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Abstract15

This study presents an integrated sand transport model that accounts for both wave and16

current actions, along with non-constant grain properties, to investigate sediment dynamics in the17

lower reaches of rivers. Taking the downstream and estuary of the Changhua River in Hainan18

Island as a case study, topographic data and sediment sampling were conducted in the field,19

complemented by remote sensing techniques. The model was rigorously validated using20

theoretical and empirical methods, demonstrating excellent agreement with observed suspended21

sediment concentrations at the Baoqiao Station. The findings indicate significant sediment22

deposition in the estuary and lower reaches of the Changhua River, influenced by a combination23

of hydrodynamic conditions and geological settings. Deposition in the estuary is primarily24

affected by the northeast-southwest coastal currents and wave action, while deposition in the25

river channel is associated with river constriction and variations in flow velocity. Regardless of26

whether it is the dry or wet season, the residual current in the study area flows towards Beili Bay,27

indicating that the sediment in the lower reaches of the Changhua River will be influenced by the28

residual flow, moving southward.29

Keywords: Sand transport model, Wave-current interaction, Non-constant sediment properties,30

Changhua River, Hainan Island31

1. Introduction32

Hainan Island has an extensive coastline, making marine economy a crucial source of its33

economic prosperity (Feng et al., 2021, Jin et al., 2008, Fang et al., 2021). Changhua River is the34

second largest river in Hainan in terms of its basin area (Zhang et al., 2020, Zeng and Zeng,35

1989), which flowing uniquely into the Beibu Gulf in the northwest of Hainan Island, serves as a36

The models and methods developed in this

study provide a scientific basis for sediment management and

coastal evolution in similar downstream riverine environments

and discuss the feasible scheme of sediment control in the

downstream of Changhua River.
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Plain language significance statement

This study develops an integrated sand transport model to

explore sediment dynamics in river downstream, focusing on

the Changhua River estuary in Hainan Island. The research is

crucial as it addresses the complex interplay between waves,

currents, and sediment movement, key to estuarine ecosystems

and shoreline changes. Our model, verified with field data,

reveals significant sediment deposition patterns influenced by

coastal currents and geological features. The findings are vital

for coastal management, offering insights into how

sedimentation can be monitored and controlled. This work

suggests that similar models could be applied to other river

systems, potentially guiding sustainable coastal development

and protection strategies.
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crucial water source for the region, supporting irrigation, power generation, and water supply37

(Yang et al., 2013, Wang et al., 2023). The Changhua River is divided into upper, middle, and38

lower reaches based on its natural geographical characteristics: the upper reaches extend from39

the source to Poyang with a length of 79 kilometers and an average gradient of 14.87 %; the40

middle reaches run from Poyang to Chahe with a total length of 84 kilometers, which includes a41

significant drop at Guangba in Dongfang County, and generally feature a milder gradient; the42

lower reaches start from Chahe down to the river's mouth at Changhua Port, spanning 3943

kilometers with an average gradient of 0.41 %, leading to a broad river plain (Figure 1).44

Characterized by a gentler gradient and slower flow, the lower reaches are where the river's45

capacity to carry sediment decreases, leading to increased sediment deposition. Currently, the46

issues related to water and sediment in the lower reaches of Changhua River are primarily47

divided into studies on sediment composition and sediment transport (Zhang et al., 2006, Wu et48

al., 2012, Zhu et al., 2020, Gao et al., 2014, Wang et al., 2022, Zhao et al., 2021). About the49

sediment concentration information, the annual sediment concentration of the Changhua River is50

recorded as 0.173 kg/m3, with an average annual sediment discharge of 782,000 tons, classifying51

it as a river with relatively low sediment load. From 2013 to 2021, the average sediment52

concentration at Baoqiao Station in the lower reaches of the Changhua River was determined to53

be 0.1227143 kg/m3.54
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55

Figure 1 Division of the Upper, Middle, and Lower Reaches of the Changhua River (map origination:56
https://hainan.tianditu.gov.cn/)57

In the lower reaches of rivers, sediment dynamics are influenced by both water flow and58

waves, which are crucial for understanding the changes in estuarine and nearshore ecosystems,59

shoreline evolution, and the development of ocean resources. With the rapid advancement of60

computational technologies, significant progress has been made in sediment modeling studies,61

particularly in modeling sediment transport in the lower reaches of rivers where wave and62

current interactions are considered.63

Researchers have developed a variety of computational models to simulate sediment64

transport processes in the lower reaches. These models include one-dimensional (1D),65

two-dimensional (2D), and three-dimensional (3D) hydrodynamic and sediment transport models66

that describe the flow and sediment movement in rivers, lakes, and coastal areas (Papanicolaou et67

al., 2010). 1D models are typically used for large-scale, long-term sediment transport issues68



5

(Thomas and Prashum, 1977, Holly and Rahuel, 1990, Papanicolaou et al., 2004), while 2D and69

3D models are more suitable for simulating specific flow and sediment transport conditions,70

especially in the lower reaches and estuary areas (Lee et al., 1997, Jia and Wang, 1999, Gessler et71

al., 1999, Wu et al., 2000, Blumberg and Mellor, 1987).72

Traditional sediment transport models have predominantly focused on the dynamics of73

water flow, with wave action often addressed in a simplified manner or neglected altogether74

(Bakhtyar et al., 2009, Lee et al., 1997, Spasojevic and Holly, 1990, Bai et al., 2017). We need75

more accurate and comprehensive models that can describe and predict sediment behavior under76

the combined action of waves and currents, especially for rivers with low sediment concentration.77

In this context, the Van Rijn formula emerges as a critical tool for enhancing the precision of78

sediment transport modeling (Van-Rijn, 1984). Originally formulated to calculate the transport of79

bed load and suspended sediment, the Van Rijn formula has been adapted over time to80

accommodate the intricate interplay between waves and currents. Its empirical nature, grounded81

in extensive field and laboratory data, allows for a nuanced representation of sediment dynamics82

in coastal environments. The recent applications of the Van Rijn formula in computational83

models have further expanded its utility, providing a robust framework for analyzing sediment84

behavior in scenarios characterized by wave and current interactions (Chen et al., 2024, Michel85

et al., 2023, Addison – Atkinson et al., 2024).86

With the advancement of computational technologies and the development of remote87

sensing techniques, researchers have begun to incorporate the complex interactions of waves and88

currents into sediment transport modeling (Han et al., 2022, Liu et al., 2014, Vinzon et al., 2023).89

These models not only consider the velocity and direction of water flow but also account for the90
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energy input from waves, wave form changes, and the shear forces generated by wave-current91

interactions. Studies have shown that sediment movement under wave action is not only92

influenced by the shear stress of the water flow but also by the liquefaction and mass transport of93

bottom sediment caused by waves (Niu et al., 2023). Additionally, the physical properties of94

sediment, such as particle size distribution, concentration, and sedimentation rates, are crucial95

factors affecting sediment behavior under the combined influence of waves and currents96

(Constant et al., 2023, Salgado Terêncio et al., 2023).97

Despite the progress made, sediment modeling under the combined action of waves and98

currents still faces many challenges. For example, how to better simulate sediment transport in99

complex turbulent flows, the coupling of flow and sediment transport, and the transport of100

non-uniform sediment still require further research. Moreover, model input and calibration also101

require more field data and experimental validation to ensure the reliability and applicability of102

the models. To verify the effectiveness of wave-current coupled sediment model in rivers with103

low sediment concentration, we take Changhua River in Hainan Province as an example to verify104

it.105

To sum up, the sediment simulation considering only water flow can no longer meet the106

accuracy of sediment prediction, and there are still limitations in the verification of sediment107

simulation considering the interaction of waves and water flow. Most river sediment models do108

not study rivers with small sediment concentration separately and lack in-situ observation, so the109

accuracy of the models needs further verification. Additionally, due to the small scope of the110

lower reaches of Changhua River, the existing terrain extraction methods are not enough to111

provide terrain data with appropriate accuracy. Moreover, the sediment concentration of112
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Changhua River is not large and the existing research data are limited. In the absence of113

topographic data and sediment data, a complete and mature sediment transport model has not114

been established in the lower reaches of Changhua River so far. In this paper, we take Changhua115

