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Abstract: The subaqueous delta of the Yellow River has been affected by its high sediment
concentration, and the water and sediment control measures have changed in recent years. In this
paper, Delft 3D software was used to simulate the sediment diffusion in the subaqueous delta of the
Yellow River in 2017 so as to explore the influence of the sediment and water transported by the
Yellow River on the subaqueous delta without water and sediment regulation. The results reveal the
occurrence of a low-high-low suspended sediment concentration distribution from the coastlines to
the far shore. The main accumulation areas shifted from the coasts of Bohai Bay and Laizhou Bay in
the dry season to the estuary in the wet season. The sediment formed a deposition zone along the
coastline, which widened from the estuary outwards, and there was an outer erosion zone under the
actions of wind and waves. In 2017, the impact of the sediment inflow into the Yellow River on its
subaqueous delta generally resulted in the erosion being greater than the sedimentation, and the
erosion/deposition volume in 2017 was -1.28x108 m?, and the estimated critical value of the sediment
inflow balance was 2.13x108 tons.
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1. Introduction

The Yellow River is renowned for its high sediment content, making it one of the most
challenging rivers in the world to manage. The huge amount of sediment transport led to the
formation of the extensive Yellow River Delta [1]. This delta consists of both terrestrial and
subaqueous components [2], and the sedimentation levels at the delta are closely linked to the
sediment discharged by the Yellow River into the sea [3,4]. The erosion and sedimentation of the
subaqueous delta are influenced by a combination of factors such as water discharge, tides, water
depth, and wind waves [5,6]. The water discharge affects the diffusion and deposition of suspended
sediment [7]; the tides impact the concentration and transportation direction of the suspended
sediment [8]; water depth influences the wave action and sediment thickness [9]; and the wind and
the waves it generates affect the resuspension and diffusion of the sediment in the adjacent sea area
[10]. The water and sediment discharged by the Yellow River into the sea play a crucial role in
shaping the modern Yellow River Delta.

Since the establishment of the People's Republic of China, extensive research and exploration
have been conducted on sediment deposition issues in the Yellow River. After decades of innovation,
a series of scientific water and sediment regulation methods have been developed [11]. In 2002, a
significant milestone was achieved with the launch of the water and sediment regulation project. The
water and sediment regulation project is an engineering measure that entails the coordinated
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operation of reservoirs including the Wanjiazhai Reservoir, Sanmenxia Reservoir, and Xiaolangdi
Reservoir, to release water and sediment intensively during specific periods, thereby creating
artificial flood peaks. This process utilizes high sediment content water flows to scour the river
channels, entraining and transporting the accumulated sediment downstream and toward the river
mouth, ultimately achieving sediment reduction in the river channels and sediment flushing into the
sea. The water and sediment regulation project has achieved remarkable results in recent decades,
effectively reducing sediment deposition in the lower Yellow River channel and achieving optimal
allocation of water and sediment resources.

After the implementation of the water and sediment regulation project, the sediment from the
Loess Plateau in the middle reaches of the Yellow River was no longer stagnant due to river siltation,
and it is now swiftly transported to the lower reaches through the regulated water flow. The sediment
originally deposited in the river channel is restarted and eventually deposited in the estuary delta.
Since 2002, when the Yellow River Conservancy Commission initiated its water and sediment
regulation project, more than 30% of the annual total sediment discharge is attributed to water and
sediment regulation efforts [12]. However, in 2017, the reservoirs failed to coordinate in releasing
artificial flood peaks and did not form high-sediment flow that scours the downstream river channels
[13]. This situation is destined to impact the state of the underwater delta of the Yellow River.
Therefore, it is essential to study how influxes from the Yellow River impacted erosion/deposition
before these regulations were implemented, which is of great value for revealing the influencing
mechanism of water and sediment changes in the Yellow River on the estuary’s geomorphology [14],
optimizing water and sediment regulation strategies, maintaining estuarine ecological security, and
promoting sustainable environmental development.

