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Highlights: 14 

• Deltaic and regional scale decreasing trend of sediment concentration is detected. 15 

• The surface sediment dynamics is strongly related to sediment resuspension process. 16 

• Contributions of waves and currents on sediment resuspension is quantified. 17 

• Coarsening of seabed sediment contributes to interannual decrease of resuspension. 18 

• High sediment concentration zones are accorded with active erosion-accretion areas. 19 
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Abstract 21 

Satellite images have revealed a significant decline in the suspended sediment 22 

concentration (SSC) near surface in the coastal waters of Yellow River Delta (YRD) in recent 23 

years. However, there is limited information on the spatial disparity in SSC distributions and its 24 

dynamic mechanism. In this study, we utilize a well-calibrated SSC retrieval algorithm and a 25 

depth-averaged numerical modelling approach to investigate the delta and sub-delta scale variation 26 

trends and driving mechanisms of SSC in the coastal waters of YRD over the past few decades. 27 

The results of this study demonstrate the existence of high turbidity zones in coastal waters of the 28 

northern abandoned delta and the active lobe of the YRD. These zones have experienced general 29 

decreasing trends of SSC at the interannual timescale. Additionally, the distribution of SSC is 30 

significantly higher in dry seasons compared to that in wet seasons. The magnitude and varying 31 

trends of SSC are strongly influenced by the total bottom shear stress (BSS) caused by combined 32 

effects of waves and currents, although the wave-induced BSS is found to be less significant that 33 

the current-induced one, but vary more significantly due to wind forcing in the Bohai Sea. 34 

Furthermore, the grain size of seabed sediments plays a dominant role in the sediment mobilization 35 

and resuspension processes over interannual and longer timescales. The distribution of high BSS 36 

and sediment mobility zones align with the active areas for morphological changes with the YRD 37 

exhibiting net accretion in the active river mouth and erosion in the abandoned delta lobes. These 38 

findings highlight the multiscale variations and the close relationship between SSC and BSS, 39 

providing valuable insights into sediment dynamics with geomorphic evolution in highly human-40 

interfered deltaic systems. 41 



 

4 
 

Keywords 42 

Suspended sediment concentration; Currents and waves; Seabed coarsening; Geomorphic 43 

evolution; Yellow River Delta 44 

  45 



 

5 
 

1 Introduction 46 

The dynamics of sediment in estuaries and their adjacent coasts are intimately linked to 47 

terrestrial sediment transport, deposition, and resuspension processes from the seabed (Xu et al., 48 

2014; Burchard et al., 2018). The suspended sediment concentration (SSC) in these areas is highly 49 

dynamic, varying across multiple timescales, including tidal-cycle, seasonal, and longer timescales 50 

(Zhou et al., 2017; Wilson and Heath, 2019), due to various influencing factors such as changing 51 

river inputs, complex tidal currents, wave climate, and human interventions such as engineering 52 

constructions (Wang et al., 2014; Luo et al., 2022; Chowdhury et al., 2023). The SSC also has a 53 

significant impact on physical processes in coastal waters and plays a crucial role in regional 54 

morphological evolution (Huang et al., 2022). Furthermore, suspended sediment transport can 55 

influence biogeochemical recycling, including nutrients and other contaminants, thereby affecting 56 

ecological functions in estuarine environments (Bianchi and Allison, 2009; Wang et al., 2017a; 57 

Chou et al., 2018). Therefore, understanding the variations and dynamics of SSC in the coastal 58 

regions is of primary concern when considering the sustainability of ecosystem and for coastal 59 

planning and management (Xue et al., 2012; Chini and Stansby, 2015), in particular for vulnerable 60 

mega-deltas such as Yellow River Delta (YRD) in China. 61 

Considerable attention has been paid to the multi-scale dynamics of SSC in the coastal 62 

waters of YRD due to its significant role as a primary sink for a large amount of terrestrial sediment 63 

input and its highly dynamic shoreline and morphological evolution (Milliman and Meade, 1983; 64 

Wu et al., 2017; Jiang et al., 2017). Satellite remote sensing data has revealed a decreasing trend 65 

in the distribution of SSC in the coastal waters of YRD (Li et al., 2022; Zhao et al., 2022; Yu et 66 

al., 2023). A decline over 30% in SSC has been observed between 1984 and 2021 (Yu et al., 2023). 67 
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However, there is limited information available on the detailed variations of SSC at different 68 

spatial scales, considering different geomorphic and sedimentary settings in the region. 69 

Furthermore, previous studies have primarily attributed the long-term decrease in sediment 70 

resuspension in the coastal waters of the YRD to changing coastal dynamics and decreased fluvial 71 

sediment discharge (Zhang et al., 2014; Wang et al., 2019; Li et al., 2023). In addition, Liu et al. 72 

(2020) observed a significant coarsening of seabed sediment in the YRD over the past few decades, 73 

which could have profound implications for sediment resuspension. Jin et al. (2023) suggested that 74 

sea surface elevation and wave forcing are the dominant factors influencing suspended sediment 75 

dynamics, which can contribute to the decline in sediment resuspension and SSC. Since the 76 

modern YRD is following the single deltaic channel with less sediment delivery, SSC dynamics 77 

in the vicinity of the delta are dominated by bottom sediment resuspension associated with coastal 78 

ocean dynamics (Bi et al., 2021; Zhang et al., 2022). However, less consideration has been given 79 

to the understanding of spatial and temporal dynamics of SSC distributions in complex delta 80 

environments, especially in seasonal and interannual timescale. And the quantification of 81 

contributions of main coastal hydrodynamics, including tidal currents and waves, on sediment 82 

resuspension processes has rarely been reported. 83 

In this study, by analyzing the recent distributions and variability of SSC in the coastal 84 

waters of YRD from 1996 to 2020, considering the changing coastal dynamics, we primarily aims: 85 

(1) to quantify the seasonal and interannual variations of SSC in the coastal waters at both delta 86 

and sub-delta scales; (2) to quantify the contributions of tidal currents and waves dynamics on the 87 

distribution of SSC; (3) to identify dominant factors that influence the SSC dynamics at different 88 

timescales, and their effects on the morphological evolution of the YRD. This research is to 89 
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provide valuable insights into sediment transport dynamics in the highly human-interfered delta 90 

system, particularly in the new geomorphic settings resulting from recent engineered diversion. 91 

2. Study Area 92 

This research is centered in the coastal area of the modern YRD, as shown in Figure 1. This 93 

area has experienced rapid development since 1855, when the Yellow River breached at 94 

Tongwaxiang and shifted to the Daqinghe River Course, eventually entering the Bohai Sea. This 95 

has led to rapid accretion and frequent channel avulsions, driven by a significant influx of flow 96 

and sediment from the Yellow River. As a result, the deltaic channel shifted from the Shenxiangou 97 

channel (1953-1964) to the Diaokouhe (DKH) (1964-1976) and the Qingshuigou (QSG) channel 98 

(1976-present). More recently, an engineered diversion was implemented at the Q8 mouth channel 99 

to ensure the stability of the QSG channel (Chu et al., 2006; Peng et al., 2010). 100 

The evolution of the delta and its river mouth is significantly influenced by natural and 101 

human-induced changes in river input, tidal forcing, and wave dynamics (Jiang et al., 2013). From 102 

1950-2022, the water discharge to the sea is measured as 1784 m3/s during flood seasons and 567 103 

m3/s in the dry seasons. Since the implementation of Water–Sediment Regulation Scheme 104 

(WSRS), peaks of water discharge with high SSC appear in late June and early July, contributes 105 

28% and 54% of anuual water discharge and sediment load in average (Wang et al., 2017b). The 106 

coastal regions of YRD is dominated by irregular semi–diurnal tides with average tidal ranges of 107 

0.73–1.77 m (Yang et al., 2011). Tidal currents are generally parallel to the coastline, which flow 108 

southward during flood tide and northward during ebb tide with an average speed of 0.5–1.0 m/s 109 