River in Hainan Province as a representative of the river with less sediment, and consider the116

sediment deposition under the combined action of waves and currents. Based on the measured117

topographic data and sediment sampling data, the bed load and suspended sediment load are118

calculated respectively by Van Rijn model, and the sediment model is established. The sediment119

transport rate method and in-situ observation of suspended sediment concentration are used to120

verify the model and analyze the sediment deposition in the lower reaches channel and estuary.121

2. Research Methods122

2.1 Combined Wave and Current Sand Transport Model123

This study assumes the sediment to be non-viscous, and the sediment deposition model124

utilizes the results from the hydrodynamic model as open boundary driving forces. The model125

definition in the sand transport model is assumed as combined current and waves, calculating the126

bed load and suspended load separately. Bed load typically occurs close to the bed, while127

suspended load can be transported at various levels within the water column. Sediment particles128

begin to move and may become suspended when the bed shear stress exerted by waves and129

currents exceeds a critical threshold. The equations adopt Van Rijn model. Van Rijn proposed the130

following models for sediment transport of bed load and suspended load, which are suitable for131

sediment transport calculation under wave action (Van Rijn, 1984). The Van Rijn model formula132

The ocean hydrodynamic simulation in this

study is based on the solution of the three- dimensional

incompressible Reynolds-averaged Navier-Stokes equations,

with adherence to the Boussinesq and hydrostatic pressure

assumptions, namely the shallow water equations. The specific

governing equations are as follows:
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Where t is time; x and y are Cartesian coordinates; 

is water level; d is static water depth; h is total water

depth ( h d  ); u and  are velocity components in

the x and y directions, respectively; f is Coriolis

coefficent, where f represents the latitude and denotes the

Earth's angular rotation speed; g is acceleration due to

gravity;  is density of water;  is components of

radiative stress; S is source-sink term;

xyS , xxS , yxS , yyS are components of the radiation stress

tensor; ijT is the lateral stresses include viscous friction,

turbulent friction and differential advection.
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is derived based on a set of variables that are crucial for understanding sediment transport133

dynamics, particularly in the context of rivers and coastal waters. These variables include:134

2
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Where bq is the bed load transport rate; sq is the suspended load transport rate; M is135

the non-dimensional transport stage parameter; ,f cu is the critical friction velocity, which under136

the current; c is the critical Shield parameter; 'fu is the effective friction velocity; 'C is the137

Chezy number originationg from skin friction; D is the non-dimensional particle parameter;138

v is the kinematic viscosity and approximately equal to 10-6 m2/s for water; aC is the bed139
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concentration; u is the friction velocity;  is the shear stress at the bed surface;  is the140

density of water; m is empirical exponent.141

In the context of the Van Rijn model, the non-dimensional particle parameters can influence142

the value of the critical Shield parameter. For example, as the particle size increases, the critical143

Shields parameter may also increase because larger particles require more force to overcome144

gravity and initiate motion. Similarly, changes in fluid properties or flow conditions can affect145

both the non-dimensional particle parameters and the critical Shield parameter. Instead of using a146

constant critical Shields parameter c , Van Rijn assumes the following variation as a function of147

D , see Figure 2.148

149
Figure 2 Relations for determination of critical Shields stress150

After calculating the bed load and suspended load separately, the Bijker model is used to151

calculate the total sediment transport rate (Bijker, E.W. 1967), which includes both bed load and152

suspended load components. and the formula is as follows:153

 1 1.83t s b bq q q q Q    (14)
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Where tq is the total sediment transport rate; Q is a dimensionless factor that accounts154

for the effect of waves on the bed load transport; h represents the water depth; r is the bed155

roughness; 1I and 2I are Einstein’s integrals, which are functions of the dimensionless156

reference level A and the dimensionless roughness height z ; w is the settling velocity of the157

suspended sediment; k is von Karman’s constant; ,f wcu is the shear velocity under the158

influence of combined waves and current;  is the amplitude of the wave-induced oscillatory159

velocity at the bottom; V is the depth-averaged flow velocity; ( )u z is the flow velocity160

profile at a height z above the bed.161

2.2 Influences of Waves and Currents162

The influence of sediment transport model on water flow has been widely studied and163

applied (Papanicolaou et al., 2010), including sediment transport mechanisms, the establishment164

of the boundary layer, modifications to bed morphology, and the vertical distribution of165

suspended sediment. However, the theory and application of wave action are not mature166

compared with water flow. This chapter emphasizes the motion equation and boundary condition167

equation adopted by wave action in the sediment transport model in this paper.168

The model of sediment transport to calculate the influence of the waves usually through a169
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comprehensive consideration of various factors that encapsulate the impact of waves on sediment170

transport. The typical models incorporate the nonlinear characteristics of wave motion, net mass171

transport induced by waves, turbulence generated by wave breaking, the temporal evolution of172

the boundary layer due to combined wave and current action, contributions to turbulence from173

three sources (wave boundary layer, mean flow, and wave breaking), and the influence of174

wave-formed ripples on flow and sediment transport. A suite of wave theories, such as Stokes175

and Cnoidal theories, are employed to describe wave motion across different hydrodynamic176

conditions. Additionally, the model accounts for the calculation of turbulence viscosity due to177

wave breaking, and the equations to compute the shear stress resulting from wave motion are178

well represented. These complex interactions and processes are articulated through a series of179

mathematical equations and empirical formulas, enabling the model to accurately simulate the180

process of sediment transport under the dual influence of waves and current. In this paper, the181

specific formulas of the wave motion are as follows:182

Table 1 Formulas of the wave motion in the sand transport model183

Item Method Equation
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2
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t
u
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After examining the influence of waves and currents on sediment transport modelling, we184

now turn our attention to the specific characteristics of sediment properties in the study area.185

Section 2.3 provides a detailed account of these properties, which are essential for understanding186

the local sediment dynamics and will be crucial for the model's calibration and validation187

processes.188

2.3 Non-constant sediment properties189

Generally speaking, sediment data may have different particle size, sorting, porosity and190

relative density equivalence, and are not uniform. These characteristics lead to the increase of191

computational complexity (Adnan et al., 2019), so most of studies set the sediment parameters in192

the study area as a constant parameter for calculation (Mohd Salleh et al., 2024, Auguste et al.,193

2021). Actually, the spatial distribution of sediment parameters is not constant. Seabed sediment194

is not homogeneous, and as the distance from the shore increases, the grain size of the deposited195

sediment continuously decreases. Some researches had proved the validity of sand transport196

model with spatially variable sediment properties (Doroudi and Sharafati, 2024, Bui and Bui,197

2020). Sediment properties can be obtained by direct method and indirect method. The indirect198

method includes theoretical formula and empirical formula, while the direct method is sampling199

(Claude et al., 2012, Leary and Buscombe, 2020). Studies had shown that indirect methods are200

less effective than direct sampling (Claude et al., 2012). In this paper, sediment sampling is201

conducted using a clam grab sampler to collect surface geological samples from targeted sea202

areas. The study area is divided into river channel and estuary segments, with sediment samples203

collected at consistent intervals (Figure 3). We sampled 15 points in estuary of the lower reaches204

of Changhua River and 40 points in the channel. To ascertain sediment parameters, including205

Additionally the influence of waves and

currents on the sediment transport model, sediment parameters

are the direct conditions that affect the accuracy of the model,

as follows.

