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Abstract: River conditions are complex and affected by human activities. Various hydraulic structures
change the longitudinal slope and cross-sectional shape of the riverbed, which has a significant impact
on the simulation of water-head evolution. With continuous population growth, the hydrological
characteristics of the Yongding River Basin have undergone significant changes. Too little or too much
water discharge may be insufficient to meet downstream ecological needs or lead to the wastage of
water resources, respectively. It is necessary to consider whether the total flow in each key section
can achieve the expected value under different discharge flows. Therefore, a reliable computer
model is needed to simulate the evolution of the water head and changes in the water level and
flow under different flow rates to achieve efficient water resource allocation. A one-dimensional
hydrodynamic coupling model based on the Saint-Venant equations was established for the Yongding
River Basin. Different coupling methods were employed to calibrate the coupling model parameters,
using centralised water replenishment data for the autumn of 2022, and the simulation results were
verified using centralised water replenishment data for the spring of 2023. The maximum error of
the water-head arrival time between different river sections was 4 h, and the maximum error of the
water-head arrival time from the Guanting Reservoir to each key cross-section was 6 h. The maximum
flow error was less than 5 m3/s, and the changing trend of the flow over time was consistent with the
measured data. The model effectively solved the problem of low accuracy of the water level and flow
calculation results when using the traditional one-dimensional hydrodynamic model to simulate the
flow movement of complex river channels in the Yongding River. The output results of the model
include the time when the water head arrives at the key section, the change process of the water level
and flow of each section, the change process of the water storage of lakes and gravel pits, and the
change process of the total flow and water surface area of the key section. This paper reports data
that support the development of an ecological water compensation scheme for the Yongding River.

Keywords: Yongding River Basin; one-dimensional hydrodynamic model; coupling model; control
project; water balance; centralised water compensation

1. Introduction

The numerical simulation of river hydrodynamics is of great significance for the
scientific planning and water allocation of cities around rivers. The study of fluid me-
chanics mainly focuses on the power wave equation (i.e., the complete set of Saint-Venant
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equations). At present, various river and coastal hydrodynamic models based on the
Saint-Venant equation, such as ISIS, MIKE 11, HEC-RAS, TUFLOW, and other general
hydrodynamic models, are widely used for large-scale river flow and flood prediction [1–4].
However, it is difficult for these models to carry out secondary development. For rivers
with complex underlying surface conditions, developing a general model according to
the actual state of the river is challenging, as is integration into the self-developed model
platform. Moreover, because of the complexity of natural rivers, it is difficult to guaran-
tee the calculation accuracy of a general model when simulating rivers with many lake
pits, variable river infiltration, and variable roughness of the main channel [5]. Therefore,
according to actual river characteristics, a self-developed model was used to simulate com-
plex river flow movements and thus improve simulation accuracy. Most self-developed
models use the finite difference method to solve the Saint-Venant equations, simulating
the evolution of a river head, such as that developed by Wang [6]. He proposed the use of
various finite difference schemes (such as the leapfrog, Lax-Wendroff, Abbott implicit, and
Pressimann implicit schemes) to solve one-dimensional unsteady problems. In this study,
the Pressimann implicit scheme is used to solve the Saint-Venant equations. This approach
has the advantages of high calculation accuracy, a stable calculation process, and strong
adaptability, which are beneficial for improving the stability of the model when calculating
complex terrain [7,8].

The river below the Guanting Reservoir in the Yongding River Basin is divided into
mountain gorges and plain sections. There is a large height drop in the mountain gorge
section, and two reservoirs, Luopoling and Zhuwo, have been constructed [9,10]. The drop
in terrain height at the outlet of the reservoir was greater than 10 m. Owing to the influence
of sand mining for many years, the plain section of the river channel has undergone great
terrain changes and is affected by changes in hydrological conditions. The river channel has
dried up year-round, and a large amount of vegetation has grown. These factors complicate
the river channel of the Yongding River, and problems emerge, such as significant changes
in the shape of the river section, changes in the elevation of the river bottom, increased
roughness of the main river channel, as well as blockage of rivers, lakes, and depressions
by reservoirs and control projects [11–13]. When using the traditional one-dimensional
hydrodynamic model, these problems can lessen the accuracy of the model simulation and
even stop the model from running [14].

Therefore, this study examines the centralised ecological water compensation data
of the Yongding River across different periods and analyses the control engineering, river
section changes, roughness changes among different rivers, as well as river infiltration in
the Yongding River channel on a spatial scale. The river channel was divided according to
the actual state of the river. Subsequently, a hydrodynamic coupling model based on the
Saint-Venant equations, coupled with a water level and storage calculation model, control
engineering, and a lake pit water balance model, was constructed. The coupled model
fully considered the roughness and water infiltration of different sections to improve the
accuracy of simulated flow time and water volume. Simulation accuracy was verified
using the ecologically centralised water replenishment data of the Yongding River. The
flow time of the water head in the complex river channel of the Yongding River and the
water level and flow changes in the key sections during the ecologically centralised water
replenishment period were simulated. The accuracy was compared with the simulation
results of the traditional one-dimensional hydrodynamic model to verify the improvement
effect of the constructed coupling model on the simulation accuracy and provide a scientific
reference for the centralised ecological water replenishment of the Yongding River.