(Bi et al., 2010). As regards the wave condition in the coastal waters of the YRD, is dominated by 110 

northerly wind waves with an average wave height of 0.57 m and an average wave period of 4.3 s 111 

indicated by multi-year observations during 2006-2019 (Ji et al., 2022). 112 
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To examine the distributions of SSC under combined riverine and oceanic forcing in detail, 113 

including tides, waves and wind, as well as their geomorphic impacts, the study area is divided 114 

into five littoral zones. These zones cover different types of erosion-accretion patterns from the 115 

northern YRD to the south as: Zone P1 for the abandoned DKH delta lobe, Zones P2 and P3 for 116 

engineering-protected coasts, Zone P4 for the active river mouth (Q8 delta lobe), and Zone P5 for 117 

the abandoned QSG delta lobe, as indicated in Figure 1. 118 

 119 

Figure 1. Map of the YRD, with locations of in-situ observation sites for waves, water levels, and 120 

currents (A, B, C) and zoning (Zones P1-P5). 121 
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3. Materials and methods 122 

3.1. Data collection 123 

Multi-year hydrographic surveys were conducted to collect data on water levels, tidal 124 

currents, and wave climate in the vicinity of the YRD, as shown in Figure 1. Water level changes 125 

were recorded at the Gudong tide-gauge station, which is located near the Gudong oilfield in the 126 

north of the active Q8 delta lobe. In-situ current observations were carried out during flood seasons 127 

from July 8-11 and October 14-15 in 2009 at well distributed 6 locations: two stations (C1 and C2) 128 

in the northern abandoned delta (Zone P1), two stations (B1, B2) in the engineering-protected 129 

coast (Zone P3), and two stations (A1, A2) in the active river mouth (Zone P4). Hourly data for 130 

wind and waves were measured and recorded at the Chengdao platform throughout 2018. 131 

During the study period, high-resolution bathymetric surveys were carried out in the 132 

subaqueous YRD in 2000, 2007, and 2015. The surveys included the measurement of 130 transects 133 

perpendicular to the deltaic coasts by the Yellow River Conservancy Committee. Additionally, 134 

surface seabed sediments were collected using a bottom sediment sampler, with 124 samples 135 

collected in 2000, 156 samples in 2007, and 136 samples in 2015, respectively (Figure S1). 136 

3.2. Retrieval of SSC 137 

A total of 541 satellite images, taken from Landsat-5 TM, Landsat-7 ETM, and Landsat-8 138 

OLI image data with cloud cover <10%, are utilized to retrieve the distribution of SSC dynamics 139 

near the YRD during the period of 1996-2020 (Figure S2). Level-1 30-m resolution Landsat 140 

images are downloaded from the U.S. Geological Survey's remote sensing image database 141 

(https://earthexplorer.usgs.gov/) and are atmospherically corrected using the dark spectrum fitting 142 

(DSF) algorithm (Vanhellemont and Ruddick, 2018) embedded in the ACOLITE software package 143 

https://earthexplorer.usgs.gov/
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(http://odnature.naturalsciences.be/remsem/acolite/). The SSC retrieval algorithms developed 144 

purposely for the YRD is employed (Li et al., 2019). The SSC retrieval models for TM, ETM+, 145 

OLI are expressed by Eqs. (1), (2) and (3), respectively: 146 

 𝑙𝑔𝑆𝑆𝐶 = 0.7603 × 𝑋1 + 21.7036 × 𝑋2 + 0.6547   (1) 147 

 𝑙𝑔𝑆𝑆𝐶 = 0.7460 × 𝑋1 + 21.2955 × 𝑋2 + 0.6654   (2) 148 

 𝑙𝑔𝑆𝑆𝐶 = 0.8079 × 𝑋1 + 23.062 × 𝑋2 + 0.6258   (3) 149 

where X1=Rrs(red)/Rrs(green), X2=Rrs(NIR), which is correspond to the remote sensing reflectance 150 

of the red, green, and NIR bands of the satellite images respectively. The SSC retrieval model has 151 

been validated against in-situ observed SSC from water samples and further details can be found 152 

in Li et al. (2019) and Li et al. (2021). 153 

3.3. Numerical model set-up and validation 154 

3.3.1 Hydrodynamic and wave model of TELEMAC suite 155 

To investigate the tidal and wave processes and their interactions off the YRD, a numerical 156 

modeling method based on the TELEMAC suite (Hervouet, 2007) is employed. The 157 

TELEMAC2D module, which is the coastal circulation module in TELEMAC, is used to solve 158 

shallow-water equations and compute two-dimensional coastal hydrodynamics. The wave module, 159 

on the other hand, is calculated using TOMAWAC, a third-generation spectral wave-propagation 160 

model that accounts for key processes such as wave refraction, white capping, bottom friction, and 161 

wave breaking. 162 

The internal coupling of the TELEMAC-TOMAWAC modules considers wave-current 163 

interactions in both directions. TELEMAC2D transfers the updated values of current velocities 164 
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and water depths to TOMAWAC, while TOMAWAC solves the wave action density conservation 165 

equation with reference to those current and water depth values. TOMAWAC then returns the 166 

updated values of the wave driving forces acting on the coastal currents to TELEMAC2D. 167 

Due to the long-term calculation time span and to save computation costs, the coupled 168 

TELEMAC2D and TOMAWAC module is utilized to compute 2D depth-averaged coastal 169 

dynamics and wave propagation processes. This approach is used because the coastal waters of 170 

YRD are well-mixed, but only partially-mixed during flood seasons concentrated at the active river 171 

mouth (Wang et al., 2017c). 172 

3.3.2 Model set-up 173 

Due to the significant changes of underwater geometry, shoreline positions, and seabed 174 

sedimentary environments in the study site during the periods of 1996-2006, 2007-2015, and 2015-175 

2020, three computational mesh systems are created at each period, namely 2000, 2007, and 2015 176 

(Figure 2). For the boxed area in Figure 2a, the mesh includes 11,052 nodes with 20,161 elements 177 

for 2000 (Figure 2b), 17,565 nodes with 32,011 elements for 2007 (Figure 2c), and 21,732 nodes 178 

with 42,015 elements for 2015 (Figure 2d). The river boundary is set at the section of Q8 mouth 179 

channel located 20 km from the river mouth outlet. No river input is imposed at the old mouth 180 

channel. The open ocean boundary is located in the northern Yellow Sea and is driven by tidal 181 

levels and depth-averaged velocities from the TPXO 8.0 database.  182 

In the hydrodynamic model, varying wind velocities across the Bohai Sea are sourced from 183 

the ECMWF-ERA5 database (https://cds.climate.copernicus.eu), with a spatial distribution of 184 

0.125° and a time interval of 6 hours each day. These wind velocities are implemented at every 185 

mesh node and at each time step. The wind effect on water surface variations is evaluated using 186 
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the coefficient of wind influence, which varies with wind speed ranging from 0.565×10-3 to 187 

2.513×10-3. The bottom roughness has been calibrated to 0.016 of the Manning coefficient based 188 

on previous research (Ji et al., 2020). In the wave model, the time step is set to 30 seconds. Wind 189 

waves are also generated by modified ECMWF wind field, which is validated against observations. 190 

The wave spectrum is discretized into 12 directions and 25 frequencies. The minimal frequency is 191 

0.0417 Hz (24 seconds), and the frequency ratio is 1.1. 192 

 193 

Figure 2. Overall computational domain with bathymetry in the Bohai and Yellow Seas (a) and 194 

model mesh in the coastal area at (b) 2000; (c) 2007; and (d) 2015 195 
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3.3.3 Model validations 196 

The model performance is evaluated by calculating the root-mean-square error (RMSE) 197 

and the correlation coefficient (CC) between the computed variables and the observations: 198 

 𝑅𝑀𝑆𝐸 = √
∑(𝑋𝑐𝑎𝑙−𝑋𝑜𝑏𝑠)2

𝑁
      (4) 199 

 𝐶𝐶 =
∑(𝑋𝑐𝑎𝑙−𝑋𝑐𝑎𝑙̅̅ ̅̅ ̅̅ )(𝑋𝑜𝑏𝑠−𝑋𝑜𝑏𝑠̅̅ ̅̅ ̅̅ ̅)

