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Abstract: Reservoirs deliver vital ecological services, including water storage and drainage. However,
these functions are increasingly compromised by the dual pressures of climate change and human
activities. Among the most pressing concerns is reservoir sedimentation, highlighting the urgency
of investigating hydrodynamic sediment scouring. This study focuses on the plain reservoirs of
Liaoning Province, using the Shifo Temple Reservoir as a case study. An optimized sediment scouring
scheme was developed based on the reservoir’s hydrodynamic characteristics to improve water and
sediment management. A coupled hydrodynamic and sediment transport (ST) model was constructed
to simulate runoff dynamics and sediment distribution within the Liao he River Basin, while the
MIKE21 model was applied to simulate the interaction between the hydrodynamics and sediment
transport. The study analyzed groundwater dynamics across different runoff scenarios, seasons, and
representative years, offering a scientific foundation for optimizing water and sediment allocation
strategies. The results demonstrated a strong correlation between simulated and observed data
during validation, confirming the accuracy of the hydrodynamic simulations. Utilizing the coupled
HD and ST modules, the study proposed a sediment transfer scheme. The analysis revealed that flow
rates between 165 and 190 m3/s significantly enhance sediment scouring in the long term (2029–2039)
compared to the short term (2024–2029), effectively reducing sedimentation, minimizing deposition
length, and lowering silt removal costs. The findings offer critical insights for predicting reservoir
evolution and conducting risk assessments, thereby contributing to the sustainable management and
ecological restoration of water systems in Liaoning Province.

Keywords: MIKE21; water and sediment model; fluid mechanics; water and sand transfer; sediment
transport

1. Introduction

For the plain reservoir with multiple uses, there is often competition between the
scheduling index under the limited storage capacity [1–6], so the manager must strive to
achieve the balance between the scheduling index in the reservoir operation [7–9]. During
periods of water and sediment transfer, the reservoir is tasked with multiple responsibilities,
including reducing downstream sediment deposition and facilitating smooth sediment
transport. In addition to maintaining water levels and discharging large volumes of water,
the reservoir must also sustain its sediment-carrying capacity [10,11]. Due to the lack
of water transport capacity in the Stone Buddha Temple Reservoir area, we can achieve
the effect of alluvial sediment by optimizing the dispatching scheme of water transport
period and allocating a certain flow range reasonably in order to obtain the maximum
comprehensive benefits.

Water 2024, 16, 3156. https://doi.org/10.3390/w16213156 https://www.mdpi.com/journal/water

https://doi.org/10.3390/w16213156
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://doi.org/10.3390/w16213156
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w16213156?type=check_update&version=1


Water 2024, 16, 3156 2 of 14

In reservoir optimization research, various optimization algorithms are usually used
to solve problems between various scheduling indexes [12,13]. Existing studies have largely
overlooked the benefits of sediment discharge in plain reservoirs. This oversight is primarily
due to the limited attention given to sediment-related issues in reservoirs and the inherent
complexity of simulating sediment transport and accumulation processes [14–16]. For ex-
ample, after the impoundment of the Three Gorges Reservoir, its hydrologic–hydrodynamic
characteristics have changed significantly. The water level has increased, the spatial dis-
tribution of sediment has increased, the velocity has slowed down, the residence time of
hydraulically carried sediment has increased, and the water ecological environment has
also changed significantly [17]. The increasing eutrophication and siltation of the basin
caused by the change of hydrologic and hydrodynamic processes have become prominent
and persistent water environmental problems in the study area [18]. In view of the water
environment problems in this region, scholars at home and abroad have carried out a lot of
research from the aspects of hydrodynamic process [19], water quality stratification charac-
teristics [20], hydrological and sediment characteristics [21], hydraulic and hydrodynamic
mechanism [22], and water resources of the Three Gorges Reservoir. The reservoir research
method covers many technical means such as field monitoring [23,24], laboratory experi-
ment [25], mathematical statistics [26], and model simulation [27,28]. However, most of
the results are single-element, single-angle research on hydrodynamic water resources [29],
with a lack of sediment research [30]. In some optimization studies on sediment heavy
reservoirs, the empirical sediment discharge ratio SDR formula is usually used as one of
the objective functions in the optimization model to calculate water and sediment. In the
calculation process, a large amount of measured data are often used to fit [31], and the
coefficients in the calculation formula of sediment discharge amount of each reservoir are
very different [32].