2. Materials and Methods
2.1. Study Area

The Yongding River Basin originates from Inner Mongolia and Shanxi and flows
through Beijing, Hebei, and Tianjin. It is an important tributary of the Haihe River Basin. It
is also an important water conservation area, ecological corridor, and ecological barrier in
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Beijing, Tianjin, and Hebei provinces [15], with a total basin area of 47,856 km2. The basin
has a seasonal temperate semi-arid climate. The region experiences a multi-year average
annual precipitation spanning 550 to 660 million m2, 85% of which occurs from June to
September. As the largest river in Beijing, the Yongding River has been greatly affected by
human activities, the construction of flood control facilities, and water withdrawal over
centuries [16]. Due to both to these factors and climate change, the Yongding River has
stopped flowing since 1996, resulting in the degradation of its ecological functions. The
mountainous and plains sections of the Yongding River lie above and below Sanjiadian,
respectively. The reduction of stream flow in the mountainous section led to the loss of
freshwater ecosystems of the Yongding River and the formation of bare sandy channels [17].
The river in the plain section was heavily excavated to become a gravel mine and dump-
ing ground for sewage and garbage [18]. The construction of an ecological corridor for
the Yongding River began in 2009, and environmental damage was resolved through the
construction of five lakes (Mencheng Lake, Lianshi Lake, Yuanbo Lake, Xiaoyue Lake,
and Wanping Lake), as well as functional wetlands to gradually restore the ecosystem of
the Yongding River Basin. This paper focuses on the section from below the dam of the
Guanting Reservoir to Qujiadian as the study area, spanning about 254 km. This stretch of
the river is affected by the above factors, contributing to its extremely complicated situation.
The mountainous section is high and steep, and river meandering is simultaneously con-
trolled by several reservoirs at the same time. The plain section is mostly a sandy riverbed,
the river is always dry, and the infiltration volume is large; plain lakes and numerous gravel
pits and barrages are present. The actual state of the watershed is shown in Figure 1.

Water 2024, 16, x FOR PEER REVIEW  3  of  21 
 

 

2. Materials and Methods 

2.1. Study Area 

The Yongding River Basin originates  from  Inner Mongolia and Shanxi  and flows 

through Beijing, Hebei, and Tianjin. It is an important tributary of the Haihe River Basin. 

It is also an important water conservation area, ecological corridor, and ecological barrier 

in Beijing, Tianjin, and Hebei provinces [15], with a total basin area of 47,856 km2. The 

basin has a  seasonal  temperate  semi-arid climate. The  region experiences a multi-year 

average annual precipitation spanning 550 to 660 million m2, 85% of which occurs from 

June  to September. As the  largest river in Beijing, the Yongding River has been greatly 

affected by human activities, the construction of flood control facilities, and water with-

drawal over centuries [16]. Due to both to these factors and climate change, the Yongding 

River has stopped flowing since 1996, resulting in the degradation of its ecological func-

tions. The mountainous and plains sections of the Yongding River lie above and below 

Sanjiadian, respectively. The reduction of stream flow in the mountainous section led to 

the loss of freshwater ecosystems of the Yongding River and the formation of bare sandy 

channels  [17]. The  river  in  the plain section was heavily excavated  to become a gravel 

mine and dumping ground for sewage and garbage [18]. The construction of an ecologi-

cal corridor  for  the Yongding River began  in 2009, and environmental damage was re-

solved  through  the  construction  of five  lakes  (Mencheng Lake, Lianshi Lake, Yuanbo 

Lake, Xiaoyue Lake, and Wanping Lake), as well as functional wetlands to gradually re-

store the ecosystem of the Yongding River Basin. This paper focuses on the section from 

below the dam of the Guanting Reservoir to Qujiadian as the study area, spanning about 

254 km. This stretch of  the river  is affected by  the above factors, contributing to  its ex-

tremely  complicated  situation.  The mountainous  section  is  high  and  steep,  and  river 

meandering  is  simultaneously  controlled  by  several  reservoirs  at  the  same  time.  The 

plain  section  is mostly  a  sandy  riverbed,  the  river  is  always dry,  and  the  infiltration 

volume is large; plain lakes and numerous gravel pits and barrages are present. The ac-

tual state of the watershed is shown in Figure 1. 

 
Figure 1. Map of Guanting to Qujiadian section of the Yongding River Basin.

2.2. Basic Data

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

The topographic data included river cross-sections and digital elevation model (DEM)
elevation data. The spacing between channel cross-sectional data points was 500 m. As
the quality of the channel cross-sectional data significantly influences the accuracy of the
hydrodynamic model simulation results, improving the quality of the channel cross-section
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can significantly improve the accuracy of the model simulation. Therefore, combining
DEM elevation data, fusing the two sets of data, correcting and interpolating the origi-
nal river cross-sectional data, conducting field research, and modifying the problematic
cross-sectional data can improve the quality of cross-sectional data. The initial conditions
of the lakes and gravel pits directly affect the simulation accuracy of one-dimensional
hydrodynamic models. Remotely sensed image data were used to extract the initial water
level of lakes and gravel pits. In addition, the hysteresis effect of lakes and gravel pits on
the water head was considered in the model calculations by combining them with the water
level reservoir area curves to improve simulation accuracy. Remote sensing image data
were used before the simulated centralised water compensation period to extract the initial
water surface area. The station monitoring data used the 2022 and 2023 state-centralised
water compensation data. The monitoring data of each key cross-section station in the
studied river section were selected as the basic data, and the daily water level and flow
data recorded at eight monitoring stations after the start of centralised water compensation
were used to calibrate the model parameters and analyse the simulation accuracy. Specific
data are presented in Table 1.

Table 1. Basic data.

Name Data Precision Corresponding Model Data Purpose

River cross-sectional data Interval 500 m Hydrodynamic model Basic data

Digital elevation model 2 m Hydrodynamic model and
water balance model

Improving the accuracy of
river cross-sectional data

Measured data Daily flow rate at 8:00 a.m.,
daily average flow rate (m3/s) Hydrodynamic model Basic data

Remote sensing images 2 m (before and after
ecological replenishment) Water balance model Inverting the initial conditions

of lakes and gravel pits

Storage capacity curve Water level and storage curve Water balance model Improving the simulation
accuracy of coupled models

All river channel data, the water level and flow measurement data and the research
area image used in this article are sourced from and authorized by the Haihe Water
Resources Commission.

The programming software used in this article is Vision Studio 2012 (Microsoft Corpo-
ration, Redmond, WA, USA), and the programming language is Fortran 90.