In the field of water and sediment research, scholars tend to focus on utilizing remote sensing
inversion, remote sensing image processing, and other techniques to explore the spatiotemporal
distribution of suspended sediment and the influences of driving factors on its concentration [15-17].
In recent years, numerical simulation has been widely applied in sediment dynamics research due to
its numerous advantages such as scientific processes and visualization of results [18,19], and it has
gradually become an essential method for studying water and sediment in rivers and estuaries
[20,21]. Classical hydrodynamic models include the EOCMSED hydrodynamic sediment transport
model, the EFDC Explorer 3D environmental fluid dynamics model, the Danish DHI MIKE hydraulic
model, and the Dutch Delft 3D hydrodynamic model [22-25]. Although hydrodynamic numerical
simulation has been widely used in the design of water conservancy projects, its application to the
erosion and deposition of the Yellow River Delta is limited due to its focus on researching water and
sediment movement processes. However, a comprehensive understanding of the current erosion and
deposition status of the subaqueous delta requires numerical model simulation. Current studies on
the Yellow River Estuary's water and sediment using numerical simulation have mainly considered
the influences of regulation. Nevertheless, assessing the impact of the sediment inflow on the
subaqueous delta of the Yellow River without regulation is still important for implementing
regulation programs.

In this study, we employed numerical simulation methods using Delft 3D software to simulate
the suspended sediment concentration (in this article, the suspended sediment concentration refers
to the simulated surface suspended sediment concentration), water depth, and erosion/deposition
depth of the subaqueous delta in 2017 (a year when water and sediment regulation in the Yellow
River was not carried out). In addition, we analyzed and evaluated the impact of the sediments influx
from the Yellow River on the subaqueous delta without regulation. In this study, we fully
implemented the Three Yellow Rivers system [26] and enriched experimental methods. The research
results not only provide numerical references for implementation by the Yellow River Water
Conservancy Commission but also offer scientific support for coastal engineering disaster prevention
near estuaries. It is helpful to evaluate the impact of sediments from the Yellow River on the
ecological environment of the estuary and adjacent sea areas and to provide an important reference
for ecological protection and environmental management.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.1244.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 May 2025 d0i:10.20944/preprints202505.1244.v1

3 of 19

2. Materials and Methods

2.1. Study Area

The Yellow River Delta is located in the northeastern part of Shandong Province, China. It is
distributed on the southern coast of Bohai Bay and the western coast of Laizhou Bay. The location of
the Yellow River Delta is shown in Figure 1. The Yellow River Delta is a modern estuary delta formed
by the large amount of sediments transported by the Yellow River to the Bohai Sea, which has a
coastline length of 227 km [27]. The subaqueous delta deposit body formed in the estuary and the
nearby sea area [28] forms a semi-ring around the land delta, and the outer edge extends to water
depths of 10-22 m, covering the Bohai Bay and Laizhou Bay areas.

The Yellow River Delta is located in the east coastal monsoon area of China, which has a
temperate continental monsoon climate, with hot and rainy summers and cold and dry winters. The
period from June to August is the wet season, while the period from December to February is the dry
season. The Yellow River subaqueous delta area is located in the semi-enclosed Bohai Sea, and the
severe waves generated by the wind in the Bohai Sea have a short period and obvious seasonal and
interannual changes. The tidal properties of the study area are complex, most of the sea area is
characterized by an irregular semi-diurnal tide, and the tide-free area is characterized by a regular
diurnal tide, which is solely produced by the mutual cancellation of the tidal waves and reflected
tidal waves, and its position will change with the changes in the Yellow River, the delta coast
morphology and the submarine topography [29]. The subaqueous delta sediment is composed of
sand, silt, and clay and has a high water content, high porosity, and low strength [30]. The nearshore
sediment exhibits obvious zonation, and the general trend is that the clay content is lower near the
shore and higher away from the shore [31].
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Figure 1. Location of the Yellow River Delta.

2.2. Mathematical Model

The classic hydrodynamic models include the Delft 3D model, EOCMSED model, DHI MIKE
model. Due to the shallow water depth in the study area, in this study, the Delft 3D hydrodynamic
numerical model, which is suitable for examples of shallow water characteristics, was selected to
conduct the numerical simulations and calculations [32]. The model used to conduct the simulation
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calculations in the Delft 3D software is a three-dimensional hierarchical o-coordinate shallow water
mathematical model, which is numerically solved using the alternating-direction implicit (ADI)
method[33]. It can ensure fast and smooth calculation under the premise of conservation of mass,
momentum and energy. In addition, Delft 3D has seven modules, including the FLOW and WAVE
modules. These modules can be mutually coupled to achieve hydrodynamic simulations under the
influences of various dynamic factors. Delft 3D has been widely applied to the simulation of the
processes and analysis of the mechanisms of hydrodynamics, sediment transport, and dynamic
geomorphology in estuarine and coastal areas[18,34,35].