删除[Yuxi Wu]:
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grain size and sorting factors, a laser particle size analyzer is utilized.206

207

Figure 3 Location of sediment sampling point (map origination: https://hainan.tianditu.gov.cn/)208

After selection, the analytical process detailed particle size and sediment segregation data209

(Table 2 and Table 3). Grain size parameters are quantitative representations of the grain size210

characteristics of the clastic material in terms of certain values. The individual grain size211

parameters and their combined characteristics can be used as the basis for discriminating the212

depositional hydrodynamic conditions and depositional environment. The commonly used213

parameters are mean particle diameter (Mz), sorting coefficient (δi) and median grain diameter214

(Φ50). The number of samples at the estuary with a median grain diameter between 0 and 1φ is215

9, accounting for 60 %; the number of samples with a mean grain size between 1φ and 3φ is 3,216

accounting for 20 %; the number of samples with a median grain size between -1φ and 0 is 3,217

accounting for 20 %. While, in the estuary and 40 points in the lower reaches, the number of218

samples with a median grain diameter between 0 and 1φ is 24, accounting for 60 %; the number219

of samples with a median grain size between 1φ and 3φ is 8, accounting for 20 %; the number220
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of samples with a median grain size between 3φ and 7φ is 7, accounting for 17.5 %; the221

number of samples with a median grain size between -1φ and 0 is 1, accounting for 2.5 %.222

Table 2 Grain parameters of samples at the estuary223

Number

Coefficient of granularity

Classification of
sediments

Mean grain
diameter
Mz(φ)

Sorting factor
δi

Median
grain

diameter
Φ50(φ)

1 <0.04 0.7600 0.02 Gravel sand

2 <0.04 1.1000 -0.44 Sandy gravel

3 0.33 0.7600 0.33 Sand

4 <0.04 0.7900 0.01 Silty sand

5 0.50 0.7700 0.51 Sand

6 0.40 0.8200 0.41 Sand

7 0.98 0.6500 1.00 Sand

8 1.35 0.6900 1.41 Sand

9 2.91 0.9600 2.87 Sand

10 0.31 0.7700 0.32 Sand

11 0.26 0.7600 0.27 Sand

12 <0.04 0.6700 -0.41 Sandy gravel

13 <0.04 0.8000 -0.15 Silty sand

14 0.18 0.7700 0.19 Sand

15 0.70 1.2900 0.69 Sandy gravel

Table 3 Grain parameters of samples of the river224

Number

Content of grain（%） Coefficient of granularity

Classification of
sedimentsGravel Sand Silt Clay

Mean
grain

diameter
Mz(φ)

Sorting
factor
δi

Median
grain

diameter
Φ50(φ)

(φ)删除[Yuxi Wu]:
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1 0.00 8.55 83.90 7.55 6.01 1.42 6.09 Silt

2 0.00 70.64 26.48 2.88 3.33 2.14 2.44 Silty sand

3 0.00 85.98 13.06 0.96 2.82 1.26 2.79 Silty sand

4 0.00 87.44 6.38 0.45 2.64 1.27 2.57 Silty sand

5 5.90 93.12 0.98 0.00 0.15 0.75 0.16 Gravel sand

6 0.00 2.48 89.78 7.74 6.20 1.26 6.22 Silt

7 0.00 9.12 81.51 9.37 6.25 1.47 6.45 Silt

8 10.96 87.75 0.97 0.07 <0.04 0.70 -0.17 Gravel sand

9 1.18 98.02 0.75 0.05 0.51 0.72 0.52 Gravelly sand

10 8.18 90.50 1.21 0.11 0.12 0.84 0.11 Gravel sand

11 4.42 92.40 2.95 0.23 0.30 0.83 0.29 Gravelly sand

12 3.56 91.40 4.77 0.46 0.79 1.33 0.74 Gravelly sand

13 0.03 96.04 3.57 0.36 1.17 0.86 1.17 Gravelly sand

14 1.13 91.58 6.84 0.45 1.24 1.40 1.16 Gravelly sand

15 1.51 95.25 2.90 0.33 0.71 0.92 0.68 Gravelly sand

16 0.00 94.96 4.68 0.35 1.32 1.00 1.31 Sand

17 0.00 96.21 3.47 0.32 1.34 0.81 1.33 Sand

18 0.00 98.26 1.40 0.34 1.21 0.71 1.20 Sand

19 0.00 17.37 74.44 8.20 5.89 1.81 6.33 Sandy silt

20 0.00 1.61 89.02 9.37 6.33 1.27 6.39 Silt

21 4.70 47.88 42.65 4.52 3.43 3.20 3.69 Gravelly muddy sand

22 28.43 71.40 0.12 0.05 0.69 0.84 0.75 Gravel sand

23 4.01 45.93 44.98 5.07 3.57 3.19 3.99 Gravelly mud

24 3.26 75.71 20.00 1.42 1.77 2.53 0.63 Gravelly muddy sand

25 0.05 98.99 0.88 0.08 0.91 0.70 0.92 Gravelly sand

26 2.86 91.07 5.73 0.34 0.67 1.29 0.62 Gravelly sand

27 40.14 60.58 14.52 1.16 1.54 2.66 0.39 Muddy sandy gravel
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28 24.57 69.98 4.97 0.47 0.13 1.43 0.11 Gravel sand

29 26.79 69.74 3.26 0.21 0.56 0.99 0.55 Gravel sand

30 36.45 72.08 4.72 0.40 0.21 1.35 0.22 Sandy gravel

31 5.23 92.23 2.34 0.20 0.30 0.83 0.30 Gravel sand

32 0.79 99.21 0.00 0.00 0.73 0.75 0.75 Gravelly sand

33 4.06 95.54 0.68 0.08 0.44 0.82 0.47 Gravelly sand

34 17.53 73.84 8.00 0.63 0.36 1.59 0.29 Gravelly muddy sand

35 0.85 99.15 0.00 0.00 0.64 0.72 0.65 Gravelly sand

36 38.74 67.26 9.86 0.98 0.58 1.82 0.33 Muddy sandy gravel

37 32.10 51.01 15.89 1.01 1.61 2.73 0.26 Muddy sandy gravel

38 52.91 34.33 11.76 1.01 1.64 2.91 0.07 Muddy sandy gravel

39 7.23 72.16 19.53 1.07 1.46 2.53 0.38 Gravelly muddy sand

40 3.81 90.24 4.21 0.37 0.38 0.94 0.45 Gravelly sand

The surface sediment particles in the nearshore area of Changhua river course are mainly225

divided into three grain size components, gravel (>2 mm), sand (0.063~2 mm), silt (0.004~0.063226

mm), with relative percentages of 9.28%, 72.18% and 18.54%, respectively. Based on the227

sampling and testing results of the river course, we can obtain the histogram of the component228

percentage for each sample (Figure 4). It is obvious that the sediment composition in the river229

channel is dominated by sand, followed by silt.230
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231

Figure 4 Percentage composition of components in river samples232

According to the classification criteria of the sorting coefficients by Focke–Ward (Table 4),233

Sediments from the Changhua River estuary in the lower reaches exhibit medium sorting with234

coefficients of most samples between 0.71~1.00 and a median grain diameter predominantly235

under 1.5 mm, characterized mainly by sand. In contrast, sediments within the river stretch236

between Baoqiao Station and the lower reaches are coarser with poorer sorting, evidenced by a237

sorting coefficient exceeding 1.00 in 23 out of 40 samples (over 57 %).238

Table 4 Sorting level table239

Sorting Grade Sorting factor (δi)

Sorting excellent <0.35

Sorting good 0.35~0.71

Sorting medium 0.71~1.00

Sorting poor 1.00~4.00

To ascertain the sediment composition and the dry bulk density in the estuary, 15 samples240

were collected from the Changhua River estuary. These samples were dried to measure mass and241

volume, thereby determining the dry bulk density of the sediment. After calculating, the dry bulk242
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density is 1210.9 kg/m3 which uesd in sand transport model. This analysis is crucial for model243

accuracy and understanding sediment behavior in the estuarine environment. According to the244

sampling position, the research area is divided into areas. After sorting and interpolation, the245

spatial variation of sediment particle size data and sorting data in the study area are obtained246

(Figure 5).247

248

Figure 5 Variation of sediment particle size data (map origination: https://hainan.tianditu.gov.cn/)249

2.4 Reliability evaluation index250

In this paper, Nash-Sutcliffe model efficiency coefficient (NSE) and root mean squared251

error (RMSE) are used to evaluate the reliability of the model. The calculation formulas (Nash252

and Sutcliffe, 1970) are as follows:253

2
1

2
1

( )
1

( )