Another way to optimize reservoir management is to simulate a series of prede-
fined alternatives, using reservoir dispatch models and water–sediment dynamics models.
Through the simulation results of different schemes, the optimal solution is obtained. This
method can simulate water and sediment dynamics under varying flow rates with high
precision, while also facilitating the analysis of sediment spatial distribution. In the case of
the Stone Buddha Temple Reservoir, however, the existing POLCOMS-ERSEM coupling
model, which integrates hydrodynamics and ecosystem processes, does not adequately
represent the interactions between muddy water, open currents, and sediment deposition
within the reservoir [33,34]. The sediment discharge benefit analysis model developed by
MB Idress et al., based on RESCON, considers only sediment loss within the reservoir area,
neglecting its broader ecological and flood control benefits. Therefore, further research
and simulations are needed to enhance understanding of the sediment discharge effects in
reservoirs [35].

The most commonly used water simulation software in the world includes EFDC
(11.0), WASP 8, FLOW-3D (11.2), SMS 100, Fluent 2024 R2, Mike21 2021, CE-QUAL-W2
V3.6, Pysedsim 2021, etc. Each software has its own characteristics and application scenar-
ios. Mike21 is a powerful 2D hydrodynamic simulation software that provides multiple
modules capable of handling complex hydrological and hydrodynamic problems, covering
multiple watersheds such as water resources management and environmental impact as-
sessment. Mike21 was chosen for numerical simulation, including its flexible module setup,
diverse interface application options, and powerful simulation capabilities, which enabled
Mike21 to perfectly match and optimize the model simulation needs of the study area. In
addition, Mike software also has excellent multi-person collaborative modeling functions,
which supports simultaneous editing by multiple people in the LAN environment, which
significantly improves the efficiency of project management and the ability to work together.
After considering the unique nature of the study area, the availability of data resources,
and the applicability of the model to specific research questions, we finally decided to
use the Mike21 hydrodynamic model to conduct an in-depth and detailed study of the
hydrodynamic process and sediment erosion scheme.
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This study skillfully combines the knowledge of hydrodynamics and sediment in
2021Mike21 software to provide a new comprehensive perspective on the siltation problem
of plain reservoirs, and we have successfully constructed a new model to elucidate a
new explanation of hydrodynamic siltation through HD and ST modules. In this study, a
sediment transfer scheme was proposed, which simulated the runoff in different years to
verify the accuracy of the model, and selected the optimal runoff range for short-term (2024–
2029) and long-term (2029–2039) sediment erosion, so as to minimize the sedimentation
in the study area. In the course of the discussion, we can conclude that sediment transfer
options are feasible within the optimal runoff range.

Based on the measured data of water and sediment in the reservoir area, this paper
intended to construct a mathematical model of water and sediment process simulation and
comprehensive benefit quantitative analysis of the Stone Buddha Temple Reservoir, which
is used to optimize the dispatching mode of the Stone Buddha Temple Reservoir during
the period of water and sediment transfer. Firstly, the calculation principle of the water–
sediment calculation module and its bidirectional coupling mechanism with hydrodynamic
sediment are introduced respectively. Secondly, the accuracy of the calibration model
in the calculation of water and sediment, the simulation of water and sediment transfer
and the spatial distribution of sediment is checked. Finally, the functions of different
dispatching schemes in ensuring downstream water supply, maintaining ecosystem health,
controlling reservoir sedimentation, and promoting downstream sediment discharge are
calculated and analyzed, and the optimal scheme with the best comprehensive benefits is
recommended to solve the problem of sediment erosion and sedimentation in the reservoir
area. In order to provide technical support for ecological protection and restoration of
the reservoir area, improve the ecological environment of the water system to meet the
ecological requirements.