The wave module adopts SWAN model [36]. The SWAN model can accurately calculate and
output the wave characteristic parameters of the study area, such as the wave height and wave
period, with the help of input data such as topography and wind field data. It can be better applied
to study areas such as shelf marginal seas and shallow estuaries. The SWAN model can be coupled
with Delft 3D and exchange data on the set time step to improve the accuracy and efficiency of the
simulation. It has been successfully applied to various wave numerical simulations[37-39].

2.3. Model Construction

In this study, the Delft 3D model was used to simulate the suspended sediment concentration,
water depth, and erosion/deposition depth of the Yellow River subaqueous delta in 2017. Since the
water discharged by the Yellow River into the sea affects not only the estuary but also the
surrounding area, in order to simulate these areas simultaneously, the Delft 3D model grid covers
the estuary, Laizhou Bay, and Bohai Bay. The model simulation period is 1 year, from January 1 to
December 31, 2017.

2.3.1. Boundary Conditions and Discretization of the Simulation Area

The study area was selected using OpenEarthTools, and the Grid module within the Delft 3D
model was utilized to grid the simulation area (Figure 2). The coastline boundary data for the study
area used in this study are based on satellite scanning images, and the terrain data are based on the
Earth topography 1 arc-minute global relief model (ETOPOL1) global elevation dataset published by
the National Geophysical Data Center. The spatial resolution of the dataset is 1 arc minutes, which
can provide the seabed topographic feature data for the Bohai Sea required for this study. Since 1 arc
minute is approximately equal to 1.8 km, to ensure the accuracy of the data to the greatest extent
possible, the study area was divided into 1.0 km x 1.0 km grids. The water depth data used in the
study were obtained from OpenEarch. The nearshore water depth data were calibrated using
bathymetric data provided by the Yellow River Conservancy Commission. To allow the model to
more accurately simulate the actual marine dynamic changes, the open boundary of the model uses
the tidal forcing data provided by the tidal prediction solution for the ocean version 8 (TPXO8) global
tidal model. The harmonic constants of four major tidal components were selected to reflect the tidal
dynamic characteristics of the study area.
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Figure 2. Grid base map of the study area.

2.3.2. Model Parameter Settings

The SED (sediment transport) module in Delft 3D can be coupled with the FLOW module, and
the input point of the water and sediment discharge data is added at the estuary position to input the
relevant data. Several rivers flow into the Bohai Sea, but more than 90% of the terrestrial sediments
originate from the Yellow River; so, in this study, we only considered the water and sediment input
from the Yellow River. The key parameters for this study were obtained from the data from Lijin
Station (its location is shown in Figure 1), the last observation station before the Yellow River flows
into the sea (Table 1). The data for the water discharge and sediment discharge from the Yellow River
into its estuary required for the simulation were obtained from the Yellow River Sediment Bulletin
published by the Yellow River Water Conservancy Commission. The wind speed and direction data
for the study area were provided by the National Meteorological Science Data Center. Additionally,
based on a previous similar study [25], the constant values for modeling were set as follows:
gravitational acceleration = 9.81 m/s% water density = 1,025 kg/m3; horizontal turbulent viscosity
coefficient of water = 0.4 m?/s; horizontal turbulent diffusion coefficient of water = 0.004 m?/s; air
density = 1 kg/m?3; bulk density of sediment = 1,970 kg/m3; median grain size of sediment = 0.036 mm
[40] and dry density of sediment = 1,600 kg/m? [41]. The bottom roughness was set as the Manning's
roughness [42], with n=0.03.

The SWAN module and the FLOW module in Delft 3D match the same water depth through the
grid and use the wind field data as the SWAN driver file. The time step was set to 1 min, and the
interaction time step was set to 0.5 h. Each data output interacts with the FLOW module of Delft 3D,
which can ensure that the data output by the two modules match.

Table 1. Wind speed, wind direction, water discharge, and sediment discharge in the study area for each month

of 2017
Month* Wind speed Wind direction Water discharge  Sediment discharge
on (m/s) (deg) (10°m?) (10%)
January 5.1 315 3.241 8.84
February 5.2 45 2.637 10.2

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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March 5.4 180 3.268 15.3
April 6.5 180 9.901 160
May 6.2 180 10.23 94.3
June 6 157.5 8.839 51.3
July 5.1 180 8.196 50.4
August 4.6 112.5 8.758 73.9
September 4.8 180 4.484 16.8

October 53 22.5 7.58 49.6
November 5.7 337.5 10.55 96.4
December 5 270 11.84 145

* June to August is the wet season, December to February is the dry season.