√∑(𝑋𝑐𝑎𝑙−𝑋𝑐𝑎𝑙̅̅ ̅̅ ̅̅ )2 ∑(𝑋𝑜𝑏𝑠−𝑋𝑜𝑏𝑠̅̅ ̅̅ ̅̅ ̅)2
     (5) 200 

Here, Xcal and Xobs are calculated and observed variables. N is the variables of calculated/observed 201 

variables. 𝑋𝑐𝑎𝑙
̅̅ ̅̅ ̅ and 𝑋𝑜𝑏𝑠

̅̅ ̅̅ ̅̅  denote the average values of the calculated and observed qualities. 202 

For hydrodynamic validation, the changes in water levels at 12 tide gauges along the coast 203 

of the Bohai Sea were compared with the computed water level changes in previous studies (Ji et 204 

al., 2020). Additionally, the observed water level variations at the Gudong Station during the 205 

period of 15 June to 15 July 2017 are compared with the computed results (Figure 3a). The 206 

computed water levels generally agree well with the observations, with a RMSE of 0.11 m and a 207 

CC of 0.92. This indicates that the model is able to accurately reflect the water level changes near 208 

the YRD (Table 1). 209 

Figure 3b shows the comparisons between the calculated and observed velocities along the 210 

coast of the YRD. The RMSE of the current velocities are all less than 0.17 m/s, and the CC ranges 211 

from 0.74 to 0.97 (Table 1). It can also be observed that the current directions from the model 212 

calculations agree well with the observations. 213 
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 214 

Figure 3. Comparisons in time series of (a) water levels between observations (Obs.) and 215 

computations (Cal.) during June and July in 2017, (b) Comparisons between the calculated and 216 

in-situ observed velocities during July and October in 2009. 217 

Figure 4 illustrates the validation of wave parameters using the observed wind and waves 218 

at the Chengdao Platform of the northern abandoned DKH delta. Since the ECMWF database is 219 

insufficient in representing strong wind events (Li et al., 2018), the wind intensity is calibrated and 220 

multiplied 1.5 times based on ECMWF dataset. The modified wind speeds and computed 221 

directions in the numerical model accord well with the observations. The simulated wave height 222 

and mean wave period are in good agreement with the observed data during 2018, with a RMSE 223 
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of 0.46 m and a CC of 0.91 in significant wave height (Hs), and an RMSE of 0.77 s and a CC of 224 

0.82 in mean wave period (Tp) (Table 1). Overall, the model validation indicates that the model 225 

performs well in reconstructing tide dynamics and wave climate in the coastal waters of YRD. 226 

  227 

Figure 4. Comparisons between observed and computed (a) wind speed, (b) wind direction, (c) 228 

significant wave height, and (d) mean wave direction at the northern YRD during 2018. 229 

  230 
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Table 1. Evaluation of model performance (2007-2015) with RMSE and CC 231 

 Hydrodynamics Wave 

Variables 
Water level 

(m) 

Current velocity 

(m/s) 

Wind 

speed 

(m/s) 

Hs (m) Tp (s) 

Sites Gudong A1 A2 B1 B2 C1 C2 Chengdao 

RMSE 0.11 0.17 0.13 0.07 0.03 0.05 0.09 3.27 0.46 0.77 

CC 0.92 0.74 0.86 0.85 0.97 0.95 0.9 0.77 0.91 0.82 

3.3.4 Bottom shear stress (BSS) 232 

The bottom shear stress (BSS) is a key hydrodynamic parameter to determine sediment 233 

transport and morphological changes (Kösters and Winter, 2013). Under the combined tide and 234 

wave conditions, the BSS can be divided into current-induced stress (τc) and wave-induced stress 235 

(τw), which can be calculated as follows: 236 

 𝜏𝑐 = 𝜌𝐶𝐷𝑈̅2        (6) 237 

where ρ is the water density, 𝑢̅ is depth-averaged velocity. CD is the dimensionless drag coefficient 238 

for rough turbulence flow, which is calculated using the formula: 239 

 𝐶𝐷 = [
0.4

ln(
ℎ

𝑍0
)−1

]

2

       (7) 240 

where h is the water depth, Z0 is near-bed roughness length, which is related to the Nikuradse 241 

roughness and median grain size (D50) (Kösters and Winter, 2013; Coughlan et al., 2021): 242 

 𝑍0 =
𝐾𝑠

30
=

𝐷50

12
        (8) 243 

The bottom stress induced by waves can be calculated as a function of the wave orbital 244 

velocity (Uw): 245 

 𝜏𝑤 =
1

2
𝜌𝑓𝑤𝑈𝑤

2       (9) 246 
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where Uw can be computed based on linear theory using the intrinsic angular frequency (ω) and 247 

wave number (k): 248 

 𝑈𝑤 =
𝐻𝑠𝜔

2sinh (𝑘ℎ)
       (10) 249 

fw is the wave friction factor, which is proposed by Swart (1976) as: 250 

 𝑓𝑤 = exp [5.213(
𝐾𝑏

𝐴𝑏
⁄ )0.194 − 5.977]    (11) 251 

where Ab=UwT/2π is the semi-orbital excursion and Kb is evaluated as the grain roughness (Z0). 252 

The combined current and wave induced BSS (τcw) can be calculated by the following 253 

equation (Jia et al., 2014; Rosales et al., 2008; Li et al., 2017; Franz et al., 2017; Green and Coco, 254 

2014; Guillou et al., 2016): 255 

 𝜏𝑐𝑤 = [(𝜏𝑚 + 𝜏𝑤|𝑐𝑜𝑠𝜃|)2 + (𝜏𝑤|𝑠𝑖𝑛𝜃|)2]0.5   (12) 256 

where θ represents the angle between the wave and current directions, τm is the mean shear stress 257 

in the current direction, which is calculated as:  258 

 𝜏𝑚 = 𝜏𝑐 [1 + 1.2(
𝜏𝑤

𝜏𝑤+𝜏𝑐
)3.2]      (13) 259 

In model implementation, the user defined critical BSS (τcr) is used, based on the formula 260 

proposed by Guo (2020), which extends shields diagram and presents a generalized empirical 261 

model for the critical shear stress for the incipient motion of both coarse and fine sediments: 262 

 𝜏𝑐𝑟 = 𝜏∗(𝛾𝑠 − 𝛾)𝐷       (14) 263 

where γ and γs represent the specific weight of water and sediment respectively, D is the median 264 

grain size, which can vary in space, τ* is the critical shields parameter and is denoted by: 265 
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 𝜏∗ =
𝑅∗

2

𝐷∗
3        (15) 266 

where D* is dimensionless sediment diameter and can be defined in Eq. (16), R* is critical grain 267 

Reynolds number, and can be solved in Eq. (17) 268 

 𝐷∗ = 𝐷 [
(

𝛾𝑠
𝛾

−1)𝑔

𝜈2 ]

1

3

       (16) 269 

 𝑅∗
4 +

195

7
𝑅∗

3 + (
162

7
−

𝐷∗
3

18
) 𝑅∗

2 −
11

42
𝐷∗

3𝑅∗ −
81

14
𝐷∗

3 = 0  (17) 270 

where g is the gravitational acceleration, ν is the kinematic viscosity of water. The map of deltaic 271 

seabed τcr calculated by the Eqs. (14-17) during different periods can be found in Figure S3. 272 

3.3.5 Sediment mobilization frequency index 273 

The sediment mobilization frequency index (MFI) represents the frequency of bottom 274 

sediment mobilization or resuspension within specific time periods under combined waves and 275 

current processes in estuarine environments (Coughlan et al., 2021). To assess whether τcr is 276 

exceeded at each point within the computation domain, the total BSS induced by currents and 277 

waves can be compared with τcr. This allows for the evaluation of the spatial disparity of seabed 278 

sediment mobilization frequency and its variations. 279 

3.3.6 Model conditions  280 

The validated model is then applied to examine the changing hydrodynamics and wave 281 

climate in the coastal waters of the YRD. A flow discharge of 1500 m3/s, which represents the 282 

multi-year averaged flow to the sea, is imposed at river boundary at the Q8 mouth channel. Each 283 

model configurations is run beginning on 1 January at each year from 1996 to 2020. Hourly 284 