N
i ii

N
ii

M O
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O O
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In Equations: Mi is the model simulation value at the i moment; Oi is the measured value at254

the i moment; O is the average of the measured values of the site at all simulation moments; N255

is the total number of all simulation moments. Among them, the value range of NSE is 0~1.256

When 0.65≤NSE<1, the fitting degree of the model is excellent; When 0.5≤NSE<0.65, the257

fitting degree of the model is good; When 0.2≤NSE<0.5, the fitting degree of the model is258

general; When 0<NSE<0.2, the fitting degree of the model is poor.259

3. Model Region and Settings260

The study area is situated in the western part of Hainan Island, mainly encompassing the261

lower reaches of Changhua River and its estuary. The approximate coordinates range from262

108  36'E to 108  50'E and 19  15'N to 19  22'N. The study area covers a large part of the region263

from Chahe Town to the estuary of the Changhua River, including towns such as Changhua264

Town, Sigeng Town, Sanjia Town, and Wulie Town, among others. An unstructured grid, finite265

volume, regional ocean model FVCOM (Chen et al., 2003) was used to simulate the266

hydrodynamic background and hydrological features. It has been widely used for the study of267

coastal oceanic and estuarine circulation (Jiang and Xia, 2016; Huang et al., 2008; Lai et al.,268

2018; Chen et al., 2008). The model's open boundary relies on forced tidal level data extracted269

using the Earth and Space Research's (ESR) Matlab “Tide Model Driver” (TMD) toolbox270

(https://www.esr.org/research/polar-tide-models/tmd-software/) from the TPXO 6.2 global tidal271

wave prediction model.272

Example in the lower reaches of the

Changhua River
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273

274

Figure 6 (a) Scope of study area (the white frame) and wave observation (the red star) from Dongfang; (b)275
ADCP collection points on site; (c) Grids and boundaries (map origination:276

https://hainan.tianditu.gov.cn/)277

In the study, bathymetric data is derived from ETOPO1 global seafloor topography data and278

in-situ measurements using ADCP. The spatial resolution of ETOPO1 data is 1/60  ×1/60  ,279

which is insufficient for the research requirements. ADCP depth measurements have higher280

density in nearshore areas and provide actual measured data with higher accuracy. The model281

employs a triangular unstructured grid. To enhance computational accuracy and reduce282

computation time, the density of boundary nodes gradually decreases from nearshore to offshore.283

In the offshore region, the grid density is lower, with a resolution of 0.25 km, while the nearshore284

part of the open boundary has higher grid resolution. In the main research area near the river285

channel, the grid resolution is highest, reaching 25 m. The entire study area grid comprises a total286

of 13, 814 computational nodes. The wave parameters at the open boundary are set to fixed287

删除[Yuxi Wu]:

删除[Yuxi Wu]:

(The right figure shows the 3D terrain

after the interpolation of ETOPO1 topographic data, the

red dots are the original data.)

删除[Yuxi Wu]:



21

values, referring to the annual average frequency of occurrence of wave heights in various288

directions at the Dongfang Ocean Station over the years (Ding, 1990, Hu, 2009, Wang, 2023).289

The model's open boundary conditions are defined by the forced tidal water level,290

incorporating eight primary tidal components: M2, S2, K1, O1, N2, K2, P1, and Q1. The model's291

closed boundary aligns with the terrestrial boundary, where the normal velocity of ocean currents292

is set to zero, precluding any exchange of temperature and salt between land and seawater. The293

time resolution of tidal level data is 1 hour and the accuracy is 1 cm. There are 121 open294

boundary control points. The model also integrates the impact of wind fields, with data sourced295

from ECMWF at a resolution of 1/8° × 1/8°. This dataset encompasses the u (east-west) and v296

(north-south) components of the wind vector, along with sea level pressure. The upper boundary297

of the model is set based on the multi-year average monthly flow and sediment concentration298

data from the Baoqiao Hydrological Station in Chahe Town. The upstream boundary is assigned299

a flow rate of 44 m3/s, and the suspended sediment concentration is set at 5 g/m3. The median300

grain size and sorting coefficient of the initial sediment distribution are determined through the301

partitioning based on the measured sediment data from Section 2.3. The porosity is set to 0.4,302

and the sediment density is 2650 kg/m3. In this study, we calibrated the hydrodynamic model303

using water level data from April and May of 2022. The data were collected from Basuo port304

station. One-At-a-Time (OAT/OFAT) method (Czitrom, 1999) is used to modify the parameters,305

an effective local sensitivity analysis technique. In each experiment, we alter one factors while306

holding the others constant. During the calibration process, our primary focus was on the model's307

hydrodynamic response. This was achieved by adjusting the flow resistance parameters and the308

bed roughness coefficients within the model. The calibrated model parameters are presented in309

Table 5.310

For the setup of wave conditions, this paper

selects the JONSWAP spectrum for the initial condition

spectrum of the boundary. The wave parameters at the open

boundary are set to fixed values, referring to the annual

average frequency of occurrence of wave heights in various

directions at the Dongfang Ocean Station over the years, as

well as the number of days and frequency of occurrence in

different seasons for each wave level (Ding, 1990, Hu, 2009,

Wang, 2023). The wave field are driven by wind, with

reference to the 10-meter wind speed and pressure parameters

from the ERA5 reanalysis data provided by European Centre

for Medium-Range Weather Forecasts (ECMWF).
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Table 5 Parameters of the hydrodynamic model311

Parameter Value

Shoreline GSHHS

Bathymetry ETOPO1 and ADCP in-situ

Grid 0.25 km at the boundaries to 25 m near the coastline

Time period
23/4/2023 00:00-30/4/2023 00:00 (Low water period)
28/6/2022 00:00-1/8/2022 00:00 (High water period)

Manning number 28

Eddy viscosity Smagorinsky formulation data 0.28m2/s

Time step 300 s

Tidal constituents M2, S2, K1, O1, N2, K2, P1, Q1

Wind/Sea level Pressure ERA 5

Validation Basuo Port Station (19°06' N, 108°37' E)

Considering the limitations of the FVCOM model in wave calculations, this study selects312

the widely-used third-generation SWAN model for numerical simulation of wind waves in this313

region. The wave field are driven by wind and current from hydrodynamic model. The314

parameters used in the model setups are based on the values listed in Table 6. The wave model at315

the open boundary is defined by the JONSWAP spectrum, with a spectral resolution of 40316

frequency bins and 36 directional sectors. Calibrate the parameters using multi-year wave data317

from the Dongfang Ocean Station. The directional resolution is set to 40 sectors, with a particular318

focus on the southwest (SSW) and southwest (SW) directions where the waves are most frequent.319

The wind speed and wind direction are from the ERA5 reanalysis data provided by ECMWF.320

The peak parameter (γ) of the JONSWAP spectrum, indicative of the wave asymmetry, was321

specified at 3.3, and the spectral width parameter was set to 0.07 to define the shape of the wave322

spectrum.323

Table 6 Parameters of the wave model324

字体: （默认）Times New Roman设置格式[Yuxi Wu]:

字体: （默认）Palatino Linotype, 10 磅,

字体颜色: 黑色

设置格式[Yuxi Wu]:

字体: （默认）Times New Roman设置格式[Yuxi Wu]:

字体: （中文）等线, （中文）中文(简

体)

设置格式[Yuxi Wu]:

字体: （中文）等线, （中文）中文(简

体)

设置格式[Yuxi Wu]:

字体: （默认）Palatino Linotype, （中

文）Times New Roman, 10 磅

设置格式[Yuxi Wu]:

字体: （默认）Palatino Linotype, （中

文）Times New Roman, 10 磅

设置格式[Yuxi Wu]:

字体: （默认）Palatino Linotype, （中

文）Times New Roman, 10 磅, （中文）德语(德国)

设置格式[Yuxi Wu]:

字体: （默认）Palatino Linotype, （中

文）Times New Roman, 10 磅

设置格式[Yuxi Wu]:

字体: （默认）Palatino Linotype, （中

文）Times New Roman, 10 磅, （中文）德语(德国)

设置格式[Yuxi Wu]:

字体: （默认）Palatino Linotype, （中

文）Times New Roman, 10 磅

设置格式[Yuxi Wu]:

, and given the significant impact of wind

waves on the hydrodynamics characteristics in the Tieshan

Bay area,

删除[Yuxi Wu]:



23

Parameter Value

Whitecapping dissipation (Cds) 2.36 × 10−5

Pierson–Moskowitz (Spm) 3.02 × 10−5

Dissipation (alpha) 1.0

Breaking index (gamma) 0.73

JONSWAP formulation (Cbottom) 0.067

Amathematical model established through a wave-current coupling approach can accurately325

describe the motion laws of wave-generated currents and consider the impact of nearshore326

currents on wave propagation. It also reflects the interaction between nearshore waves and327

currents. In this paper, a three-dimensional sediment transport model is constructed using the328

model coupler MCT to perform real-time coupling between the hydrodynamic model FVCOM329

and the wave model SWAN, employing the same unstructured grid for the coupling (Chen et al.,330

2018; Ji et al., 2022). The coupling process can be summarized as follows: the FVCOM331

hydrodynamic model and the SWAN wave model transmit the calculated three-dimensional flow332

field and wave data to the sediment module, which then calculates the suspended and bed load333

sediment transport rates, achieving data linkage between the three-dimensional wave-current334

coupled model and the sediment transport model.335

4. Hydrodynamic Model336

4.1 Verification of hydrodynamic model337

In order to ensure the validity of the model, the tidal current data of one tide gauge station338

and two ADCP points in the study area are compared and verified. Figure 7 shows the hourly339

water level comparison between the measured tidal water level at Basuo Port Station (19°06'N,340
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108°37'E) and the model simulation results. Model validation occurs from 10:00 on April 23,341

2023 to 00:00 on April 30, 2023. After calculation, the RMSE of the simulation results is 18.101342

cm and the NSE is 0.9501, which is within the acceptable range. This shows that the model is343

reliable and meets the demand, and can be used to simulate the tidal current in the research area344

of the lower reaches of Changhua River.345

346

Figure 7 Hourly water level verification of Basuo Port Station347

During the sea trial, two points were selected to continuously observe the velocity and348

direction of seawater. In order to obtain the seawater situation in lunar day, the continuous349

measurement time of each point was 25 hours. Information about the position and observation350

time of the measuring point is as follows (Table 7 and Figure 8).351

Table 7 Information of fixed-point current station352

Number Position Observation

ADCP 01 108 37′28’’E, 19 18′10’’N April 23rd at 10: 00 - April 24th at 11: 00

ADCP 02 108 39′21’’E, 19 20′55’’N April 24th at 17: 00 - April 25th at 18: 00
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353

Figure 8 Specific location of ADCP354

Current velocity and direction verification at the Changhua River estuary involves a355

5-minute time resolution analysis using an Acoustic Doppler Current Profiler (ADCP). Located356

over 2 km offshore with a water depth of 20.9 m, ADCP 01's data is compared against357

simulations at five-minute intervals. The 25-hour observation period, from 10:00 on April 23,358

2023, to 11:00 on April 24, 2023, encompasses a full lunar day, providing a comprehensive359

dataset.360

The model's simulated velocity and direction are found to be in substantial agreement with361

the ADCP 01 measurements, particularly in regions where tidal currents are predominant. The362

model accurately replicates the velocity fluctuations, affirming its capability to capture the363

dynamics of the study area. The proximity of measurement point ADCP 01 to the land, coupled364

with its relatively shallow water depth, results in sea water being more susceptible to obstruction365

by the topography and friction from the seafloor at this location.This results in a reduced error,366
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validating the model's performance. The consistency between the model and the measurements367

confirms the high reliability of the model for future research applications.368

(a) (b)

(c) (d)

Figure 9 Current velocity and direction verification: (a) velocity verification of ADCP 01; (b) velocity369
verification of ADCP 02; (c) verification of current direction of ADCP 01; (d) verification of current370

direction of ADCP 02371

4.2 Results of hydrodynamic model372

The hydrodynamic simulation outcomes, as depicted in Figure 10, indicate a predominantly373

NE-SW reciprocating current pattern within the study area. This flow is aligned parallel to the374

coastline, with the tidal current shifting direction according to the tidal phase. Figure 10b and375

10c depict the flow field outside the estuary of the Changhua River. Figure 10b shows the flow376

field at 23:00 on April 23, 2023, corresponding to the peak of the flood tide. At this time, the377

tidal current flows in a northeast direction with a maximum speed of 0.62 m/s. Figure 10c shows378

the flow field at 13:30 on April 24, 2023, corresponding to the peak of the ebb tide, where the379

tidal current flows in a southwest direction with a maximum speed of 0.75 m/s. Overall, the tidal380
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currents outside the Changhua River estuary generally follow a northeast-southwest381

reciprocating pattern, with flood tides flowing northeast and ebb tides flowing southwest, parallel382

to the shoreline. The maximum ebb current is faster than the maximum flood current.383

384

Figure 10 Study area and coastal current direction: (a) location map of the study area; (b) detailed zoom of385
the map in Fig. 10a withNE current; (c) detailed zoom of the map in Fig. 10a with SW current. (map386

origination: https://hainan.tianditu.gov.cn/)387

Figures 11a and 11b illustrate the flow field inside the estuary of the Changhua River.388

Figure 11a shows the flow field at 23:00 on April 23, 2023, corresponding to the peak of the389

flood tide. Inside Estuary A, due to the topography, a large counterclockwise circulation forms390

around the central island, accompanied by several smaller vortices, with the overall trend of tidal391

currents flowing southeast along the river channel. In Estuary B, ocean inflows meet with river392

flows from upstream, ultimately converging into Estuary C through the passage between B and C.393

In Estuary C, the flow is more unidirectional compared to A and B, with upstream water flowing394

into the ocean, then following the northeast-directed tidal current outside the Changhua River395
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estuary. Figure 11b shows the flow field at 13:30 on April 24, 2023, at the peak of the ebb tide.396

At this time, the circulation inside Estuary A reverses to a clockwise direction, and other smaller397

vortices change direction accordingly, with the overall trend of tidal currents flowing from398

upstream to the ocean. In Estuary B, the dominant force is the high-speed flow from Estuary C,399

which enters B through the narrow passage between B and C, splitting into two opposite400

directions: one part flows into the ocean, and the other flows upstream, forming a circulation401

within the river channel. In Estuary C, the water flows upstream from the ocean along the river402

channel.403

404

Figure 11 Flow field inside the estuary :(a) moment of the maximum flood current; (b) moment of the405
maximum ebb current406

To further analyze the characteristics of the flow field in the study area, flow fields are407

selected for analysis during the transition from low tide to high tide and from high tide to low408

tide. Figure 12f depicts the location of the research area. Figure 12a shows the flow field at low409

tide, where the tidal current outside the estuary flows northeast, and water in the main river410

channel downstream of the Changhua River flows upstream from the ocean. After low tide411

(during flood tide), water flow velocity gradually increases, with the tidal current outside the412
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estuary consistently flowing northeast. During this period, the main river channel maintains an413

eastward flow. Figure 12b illustrates the moment of flow direction change during flood tide,414

when the flow direction outside the estuary rotates clockwise along the shoreline from the south415

(toward Beili Bay). The northern ocean current (outside Changhua Harbor) also begins to rotate416

clockwise, flowing into Estuary C, then into the ocean through the passage between B and C,417

forming a circulation that enhances the clockwise rotation of the northern ocean current.418