2.3. Methods
2.3.1. One-Dimensional Hydrodynamic Modelling of Natural River Channels

The process of water flow evolution is a three-dimensional, non-constant, spatiotem-
poral flow problem. Because this three-dimensional problem involves many influencing
factors, many problems arise in numerical solutions, which generally simplify the problem
into one- or two-dimensional non-constant flow problems. In practice, the study of river
water movement primarily involves calculating each cross-section of the water level, flow,
and flow-rate changes over time, while considering the problem of computational efficiency.
Therefore, the use of the more efficient one-dimensional non-constant flow problem, along
with the general use of the Saint-Vernant system to describe the incompressible continuity
of the equations and dynamics in the form of momentum equations is defined as follows:

{B ∂Z
∂t +

∂Q
∂x =0

∂Q
∂t +

∂
∂x (

αQ2
A )+gA ∂Z

∂x +gAS f =0
(1)

The proposed Saint-Venant system of equations consists of a set of first-order hyperbolic-
type linear partial differential equations. Currently, Preissman’s four-point implicit format,
which has the advantages of a simple structure, fast convergence, unconditional stabilisation,
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and freedom from time step restrictions, is commonly used to differentially solve this system of
equations.

Based on this difference format, the dependent variables and forms of the derivative
functions in space and time are as follows:

f (x, t)|M =
θ

2

(
f n+1
j+1 + f n+1

j

)
+

1 − θ

2

(
f n
j+1 + f n

j

)
(2)

∂ f
∂x

∣∣∣∣M =θ
f n+1
j+1 − f n+1

j

∆x
+ (1 − θ)

f n
j+1 − f n

j

∆x
(3)

∂ f
∂t

∣∣∣∣M =
f n+1
j+1 + f n+1

j − f n
j+1 − f n

j

2∆t
(4)

where f denotes the derivation function; subscripts j and j + 1 denote the j th and j + 1
th cross-section, and superscripts n and n + 1 represent two adjacent time steps. θ is a
spatial weighting coefficient with a value range of 0 ≤ θ < 1.0. To ensure the computational
stability of the model, after parameter calibration, θ takes a value of 0.6. ∆t is the time step
in seconds, and ∆x is the spatial step in metres.

Discretising the system of Saint-Venant equations in the Preissman difference format
and neglecting the second-order terms yields the following system of linear equations:

−Qn+1
j + CjZn+1

j + Qn+1
j+1 + CjZn+1

j+1 = Dj (5)

EjQn+1
j − FjZn+1

j + GjQn+1
j+1 + FjZn+1

j+1 = Φj (6)

where Qj
n+1 and Zj

n+1 denote the flow rate and water level at n + 1; R represents the
hydraulic radius; u represents the flow velocity; and the coefficients C, D, E, F, G are
calculated from the hydraulic parameters at the nth moment. The expression is as follows:

Cj =
Bn

j+1/2

2∆t
(7)

Dj =
(1 − θ)

θ
(Qn

j+1 − Qn
j ) + Cj(Zn

j+1 + Zn
j ) (8)

Ej =
∆xj

2θ∆t
− (αu)n

j + (
g|u|

2θc2R
)

n

j
∆xj (9)

Gj =
∆xj

2θ∆t
+ (αu)n

j+1 + (
g|u|

2θc2R
)

n

j+1
∆xj (10)

Fj = (gA)n
j+ 1

2
(11)

Φj =
∆xj

2θ∆t
(Qn

j+1 + Qn
j )−

1 − θ

θ
[(αuQ)n

j+1 − (αuQ)n
j ]−

1 − θ

θ
(gA)n

j+ 1
2
(Zn

j+1 − Zn
j ) (12)

2.3.2. Modelling Water Level and Storage Curve Calculations

Common storage calculation methods include the cross-section method (using reser-
voir cross-sectional data for interpolation to calculate reservoir storage), the contour method
(using contour segments to calculate the water body volume at different water levels), the
triangular grid method (similar to the digital elevation method, in which the coordinate
points are positioned at the bottom of the reservoir as the basis for calculating and directly
converting the points into a triangular grid surface to obtain storage volume), and the DEM
method [19]. However, in practical applications, it has been found that by quantitatively
comparing and analysing the accuracy and complexity of the calculation results of each
method, calculating the storage volume using DEM elevation data offers the advantages of
high accuracy and fast calculation speed compared to other methods using digitised maps
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with sufficient accuracy [20]. Moreover, this method can be widely used to calculate the
storage volume of all types of lakes and larger gravel pits.

Based on the obtained 2 m precision DEM elevation data, the elevation data were
converted into grid data. Interconnected elevation points were used to form square and
triangular grids. The water surface points at different water levels were connected to the
grid points to form a perpendicular line, resulting in N different types of prisms. where A
and B are internal square prisms, and C and D are edge triangular prisms (Figure 2). By
summing the volume of each prism, the total water volume at a particular water level can
be obtained, and the storage capacity at different water levels can be calculated to obtain
the lake pit’s water level storage capacity curve.

VA =
S0(ha + hb + hc + hd)

4
(13)

VB =
S0(4 × hc)

4
+

S0((ha − hc) + (hb − hc) + (hc − hc))

4
(14)

VC =
S0(ha + hb + hc)

3
(15)

VC =
S0(3 × ha)

3
+

S0((hb − ha) + (hc − ha))

3
(16)

VS =
n

∑
i=1

VAn + VBn + VCn + VDn (17)

where S0 represents the upper surface area of the rhombic column, ha, hb, hc, and hd
represent the distances from the submerged elevation point to the water surface; and Vs
represents the total volume of the water body at different water levels. The DEM method for
calculating the reservoir capacity of lake pits is more accurate compared to other methods
and is suitable for calculating the reservoir capacity curve of any type of lake and pit.
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lar prism type.