 

19 
 

hydrodynamic (current velocity, water level) and wave parameters (Hs, Tp, bottom velocity, wave 285 

direction) are extracted to analyze the hydrodynamic and wave conditions in the study area. 286 

4. Results 287 

4.1. Interannual and seasonal variations in SSC  288 

The interannual averaged SSC dynamics are retrieved using multi-year satellite images in 289 

the study area. Figure 5a and 5b shows the average SSC distributions near the surface in the coastal 290 

waters of YRD. Generally, a temporal decreasing trend in Zones P1-P5 is detected, from 256.7 291 

mg/L during 1996-2006, 159.0 mg/L during 2007-2014, to 161.0 mg/L during 2015-2020. The 292 

high turbidity coastal waters, with SSC exceeding 100 mg/L, are concentrated in the northern 293 

abandoned YRD, the active river mouth and the abandoned QSG lobe. 294 

Monthly changes in SSC distributions are analyzed for the three periods aforementioned, 295 

as shown in Figure 6. High turbidity zones are consistently observed in the QSG lobe and the 296 

northern abandoned delta, which align with the annual and interannual distributions of SSC shown 297 

in Figure 5. During the dry season (November-April), the SSC levels were significantly higher 298 

than those in the wet season (May-October), with broader spatial ranges (>100 mg/L) and 299 

magnitudes of high SSC. Figure 6b and 6c present the SSC variations in winter and summer for 300 

the three periods. The results indicate that, in winter, there is a cascaded decrease in SSC 301 

magnitude from 1996 to 2020, with a more pronounced decrease in the northern abandoned delta 302 

(Figure 6b). In summer, no obvious changes are observed in Zones P1-P3, but noticeable 303 

fluctuations occur in Zones P4 and P5 (Figure 6c), primarily due to variations in mouth channel 304 

diversion and the amount of sediment discharged into the sea during the three periods. This 305 
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analysis also demonstrates that the turbidity in the DKH area is much lower than that at the 306 

abandoned QSG delta lobe in summer, influenced by prevailing southerly winds. 307 

 308 

Figure 5. Inter-annual (a) and annual (b) variations in SSC in the coastal waters of YRD. 309 

 310 

Figure 6. Monthly variability of SSC distributions of the YRD during 2015-2020 (a), and their 311 

spatial distributions in Zones P1-P5 during three periods in winter (b) and summer (c). 312 
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4.2. Distributions of currents, waves and their BSS 313 

Figure 7a and 7b show distributions of tidal currents in the study area during spring tides 314 

with the 2015 mesh. The tidal currents generally run parallel to the coastline, flowing southward 315 

during flood tides and northward during ebb tides. Strong tidal currents are observed off the 316 

northern DKH lobe and the abandoned QSG lobe during the maximum flood and ebb, with velocity 317 

magnitudes exceeding 0.5 m/s. Figure 7c depicts the distributions of the average wave heights off 318 

the YRD. The impact of waves generally decreases from the northeast in the outer sea to the 319 

southwest in the nearshore area. However, during extreme storm events, the maximum Hs can 320 

exceed 5.6 m outside of the delta as shown in Figure7d. 321 

 322 
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Figure 7. Distributions of currents and waves around the YRD, with flood currents (a) and ebb 323 

currents (b) during spring tides; Mean (c) and temporal maximum (d) significant wave heights 324 

(Hs) during 2015 325 

The BSS induced by tidal currents, waves, and their combination can be calculated using 326 

Eqs. (6-13). Figure 8 depicts the total BSS induced by combined currents and waves during three 327 

different periods. The total BSS exceeds 0.15 Pa in the abandoned DKH and the abandoned QSG 328 

lobes. In addition, after the mouth channel diversion in 1996, the active river mouth has become a 329 

high BSS zone due to direct river discharge delivery. 330 

 331 

Figure 8. Distributions of total BSS during the three periods 332 

Monthly-averaged BSS are derived from the validated coupled wave-current numerical 333 

TELEMAC model across simulations of recent 25 years (Figure 9 and Figure S4). Figure 9 334 

displays the wave-induced BSS and the total BSS induced by combined waves and currents at the 335 

seasonal scale during 2015-2020. The high BSS zones (>0.15 Pa) induced by waves are restricted 336 

to areas shallower than 10-m depth and exhibit strong seasonal variability, with higher BSS values 337 

in dry seasons compared to wet seasons (Figure 9a). The high total BSS zones are located at the 338 

northern YRD and the abandoned QSG lobe (Figure 9b), where tidal currents exert strong forcing 339 
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(Figure 7). Additionally, the total BSS follows a similar trend in seasonal variations as the wave-340 

induced BSS, acting as an additional impact on the tidal currents in mobilizing seabed sediments. 341 

 342 

Figure 9. Monthly variability of distributions in (a) wave-induced and (b) total BSS off the YRD 343 

during 2015-2020. 344 

4.3. Relationship between BSS and SSC 345 

Considerable attention has been given to studying the relationship between wave heights 346 

and the spatial distribution of SSC in the coastal waters of the YRD (Li et al., 2022; Zhao et al., 347 

2022; Jin et al., 2023). It is worth mentioning that the accuracy of wave forcing results obtained 348 

from large-scale global models may be limited, as they typically do not account for morphological 349 

changes in coastal and estuarine regions. Furthermore, previous studies have often placed less 350 

emphasis on the contribution of current-induced BSS, which is known to play a significant role in 351 

addition to wave forcing. Therefore, our objective is to compare the total BSS induced by waves 352 
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and tidal currents with the spatial distribution of SSC, utilizing the established coupled wave-353 

current model. 354 

The relationship between seasonal-scale total BSS and SSC at each year is depicted in 355 

Figure 10. The findings reveal a close linear correlation between the distribution of BSS and 356 

fluctuations in SSC. Higher BSS and SSC levels are observed in winter compared to summer in 357 

Zones P1, P2, P3, and P5, where tidal currents and wave forcing have a dominant influence. In 358 

Zone P4, comparable SSC magnitudes are observed in summer and winter. But it should be noted 359 

that the SSC dynamics is attributed to direct high SSC delivery through upstream peak flow rather 360 

than sediment suspension in flood seasons. 361 

 362 

Figure 10. Relationship between BSS and SSC in Zones P1-P5, and their deltaic scale 363 

relationship (P-average). 364 

The time series variations of averaged SSC and BSS in the study area at the annual scale 365 

are illustrated in Figure 11. The SSC demonstrates pronounced annual fluctuations, and are 366 

strongly correlated with the annual variability of wave-induced and total BSS. In terms of annual 367 

coastal hydrodynamics and wave forcing, the wave-induced BSS generally exhibits less intensity 368 
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compared to the current-induced BSS. However, it displays a higher degree of variability due to 369 

the influence of wind. The varying trend of total BSS is more closely associated with wave-induced 370 

BSS and exhibits significant variations at the annual scale. 371 

 372 

Figure 11. Time series of SSC, and calculated current- and wave-induced BSS, and total BSS in 373 

the coastal waters of the YRD during 1996-2020. 374 

4.4. Contributions of currents and waves to sediment resuspension 375 

In order to further quantify the influence of spatial-temporal variations in waves and 376 

currents on sediment resuspension, an analysis of current- and wave-induced BSS is conducted at 377 

both seasonal and interannual timescales, as illustrated in Figure 12, Table 2, and Table S1. The 378 

findings reveal that the total BSS is highest in Zones P1 and P2, followed by Zone P5, while Zones 379 

P3 and P4 exhibit the lowest values. The contributions of waves are most pronounced within the 380 

5-meter depth contour in Zone P2, P3, and the northern vicinity of Zone P4, accounting for over 381 

70% of the total BSS. In Zone P1, waves and currents contribute comparably, each accounting for 382 

approximately 50% of the total BSS, whereas in Zone P5, waves account for about 30% (Figure 383 