Subsequently, the flow direction gradually changes from northeast to southwest as it moves from419

the coast toward the open sea. The sand spit at the downstream estuary alters the flow direction420

and velocity. The sand spit can act as a natural barrier, causing the tidal current to change421

direction earlier during flood tide. Figure 12c shows the flow field at high tide, where the tidal422

current outside the estuary has fully shifted to the southwest, while the flow direction further423

offshore is still transitioning. In the main river channel, the water flows from upstream toward424

the ocean. Estuaries B and C are influenced by the coastal current outside the northern part of the425

study area, flowing into the estuary opposite to Estuary A. After high tide (during ebb tide), the426

water flow velocity in the study area gradually increases, with the tidal current outside the427

estuary consistently flowing southwest. After some time, the water currents in the southern and428

northern parts of the study area turn counterclockwise, and the flow direction in the B and C429

channels changes from inward to outward. Figure 12d shows the flow field at the moment when430

the flow direction changes during ebb tide. It is evident that there are two counterclockwise431

circulations outside the Changhua River estuary: one from Beili Bay and the other from outside432

Changhua Harbor. The latter has a broader influence and thus plays a dominant role in433

determining the water flow direction in the study area, gradually shifting the coastal current from434
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southwest to northeast. Figure 12e shows the flow field at low tide once again, where the water435

flow outside the estuary has shifted back to the northeast, repeating the previous flow pattern.436

In summary, during the transition from flood to ebb tide, the flow field outside the estuary is437

driven by the deflection of water currents from Beili Bay and Changhua Port, shifting the flow438

direction from northeast to southwest. During the transition from ebb to flood tide, the deflection439

is primarily influenced by the circulation outside Changhua Port, shifting the flow direction from440

southwest to northeast. In channels A, B, and C within the study area, the flow direction changes441

are relatively consistent due to the passage between B and C. The flow direction in channel A442

aligns with the main river channel, flowing inward during flood tide and outward toward the443

ocean during ebb tide.444

445

446
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447

448

Figure 12 Transition of the flow field (a-e) and location of the study area (f)449

450

5. Sand Transport Model451

5.1 Verification by suspended sediment concentration452

In the lower reaches of the Changhua River, the summer season is the most pronounced for453

sediment variation within a year, with the highest sediment concentration and sediment transport454

rate (Mao et al., 2006). Therefore, sediment data from July, which is representative, are selected455

for model validation. The simulated Suspended Sediment Concentration (SSC) is compared with456
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the daily observed SSC at Baoqiao Station for the month of July (Figure 13). The SSC at457

Baoqiao Station is the highest during the first two days of July, reaching a peak SSC of 0.55458

kg/m³. Subsequently, the SSC continuously decreases, reaching its lowest value on the 5th of459

July, and then slowly rises. After the 10th of July, it gradually decreases from 0.301 kg/m³, with460

the most values remaining below 0.2 kg/m³. Based on the analysis, NSE for Baoqiao Station is461

0.8389; the RMSE is 0.097244 kg/m³. The observed SSC are in good agreement with the462

simulated values.463

To further analyze the simulation validation, Figure 13 presents a histogram of the daily464

absolute error in SSC at Baoqiao Station. The absolute error is calculated as the absolute465

difference between the measured and simulated values. The Mean Absolute Error (MAE) is466

defined as the average over the test sample of the absolute differences between prediction and467

actual observation. The MAE in SSC for Baoqiao Station in July is 0.071224 kg/m³. The468

maximum error occurs at the beginning and the end of the month, which may be due to the use of469

monthly average flow and sediment data for the model's upper boundary input, thereby470

increasing the model's error. Overall, the difference between the daily observed SSC values and471

the simulated results at Baoqiao Station in July is within a reasonable range, indicating that the472

model has an acceptable level of precision.473
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474

Figure 13 Selection point for sediment deposition verification475

5.2 Analysis of depositions in Changhua River estuary476

Sediment deposition in the Changhua River estuary is influenced by both hydrodynamic and477

geological factors. The predominant northeast-southwest tidal current direction and wave action,478

has led to the formation of a two-way sand mouth, further narrowing the estuary. Secondly, the479

estuary's geomorphology consists of a sandy riverbed with poor stability. The bed slope at the480

estuary decreases, and the water flow's capacity to carry sediment is reduced. Therefore, the481

sediment accumulation at the mouth of the Changhua River is relatively severe..482

Over time, these processes have resulted in the formation of two river islands, altering the483

estuary into a complex channel system with multiple smaller estuaries. Currently, the main river484

channel flows between these islands, exhibiting shallow depths during low tide. These findings485

are pivotal for understanding the estuary's morphological evolution and inform strategies for486

sediment management in such dynamic environments.487

There are two obvious depositions in the study area, including the estuary and the slender488

channel. The figure clearly shows the serious and slight areas of siltation in the study area.489

However, the specific sedimentary characteristic in the study area is unknown, needing further490
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analysis. To solve this problem, we extract the bed level change data of a point in the obvious491

change area of river bed, and take this point as the whole area. Therefore, the sediment492

deposition characteristic in this area can be analyzed through the bed level change at this point.493

494

Figure 14: Information of important place names in simulated areas495

Results of Danchangcun are shown in Figure 15, which illustrates the bed level changes and496

consequent sediment deposition and scouring in various parts of Danchangcun. Positive values497

indicate sediment deposition, while negative values denote scouring.498

In the estuary of Danchangcun (Figure 15b), the bed level fluctuates above zero, signifying499

net sediment deposition with a final accumulation of approximately 0.59 cm over the simulation500

period.501

The deposition near the river island in Danchangcun (Figure 15d) follows a cyclical pattern502

over a 24-hour cycle, with an overall sediment thickness of about 0.20 cm. Initially, sediment503

accumulates quickly, after which the bed level stabilizes at its peak value. A sharp decrease in504

deposition rate is observed in the last two hours, with each cycle adding about 0.03 cm of505

MDPI_5.2_figure设置格式[Yuxi Wu]:

43删除[Yuxi Wu]:

43删除[Yuxi Wu]:

43删除[Yuxi Wu]:



35

sediment.506

At the front end of the sand mouth (Figure 15f), the bed level decreases by 0.39 cm,507

indicating active scouring and sediment removal. The continuous negative bed level changes508

suggest an increasing scouring intensity, especially pronounced on April 23 when a significant509

erosion event led to a 0.18 cm drop in bed level.510

Finally, Figure 15h examines sediment deposition at the sand mouth, with two distinct511

locations showing similar sedimentation trends, albeit with Location 2 (near the river)512

experiencing faster sedimentation. Prior to April 24-25, Location 1 (near the ocean) registered513

erosion, followed by a transition to net deposition, while Location 2 showed minor erosion514

before April 24. The simulation predicts final bed level changes of approximately 0.42 cm for515

Location 1 and 0.60 cm for Location 2.516

(a) (b)
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(c) (d)

(e) (f)

(g) (h)

Figure 15 Bed level change of deposition in Danchangcun517 43删除[Yuxi Wu]:
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From April 27th to 30th, an overall increase in deposition thickness was noted, reaching518

approximately 0.59 cm. Two rapid deposition phases were identified: the first, on April 23rd519

from 13:30 to 20:30, coincided with astronomical mid-tide but exhibited lower current velocities520

than expected, as per ADCP 01 measurements. The second phase followed an spring tide on521

April 22nd, which stirred turbulent currents and enhanced scouring, leading to increased522

sediment concentration in the estuary. The tide on April 23rd was moderate, significantly523

reducing current velocity and sediment transport capacity, resulting in sediment deposition in the524

estuary.525

On April 27th, during astronomical neap tide, lower water levels and reduced tidal ranges526

led to slower currents, enhancing sedimentation and weakening lateral erosion. The current's527

reduced capacity limited the transport of larger sediment particles, allowing only fine grains to528

settle at the water's bottom. These findings underscore the complex interplay between sediment529

deposition and erosion in estuarine environments and highlight the influence of tidal dynamics530

on sediment transport processes.531

532

Figure 16 Current speed on April 23rd533

In the Xiantiancun estuary, sediment deposition is influenced by its narrower configuration534
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compared to Danchangcun, with numerous tributaries contributing to a dispersed flow and535

reduced kinetic energy. This results in variable sediment deposition levels at the entrances of the536

tributaries, although the overall deposition is less extensive than at the Danchangcun mouth. The537

maximum observed deposition thickness within the estuary is 0.58 cm at Location 2, while other538

areas exhibit thicknesses between 0.3 cm and 0.5 cm.539

Two significant deposition sites are located near the sand mouth, which may facilitate the540

mouth's further expansion. Additionally, a substantial, albeit thin, silting zone is identified at the541

rear of the river island (Location 1), covering a considerable area. These findings indicate the542

complex interplay of sedimentary processes in estuarine environments and the potential for543

morphological changes due to deposition patterns.544

(a) (b)