2.3.3. One-Dimensional Hydrodynamic Model with Coupled Control Project Rules

Generally, due to the large height difference in mountain rivers, rapid rainfall con-
vergence, and high river flow velocity, mountain rivers below city plains are significantly
affected by flash floods, ensuring that sudden floods during heavy rainfall will not cause
flooding disasters on the downstream plains of the city. Usually, large flood storage reser-
voirs are built in mountainous river channels, and large water gates are built at the ends
of mountainous river channels. Therefore, the entire evolution of water flow in mountain
rivers is greatly affected by water conservancy projects, and reservoir control and discharge
rules must be considered in the hydrodynamic model.

Because the Saint-Venant equation describes the non-constant asymptotic motion of a
continuous free-surface body of water, it is important to consider the reservoir discharge
control rule in the hydrodynamic model. In mountainous areas, river channels exhibit
large height differences and undulations. When the control project plays the role of water
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obstruction, the flow parameter in the continuous equation is solved with a zero value.
This leads to interruptions in the continuity of the water level and flow in the cross-section,
thus causing the dispersion of the calculation results for the connected cross-sections in
successive time steps.

The location of the reservoir was inserted into the corresponding location in the
continuous channel cross-section (Figure 3), and the discharge control rule was considered
in the continuous equation of the Saint-Venant system to control flow magnitude in the
cross-section below the hydraulic structures by increasing and decreasing collateral flow.
The expressions are as follows:

{Qce=0.5[Qzw.lpl(t)=0]
Qce=Qzw.lpl[Qzw.lpl (t)>0] (18)

{q1=Qj−Qce
q2=Qj+1−Qce

(19)

Qt+1
j+1 − Qt+1

j +
Bn ∗ ∆xj

2 ∗ ∆t ∗ θ
(Zt+1

j+1 + Zt+1
j ) =

(q1 + q2)∆xj

2θ
− 1 − θ

θ
(Qt

j+1 − Qt
j) +

Bn ∗ ∆xj

2 ∗ ∆t ∗ θ
(Zt

j+1 + Zt
j ) (20)

where q1 and q2 indicate the side flow of the upper and lower two sections of the reservoir
(m3/s); Qj and Qj+1 are the flows of the upper and lower reservoirs before and after the
gate (m3/s); Qce is the control flow, which controls the size of the side flow; Qzw.lpl is the
process of discharging the flow of the ZhuWo and Lo Poling reservoirs.
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Figure 3. Side flow and reservoir discharge flow.

2.3.4. One-Dimensional Hydrodynamic Modelling of Coupled Water Balance

Because of the complexity of the natural river channel, the flow of water in the river
channel should be considered in addition to the influence of channel roughness. The most
important influence is the stagnation of water flow evolution caused by impoundments
(e.g., lakes, gravel pits) in the river channel. Therefore, the time course of water flow,
including pit filling and storage of the lakes and gravel pits, must be considered in the
hydrodynamic model.

Currently, the one-dimensional hydrodynamic model based on the Saint-Venant equa-
tion is unable to simulate the filling and storage process of lake pits. When water flows
through the topography of these pits, it loses continuity in the cross-sectional shape and
longitudinal slope drop of the channel because the topography and elevation changes are
too large. Therefore, the water balance model (Figure 4) and water level storage curve
calculated by the reservoir capacity calculation model are coupled into a one-dimensional
hydrodynamic model. Coupling methods include loose and tight coupling, which can
effectively improve model simulation accuracy.

(1) Loose coupling
Loose coupling, also known as serial coupling, usually refers to two mathematical

models for hierarchical coupling; thus, two mathematical models in accordance with a
certain order of operation are both interconnected and independent of each other. One or
more model interoperability variables is connected to the two mathematical models, so that
the model can be run continuously.
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Figure 4. Lake and river interaction diagram.

Rivers flowing through plains are typically connected to lakes with larger storage
volumes excavated in the river channel, owing to urban planning and urban flood control,
which leads to the inability of the traditional one-dimensional hydrodynamic model to
calculate such configurations. Therefore, the water balance model can be considered and
combined with the water level storage curve to simplify the calculation of this cross-section.
Time and flow processes serve as the model coupling variables, the spatial location of
the river channel with lakes and gravel pits establishes the hierarchical relationship of
the model coupling, and the two mathematical models are serially coupled, as shown in
Figure 5.
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The numerical expression of the water balance model is shown below.

V1(t) = V1(t − 1) + Qt(t = t0, n1)
t1 = t
V1 > V1MAX , n1 = tv1>V1MAX , Qt(1,n1)

= 0
V2(t) = V2(t − 1) + Qt(t = n1,n2)
t2 = t
V2 > V2MAX , n2 = tv2>V2MAX , Qt(n1,n2)

= 0
...

V5(t) = V5(t − 1) + Qt(t = n4,n5)
t5 = t
V5 > V5MAX , n5 = tv5>V5MAX , Qt(n4,n5)

= 0

(21)

T =
5

∑
i=1

ti (22)

In the formula, V1(t), V2(t), V3(t), V4(t), and V5(t) indicate the storage volume of five
landscape lakes at different moments (cubic metres per second); V1MAX, V2MAX, V3MAX,
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V4MAX, and V5MAX indicate the maximum reservoir capacity of five landscape lakes; Qt
indicates the flow process to reach the coupling point (cubic metres per moment); t indicates
the time process, in which t1, t2, t3, t4, and t5 indicate the time process of filling and storing,
and t0 indicates the time of the water flow arriving at Sanjiadian; n1, n2, n3, n4, and n5
indicate the times at which the five landscape lakes are being filled; and T indicates the
total filling and storing time.