12a). It is estimated that the wave impact on sediment resuspension in Zones P1-P5 has reached 384 

27%-30% since 1996 (Table S1). 385 
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From a temporal perspective, a decrease in wave impact is observed, accompanied by a 386 

slight increase in current influence at the delta scale, which can be attributed to variations in wind 387 

patterns and morphological changes (Table 2). This trend is particularly noticeable in the northern 388 

and northeastern coastal waters of the delta, where wave impact dominates. Consequently, the 389 

contribution ratio of waves to sediment resuspension decreases in these areas. Seasonal variations 390 

are also noted, with the BSS induced by waves being twice as significant in winter compared to 391 

summer (Figure 12b & c, Table S1). 392 

 393 

Figure 12. Ratio of wave-induced BSS to the total BSS in the three periods in (a) annual-394 

averaged, (b) summer and (c) winter, with detailed information in Table 2 and Table S2. 395 

 396 
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Table 2. Averaged current- and wave-induced BSS (Pa) during three periods 397 

 P1 P2 P3 P4 P5 P-average 

1996-2006 

Currents 0.160 0.192 0.086 0.086 0.155 0.129 

Waves 0.056 0.065 0.058 0.047 0.038 0.050 

Total 0.213 0.254 0.143 0.131 0.190 0.177 

2007-2014 

Currents 0.172 0.198 0.084 0.094 0.156 0.134 

Waves 0.054 0.057 0.050 0.046 0.038 0.047 

Total 0.223 0.251 0.133 0.138 0.190 0.179 

2007-2014 

Currents 0.158 0.196 0.081 0.102 0.154 0.134 

Waves 0.049 0.056 0.053 0.042 0.039 0.046 

Total 0.204 0.250 0.133 0.143 0.190 0.179 

 398 

5. Discussions 399 

5.1. Driving factors of SSC at different timescales 400 

Quantifying wave- and current- induced BSS and resultant sediment resuspension are a 401 

primary aspect of this study. The results have revealed that the distribution of total BSS, induced 402 

by combinations of tidal currents and waves, is closely correlated with the spatial variations in 403 

SSC distribution and its dynamics at both seasonal and annual timescales, as indicated in Figure 404 

10 and Figure 11. 405 

Over interannual and longer timescales, the sediment grain size and morphology of the 406 

subaqueous YRD display significant spatial variations (Figure S3). These variations can play a 407 

crucial role in determining the critical BSS and influencing the processes of seabed sediment 408 

resuspension and mobilization. To assess sediment mobilization and seabed erosion potential in 409 

the context of changing sediment properties and subaqueous morphology, the sediment 410 
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mobilization frequency index (MFI) is introduced, which is based on calculating the frequency of 411 

sediment mobilization by comparing total BSS with the critical BSS values on an hourly basis. 412 

Figure 13 and Table 3 presents a comparison of interannual-scale averaged MFI at the 413 

coastal waters of YRD, indicating MFI variations under total BSS during the three periods from 414 

1996 to 2020. The results show the existence of three high MFI zones. The two high MFI zones 415 

are in the abandoned in DKH and QSG lobes, which experience strong tidal current forcing and 416 

additional impact from waves throughout the year, and the one occurs in the active Q8 river mouth, 417 

which has transformed into a high BSS zone due to its direct role as a pathway for riverine sediment 418 

input since the latest engineered diversion in 1996. 419 

The seabed sediment mobility is influenced by changing wave and current forcing, as well 420 

as variations in critical BSS. It is observed that the total BSS fluctuates at the annual timescale 421 

(Figure 11), while on the interannual timescale, the total BSS levels are relatively similar (Table 422 

2), and it relies more on the changing sediment properties and related τcr on seabed. In Zones P1-423 

P3, the seabed sediments follow generally coarsening trends, resulting in a decreasing trend in 424 

FMI. In Zone P4, the sediment mobility increases, mainly as the result of the combined effects of 425 

river flow and tide dynamics under changing morphology and sedimentary environments. In Zone 426 

P5, the sediment mobility follows a decreasing trend from 1996-2006 to 2007-2014, and increases 427 

during 2015-2020, primarily because that the seabed sediment significantly coarsens during initial 428 

channel migration in the abandoned delta lobe and then becomes finer (Figure S3), which induces 429 

changes in critical bed shear stress and sediment resuspension processes. Overall, the averaged 430 

sediment mobility under combined BSS induced by currents and waves are accordance with SSC 431 

distributions and variations at interannual scales, which implies that the variations in critical BSS, 432 
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associated with the median grain size, is the essential driver of sediment resuspension in the coastal 433 

waters. 434 

 435 

Figure 13. Sediment mobility assessment during the three periods. 436 

Table 3. Sediment mobility (%) in different periods 437 

 P1 P2 P3 P4 P5 P-average 

1996-2006 57.2 63.0 42.3 49.5 73.8 57.7 

2007-2014 51.2 59.0 42.6 53.2 67.5 55.6 

2015-2020 48.1 61.8 37.7 58.3 71.6 56.6 

5.2. Implications for delta erosion and accretion patterns 438 

The morphological variability of subaqueous deltas depends on factors such as river input, 439 

sediment characteristics, and combined wave-current actions (Fagherazzi et al., 2015; Luan et al., 440 

2016; Franz et al., 2017). While variations in river input can primarily influence the evolution of 441 

the active river mouth in the YRD (Wu et al., 2017; Jiang et al., 2017; Bi et al., 2021), the coastal 442 

currents and waves plays more significant role in shaping sediment dynamics and morphological 443 

changes of the delta with reduced river input in recent decades. 444 

By collecting and comparing the bathymetric surveying datasets, the interannual delta-445 

scale DEM (digital elevation model) and the erosion-accretion evolution of the subaqueous YRD 446 
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are calculated, as shown in Figure 14. From 2000-2007 to 2007-2015, the morphological change 447 

patterns follows similar trends. There is rapid accretion in the active river mouth, with a vertical 448 

rate of 0.4 m/yr, which receives direct riverine sediment input. Whilst erosion occurs in the 449 

abandoned DKH and QSG delta lobes, with the erosion rate of 0.2 m/yr. After the mouth channel 450 

bifurcates and migrates from the east to the north in 2007, the deposition center and erosion center 451 

has switched locations. 452 

Distributions of high BSS and sediment mobility zones indicate considerable potential for 453 

sediment resuspension, concentrated in northern abandoned delta, the active river mouth, and 454 

abandoned QSG lobe. They also coincide with high velocity zones (Figure 7a and b) for the 455 

efficient transport of suspended sediment, inducing the consistence with the active area of 456 

morphological changes, except for the Gudong littoral zone (Zone P3). Because the BSS and MFI 457 

reflect the potential for erosion and accretion and the frequency of sediment mobilization, rather 458 

than the actual quantities of erosion and accretion. Although the Gudong littoral zone is under 459 

engineering protection, the seabed still experienced severe erosion under increased BSS induced 460 

by strong waves during stormy weather conditions (Fan et al., 2020; Sun et al., 2022; Cheng et al., 461 

2023). 462 

Under the current condition of the single QSG channel discharging riverine water and 463 

sediment to the Bohai Sea, the morphological erosion-accretion evolution trends of the YRD are 464 

likely to continue. Although the Water-Sediment Regulation Scheme (WSRS), aiming at 465 

regulating the water and sediment discharge from catchment reservoirs, has effectively transported 466 

a substantial amount of river-derived sediment to the YRD (Wang et al., 2022), it cannot prevent 467 

the sinking of the entire delta due to the reduced sediment supply under relatively strong coastal 468 

hydrodynamics in recent decades (Ji et al., 2018; Wu et al., 2023). If the flow path follows the 469 
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alternative channel, e.g., Beicha channel in the west of the current river mouth, the erosion in the 470 

Gudong littoral zone may be reduced, but the delta-scale erosion and accretion patterns would 471 

remain relatively unchanged. 472 

 473 

Figure 14. Erosion-accretion patterns of the subaqueous YRD. 474 

5.3. Limitations of SSC retrieval and numerical model 475 

The SSC retrieval algorithm used in this study is based on the work by Li et al. (2019), 476 

where the model achieved an RMSE < 55 mg/L with a relative percentage difference < 21% 477 

compared to in-situ SSC measurements. However, it is important to note that the accuracy of the 478 