Figure 17 Deposition in Xiantiancun: (a) shows changes of sedimentation thickness of Xiantiancun with545
palette; (b) shows changes of sedimentation thickness of Xiantiancun in detail.546

To summarise, the Changhua River estuary exhibits distinct sedimentation patterns, with547

notable deposition occurring in both the estuary and slender channel regions. The estuary548

depositions are a result of interplay between hydrodynamic conditions and geological settings.549

Specifically, the estuary is subject to persistent northeast-southwest coastal currents and wave550
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action, leading to the formation of a two-way sand mouth that constricts the estuary's width. The551

sandy, unstable riverbed further contributes to substantial sediment deposition due to the reduced552

gradient and sediment transport capacity of the fluctuating discharge. This has, over time, led to553

the formation of river islands, transforming the estuary into a complex channel system with554

multiple small estuaries. The main channel, situated between these islands, experiences shallow555

water depths during low tide.556

In the Danchangcun region, the estuary displays a maximum sediment deposition thickness557

of 0.59 cm. The presence of a small river island in this area results in shallow deposition near the558

island, with some areas having thicknesses below 0.3 cm. In contrast, deeper deposition is559

observed along the riverbanks and particularly near the estuary. The sand mouth at the estuary's560

entrance is influenced by river erosion and coastal currents, leading to the formation of a new561

small sand mouth to the southwest. The original sand mouth tends to thicken after fracturing,562

with scouring at its front end and deposition at the fractured end, reaching a maximum thickness563

of 0.6 cm. This suggests that the estuary's current is obstructed by multiple depositional strips,564

resulting in a slower current and increased deposition.565

In the Xiantiancun region, the estuary is narrower than in Danchangcun, with numerous566

tributaries dispersing the flow and reducing energy. This leads to varying degrees of deposition at567

the entrances of the tributaries, although the overall deposition is less than that observed at the568

Danchangcun mouth. The maximum deposition thickness at the estuary reaches 0.58 cm, with569

other areas exhibiting thicknesses ranging from 0.3 cm to 0.5 cm. Deposition near the sand570

mouth contributes to its expansion, and a long silting zone is present at the rear of the river island,571

characterized by a thin layer over a large area.572
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5.3 Analysis of deposition in Changhua River channel573

Changhua River's channel exhibits two key sediment deposition sites: the Chahe confluence574

and an area near Jiuxiancun. These areas are prone to significant sedimentation as the river575

narrows from a wide estuary to a more confined channel, increasing the risk of blockages(Figure576

18a). The primary sedimentation zone is located on the right bank of the distributary, with the577

maximum thickness measuring 0.47 cm (Figure 18b). Deposition is most intense around the river578

island and decreases from the right side towards the rear and the left side of the island. This579

distribution suggests that sedimentation is more pronounced in the upper, narrower section of the580

channel.581

In the main channel, erosion occurs on the ocean-facing right side, while the left side is582

subject to deposition. The sediments on the left bank are likely sourced from tidal actions or583

upstream inflows, a process that requires further study. The lateral variation in sedimentation and584

scouring highlights the intricate sediment dynamics within the river channel.585

(a) (b)

Figure 18 Deposition in channel: (a) shows changes of sedimentation thickness of channel with palette; (b)586
shows changes of sedimentation thickness of channel in detail.587

Analysis of topography and flow velocities along the river island banks indicates a pattern588
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of alternating unidirectional and counter-currents (Figure 19). The current speeds peak at 0.21589

m/s during opposing flows and reach approximately 0.68 m/s when currents are in the same590

direction. The Xiantiancun section, marked by a constricted channel and intensified currents, is591

prone to sediment accumulation. As tides recede, the river's hydrodynamic energy weakens,592

facilitating the convergence of the Xiantiancun course with the estuary's incoming flows. This593

interaction leads to the predominant deposition of sediment on the left bank of the main channel,594

facing the ocean, which is influenced by high-tide influxes.595

(a) (b)
Figure 19 Flow around the river island: (a) shows the flow around river island in opposite directions; (b)596

shows the flow around river island in same directions597

A secondary sediment deposition site has been identified in proximity to Jiuxiancun, with598

the maximal sediment thickness measuring 0.81 cm (Figure 20). This deposition zone is599

elongated and in close proximity to the coast, while erosion is observed on the opposing bank.600

The river's erosive action has led to the removal of the opposite bank, with the displaced601

sediment accumulating near Jiuxiancun. Over time, this accumulation is expected to enhance the602

river bend's curvature, potentially hindering the river's natural evolution.603

87删除[Yuxi Wu]:

87删除[Yuxi Wu]:

198删除[Yuxi Wu]:



42

(a) (b)
Figure 20 Deposition near the Jiuxiancun: (a) shows changes of sedimentation thickness of Jiuxiancun604

with palette; (b) shows changes of sedimentation thickness of Jiuxiancun in detail.605

To summarise, there are two clear deposits at the channel of the Changhua River. One occurs606

at the intersection of Xiantiancun and Danchangcun, while the other is near Jiuxiancun.607

Compared to the fork, sedimentation near the Jiuxiancun is deeper and thicker. The final608

deposition thickness of the model is 0.81 cm. The fork was deposited near the river island, and609

the simulation resulted in a displacement of 0.47 cm. The sediment carried by the high tide may610

be the source.611

6. Discussion612

6.1 Residual Current613

Residual currents to some extent reflect the transfer and exchange of water bodies, and their614

direction is usually the direction of sediment movement and the dispersion and migration of615

pollutant substances (Robinson, 1983). They are closely related to the long-term transfer and616

deposition of estuarine materials. Therefore, studying the characteristics of residual currents in617
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this sea area under the combined action of waves and currents can comprehensively understand618

the evolution characteristics of the sea area's sediment. Tidal residual currents can be studied619

using the Lagrangian and Eulerian methods. Eulerian residual current refers to the average620

transfer caused by the average flow after removing the periodic astronomical tide, and its621

magnitude and direction mainly depend on the strength and duration of the ebb and flood tidal622

velocities within the tidal cycle; Stokes' drift characterizes the net drift of the water body, and its623

numerical size directly reflects the correlation between the tidal range and the change in flow624

velocity within the tidal cycle, and the sum of the two is the Lagrangian residual current. The625

Lagrangian residual current is not the result of the long-term tracking of real particles, but is the626

result of the superposition of Eulerian residual current and Stokes' drift.627

Eulerian residual current refers to the average transfer caused by the average flow after628

removing the periodic astronomical tide, and its magnitude and direction mainly depend on the629

strength and duration of the ebb and flood tidal velocities within the tidal cycle; Stokes' drift630

characterizes the net drift of the water body, and its numerical size directly reflects the631

correlation between the tidal range and the change in flow velocity within the tidal cycle, and the632

sum of the two is the Lagrangian residual current. The formulas for calculating Eulerian residual633

current and Stokes' drift refer to previous studies (Longuet-Higgins, 1969; Uncles and Jordan,634

1980; Li and O'Donnell, 1997).635

Through the analysis of sediment simulation results from the previous section on the636

distribution of major sedimentation areas, we have been able to understand the distribution of637

these areas. However, the causes of sedimentation require further exploration. In this section,638

based on the tidal current field data from hydrodynamic numerical simulation, we calculate the639

residual flow according to the entire study area. The flow velocity measured data from two640
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ADCP stations outside the estuary of the Changhua River was analyzed using the tidal residual641

current calculation method, thereby enhancing the credibility of the residual flow field.642