(2) Close coupling
Close coupling, also known as parallel coupling, generally refers to the coupling of two

mathematical models that can be calculated at the same time step, unlike loose coupling,
where the output parameters of one model are directly used as inputs for calculations
in another model at the same time step. As the plain sections of the lakes are connected
to each other, the flow of water in the continuous lake movement water flow time is
negligible; therefore, the lakes can be placed directly into the water balance model for
loose coupling calculations. This process involves generalising them into five connected
reservoirs, wherein the filling the next reservoir starts once the last reservoir is full. In rivers
with long channels and large impoundments in the channel, such as gravel pits scattered
at various distances, each gravel pit is also connected through the channel because of the
high roughness of the riverbed. This has a significant impact on the evolution of the water
flow, and as such, the dynamic evolution time of the water head in the river channel cannot
be ignored. Therefore, simplifying and tightly coupling the gravel pit filling and storage
processes into a one-dimensional hydrodynamic model (Figure 6) can effectively reduce
the problem of error accumulation during model coupling and improve computational
efficiency.

Water 2024, 16, x FOR PEER REVIEW  10  of  21 
 

 

can  effectively  reduce  the problem  of  error  accumulation during model  coupling  and 

improve computational efficiency. 

 

Figure 6. Tight coupling diagram. 

The mathematical expression is shown below. 

t

Z Q
B q
t x

 
 

 
  (23) 

( ) ( )t lose pq q i q i     (24) 

( ) ( ) ( ) 0.2[ ( ) max]

( ) 0[ ( ) max]
p i lose j j

p j j

q i Q t q i V t V

q i V t V

   
 {

 
(25) 

( ) ( 1) ( )j j iV t V t Q t     (26) 

2

0f

Q Q Z
gA gAS

t x A x

   
       

  (27) 

where i denotes the river section number; j denotes the gravel pit serial number; qt is the 

side flow; q(i)lose is the infiltration loss of the river in the spatial step; qp(i) is the gravel pit 

diversion flow; Qi(t)  is  the flow  in  this section; Vj(t)  is  the amount of water  in  the  j  th 

gravel  pit;  and Vjmax  is  the maximum  storage  volume  of  the  j  th  gravel  pit.  For  the 

Saint-Venant  system  of  equations,  the water  balance model was  simplified  and  intro-

duced into the system of equations in the form of lateral flow, considering the location of 

gravel pits in space and the filling and storage process of gravel pits as a judgment con-

dition to determine the gravel pit diversion flow rate and simulate the time of filling and 

storage of water flow when passing through the gravel pits. The coupled simplified wa-

ter balance one-dimensional hydrodynamic model can solve  the problem of dispersion 

of  simulation  results  caused by  large  changes  in  slope drop and  cross-sectional  shape 

when simulating the location of gravel pits in the traditional one-dimensional hydrody-

namic models.  In  addition,  it  can  simulate  the  entire process of filling  and  storage of 

gravel pits, as well as changes in water level and surface area. 

2.3.5. Spatial Coupling of Nodes 

Under the influence of the control project, the water movement of the river is more 

complicated, and  if we  ignore  the discharge flow process of  the control project and di-

rectly use  river data  for  the  simulation,  the  accuracy of  the  simulation  results will be 

greatly reduced. Based on the slope drop of the river channel, topographic features, con-

trol engineering, and  the geographic  location of  the water point,  the entire  simulation 

area was divided  into  four parts,  and  the  overall  elevation  gradually decreased  from 

west to east. There were 26 nodes of inflow and outflow, and the nodes were connected 

to different models in different ways in each section (the nodes include the flow control 

of the control project, the process of lake pit storage volume change, and the process of 

flow, inflow, and outflow of the water source point). The locations of each control work 

Figure 6. Tight coupling diagram.

The mathematical expression is shown below.

B
∂Z
∂t

+
∂Q
∂x

= qt (23)

qt = −q(i)lose − qp(i) (24)

{qp(i)=Qi(t)−q(i)lose−0.2[Vj(t)<Vjmax]
qp(i)=0[Vj(t)>Vjmax] (25)

Vj(t) = Vj(t − 1) + Qi(t) (26)

∂Q
∂t

+
∂

∂x

(
αQ2

A

)
+ gA

∂Z
∂x

+ gAS f = 0 (27)

where i denotes the river section number; j denotes the gravel pit serial number; qt is the
side flow; q(i)lose is the infiltration loss of the river in the spatial step; qp(i) is the gravel
pit diversion flow; Qi(t) is the flow in this section; Vj(t) is the amount of water in the j
th gravel pit; and Vjmax is the maximum storage volume of the j th gravel pit. For the
Saint-Venant system of equations, the water balance model was simplified and introduced
into the system of equations in the form of lateral flow, considering the location of gravel
pits in space and the filling and storage process of gravel pits as a judgment condition to
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determine the gravel pit diversion flow rate and simulate the time of filling and storage of
water flow when passing through the gravel pits. The coupled simplified water balance
one-dimensional hydrodynamic model can solve the problem of dispersion of simulation
results caused by large changes in slope drop and cross-sectional shape when simulating
the location of gravel pits in the traditional one-dimensional hydrodynamic models. In
addition, it can simulate the entire process of filling and storage of gravel pits, as well as
changes in water level and surface area.

2.3.5. Spatial Coupling of Nodes

Under the influence of the control project, the water movement of the river is more
complicated, and if we ignore the discharge flow process of the control project and directly
use river data for the simulation, the accuracy of the simulation results will be greatly
reduced. Based on the slope drop of the river channel, topographic features, control
engineering, and the geographic location of the water point, the entire simulation area was
divided into four parts, and the overall elevation gradually decreased from west to east.
There were 26 nodes of inflow and outflow, and the nodes were connected to different
models in different ways in each section (the nodes include the flow control of the control
project, the process of lake pit storage volume change, and the process of flow, inflow,
and outflow of the water source point). The locations of each control work and the inflow
points were organised, identified on the section space nodes, and coupled into the 1D
hydrodynamic model, as shown in Figure 7.
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3. Results