SSC retrieval algorithm is also highly dependent on the selection and utilization of satellite 479 

imagery. In this study, a total of 541 images are used to retrieve SSC distributions at the YRD over 480 

a span of two decades. Due to the randomness of satellite image availability, some months have 481 

only 1-2 satellite images, which may not accurately reflect the monthly-averaged SSC 482 

distributions. Nonetheless, the observed SSC dynamics follows a general decreasing trend and 483 

exhibits annual fluctuations since the mouth channel diversion to Q8, which aligns with similar 484 
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findings in other studies (Zhou et al., 2017; Zhao et al., 2022; Jin et al., 2023; Li et al., 2023; Yu 485 

et al., 2023). 486 

The coupled wave-current model based on the TELEMAC suite is used in this study to 487 

investigate the distributions of waves and currents in the coastal waters of YRD over the past 488 

decades. The coupling time step for wave-current interactions was set at 5 minutes to capture the 489 

wave-induced currents and the impact of currents on waves. Figure 15 illustrates the mean 490 

difference in current magnitude and wave climate between the coupled and decoupled modes. 491 

Figure 15a shows that tidal currents can be either reduced or enhanced primarily due to the angle 492 

between currents and wind wave directions. When compared to the coupled wave-current model 493 

runs, current velocities are reduced in the northern abandoned YRD by approximately 0.02 m/s, 494 

and are enhanced by 0.02-0.06 m/s along the coastline at the active delta lobe. In comparison, wave 495 

heights are often underestimated by 0.04 m when the model does not consider wave-current 496 

interactions (Figure 15b). 497 

The seasonal stratification and vertical mixing in coastal waters, in addition to current and 498 

wave forcing, play a role in the dynamics of SSC (Wilson and Heath, 2019; Xie et al., 2022; Du 499 

et al., 2023). However, our model does not consider a three-dimensional mode due to 500 

computational costs. Since the water depths in the YRD are relatively shallow, the depth-averaged 501 

mode can effectively capture the BSS induced by currents and waves (Santoro et al., 2017; Zhang 502 

et al., 2018; Coughlan et al., 2021). Additionally, our model assumed a constant flow discharge of 503 

1500 m3/s instead of varying river discharge inputs. This is because the combinations of currents 504 

and waves are more widespread and influential than the limited river input, especially given the 505 

reduced terrestrial sediment supply in recent decades. 506 
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 507 

Figure 15. (a) Current velocities and (b) significant wave height difference compared with the 508 

coupled and decoupled TELEMAC2D and TOMOWAC modes. 509 

5 Conclusions 510 

In this study, validated remote sensing sediment retrieval algorithms with 541 satellite 511 

images and a numerical model based on the TELEMAC suite are applied to investigate the 512 

distributions of SSC and current-wave dynamics at the YRD over a two-decade period after the 513 

latest engineered diversion. The SSC retrieval results show that high turbidity zones appears in 514 

coastal waters of the northern abandoned DKH delta, the active river mouth and the abandoned 515 

QSG delta. On the interannual scale, the SSC distributions have shown a general decreasing trend 516 

in the coastal waters of YRD since 1996. At the intra-annual scale, the SSC is significantly higher 517 

in winter compared to summer. 518 

The BSS induced by combined waves and currents is related to the distributions of SSC at 519 

multiple spatial-temporal scales. The BSS induced by wind waves is generally weaker compared 520 



 

34 
 

to currents, accounting for approximately 27%-30% of total BSS, but exhibits significant spatial-521 

temporal variability. The contribution of wave-induced BSS is spatially stronger within 5-m depth 522 

contour in the engineering coasts, and less significant in the abandoned DKH and abandoned QSG 523 

delta lobes, and its contribution being overall decreasing during the past decades. 524 

The strong correlations between SSC and sediment mobility distributions suggest that SSC 525 

is significantly influenced by local sediment resuspension processes. On interannual and longer 526 

timescales, the seabed sediment mobilization, influenced by currents and wave climate, may be 527 

more dependent on the seabed sediment grain size. The distributions of high BSS and sediment 528 

mobility zones are consistent with the high velocity zones and the active areas of erosion-accretion 529 

evolution, with net accretion observed in the active river mouth and erosion in the abandoned  delta 530 

lobes.  531 

Acknowledgments 532 

The study was supported by China Postdoctoral Science Fund (No. 2023M731092), and 533 

the Open research fund of Key Laboratory of Lower Yellow River Sediment of Ministry of Water 534 

Resources, Yellow River Institute of Hydraulic Research (No. LYRCER202302), National Natural 535 

Science Foundation of China (No. U1706214, 42106170) and National Natural Science 536 

Foundation of Jiangsu Province young investigator grant program (No. BK20210948). We would 537 

also link to acknowledge the open-source remote sensing data provided by the U.S. Geological 538 

Survey. We would also thank editor and reviewers for their insightful and constructive comments. 539 

 540 



 

35 
 

Data availability 541 

Landsat images are downloaded from the U.S. Geological Survey's remote sensing image 542 

database (https://earthexplorer.usgs.gov/), with atmospherically correction in the ACOLITE 543 

software package (http://odnature.naturalsciences.be/remsem/acolite/). Varying wind velocities 544 

across the Bohai Sea are sourced from the ECMWF-ERA5 database 545 

(https://cds.climate.copernicus.eu). The coupled wave-current model are sourced from 546 

TELEMAC-MASCARET system (https://www.opentelemac.org/). 547 

 548 

Appendix A. Supplementary data  549 

Supporting information. 550 

 551 

References 552 

Bi, N., Yang, Z., Wang, H., Hu, B., Ji, Y., 2010. Sediment dispersion patterns off the present 553 

Huanghe (Yellow River) subdelta and its dynamic mechanism during normal river discharge 554 

period. Estuarine, Coastal and Shelf Science, 86, 352-362. 555 

Bi, N., Wang, H., Wu, X., Saito, Y., Xu, C., 2021. Phase change in evolution of the modern 556 

Huanghe (Yellow River) Delta: Process, pattern, and mechanisms. Marine Geology, 437, 106516.  557 

Bianchi, T.S., Allison, M.A., 2009. Large-river delta-front estuaries as natural “recorders” of 558 

global environmental change. Proceedings of the National Academy of Sciences, 106(20): 8085-559 

8092. 560 

Burchard, H., Schuttelaars, H.M., Ralston, D.K., 2018. Sediment trapping in estuaries. 561 

Annual Review of Marine Science, 10: 371-395. 562 

https://earthexplorer.usgs.gov/
http://odnature.naturalsciences.be/remsem/acolite/
https://cds.climate.copernicus.eu/
https://www.opentelemac.org/


 

36 
 

Cheng, X., Zhu, J., Chen, S., 2023. Dynamic response of water flow and sediment transport 563 

off the Yellow River mouth to tides and waves in winter. Frontiers in Marine Science, 10: 1181347. 564 

Chini, N., Stansby, P., 2015. Broad-scale hydrodynamic simulation, wave transformation and 565 

sediment pathways. Broad Scale Coastal Simulation: New Techniques to Understand and Manage 566 

Shorelines in the Third Millennium, 103-124. 567 

Chou, Y. J., Nelson, K. S., Holleman, R. C., Fringer, O.B., Stacey, M.T., Lacy, J.R., 568 

Monismith, S.G., Koseff, J.R., 2018. Three-dimensional modeling of fine sediment transport by 569 

waves and currents in a shallow estuary. Journal of Geophysical Research: Oceans, 123(6), 4177-570 

4199. 571 

Chowdhury, P., Lakku, N.K.G., Lincoln, S., Seelam, J.K., Behera, M.R., 2023. Climate 572 

change and coastal morphodynamics: Interactions on regional scales. Science of the Total 573 