3. Simulation Results

The simulation results of the model were verified using field observation data for the Yellow
River subaqueous delta. The verification mainly included four aspects: the current velocity, tidal
range, suspended sediment concentration, and the seabed morphology. The distribution of the
observation sites where the research team collected the measured data for the Yellow River delta is
shown in Figure 3.
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Figure 3. Distribution of observation sites. Aindicates the tidal observation site; m indicates the current
observation site; ® indicates the suspended sediment concentration observation site; and * indicates the seabed

morphology.

3.1. Current Velocity Verification

The data collected by the research team at the Yellow River Estuary (119.02E, 37.84N) from
December 19, 2016 to January 11, 2017 were utilized as validation data to verify the calculated current
velocity results. The variations in the simulated and measured current velocity with time are shown
in Figure 4, and the simulated current velocities are largely consistent with the measured current
velocities. The measured and simulated current velocities exhibit a significant positive correlation

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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(Pearson's r = 0.69; Figure 5), although there are discrepancies attributed to differences in the wind
directions and speeds influencing the wind-driven currents.

— Simulated current velocity (m/s)
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Figure 4. Changes in measured current velocity and simulated current velocity.

0.5+

0.4

0.3 4

0.2 o

0.1

Measured current velocity (m/s)

. ) b 1 ¥ ] . I . 1 * 1 L ] ' T . 1
0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
Simulated current velocity (m/s)

Figure 5. Correlation between the simulated and measured current velocities (Pearson's r = 0.69).

3.2. Tidal Range Verification

The validation of the tidal range simulation results was conducted using observation data from
coastal stations along Laizhou Bay (119.16E, 37.19N) from August to September 2014 (Figure 6). The
variations in the simulated and measured tidal range with time are shown in Figure 6, and the trends
of the two are basically the same. The comparison revealed a general consistency between the
simulated and measured tidal ranges (Pearson's r = 0.94; Figure 7).
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Figure 6. Changes in the measured tidal range and simulated tidal range.
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Figure 7. Correlation between the simulated and measured tidal ranges (Pearson's r = 0.94).

3.3. Suspended Sediment Concentration Verification

The actual suspended sediment concentration measurements on the surface layer collected by
the research team on December 15, 2019 were used to validate the simulated suspended sediment
concentration results. The result reveals that the simulated values and the observed values exhibited
a good fit. There is a significant correlation between these two datasets (Pearson's r = 0.87; Figure 8).
However, differences due to variations in the wind speed, wave conditions, and other factors during
the study period led to disparities between the measured and simulated suspended sediment
concentrations under the combined influence of the marine dynamics.
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Figure 8. Correlation between the measured and simulated suspended sediment concentrations (Pearson's r =
0.87).

3.4. Seabed Morphology Verification

The simulated seabed morphology data at the end of 2017 were verified using the measured
seabed morphology data released by the National Marine Science Data Center. 350 points were
selected in the area ranging from the coast to the offshore of Laizhou Bay. As depicted in Figure 9, a
strong correlation was observed between the simulated and measured seabed depth datasets
(Pearson's r = 0.78), indicating the reliability of the proposed model.

(]
n
1

measured seabed depth (m)

simulated seabed depth (m)

Figure 9. Correlation between the measured and simulated seabed depths (Pearson's r = 0.78).

Based on the validation results for the current velocity, tides, suspended sediment concentration,
and seabed depth, it is evident that while there are minor discrepancies in the specific numerical
changes of the simulated results of the Delft 3D model and the measured data, a significant
correlation exists between the simulated and measured data. It is concluded that the model
demonstrates a good simulation capability for sediment transport, and the simulation results can
effectively capture the hydrodynamic variation process of the Yellow River subaqueous delta.
Therefore, this model can be utilized for qualitative and approximate quantitative studies on erosion
and deposition processes influenced by wind waves in the subaqueous delta.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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4. Discussion

4.1. Suspended Sediment Concentration

To enable convenient description, we define the area where the suspended sediment
concentration exceeds 100 g/m? as the high value area. The suspended sediment concentration in the
Yellow River subaqueous delta generally demonstrates a low-high-low distribution pattern from the
coastlines to the offshore areas. Specifically, except for near the estuary areas, low concentrations
were observed along the coast of both Bohai Bay and Laizhou Bay; while high concentrations occured
in shallow water areas near coastlines, and the values decreased further away from the shore.

