximum current velocity is 2.72 m·s−1, which
is capable of disturbing 60–90% of the sediments. The bedload transport rate to the west
in the northern parts of the strait is 0.12–0.16 kg·m−1·s−1, with a spatial pattern similar to
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that of tidal currents. In the southern parts of the strait, the bedload is transported mainly
eastward, particularly during flood tide, at an average transport rate of 0.12 kg·m−1·s−1.
Our analysis is consistent with previous observations at the cross section at the central part
of the Qiongzhou Strait.

Calculations based on both observational and simulated data present that the bedload
transport fluxes are 4061.8–6048.5 kg·m−1·d−1 in an eastward direction in the vicinity of
the Southwest Shoal. The assessment of morphodynamic stability, the viability of marine
engineering, and the evaluation of marine sand resources would all be significantly chal-
lenged by such a strong bedload transport rate during spring tide. In order to investigate
the function of waves, severe occurrences like typhoons, and the changing climate, we
propose that further research be conducted from a more comprehensive perspective.
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