Environment, 899: 166432. 574 

Chu, Z.X., Sun, X.G., Zhai, S.K., Xu, K.H., 2006. Changing pattern of accretion/erosion of 575 

the modern Yellow River (Huanghe) subaerial delta, China: Based on remote sensing images. 576 

Marine Geology, 227(1-2): 13-30. 577 

Coughlan, M., Guerrini, M., Creane, S., O'Shea, M., Ward, S.L., Van Landeghem, K.J.J., 578 

Murphy, J., Doherty, P., 2021. A new seabed mobility index for the Irish Sea: Modelling seabed 579 

shear stress and classifying sediment mobilisation to help predict erosion, deposition, and sediment 580 

distribution. Continental Shelf Research, 229: 104574. 581 

Du, Y., Zhang, J., Bian, C., Fang, X., Cheng, J., Wang, G., 2023. Multiscale spatio-temporal 582 

variations of suspended sediment fronts in the semi-enclosed Bohai Sea, China. Journal of 583 

Geophysical Research: Oceans, 128(11): e2023JC019773. 584 



 

37 
 

Fagherazzi, S., Edmonds, D.A., Nardin, W., Leonardi, N., Canestrelli, A., Falcini, F., 585 

Jerolmack, D.J., Mariotti, G., Rowland, J.C., Slingerland, R.L., 2015. Dynamics of river mouth 586 

deposits. Reviews of Geophysics, 53(3): 642-672. 587 

Fan, Y., Chen, S., Pan, S., Dou, S., 2020. Storm-induced hydrodynamic changes and seabed 588 

erosion in the littoral area of Yellow River Delta: A model-guided mechanism study. Continental 589 

Shelf Research, 205: 104171. 590 

Franz, G., Delpey, M.T., Brito, D., Pinto, L., Leitão, P., Neves, R., 2017. Modelling of 591 

sediment transport and morphological evolution under the combined action of waves and currents. 592 

Ocean Science, 13(5): 673-690. 593 

Ge, J., Shi, S., Liu, J., Xu, Y., Chen, C., Bellerby, R., Ding, P., 2020. Interannual variabilities 594 

of nutrients and phytoplankton off the Changjiang estuary in response to changing river inputs. 595 

Journal of Geophysical Research: Oceans, 125: e2019JC015595.  596 

Green, M.O., Coco, G., 2014. Review of wave-driven sediment resuspension and transport in 597 

estuaries. Reviews of Geophysics, 52(1): 77-117. 598 

Guillou, N., Chapalain, G., Neill, S.P., 2016. The influence of waves on the tidal kinetic 599 

energy resource at a tidal stream energy site. Applied Energy, 180: 402-415. 600 

Guo, J., 2020. Empirical model for Shields diagram and its applications. Journal of Hydraulic 601 

Engineering, 146(6): 04020038. 602 

Hervouet, J.M., 2007. Hydrodynamics of free surface flows: modelling with the finite element 603 

method. New York: Wiley, 2007. 604 

Huang, Y., Yang, H., Jia, J., Li, P., Zhang, W., Wang, Y., Ding, Y., Dai, Z., Shi, B., Yang, 605 

S., 2022. Declines in suspended sediment concentration and their geomorphological and biological 606 



 

38 
 

impacts in the Yangtze River Estuary and adjacent sea. Estuarine, Coastal and Shelf Science, 265: 607 

107708. 608 

Ji, H., Chen, S., Pan, S., Xu, C., Jiang, C., Fan, Y., 2018. Morphological variability of the 609 

active Yellow River mouth under the new regime of riverine delivery. Journal of Hydrology, 564: 610 

329-341. 611 

Ji, H., Pan. S., Chen, S., 2020. Impact of river discharge on hydrodynamics and sedimentary 612 

processes at Yellow River Delta. Marine Geology, 2020, 425: 106210. 613 

Ji, H., Chen, S., Jiang, C., Fan, Y., Fu, Y., Li, P., Liu, F., 2022. Damming-Induced 614 

Hydrogeomorphic Transition in Downstream Channel and Delta: A Case Study of the Yellow 615 

River, China. Water, 14(13): 2079. 616 

Jia, L., Ren J, Nie D, Chen, B., Lv, X., 2014. Wave-current bottom shear stresses and 617 

sediment re-suspension in the mouth bar of the Modaomen Estuary during the dry season. Acta 618 

Oceanologica Sinica, 33: 107-115. 619 

Jiang, A.W., Ranasinghe, R., Cowell, P., 2013. Contemporary hydrodynamics and 620 

morphological change of a microtidal estuary: a numerical modelling study. Ocean Dynamics, 63: 621 

21-41. 622 

Jiang, C., Pan, S., Chen, S., 2017. Recent morphological changes of the Yellow River 623 

(Huanghe) submerged delta: Causes and environmental implications. Geomorphology, 293: 93-624 

107. 625 

Jin, S., Fagherazzi, S., Fichot, C.G., Wu, X., Liu, Y.X., Zheng, X., Zou, T., Xing, Q., 2023. 626 

Drivers of suspended sediment dynamics along the shorelines of the Yellow River Delta detected 627 

from satellite data. Earth Surface Processes and Landforms, 1-12. 628 



 

39 
 

Kösters, F., Winter, C., 2014. Exploring German Bight coastal morphodynamics based on 629 

modelled bed shear stress. Geo-Marine Letters, 34: 21-36. 630 

Li, H., Wang, Y., Duan, G., H, J., 2023. Analysis of the temporal and spatial distribution of 631 

suspended sediment concentration and its influencing factors in the Huanghe River Estuary based 632 

on GEE. Haiyang Xuebao, 45(8): 1-13. 633 

Li J, Pan S, Chen Y, Fan, Y.M., Pan, Y., 2018. Numerical estimation of extreme waves and 634 

surges over the northwest Pacific Ocean. Ocean Engineering, 153: 225-241. 635 

Li, M.Z., Hannah, C.G., Perrie, W.A., Tang, C.C.L., Prescott, R.H., Greenberg, D.A., 2015. 636 

Modelling seabed shear stress, sediment mobility, and sediment transport in the Bay of Fundy. 637 

Canadian Journal of Earth Sciences, 52(9): 757-775. 638 

Li, P., Ke, Y., Bai, J., Zhang, S., Chen, M., Zhou, D., 2019. Spatiotemporal dynamics of 639 

suspended particulate matter in the Yellow River Estuary, China during the past two decades based 640 

on time-series Landsat and Sentinel-2 data. Marine Pollution Bulletin, 149: 110518. 641 

Li, P., Ke, Y., Wang, D., Ji, H., Chen, S., Chen, M., Lyu, M., Zhou, D., 2021. Human impact 642 

on suspended particulate matter in the Yellow River Estuary, China: Evidence from remote sensing 643 

data fusion using an improved spatiotemporal fusion method. Science of the Total Environment, 644 

2021, 750: 141612. 645 

Li, P., Chen, S., Ke, Y., Ji, H., Li, P., Fan, Y., 2022. Spatiotemporal dynamics of suspended 646 

particulate matter in the Bohai Sea, China over the past decade from the space perspective. Science 647 

of The Total Environment, 851: 158210. 648 

Li, Y., Tang, C., Wang, J., Acharya, K., Du, W., Gao, X., Luo, L., Li, H., Dai, S., Mercy, J., 649 

Yu, Z., Pan, B., 2017. Effect of wave-current interactions on sediment resuspension in large 650 

shallow Lake Taihu, China. Environmental Science and Pollution Research, 24: 4029-4039. 651 



 

40 
 

Liu, L., Wang, H., Yang, Z., Fan, Y., Wu, X., Hu, L., Bi, N., 2022. Coarsening of sediments 652 

from the Huanghe (Yellow River) delta-coast and its environmental implications. Geomorphology, 653 

401: 108105. 654 

Luan, H.L., Ding, P.X., Wang, Z.B., Ge, J., Yang, S., 2016. Decadal morphological evolution 655 

of the Yangtze Estuary in response to river input changes and estuarine engineering projects. 656 