The distribution of the suspended sediment concentration during the period from December to
February, which is part of the dry season, was highly consistent. Therefore, we selected one typical
case for analysis. Taking 0:00 on January 16 as a representative date, the spatial distribution of the
suspended sediment concentration during the dry season (Figure 10a) illustrates strip-like patterns
of high-value areas along the coasts of Bohai Bay and Laizhou Bay; whereas there were no large-scale
high-value areas in the estuary and its surrounding regions due to the limited water discharge and
sediment transport during dry season. Additionally, the influence of the continental monsoon
climate, which is characterized by strong north/northwest winds and high winter wave heights led
to resuspension of the seabed sediments in shallow sea areas within both bays [43]. Consequently,
these sediments were transported away by tidal currents resulting in higher concentrations within
these regions.
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Figure 10. Spatial distribution of the suspended sediment during the (a) dry season and (b) wet season in 2017

(the dry season is from December to February, and the wet season is from June to August).

Similarly, the distribution of the suspended sediment concentration from June to August, which
is within the wet season, also exhibits a high degree of similarity. Taking 0:00 on July 30 as a
representative time, the spatial distribution of the suspended sediment concentration in the Yellow
River subaqueous delta during the wet season is illustrated in Figure 10b. During this period, new
characteristics of the suspended sediment concentration within the delta were observed. The high
concentration areas were primarily concentrated in specific coastal estuaries, and the Yellow River
Estuary was the main accumulation zone for suspended sediments. Conversely, there were no
distinct high-concentration areas in the sea regions of Bohai Bay and Laizhou Bay. This shift can be
attributed to variations in the sediment load input by the Yellow River. During this time, the
maximum sediment load entering the sea from the river, accounting for a large proportion of the total
sediments, settled and accumulated rapidly in the local area around the estuary. In addition, the tides
failed to transport all of the sediments away from their original locations, resulting in significant
accumulation within the estuarine area [6,44]. Furthermore, since limited water and sediment
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regulation measures were implemented in 2017, only a small amount of sediment was transported
and dispersed to the shallow water areas of the two bays under the influence of wind and waves.

Representative points (Figure 11) were selected in the vicinity of the estuary (Point A), Bohai
Bay (Point B), and Laizhou Bay (Point C) to observe the changes in the simulated suspended sediment
concentration in the study area in 2017 (Figure 12). It was found that during winter dry season, the
suspended sediment content near estuary areas was generally low, while in the summer wet season,
the levels were higher, reaching a peak value of around 500 g/m?. In contrast, Bohai Bay and Laizhou
Bay experienced the highest levels of suspended sediments during the winter dry season, with almost
negligible amounts present during other periods. The peak values in Bohai Bay exceeded those in
Laizhou Bay. More importantly, the value in Bohai Bay exceeded 800 g/m? compared to the value of
~450 g/m? in Laizhou Bay. The temporal variations in the suspended sediment concentrations at
representative points aligned with the characteristics influenced by the river runoff and wind waves
throughout the wet and dry seasons.
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Figure 11. Location of the representative points. Point A is the point representing the estuary, Point B is the point

representing Bohai Bay, and Point C is the point representing Laizhou Bay.
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Figure 12. Changes in the suspended sediment concentration at the representative points in the (a) estuary, (b)
Bohai Bay, and (c) Laizhou Bay.

4.2. Water Depth and Erosion/Deposition Depth

The water depth distribution map of the Yellow River subaqueous delta is shown in Figure 13.
Spatially, the study area exhibited a deep-shallow-deep pattern from the coastlines to the offshore
areas, with deeper water closer to the coastline, shallower water in the nearshore areas, and
increasing depth with increasing distance from the coast. Comparison of the water depth
distributions at the end of the dry and wet seasons revealed that during the dry season (December to
February), the water along the coastline of Bohai Bay became shallower, while the nearshore shallow
areas became deeper. On the west side of Laizhou Bay, the depth increased nearer to the shore and
decreased with increasing distance offshore, and the changes in the estuary were less pronounced. In
contrast, during the wet season (June to August), significant shallowing occurred in the estuary and
on the west side of Laizhou Bay, while the shallow nearshore waters deepened. Minimal changes
were observed in Bohai Bay.
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Figure 13. Water depth distribution of the Yellow River subaqueous delta in the (a) initial state, (b) dry season

and (c) wet season in 2017.