2. Methods
2.1. Overview of the Study Area

The Stone Buddha Temple Reservoir in Shen bei New District, Shenyang City, is the
largest plain wetland reservoir in Northeast China, (Figure 1). The design of the Stone
Buddha Temple Reservoir Temple hub project in Liaoning Province is a once-in-a-hundred
year flood control standard and a once-in-a-300 year flood control standard. Its design
peak water level is 50 m. The total storage capacity of the Stone Buddha Temple Reservoir
is 185 million m3. Since 2009, the ecological construction project of the Stone Buddha
Temple Reservoir has been implemented, and the area of 22.6 km2 in the reservoir area
has been ecological renovation. The improvement of the ecological environment of the
reservoir in the middle and lower reaches of the Liao he River in Liaoning Province has
provided good living conditions for a variety of aquatic animals and plants. The Stone
Buddha Temple Reservoir is located in the mid-latitude area, with a temperate continental
climate and strong seasonality. In spring, the solar radiation is strengthened, the cold air is
weakened, the temperature rises rapidly, the wind is dry, and the summer is mainly affected
by the southeast monsoon, which has the characteristics of hot and humid, intensive
rainfall, continuous overcast rain, heavy rain, etc. In autumn, with the strengthening
of the northwest monsoon, the solar radiation gradually weakens, and the temperature
decreases sharply. In winter, the northwest wind is mostly, and the dry cold air in the north
rapidly invades, forming a cold climate. The plain wind is strong, the annual rainfall is
approximately 700 mm, and the rainfall is concentrated in June to September, accounting
for more than 70% of the annual rainfall, the annual evaporation is approximately 1700 mm,
the annual average temperature near the dam site is approximately 7.4 ◦C, and the annual
maximum wind speed is 24~28 m/s.
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Figure 1. Geographical location of the study area: (a) location at the continent level; (b) location at
the country level; (c) geographical location of the Stone Buddha Temple Reservoir Basin. All map
data used in this article are based on http://bzdt.ch.mnr.gov.cn/ (accessed on 22 September 2024).

2.2. Model Frame

All monitoring data in the reservoir area are composed of measured values. This paper
uses MIKEHD and ST modules to fully incorporate the hydrological data of the water and
sand basin in the shifting sand area of the Stone Buddha Temple Reservoir from 2007 to
2023, and develops a quantitative mathematical model for the comprehensive benefit of the
cement sand basin. The model takes into account the specific characteristics of the water
and sand during the diversion period of the Stone Buddha Temple Reservoir. The basic
data analysis is divided into rate period (1 January 2010~31 December 2010), validation
period (1 January 2010~1 January 2023), short term (2024–2029), and long term (2029–2039).
The formula for calculating sediment transport by means of sediment transport method is
as follows:

L = Qs/(Qw × (1 − C)× S) (1)

Among them, L is the sediment transportation distance, and the unit is meters; Qs is
the sediment transport volume, and the unit is kg/s; Qw is the water flow rate in cubic
meters per second; C is the sediment concentration, is unitless, and is generally 0.02~0.3; S
is the water flow velocity, and the unit is m/s.

The mathematical module is mainly used to study the characteristics of reservoir
water and sediment and provide boundary water and sediment data for the model. The
calculation area is the Liao he River Basin in the reservoir area. The establishment of
appropriate mesh is the prerequisite to ensure the stability and accuracy of the subsequent
model operation. In this study, SMS100 software was used for grid generation, and the
model projection coordinates uniformly adopted the international geocentric coordinate
system WGS1984. The calculation grid included a total of 104,748 grids and 54,053 nodes in
the calculation area of the study, (Figure 2). The runoff boundary of Liao he River in the
reservoir area is simulated by using measured data of runoff, water level, and sediment
content over the years.