Table 8 Residual currents in spring neap tide at each station643

Station
Eulerian residual current Stokes' drift Lagrangian residual current

Speed (m/s) Degree (°) Speed (m/s) Degree (°) Speed (m/s) Degree (°)

ADCP01 0.0913 232 0.0006 172 0.0917 231

ADCP02 0.0331 137 0.0007 194 0.0335 138

The Lagrangian residual current at monitoring station ADCP01 is 0.0913 m/s with a644

direction of 231° (SW), and at station ADCP02 it is 0.0331 m/s with a direction of 138° (NW)645

(Table 8). In the area outside the Changhua River estuary, the Stokes tidal residual current at the646

monitoring stations is two orders of magnitude smaller than the Eulerian residual current.647

Therefore, the flow trend of the composite Lagrangian tidal residual current remains essentially648

consistent with that of the Eulerian residual current.649

6.2 Influence of residual current in low water period650

The study area has a distinct monsoon climate, with prevailing southerly winds in the651

summer and alternating southerly and northeasterly winds in the spring. The figure 20 shows the652

Eulerian residual current field during the simulation period (low water period). To present the653

Eulerian residual currents within the study area in a complete and clear manner, a limit on vector654

length was set when plotting the current field. Consequently, the direction and length of the655

arrows in the figure represent the direction of the residual currents, but not their intensity.656

However, the intensity of the Eulerian residual currents can still be discerned through the data at657

the grid points. The Eulerian residual current outside the Changhua River estuary generally flows658

southward. As it flows from north to south, it is obstructed by the sand spit, diverging around it.659
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After the divergence, the southwestward Eulerian residual current splits, with one part following660

the sand spit to the river mouth near A, and the other part entering channel B and flowing inward.661

The northeastward Eulerian residual current, after divergence, encounters the obstruction of the662

headland (Topped wall Angle) and forms a counterclockwise circulation below Junbi Jiao.663

Headlands are one of the key topographical features where strong residual current vortices occur664

(Maddock et al., 1978; Pingree et al., 1977; Smith, 2010). At the headland, the water depth665

shoals in the onshore direction, and the frictional effect is stronger in shallow water areas than in666

deep water areas. This results in a frictional force moment on the alongshore tidal current,667

generating vorticity. The transport of vorticity within the closed circulation lines on either side of668

the headland is not equal in input and output. After a tidal cycle of time averaging, a net vorticity669

will be produced on both sides of the headland, forming two counter-rotating residual current670

vortices, with the tidal residual current at the tip of the headland generally pointing seaward671

(Zimmerman, 1981). Topped wall Angle, being a headland, can produce similar residual current672

field results. A clockwise residual current vortex opposite to the one below may exist above673

Topped wall Angle. The Eulerian residual currents in the three river channels where A, B, and C674

are located all flow towards the river mouths. The Eulerian residual current in the channel675

between B and C flows from B to C.676
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677

Figure 21 Eulerian residual current field during low water period678

679

6.3 Influence of residual current in hight water period680

In order to comprehensively understand the residual current field of the study area, it is681

essential to analyze the residual current field during the flood season. The figure displays the682

Eulerian residual current field of the study area for July 2022 (high water period). The Eulerian683

residual current south of the river mouth in the study area still flows to the south (towards Beili684

Bay), but the nearshore residual current veers more quickly, resulting in a smaller circulation685

compared to the dry season. The circulation range in the north has expanded, likely due to the686

influence of the southerly monsoon during the summer, leading to an increase in the strength and687

directional deflection of the Eulerian residual current. When it reaches the shore, it is naturally688

obstructed by the sand spit and disperses to both sides (NE-SW). The upward Eulerian residual689

current, upon encountering the sea area outside Changhua Port, is deflected by the coastal690
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promontory (Topped wall Angle) and turns westward. The westward Eulerian residual current,691

continuously affected by the strong southerly winds during its movement, keeps deflecting.692

Eventually, a circulation is formed, with a circulation range larger than that of the dry season.693

The situation in channel A is essentially consistent with the dry season, while the Eulerian694

residual current directions in channel B and C are the same as that in A, all flowing towards the695

ocean. This is quite different from the dry season, with a flow direction opposite to that of the696

dry season, which may be related to the increased rainfall and subsequent increase in697

downstream flow during the summer flood season.698

699

Figure 22 Eulerian residual current field during high water period700

7. Conclusions701

The study successfully applied a wave-current coupled sediment transport model to the702

lower reaches of the Changhua River in Hainan Island. By integrating field measurements,703

remote sensing techniques, and the Van Rijn model, this research has developed a comprehensive704
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model capable of accurately simulating sediment behavior under the combined action of waves705

and currents. The following conclusions reflect a robust understanding of the study's themes:706

The study area's surface sediments consist of ten types, including gravelly sand, sandy707

gravel, silty gravel, sandy silt, silt, gravelly silt, sand, gravelly sandy silt, gravelly sand, and silty708

gravelly sand. Among these, gravelly sand and gravelly sand are the predominant types.709

During the transition from flood to ebb tide, the flow field outside the estuary is driven by710

the deflection of water currents from Beili Bay and Changhua Port, shifting the flow direction711

from northeast to southwest. During the transition from ebb to flood tide, the deflection is712

primarily influenced by the circulation outside Changhua Port, shifting the flow direction from713

southwest to northeast.714

The main sedimentation areas within the study area's river channels include Xiantiacun,715

Danchangcun, and Jiuxiancun. The first two experience sediment deposition near the river716

mouth's sand spit, while the latter's sediment is primarily deposited near the river bifurcation.717

Regardless of whether it is the dry season or the flood season, the residual currents in the718

study area are directed towards Beilun Bay (SWS), implying that sediments in the lower reaches719

of the Changhua River will be influenced by the residual currents and transported towards Beili720

Bay. The sand spit at the river mouth, affected by the southward residual currents, will cause721

sediments from the north to be transported towards the northeast and southwest of the sand spit,722

leading to its elongation. There exists a counterclockwise residual current eddy beneath Topped723

wall Angle, and it is timed with a clockwise residual current eddy above Junbi Jiao. The river's724

discharge has little impact on Channel A, but it significantly affects Channels B and C.725

726

Model Validation and Effectiveness: The

sediment transport model has been rigorously validated using

both theoretical and empirical methods. The theoretical

validation was conducted using the sediment transport rate

method, while empirical validation involved comparing the
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Deposition Patterns: The study reveals the

deposition patterns in the estuary and downstream river

channel of the Changhua River, which are closely related to

the interplay between hydrodynamic conditions and geological

settings. Specifically, the estuary's deposition is primarily
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Appendix A. Supplementary data764

The following is the Supplementary material related to this article.765

Table A.1 List of main parameters of survey vessel766

Parameter Value Instrument diagram

LOA 11 m

Breadth 2.8 m

Modeled Depth 1.2 m

Design Draft 0.8 m

Speed 6.0 kn

Hull Material
Fiber-reinforced plastic

(FRP)

Table A.2 List of main parameters of ADCP767

Main parameters Value Instrument diagram

Working frequency 600 kHz

Velocity accuracy ± 0.3 % ± 3 mm/s

Velocity resolution 1 mm/s

Velocity range ± 10 m/s

Layer thickness 0.5 m ~ 4 m

Number of plies 1 - 128

Temperature sensor
range

- 10 ℃ ~ + 85 ℃

Accuracy of temperature
sensor

± 0.5 ℃

768

769
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Table A.3 List of main parameters of clam grab sampler770

Main parameters Value Instrument diagram

Operational depth  50 m

Material Stainless steel

Sampling area 500 cm2

Weight 9 kg

Maximum sampling
volume

3.5 L

Table A.4 List of main parameters of laser particle size analyzer771

Main parameters Value Instrument diagram

Measuring principle (dry) 0.1 μ to 2500 μ

Measuring principle (wet) 0.04 μ to 2500 μ

Dry dispersion Venturi/free fall

Repeatability < 1%

Precision < 3%

Weight 55 kg

Volume 35 inches× 21 inches× 17 inches

772
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