When combined with the analysis of the erosion/deposition depth distribution (Figure 14), it
became evident that the sediments discharged by the Yellow River into the sea accumulated along
the coastlines, forming deposition zones. Due to the effects of sediment diffusion and tidal erosion,
the deposition zones widened northward and southward along the coastlines, extending from the
estuary. The erosion zones formed outside the deposition zones under wind wave action; and wider
erosion zones were observed on the eastern coasts of Bohai Bay and the western coasts of Laizhou
Bay.

During the dry season (December to February), apart from the deposition zones, there was also
evidence of deposition from northern sea areas of the estuary to the west side of Laizhou Bay on the
outside of the erosion zones; while little deposition occured in the estuary areas. In contrast, during
the wet season (June to August), the width of the erosion zone increased between the northern sea
areas of the estuary and the west side of Laizhou Bay, and the offshore deposition no longer exhibited
an apparent effect within these eroded regions. The deposition intensity increased significantly along
coastlines, extending from the estuary to the west side of Laizhou Bay, particularly in the southern
parts compared to the northern sections.

In this study, we focused on the water depth and erosion/deposition depth of the shoreline in
the normal direction in the study area. It was determined that the maximum erosion depth in the
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erosion zone was approximately 5 m, and most of the erosion occured in the sea area with water
depths of less than 10 m. The maximum deposition thickness in Bohai Bay reached more than 25 m,
with peak deposition thicknesses of 18.1 m in the estuary and 14.7 m in Laizhou Bay. The areas with
the greatest deposition thicknesses were located in the sea regions within 10 km of the shore. The
area with the greatest influence of sedimentation extended from the south side of the estuary to the
west side of Laizhou Bay, and the influence range covered up to 11.4 km outside the estuary. Due to
factors such as wind and ocean currents, the southward sediment transport from the Yellow River to
the sea was greater than the northward transport, resulting in a higher deposition intensity south of
the Yellow River subaqueous delta compared to that north of the delta.
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Figure 14. The Erosion/deposition distribution of the Yellow River subaqueous delta in the (a) dry season and

(b) wet season in 2017.

4.3. Relationship between the Erosion/Deposition of the Yellow River Subaqueous Delta and the Sediment
Flux into the Sea

By multiplying each grid's erosion/deposition depth at a specific time by its corresponding area,
we obtained the deposition volume of each grid. Summing up these volumes provided us with the
total deposition volume for that particular time period within the study area. Using this method, we
calculated the total deposition volume for the study area over 12 months in 2017 (Table 2). Since the
Yellow River subaqueous delta includes the estuary area and the areas of two bays, and the amount
of sediment in the offshore area was so small that it can be ignored, we suggest that the calculated
volume in the study area can approximately represent the volume of the Yellow River subaqueous
delta. The calculation results indicate that six of the months exhibited erosion trends, and the
remaining six months exhibited deposition trends. The maximum erosion occurred in March, with
an estimated value of 1.4915 billion cubic meters; whereas the maximum deposition occurred in
February, reaching approximately 923.9 million cubic meters. The overall amount of
erosion/deposition during 2017 was calculated to be -128.4 million cubic meters, indicating an overall
trend of erosion within the study area during 2017.

Table 2. The monthly deposition volume in the Yellow River subaqueous delta in 2017

Month Deposition Volume (108m?)
January -1.770
February 9.239
March -14.915
April 4.281
May 0.562
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June 2.057
July -0.070
August -0.466
September -2.170
October 2.090
November 0.393
December -0.513

Comparison of the variations in the monthly water discharge, sediment discharge, and total
deposition volume (Figure 15) revealed that from March to August, the primary factor influencing
the erosion/deposition of the Yellow River subaqueous delta was the sediment flux into the sea.
During this period, increases in both the water discharge and sediment discharge led to an increase
in the deposition volume within the subaqueous delta. Conversely, a decrease in either the water
discharge or sediment discharge resulted in reduction of the deposition volume. In contrast, from
December to February, wind and waves became dominant factors affecting the erosion of the Yellow
River subaqueous delta. The water discharge had a limited impact on the sediments near the Yellow
River Estuary, with weak correlations between the erosion of the subaqueous delta and the water
discharge and sediment discharge.
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Figure 15. Changes in the water discharge, sediment discharge, and deposition volume.