2.3. Basic Data of Finite Element Modeling

Three types of data were used in this study: topographical, field monitoring, and
remote sensing monitoring.

The topographic data include a Liao he River Basin cross section and mathematical
elevation data (DEM). Combining the two sets of data, the correction and interpolation of
the river section in the study area were carried out to improve the accuracy of the model
simulation. The remote sensing monitoring data were used to extract the initial water level
of the river in the reservoir area. The monitoring data uses the hydrological data from 2007

http://bzdt.ch.mnr.gov.cn/
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to 2023 to calibrate the model parameters and analyze the simulation accuracy of the model.
The specific basic data are shown in Table 1.
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Figure 2. The reservoir area model calculates the area grid and the local enlarged map. The upper
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the inbound port grid.

Table 1. Basic data.

Parameter Data Accuracy Correspondence Model

Minimum time 0.005 m Hydrodynamic 0.01 0.005 m Hydrodynamic Hydrodynamic
module 0.005 m Hydrodynamic

Maximum time 0.05 m Hydrodynamic 30 0.05 m Hydrodynamic Hydrodynamic
module 0.05 m Hydrodynamic

Critical CFL
number 0.8 0.1 m Hydrodynamic Hydrodynamic

module 0.1 m Hydrodynamic

Drying depth 0.005 Hydrodynamic
module

Flooding depth 0.05 Hydrodynamic
module

Wetting depth 0.1 Hydrodynamic
module

Eddy viscosity
constant value 0.1 m Hydrodynamic 0.28 Hydrodynamic

module

Start time step 45 m
(1/3)/s

Sand
transport 0 Sand transport

module
Time step

factor 1 Sand transport
module

Grain diameter 0.012 Sand transport
module

Bed Resistance
Constant value 45 Sand transport

module
Max bed level

change 1 45 m
(1/3)/s

Sand
transport

Sand transport
module

45 m
(1/3)/s

Sand
transport

Speedup factor 0.012 mm Sand
transport 1 0.012 mm Sand

transport
Sand transport

module 0.012 mm Sand
transport

Note: All river data, water level, and flow measurements, and images of the study area used in this paper are
from and authorized by the Stone Buddha Temple Reservoir Management Co., Ltd., Liaoning Province.