In this section, we explain the construction process of the model, as well as the
calculation results of the lake pit water level storage curve, the calibration results of
river roughness, and river infiltration. The centralised water compensation data of the
Yongding River were used to verify the simulation accuracy of the constructed coupled
model (the tight and loose coupling of hydrodynamic models with other models), and
the simulation results were compared with the simulation results of the uncoupled model
(the traditional one-dimensional hydrodynamic model). Thus, the feasibility of coupling
models to improve the simulation accuracy was verified.
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The Yongding River, below Guanting Hall, passes through mountainous areas, plains,
and large lakes, which verifies the accuracy of the model. The model parameters were
calibrated using the data measured in autumn 2022, and the model was validated and
discussed using the spring data of the centralised water replenishment in the Yongding
River in 2023. These data mainly include the flow discharge process of each control project
during the water compensation period, the flow process at the diversion and catchment
points, the flow and water level monitoring data at key cross-sections, and the manual
tracking of water-head monitoring data. The cross-sections with flow and water level
monitoring data were Sanjiadian, Guan, Shaoqidi, and Qujiadian, and the cross-sections
with manual tracking of water-head monitoring data were Sanjiadian, Lugouqiao, Jinmen,
Guan, Cuizhihui, Shaoqidi, and Qujiadian. When the one-dimensional hydrodynamic
model is used for simulation, if the interval outflow and inflow are large, the interval
diversion and catchment processes need to be used as inputs to the one-dimensional hy-
drodynamic model to improve the simulation accuracy [21] and verify that the constructed
hydrodynamic coupling model can reflect the water flow evolution process and water level
and flow process at each cross-section. The flow data of each control project were used as
the upper boundary condition of the hydrodynamic model. To ensure the accuracy of the
simulation results, the discharge flow processes of the reservoir and barrage were added.

3.1. Sectional Roughness Calibration for River Channel

Channel roughness serves as an important coefficient of the Saint-Venant equation
and is usually analysed in the laboratory; however, for long channels, roughness can only
be parametrically calibrated by the arrival time of different flows. the roughness of a river
is affected by factors such as the bed quality of the river, the shape of the bed, channel
obstructions, geometric variations between channel sections, and the presence of vegetation
along the channel [22,23], as shown in Table 2.

Table 2. Roughness under different river conditions.

River Type Underlying Surface Condition Minimum
Value

Maximum
Value

Plain rivers

Clean, straight, without beaches or depressions 0.025 0.033
Clean, straight, without beaches or depressions, with a small

amount of vegetation and gravel 0.03 0.04

Clean, straight, with a small amount of beach and depression 0.033 0.045

Clean, straight, with a small amount of beach and depression, and a
small amount of vegetation and gravel 0.035 0.05

Clean, straight, with a small amount of beach and depression, a
small amount of vegetation and gravel, shallow water depth, and

variable bank slopes
0.04 0.05

Clean, straight, flat, and low-lying areas, with a small amount of
vegetation and gravel 0.05 0.08

Clean, straight, with more beaches and depressions, more
vegetation and gravel 0.075 0.15

Mountain rivers (without
vegetation, with steep banks)

With a small amount of gravel, pebbles, and stones 0.025 0.05
With a lot of gravel, pebbles, and stones 0.04 0.07

As a result of human activities, different areas of the Yongding River exhibit different
channel roughness. The roughness of the river channel is unevenly distributed across
different sections, including the main channel, riverbanks, and floodplains; therefore,
according to regional soil characteristics, as well as the actual conditions of the river
channel (including the presence of shrubs, trees, tall grasses, crops, and debris), and their
spatial distribution, different segmental roughness values were assigned to different areas
of the river channel [24,25]. The river channel section was divided into seven segments
(Figure 7).
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Based on the actual conditions of the river section and the measured flow and water-
head tracking data of the measuring points during the autumn replenishment period
in 2022, the roughness of the Yongding River channel was determined under different
conditions, as shown in Table 3.

Table 3. Roughness of different conditions of the Yongding River channel.

Segment Name Underlying Surface Condition Roughness Value

Guaniting–Sanjiadian With a small amount of gravel, pebbles, and stones 0.033

Sanjiadian–Jingliang road / /

Jingliang road–Ethylene pipe bridge Clean, straight, with more beaches and depressions,
more vegetation and gravel 0.7

Ethylene pipe bridge–Jinmen Clean, straight, flat, and low-lying areas, with a small
amount of vegetation and gravel 0.7

Jinmen–Cuizhihui
Clean, straight, with a small amount of beach and

depression, a small amount of vegetation and gravel,
shallow water depth, and variable bank slopes

0.065

Cuizhihui–Shaoqidi Clean, straight, with a small amount of beach and
depression, and a small amount of vegetation and gravel 0.4

Shaoqidi–Qujiadian Clean, straight, with a small amount of beach and
depression, and a small amount of vegetation and gravel 0.4

Note: The section from Sanjiadian to Jingliang Road is modelled using a water balance approach and does not
require consideration of roughness.

3.2. River Infiltration Calibration

The infiltration and roughness parameters have the same importance and significant
impact on the size of the cross-sectional flow. However, most infiltration calculation
formulas require soil parameters and groundwater conditions as basic data to support the
calculation of river infiltration. These parameters must be obtained through laboratory
experiments, and simulating long river channels is difficult. Therefore, based on the
characteristics of the wide and shallow water surface of the Yongding River, it is more
convenient to use the surface area infiltration method to calculate the amount of infiltration
in the river channel. Only the infiltration rate parameters of different river channels need
to be determined. Based on the on-site investigation of the river, it was divided into six
sections, as shown in Table 4.

Table 4. Infiltration Parameters of different conditions of the Yongding River channel.