Geomorphology, 265: 12-23. 657 

Luo, W., Shen, F., He, Q., Cao, F., Zhao, H., Li, M., 2022. Changes in suspended sediments 658 

in the Yangtze River Estuary from 1984 to 2020: Responses to basin and estuarine engineering 659 

constructions. Science of the Total Environment, 805: 150381. 660 

Milliman, J.D., Meade, R.H., 1983. World-wide delivery of river sediment to the oceans. The 661 

Journal of Geology, 1983, 91(1): 1-21. 662 

Peng, J., Chen, S., Dong, P., 2010. Temporal variation of sediment load in the Yellow River 663 

basin, China, and its impacts on the lower reaches and the river delta. Catena, 83, 135-147. 664 

Rosales, P., Ocampo-Torres, F.J., Osuna, P., Monbaliu, J., Padilla-Hernández, R., 2008. 665 

Wave-current interaction in coastal waters: Effects on the bottom-shear stress. Journal of marine 666 

systems, 71(1-2): 131-148. 667 

Santoro, P., Fossati, M., Tassi, P., Huybrechts, N., Van Bang, D.P., Piedra-Cueva, J.C., 2017. 668 

A coupled wave–current–sediment transport model for an estuarine system: Application to the Río 669 

de la Plata and Montevideo Bay. Applied Mathematical Modelling, 52: 107-130. 670 

Sun, H., Xu, J., Zhang, S., Li, G., Liu, S., Qiao, L., Yu, Y., Liu, X., 2022. Field observations 671 

of seabed scour dynamics in front of a seawall during winter gales. Frontiers in Marine Science, 672 

9: 1080578. 673 



 

41 
 

Swart D.H., 1976. Offshore sediment transport and equilibrium beach profiles. Technical 674 

report, Delft University, The Netherlands, Delft Hydraulics Publication 131. 675 

Vanhellemont, Q. and Ruddick, K., 2018. Atmospheric correction of metre-scale optical 676 

satellite data for inland and coastal water applications. Remote Sensing of Environment, 216: 586-677 

597. 678 

Wang, H., Wang, A., Bi, N., Zeng, X., Xiao, H., 2014. Seasonal distribution of suspended 679 

sediment in the Bohai Sea, China. Continental Shelf Research, 90: 17-32. 680 

Wang, H., Wu, X., Bi, N., Li, S., Yuan, P., Wang, A., Syvitski, J.P.M., Saito, Y., Yang, Z., 681 

Liu, S., Nittrouer, J., 2017b. Impacts of the dam-orientated water-sediment regulation scheme on 682 

the lower reaches and delta of the Yellow River (Huanghe): A review. Global and Planetary 683 

Change, 157: 93-113.  684 

Wang, J., Shi, B., Yuan, Q., Zhao, E., Bai, T., Yang, S., 2022. Hydro-geomorphological 685 

regime of the lower Yellow river and delta in response to the water-sediment regulation scheme: 686 

Process, mechanism and implication. Catena, 219: 106646. 687 

Wang, Y., Liu, D., Lee, K., Dong, Z., Di, B., Wang, Y., 2017a. Impact of Water-Sediment 688 

Regulation Scheme on seasonal and spatial variations of biogeochemical factors in the Yellow 689 

River estuary. Estuarine, Coastal and Shelf Science, 198: 92-105. 690 

Wang, N., Li, G., Qiao, L., Shi, J., Dong, P., Xu, J., Ma, Y., 2017c. Long-term evolution in 691 

the location, propagation, and magnitude of the tidal shear front off the Yellow River Mouth. 692 

Continental Shelf Research, 137: 1-12. 693 

Wang, S., Shen, M., Ma, Y., Chen, G., You, Y., Liu, W., 2019. Application of remote sensing 694 

to identify and monitor seasonal and interannual changes of water turbidity in Yellow River 695 

Estuary, China. Journal of Geophysical Research-Oceans, 124(7), 4904-4917. 696 



 

42 
 

Wilson, R.J., Speirs, D.C., Sabatino, A., Heath, M.R., 2018. A synthetic map of the north-697 

west European Shelf sedimentary environment for applications in marine science. Earth System 698 

Science Data, 10(1): 109-130. 699 

Wilson, R.J., Heath, M.R., 2019. Increasing turbidity in the North Sea during the 20th century 700 

due to changing wave climate. Ocean Science, 15(6): 1615-1625. 701 

Wu, G., Wang, K., Liang, B., Wu, X., Wang, H., Li, H., Shi, B., 2023. Modeling the 702 

morphological responses of the Yellow River Delta to the Water-Sediment Regulation Scheme: 703 

The role of impulsive river floods and density-driven flows. Water Resources Research, 59(7): 704 

e2022WR033003. 705 

Wu, X., Bi, N., Xu, J., Nittrouer, J.A., Yang, Z., Saito, Y., Wang, H., 2017. Stepwise 706 

morphological evolution of the active Yellow River (Huanghe) delta lobe (1976–2013): Dominant 707 

roles of riverine discharge and sediment grain size. Geomorphology, 292: 115-127. 708 

Xie, B., Bao, R., Yin, D., Zhu, L., Hu, R., Cai, W., Liu, T., Lin, C., Lu, P., 2022. The spatio-709 

temporal distribution and transport of suspended sediment in Laizhou Bay: Insights from 710 

hydrological and sedimentological investigations. Frontiers in Earth Science, 10: 994258. 711 

Xu, K., Corbett, D.R., Walsh, J.P., Young, D., Briggs, K.B., Cartwright, G.M., Friedrichs, 712 

C.T., Harris, C.K., Mickey, R.C., Mitra, S., 2014. Seabed erodibility variations on the Louisiana 713 

continental shelf before and after the 2011 Mississippi River flood. Estuarine, Coastal and Shelf 714 

Science, 149: 283-293. 715 

Xue, Z., He, R., Liu, J.P., Warner, J.C., 2012. Modeling transport and deposition of the 716 

Mekong River sediment. Continental Shelf Research, 37: 66-78. 717 



 

43 
 

Yang, Z., Ji, Y., Bi, N., Lei, K., Wang, H., 2011. Sediment transport off the Huanghe (Yellow 718 

River) delta and the adjacent Bohai Sea in winter and seasonal comparison. Estuarine, Coastal and 719 

Shelf Science, 93: 173-181. 720 

Yu, D., Bian, X., Yang, L., Zhou, Y., An, D., Zhou, M., Chen, S., Pan, S., 2023. Monitoring 721 

suspended sediment concentration in the Yellow River Estuary from 1984 to 2021 using landsat 722 

imagery and Google Earth Engine. International Journal of Remote Sensing, 44(10):3122-3145. 723 

Zhang, M., Dong, Q., Cui, T., Xue, C., Zhang, S., 2014. Suspended sediment monitoring and 724 

assessment for Yellow River estuary from Landsat TM and ETM+ imagery. Remote Sensing of 725 

Environment, 146: 136-147. 726 

Zhang, M., Townend, I., Cai, H., He, J., Mei, X., 2018. The influence of seasonal climate on 727 

the morphology of the mouth-bar in the Yangtze Estuary, China. Continental Shelf Research, 153: 728 

30-49. 729 

Zhang, S., Zhang, Y., Xu, J., Guo, L., Li, G., Jia, Y., Qiao, L., Wu, J., Wen, M., Zhu, C., 730 

2022. In situ observations of hydro-sediment dynamics on the abandoned Diaokou lobe of the 731 

Yellow River Delta: Erosion mechanism and rate. Estuarine, Coastal and Shelf Science, 277: 732 

108065. 733 

Zhao, G., Jiang, W., Wang, T., Chen, S., Bian, C., 2022. Decadal variation and regulation 734 

mechanisms of the suspended sediment concentration in the Bohai Sea, China. Journal of 735 

Geophysical Research: Oceans, 127(3): e2021JC017699. 736 

Zhou, Z., Bian, C., Wang, C., Jiang, W., Bi, R., 2017. Quantitative assessment on multiple 737 

timescale features and dynamics of sea surface suspended sediment concentration using remote 738 

sensing data. Journal of Geophysical Research: Oceans, 122(11): 8739-8752. 739 