2.4. Model Calibration and Validation

In order to verify the calculation accuracy of the water and sediment mathematical
model, this paper selects the measured data of water and sediment transfer process in 2010
for the parameter calibration of the model, and establishes the hydrodynamic mathematical
model. The model calculation is mainly aimed at the short-term impact of the reservoir area
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on water and sediment changes and sediment erosion and deposition, so the model calcula-
tion time is set to 12 months (Figure 3). Water level simulation is a process of predicting and
reproducing the changes in the height of water bodies in a river basin through mathematical
models and computer technology. Multiple factors such as water level, river inflow and
outflow, and topography are taken into account to accurately simulate water level dynamics
at different time scales. It can be seen that after parameter debugging, the calculated results
of hydrodynamic water level in 2010 are basically consistent with the measured water level
in 2010. The error is small, and the overall deviation between the calculated water level
and the measured data is 2.31% within 3%. The simulated sediment spatial distribution is
basically consistent with the actual measured river bottom elevation, with an overall error
of 2.31% and less than 3%. According to the relevant specifications, the model parameters
are selected accurately and reliably, and the model can accurately repeat the evolution
process of water and sediment transfer, and can be used for prediction calculation.
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In this paper, the flow velocity meter is used to directly measure the flow velocity of
the water body, and the time series analysis of the flow data is carried out to understand the
seasonal periodic changes of the flow, and the required measured flow rate is screened out
by the instantaneous flow at different times. In the calibration verification, the error between
the simulated water level results and the actual measurement results was discussed, and the
spatial distribution characteristics of the flow were displayed by means of maps and GIS10.8
to analyze the flow difference and provide scientific support for the subsequent sediment.
According to the measured data of the study area from 2010 to 2023, the calculation accuracy
of the model is further verified. The calculated value of the water level model is compared
with the actual field value (Figure 4), indicating that the simulated value of the method is in
good agreement with the field measured value. The above verification results show that the
model can well reflect the dynamic characteristics of water and sediment in the reservoir
area; the deviation between the calculated value of water level and flow direction and the
measured data is within 0.17 to 1%, and the spatial distribution of simulated sediment
is basically consistent with the actual measured river bottom elevation, while the overall
error is 0.17% within 1%. According to the relevant specifications, it is proved that the
model is suitable for the calculation of topographic erosion and sedimentation of plain
reservoirs, and the model can well simulate the movement law and spatial distribution of
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water and sediment. The study area is effected by multiple factors such as water velocity,
water depth, sediment particle size, water flow direction and sedimentary environment,
forming complex and diverse sedimentary structures and textures. Through water level
simulation, we can better understand the changes in sediment sedimentation patterns,
because the elevation of the river bottom directly effects the velocity and direction of the
water flow, which in turn determines the sediment transport and sedimentation process.
The model is suitable for the calculation of erosion and sedimentation in the plain terrain of
the study area, and can well simulate the movement law and spatial distribution of water
and sediment, which can be fully calibrated and verified for the subsequent experiments.

Water 2024, 16, x FOR PEER REVIEW 7 of 16 
 

 

the seasonal periodic changes of the flow, and the required measured flow rate is screened 
out by the instantaneous flow at different times. In the calibration verification, the error 
between the simulated water level results and the actual measurement results was dis-
cussed, and the spatial distribution characteristics of the flow were displayed by means of 
maps and GIS10.8 to analyze the flow difference and provide scientific support for the 
subsequent sediment. According to the measured data of the study area from 2010 to 2023, 
the calculation accuracy of the model is further verified. The calculated value of the water 
level model is compared with the actual field value (Figure 4), indicating that the simu-
lated value of the method is in good agreement with the field measured value. The above 
verification results show that the model can well reflect the dynamic characteristics of wa-
ter and sediment in the reservoir area; the deviation between the calculated value of water 
level and flow direction and the measured data is within 0.17 to 1%, and the spatial dis-
tribution of simulated sediment is basically consistent with the actual measured river bot-
tom elevation, while the overall error is 0.17% within 1%. According to the relevant spec-
ifications, it is proved that the model is suitable for the calculation of topographic erosion 
and sedimentation of plain reservoirs, and the model can well simulate the movement law 
and spatial distribution of water and sediment. The study area is effected by multiple fac-
tors such as water velocity, water depth, sediment particle size, water flow direction and 
sedimentary environment, forming complex and diverse sedimentary structures and tex-
tures. Through water level simulation, we can better understand the changes in sediment 
sedimentation patterns, because the elevation of the river bottom directly effects the ve-
locity and direction of the water flow, which in turn determines the sediment transport 
and sedimentation process. The model is suitable for the calculation of erosion and sedi-
mentation in the plain terrain of the study area, and can well simulate the movement law 
and spatial distribution of water and sediment, which can be fully calibrated and verified 
for the subsequent experiments. 

 
Figure 4. Comparison of measured and simulated water levels in the reservoir area during the ver-
ification period. 

  

Figure 4. Comparison of measured and simulated water levels in the reservoir area during the
verification period.

3. Results and Discussion
3.1. Hydrodynamic Simulation
3.1.1. Hydrodynamic Simulation Scheme of Reservoir Area

The inlet and outlet monitoring points in the reservoir area were taken as the charac-
teristic points, and the model with reasonable utilization rate was simulated to reflect the
characteristics of flow velocity and water level in the Stone Buddha Temple Reservoir.