Segment Name Initial Infiltration Parameters (cm/day) Stable Infiltration Parameters (cm/day)

Guaniting–Sanjiadian 10 10

Sanjiadian–Jingliang road 6 6

Jingliang road–Ethylene pipe bridge 17 13

Ethylene pipe bridge-Jinmen 10 8

Jinmen–Cuizhihui 4 2

Cuizhihui–Shaoqidi 2 2

Shaoqidi–Qujiadian 2 2

3.3. Water Level Storage Curves of Lakes and Gravel Pits

As the storage volume of landscape lakes and gravel pits is large and has a hysteresis
effect on the evolution of the water head, their initial conditions significantly influence
the simulation accuracy of the model. For this type of storage pond, without information,
it is not possible to invert the initial reservoir capacity using water level and reservoir
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capacity curves because of the lack of water level monitoring conditions; therefore, remote
sensing data are needed to extract the water surface area to invert the initial water level
and reservoir capacity. Using the satellite remote sensing data before the start of water
replenishment to invert the water surface area, combined with the reservoir water level
storage calculation model and the water level storage relationship curve calculated from the
DEM elevation data (Figure 8), the extracted water surface area corresponds to the reservoir
capacity, establishing the initial model conditions for the lake and gravel pit conditions, as
shown in Table 5.
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Figure 8. Lake and gravel pit water level storage curves.

Table 5. Deducing initial conditions from remote sensing images.

Name Initial Water Level (m) Initial Area (m2) Initial Storage Capacity (m3)

Mencheng lake 91.3 236,118.75 357,075.26

Lianshi lake 69 274,312.5 1,335,552

Yuanbo lake 58.4 1,330,143.32 10,680,207.94

Xiaoyue lake 56.6 184,040.6 174,015.9

Wanping lake 55 313,912.5 293,492.2
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Table 5. Cont.

Name Initial Water Level (m) Initial Area (m2) Initial Storage Capacity (m3)

1# pit 41.9 2,534,612.5 10,922,779.41

2# pit 42.1 224,700 318,392.30

3# pit 41.2 54,225 69,373.99

4# pit 35.5 533,464.8 429,172.43

5# pit 33.2 446,780.4 504,940.82

6# pit 29.1 7298.72 1773.78

7# pit 29 114,824.16 312,307.39

4. Discussion

In this section, a comparative analysis and discussion will be conducted between the
simulation results of the traditional 1D hydrodynamic model (uncoupled model) and the
simulation results of the coupled model established in this paper.

4.1. Simulation Results of Water Flow Time

During the centralised water replenishment in the spring of 2023, through manual
tracking of the water head and comparison of the daily report data of each key section with
the model simulation results, we verified whether the constructed hydrodynamic coupling
model could reflect the real head evolution process and the water level and flow process of
each section.

Table 6 presents a comparison of the flow-time simulation results of the coupled model.
The interval flow time difference in the table refers to the difference between the measured
flow and the simulated flow arrival time between the two sections, and the absolute error
refers to the difference between the measured total time consumption and the simulated
total time consumed by the water head to reach each section from the beginning of water
replenishment. When the water head reached Guan, the absolute error was the largest, and
the relative error between Shaoqidi and Qujiadian was the largest.

Table 6. Comparison table of simulated and measured water-head arrival time (coupled model).

Critical
Cross-Section

Measured
Water Flow

Arrival Time

Time Interval
(h)

Simulated
Water Flow

Arrival Time

Time Interval
(h)

Interval Flow
Time Error (h)

Absolute Error
(h)

Sanjiadian 27 February
8:00 72 27 February

10:00 74 2 2

Lugouqiao 6 March 8:00 168 6 March 7:00 165 −3 −1

Jinmen 13 March 12:00 172 13 March 9:00 170 −2 −3

Guan 14 March 16:00 28 14 March 10:00 25 −3 −6

Cuizhihui 17 March 16:00 72 17 March 12:00 74 2 −4

Shaoqidi 19 March 17:30 49 19 March 12:00 48 −1 −5

Qujiadian 20 March 10:30 17 20 March 9:30 21 4 −3

Among them, starting from Jinmen, the absolute error becomes larger, and the simu-
lated value is 6 h faster than the measured value. Through analysis, it was found that the
main reason for this was that the river channel between Jinmen and Guan is complex. Due
to human activity, there are many gravel pits, and the main channel of the river is not fixed,
which has a significant hysteresis effect on the evolution of the water head. The flow-time
error between Shaoqidi and Qujiadian was the largest, and the simulated value was 4h
slower than the measured value. Through field research, it is considered that this may be
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due to the existence of artificial water-blocking structures (broken bridges, gravel barriers,
rubber dams, etc.), ungauged rivers (Xinlong River, North Canal), and different roughness
in different seasons (i.e., due to the existence of more aquatic plants in spring), which leads
to the arrival time of the water-head simulation being faster than the measured time.

Table 7 compares the simulation results for the uncoupled model’s flow time.

Table 7. Comparison table of simulated and measured water-head arrival time (uncoupled model).

Critical
Cross-Section

Measured
Water

Head-Arrival
Time

Time Interval
(h)

Simulated
Water

Head-Arrival
Time

Time Interval
(h)

Interval Flow
Time Error (h)

Absolute Error
(h)

Sanjiadian 27 February
8:00 72 27 February

5:00 69 −3 2

Lugouqiao 6 March 8:00 168 28 February
8:00 27 −141 −144

Jinmen 13 March 12:00 172 9 March 9:00 49 −123 −99

Guan 14 March 16:00 28 10 March 7:00 22 −6 −105

Cuizhihui 17 March 16:00 72 11 March 6:00 23 −49 −154

Shaoqidi 19 March 17:30 49 13 March 7:00 49 0 −154.5

Qujiadian 20 March 10:30 17 15 March 8:00 49 32 −122.5

Among them, the simulation error gradually increased, and the interval water-head
arrival time error was the largest from Sanjiadian to Lugouqiao, where the error value
reached 144 h. The water head arrived at Qujiadian 122.5 h in advance, and the error
was significant. This likely occurred due to a lack of a filling effect of the lake pit and the
inability to set different roughness rates for different rivers.

4.2. Simulation Results of Key Cross-Section Flow Process

Figure 9 shows the simulation results of the flow process of the four key sections
during the spring ecological water replenishment period in 2023, as well as the variation
curves of the measured and simulated flow values with time.