The mass is equal to the density multiplied by the volume. The total erosion volume calculated
in the previous section is 128.4 million m®. By multiplying this volume by the average sediment
density (1,600 kg/m?®), we calculated that the value required to fill the gap is 205.392 million tons.
Adding the Yellow River's 2017 sea entry sediment discharge (7.720 million tons) reveals that an
estimated total sea entry sediment mass of 213.112 million tons is required to maintain balance within
the study area. Previous studies based on extensive measured data and satellite remote sensing data
[45,46] have examined the relationships between changes in the area of the terrestrial and submarine
deltas of the Yellow River with the amount of sediment entering the sea. They estimated that the
annual average critical value for maintaining balance between erosion and deposition within the
delta is 50-331 million tons [47]. The critical value calculated in this paper is within a reasonable
range. In fact, the evolution of the Yellow River Delta has the characteristics of erosion here and
deposition there [48]. It should be noted that this balance only corresponds to our study area, and
different parts may exhibit distinct behaviors.
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It takes 213.112 million tons of sediments to reach the critical value for attaining a balance
between erosion and deposition in the study area; however, in fact, the sediments discharged into
the sea in 2017 were far below this required value. The insufficient supply of sediments into the sea
caused the subaqueous delta of the Yellow River to erode, indicating that water and sediment
regulation has a significant impact on the evolution of estuaries and delta geomorphology.

5. Conclusions

In this study, the erosion and deposition conditions of the Yellow River subaqueous delta were
simulated using the Delft 3D software. The simulation model results were validated against
measured data, providing the characteristic distributions of the water depth, suspended sediment
concentration, and erosion/deposition depth within the sea area of the subaqueous delta. We
analyzed the influences of the sediment discharge into the sea on the erosion and deposition
processes of the subaqueous delta. The main conclusions of this study are summarized below.

(1) The suspended sediment concentration in the Yellow River subaqueous delta generally
exhibited a low-high-low distribution pattern from the coastlines to the areas far from shore. During
the dry season, the high-concentration areas were strip-shaped and located near the coasts of Bohai
Bay and Laizhou Bay, with values exceeding 800 g/m? while the concentration was generally lower
near the estuary and its surrounding areas. In the wet season, the estuary became the main
aggregation area, with a peak concentration of around 500 g/m? and there were no obvious high-
concentration areas in either bay.

(2) The sediment flux from the Yellow River deposits along the coastline formed a deposition
zone with a maximum thickness greater than 25 m. The area in which the influence of sedimentation
was the greatest extended from the south side of the estuary to the west side of Laizhou Bay, and the
influence range extended to 11.4 km outside the estuary. Outside this zone, an erosion zone formed
under the action of wind waves, with a maximum depth of around 5 m. Wider zones occured on
the east coast of Bohai Bay and the west coast of Laizhou Bay.

(3) In 2017, the overall impact of the sediment flux from the Yellow River into its submarine delta
exhibited the characteristic of erosion exceeding deposition, and the total annual erosion/deposition
volume was estimated to be -128.4 million cubic meters. It is estimated that the entry of a total of
approximately 213.1 million tons of sediments into the sea is required to maintain equilibrium
between erosion and deposition. Water and sediment regulation has a significant impact on the
evolution of the erosion and deposition landforms of the Yellow River subaqueous delta.

The interruption of the water and sediment regulation measures in 2017 had an impact on the
sedimentary environment of the estuaries and subaqueous deltas, indicating that at this stage,
reservoir regulation is still an important means of alleviating the negative effects of river dam
construction and maintaining the stability of estuaries and deltas. The water and sediment regulation
project is one of the most important measures for controlling the evolution of the sedimentary
environment in the lower reaches of the Yellow River, and its estuary and delta. In the future, to
better maintain the geomorphic stability and sustainable development of the delta, the scientific
research and optimal management of the water and sediment regulation project should be further
deepened. The water and sediment control scheme should be combined with other delta protection
engineering measures, such as the Dutch delta protection project[49], wetland and vegetation
restoration and other overall planning, and appropriate reference should be made.
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