The hydrodynamic numerical simulation is divided into two working conditions:
typical annual flood season and non-flood season. According to the operation experience
of the reservoir area for many years, the flood season is from June to September, and the
non-flood season is simulated only from October to November and April to May without
considering the winter freezing period. The non-flood period of simulation duration is
122 d from 1 October to 30 November 2022 and from 1 April to 31 May 2022. The flood
season is 122 d from 1 June to 30 September 2022. The typical flow field distribution of the
hydrodynamic model in the flood season and non-flood season is analyzed.

3.1.2. Hydrodynamic Simulation Results Analysis

When evaluating and analyzing the simulated water level, it is necessary to consider
several dynamic factors, especially discharge, vegetation growth cycle, and climatic condi-
tions. The water level in the middle part of the reservoir area changes significantly with the
seasons, which is closely related to the seasonal changes of ecological vegetation coverage,
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especially the growth of lotus and reed plants in summer and autumn. The ecological water
demand level aims to consider the impact of ecological factors, especially the water level on
vegetation. In order to ensure the ecological balance and the effectiveness of water resources
management, the ecological water demand level in the study area should be approximately
46.2 m. This water level can maintain the stability and sustainable development of the
reservoir ecosystem. Water level management should be closely combined with seasonal
changes and dynamic characteristics of ecological vegetation to achieve more accurate and
scientific management.

Most of the water level in the flood season is between 46.20958~46.33139 m, and most
of the areas in the non-flood season are between 45.84677~46.27558 m, that is, most of
the water level in the study area in the flood season is slightly higher than that in the
non-flood season. Therefore (Figure 5), the overall error between the simulated value and
the measured value is within the acceptable range of 3%.
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Based on the data of water transfer in Liao he Reservoir area from the most recent
15 years, the variation of the water level and the spatial distribution and movement of
sediment are comprehensively analyzed, and the hydrodynamic water level and sediment
transport under various typical discharge rates are simulated. The simulated discharge
values are 115, 165, 190, 215, and 265 m3/s. The variation of different typical discharge
water levels is shown in Figure 6. The water level in the study area ranges from 46.0 m
to 47.2 m, and the runoff level gradually decreases from the upper reaches to the lower
reaches, and the highest value is mainly distributed in the upper reaches of the reservoir,
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reaching 47.2 m. The low value is mainly distributed in the downstream of the reservoir
area, and the lowest value can reach 46.0 m. During the simulation period, the typical
runoff water level was 46.0, 46.2, 46.4, 46.6, and 47.2 m, respectively, and the water level
was the highest when the runoff was the highest.
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165 m3/s (b), hydrodynamic simulation diagram and corresponding simulated water level diagram
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3.2. Water and Sediment Simulation
3.2.1. Reservoir Water and Sediment Simulation Scheme

The only control project on the main stream of the Liao he River reservoir is also a
large plain reservoir on the main stream of the domestic basin, with a total storage capacity
of 185 million cubic meters, a total length of 42.6 km, of which the main dam is 12.4 km
long, the auxiliary dam is 29.9 km long, and the flood gate has a total of 16 holes and a total
width of 248.5 km. Due to the comprehensive requirements and particularity of the study
area, such as the size, shape, water depth, operation and scheduling mode, etc., the purpose
of this study is to evaluate the impact of long-term hydrodynamic operation of the reservoir
on water ecology, sediment, and downstream river channels, and to propose a scientific and
feasible flow scheme based on the analysis of the simulation results. The time span of the
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simulation needs to cover a few to dozens of hydrological cycles and their sediment spatial
distribution to fully demonstrate the changing trend of these impacts. Therefore, the choice
of a five-year short-term simulation management focused on addressing current water
resource issues requires flexible and rapid responses to ensure water resource utilization
and public safety. It is important to choose a long-term simulation of ten years or even
longer, capture the long-term trend of ecology and sediment distribution, consider long-
term change scenarios and reservoir scheduling, grasp the direction of intelligent water
conservancy, and adjust the planning in time. Additionally, combining short- and long-term
policies to ensure continuous and stable water management to meet current and future
needs is essential.