The flow process trends of the four key sections in the coupling model simulation results
were consistent with the measured data, but simulation errors still existed in the flow size.
The measured peak flow was greater than the simulated peak flow. The measured peak flows
in Guan and Shaoqidi were lower than the simulated peak flows. Because there were no
measurement data at the station before the centralised water replenishment of the Qujiadian,
the measured flow of the Qujiadian was zero before the water head arrived. Based on this
analysis, the infiltration amount of the river was considered to significantly influence the
simulated flow. The amount of river infiltration in different seasons is affected by vegetation
growth and climate, and the amount of infiltration changes with the seasons. Guan is located
on the southern end of the plains. The vegetation coverage of the river channel varies in
different seasons. The amount of infiltration in the river channel changes with the vegetation
coverage. Because the river channel is dry for a long time during the dry season before the
spring water replenishment, the infiltration parameters in spring will increase compared to
the infiltration parameters calibrated in autumn; thus, the simulated value of Guan is greater
than the measured value. Qujiadian is located on a floodplain, at its southern end. The
river channel is complex, and many tributaries have no measured data, so it was difficult to
consider them in the model. Therefore, the simulated value of Qujiadian was smaller than the
measured value. However, the overall error was within an acceptable range.

Figure 10 shows the simulation results of the flow process of the four key sections using
the uncoupled model during the ecological water replenishment period in the spring of
2023, as well as the variation curves of the measured and simulated flow values with time.
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The simulation results of the four sections revealed that the uncoupled model has
a poor simulation effect on the complex river channel. The simulated flow change trend



Water 2024, 16, 1161 18 of 20

and simulated peak flow of the Guan, Shaoqidi, and Qujiadian sections have large errors
compared to the measured values, which cannot meet the accuracy requirements.

4.3. Simulation Results of Total Flow Rate of Key Sections

Table 8 presents the total flow simulation comparison for the coupled model.

Table 8. Total flow of key sections (coupled model).

Section Name Measured Total Flow
(1 × 104 m3)

Simulated Total Flow
(1 × 104 m3) Difference

Sanjiadian 7753.54 7797.90 0.57%

Guan 2068.17 1892.30 −8.5%

Shaoqidi 1244.84 1211.15 −2.71%

Qujiadian 1169.76 995.66 −14.88%

The total flow errors in the Guan and Qujiadian sections are greater than those in the
other two sections. After the analysis, it was considered that there are many tributaries
without measured data in the Shaoqidi–Qujiadian section. Without the support of the
measured data, it is difficult to consider the inflow of tributaries in the model, resulting in
a large error in the simulated total flow. In the section from Guan to Shaoqidi, because of
the variety of soil types in the channel, and because the model parameters were calibrated
using the measured data in autumn, there was more vegetation in the channel in autumn,
and the amount of vegetation resistance and river infiltration was larger. Therefore, there
were some errors when using the model parameters calibrated in autumn to simulate the
total flow during the spring water replenishment period.

Table 9 presents the total flow simulation comparison for the uncoupled model.

Table 9. Total flow of key sections (uncoupled model).

Section Name Measured Total Flow
(1 × 104 m3)

Simulated Total Flow
(1 × 104 m3) Difference

Sanjiadian 7753.54 8201.90 5.7%

Guan 2068.17 4387.03 112.1%

Shaoqidi 1244.84 2655.34 113.3%

Qujiadian 1169.76 1667.30 42%

Tables 7 and 8 show that the total overflow of the Sanjiadian simulated by the two
models is smaller than the measured error. However, because of the large number of
lakes and gravel pits in the river channel from Sanjiadian to Qujiadian and the lack of
consideration for the amount of lake pit filling in the non-coupling model, the total overflow
error of the Guan, Shaoqidi, and Qujiadian stations is extremely large.

From the above comparative analysis, it can be seen that the uncoupled model has a
high simulation accuracy only when simulating simple river channels (devoid of control
projects, lakes, large sand pits, and exhibiting small changes in roughness and infiltration
in different river sections). However, when used in more complex river channels, the
uncoupled model is not be able to simulate lakes, sand pits, and control projects in the
river channel, nor can it fully consider the infiltration and roughness of different river
sections. The coupled model joins the lake, gravel pit, and control project data with the
water dynamic model through close and loose coupling, divides the river channel into
multiple sections, and sets different river channel roughness and infiltration amounts,
which accounts for the fact that the uncoupled model does not fully consider the river
channel roughness and the infiltration amount of different river sections. It can accurately
simulate the water-head arrival time of different river sections and continuously optimise
the model parameters based on the simulation results to improve simulation accuracy.
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5. Conclusions and Prospects

This study proposes a one-dimensional hydrodynamic coupling model for complex
river channels. The digital elevation modelling method was used to calculate the water
level storage curve of lakes and gravel pits to obtain the basic data of the water balance
model, which was coupled to the hydrodynamic model in two ways. The filling and storage
processes of lakes and gravel pits, the control rules of control engineering, the roughness
and infiltration of river segments, and the confluence points of tributaries were fully
considered, and parallel computing was performed according to the spatial distribution.

The results showed that the model had good simulation accuracy and high computa-
tional efficiency. The effectiveness of the model in the simulation of complex river head
evolution was verified by the spring centralised water replenishment data of the Yongding
River, which showed that the model can accurately and effectively deal with complex
river channel flow movements involving control engineering, lakes, and gravel pits. Ac-
cording to the different regions of the river, different sectional roughness and sectional
infiltration [26,27] were set up, which effectively improved the simulation accuracy of the
one-dimensional hydrodynamic model in complex river channels.

In future research, exploring more models (such as the hydrological model, multi-
dimensional hydrodynamic model, and groundwater and permeability model, etc.), while
adjusting the coupling mode of these models to improve their interconnectedness, flexibility,
and convenience is crucial. Realising the parallel calculation of a single time step, and
constructing a general model suitable for hydrodynamic simulation of different river basins
are key directions for future investigation [28,29].
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