Runoff is the main influencing factor of reservoir hydrodynamics. Spatial variations
in typical flow rates of 115, 165, 190, 215, and 265 m3/s were simulated. The sediment
promotion effect of different flow rates was simulated and analyzed, and the flow control
scheme was selected to determine the flow range. On this basis, we set up short-term
and long-term water and sediment change scenarios at different spatial scales to carry out
numerical simulation of water and sediment, and accurately select the appropriate runoff
range. Specifically, the near-term scenario focuses on the period from 2024 to 2029, while
the long-term scenario looks forward to 2029 to 2039, providing theoretical and scientific
basis for future water resources management through the specific simulation of the optimal
flow range for both periods.

3.2.2. Analysis of Water and Sediment Simulation Results in the Study Area

Based on the simulation effect of MIKEHD and ST modules on runoff, sediment
transport under various typical discharge rates is simulated, and the simulated discharge
values are typical discharge rates of 115, 165, 190, 215, and 265 m3/s. The spatial changes
of sediment with different typical discharge rates are shown in Figure 7. The spatial
distribution pattern of sediment in the basin is opposite to that of runoff. The spatial
distribution of sediment in the study area ranges from −0.054 m to −1.02 m, and the
amount of sediment transported upstream is small. The spatial distribution of runoff and
sediment decreases from upstream to downstream, but the decrease in the upstream is lower
than that in the downstream, and the highest value is mainly distributed in the downstream
of the reservoir, reaching −1.02 m. The low value is mainly distributed in the downstream
of the reservoir area, and the lowest value can reach −0.054 m. During the simulation,
typical runoff levels were −0.054, −0.264, −0.573, −0.66, and −1.02 m3/s, respectively.
When runoff is highest, the value of scoured sediment is the highest. The runoff in the study
area is approximately 165~190 m3/s, and the water level is maintained at approximately
46.2–46.4 m. While protecting the ecological water storage, the hydrodynamic scouring of
the sediment reaches the best state.

The spatial distribution of sediments in the study area at different time periods under
short-term and long-term scenarios was obtained by numerical simulation. The distribution
diagram of sediment at the end of the simulation in the near term and the distribution
of sediment at the end of the simulation in the long term are shown in Figure 8. In the
short term, the sediment value is −1.1~−2.7 m, and in the long term, the sediment value
is −2.3~−3.3 m. The spatial distribution of sediment shows a decreasing trend, but the
sediment deposition area is mainly at the entrance of the reservoir, and the decrease of
sediment deposition in the entrance area is less than that in the outlet area. The discharge
rate is 165~190 m3/s, and the sediment deposition is effectively regulated. With the increase
of runoff, the hydrodynamic erosion and deposition capacity is also improved within the
discharge range, which not only reduces the difficulty and cost of silting but also guarantees
the water transmission capacity of the reservoir area.
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4. Conclusions

Taking the Stone Buddha Temple Reservoir Plain reservoir in the Liao he River Basin
as an example, a combination of a mathematical model and physical model is used to
fully consider the interaction of hydrodynamic and sediment transport, and the coupling
calculation of hydrodynamic and sediment is realized. The bidirectional coupling of the HD
and ST model satisfies the simulation of sediment geomorphology under hydrodynamic
action in the study area. The model was verified according to the measured data of flow
velocity, water level, and sediment content in the reservoir area, and the calibration results
were in good agreement. The simulation is applicable to the hydrodynamic scouring
and sedimentation mechanisms in the study area. In this paper, the sediment transport
characteristics of different flows are further analyzed, the hydrodynamic characteristics
and sediment deposition under normal conditions are revealed, the sediment distribution
of different flows is discussed, and the optimal scouring scheme is selected. Specific
conclusions are as follows:

(1) The HD model of the study area was constructed, and the model simulation was
calibrated according to the actual reservoir scheduling and measured measurement
data in 2010. The error between the calibration of the model and the actual data is
within 1%, indicating that the model has a high degree of applicability. Simulation
validation based on actual scheduling and measured measurement data from 2007
to 2023 shows that the error between the model validation and the actual data is
within 3%. This indicates that the model has a high level of reliability and accuracy.
The flow results in sediment deposition in the middle and lower part of the study
area, which is consistent with the measured trend. Based on the coupling application
of mathematical and physical models, the simulation analysis of different seasons
in typical years is carried out. The water level in the flood season is approximately
46.2 m, and in the non-flood season is approximately 46 m. The results show that the
water level in non-flood season is slightly lower than that in flood season. Through the
integration of seasonal water level simulation strategies, water resources management
is refined and scientific, thereby improving the overall management efficiency.

(2) The HD model and ST model were used to simulate the Stone Buddha Temple Reser-
voir to study the process of sediment lifting under different flow rates, and to simulate
the process of hydrodynamic movement and sediment spatial distribution movement.
The main reasons for the obvious differences in the spatial distribution of sediments
in the reservoir area under different flows are the large reservoir area, the serious
sediment carrying in the Liao he River system, and the poor hydrodynamic scouring
and sedimentation capacity. The results show that the flow rate of 115~265 m3/s can
meet the sediment scouring problem in the reservoir area, so the optimization scheme
of hydrodynamic sediment scouring is proposed.

(3) The models reveal the evolution of sediment flow under different flows and years, so
as to more accurately predict the long-term evolution trend of sediment flow from
2024 to 2029 and 2029 to 2039. In general, flow rates of 115 and 265 m3/s can achieve
a siltation promotion effect. Compared with the results of different flow schemes, the
upstream water flow rate of 165~215 m3/s can meet the expectations. While maintain-
ing the ecological water level at approximately 46.2 m, the flow rate of 165~190 m3/s
can meet the sediment erosion and solve the siltation problem in the reservoir area,
and the sediment spatial distribution effect of the hydrodynamic sediment scouring
model is the best. In the near and long term, sediment deposition gradually decreases
over time. Combined with the relationship between the simulated suspended sedi-
ment concentration, flow rate and water level, the flow rate of 165~190 m3/s can solve
the problem of sediment deposition, greatly reduce the difficulty and cost of dredging,
ensure the maximum economic benefit of reservoir water transmission capacity, and
achieve the best comprehensive benefit in the study area. Improve the ecological
environment of the water system and meet the ecological requirements.
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The Mike HD and ST bidirectional coupling model provides a new framework for
solving water resources and ecological problems in the Liao he River Basin. The model is not
only valuable for current water resources management and sediment, but also can be used
as a prediction tool for future water resources ecological management, so as to provide
clear decision-making suggestions and scientific basis for sustainable water resources
management. Water conservancy is developing towards intelligent digitalization, and
accurate watershed prediction helps overall decision making. Based on hydrodynamic and
sediment models, the current scour scheme proposed in this study can provide reference
for similar situations. Successful long- and short-term simulations bring valuable lessons
to reservoir management. By learning from this article, reservoir managers have deepened
their understanding of simulation technology and promoted its application in management.
Reservoir managers can more accurately predict changes in water level, flow, and sediment,
and effectively formulate scheduling strategies, both to improve emergency capacity and
to support long-term development.

In future research, it is suggested to increase the real-time monitoring data points
and adjust the parameter values to improve the rationality of the model. Second, the
single element method is used to measure the planning factors, without considering the
comprehensive influence of natural and social factors. Future research needs to scientifically
construct the proportion of water environmental management elements.
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