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Abstract: The plain river network area has a developed economy, a large population, a complex water
system, and weak hydrodynamics. In order to improve the hydrodynamic conditions of the plain river
network area, clean water sources are introduced through water resources regulation to supplement
the ecological water quantity of the river and effectively improve the water environment of the river.
In this paper, the Qingsong area in Shanghai is used as the research object. Prototype observation,
numerical simulation, and other methods are used to build a hydrodynamic mathematical model of
the river network in the Qingsong area, evaluate the water resources regulation effect of the Qingsong
area, and put forward two optimization schemes. The results indicate that the overall flow of the
Qingsong area is from north to south and west to east, with a maximum flow of 10–68 m3/s in the
north–south backbone, exchange cycle between the backbone river, and the peripheral water bodies
in the Qingsong area is 4.3 days. The largest amount of water is diverted along the Wusong River,
accounting for 53% of the total water diversion; the drainage mainly relies on the gates along the
Huangpu River and the Diandong Pumping Gate, accounting for 43% and 42%, respectively. In
view of the lowering of the water level in the slice during the low tide period, an optimal regulation
scheme has been developed for more diversion and less drainage along the Huangpu River, which
can raise the water level in the slice by 0.05–0.10 m. Assessment and optimization of water resources
scheduling in the Qingsong area can provide a reference for hydrodynamic enhancement in the river
network area of the tidal plain.

Keywords: Qingsong area; prototype observation; water resources regulation; hydrodynamic
mathematical model

1. Introduction

Deltas are densely populated with rivers and lakes, rich in biodiversity and natural
resources, with a large population that accounts for about 7% of the world’s population and
are often major contributors to national economies [1,2]. Well-developed river networks
serve as primary pathways for transport of sediment, water, and other environmental
fluxes and provide necessary ecosystems to a variety of ecologic and biotic activities [3].
The Mekong [4], Mississippi, Rhine, and Yangtze rivers are all typical of the delta river
network. The Yangtze River Delta Plain Network Area is the most active region in China
in terms of economic development, openness, and innovation. It is also the most complex
plain river network area in the world, with complex regional water systems, dense river
networks, numerous water conservancy projects, divided water networks, and poor water
flow. As a result of urbanization, people and water are competing for land, pollution
loads are increasing, and the water environment is gradually deteriorating. In the past few
years, after vigorous interception and treatment of pollution and river training, the water
environment management has achieved remarkable results, and the water quality of the
river basin and regional river network has gradually improved. However, the water power
of the river within the city is weak and the water environment still needs to be improved.
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The regulation of river water resources is to use water conservancy projects to realize
the reallocation of water resources in time and space to meet the needs of water use, flood
control, and water environment improvement for national economic development [5,6].
In order to support the high-quality development of water conservancy in the new stage,
the scientific and orderly implementation of water resource regulation is of considerable
relevance. Experts at home and abroad have been working on water resources regulation
to improve water quality in rivers since the 1960s [7–11]. Japan implemented inter-river
regulation and brought clean water from other rivers between 1964 and 1975 to purify
rivers such as the Nakagawa, Shinmachi, and Waka [12]. Shanghai started utilizing water
conservancy projects to divert clean water for regulation in the middle of the 1980s [13],
creating a precedent for water conservancy projects to enhance water quality in China;
many scholars have conducted research on the scheduling of water resources in plain tidal
networks in terms of scheduling methods and water diversion effects [14–16]. Later, several
cities fully utilized the capacity of the water environment beyond the river basin to carry
out water resources regulations for the enhancement of the ecological environment and
river water quality [17–21].

The plain river network can be studied mainly through numerical simulation of the
river network’s hydrodynamics with a well-developed water system and many gates and
pumps. At present, various water management software tools, such as Infoworks, Delft
3D, DHI Mike, HEC-Ras, EFDC, WASP, Qual2K, etc., have been developed at home and
abroad [22–33]; Tibebe Dessalegne and M.Sc., John W. Nicklow used Illinois waterways
as an example to apply an evolutionary algorithm for the optimal control of multiple
reservoirs on a river network [34]; Dessalegne and Nicklow investigated the use of artificial
life algorithms for the optimal regulation of multiple reservoirs in a river system [35];
Marcinkevage and Herricks proposed a process-based ecological model for river network
management in order to study the interaction between ecology and hydrology in inte-
grated watershed management [36]; Zeng et al. proposed models such as TIWT, LWE, and
TWT in terms of water environment carrying capacity, water ecology, and water resources
allocation [37–39]; Zhuang et al. proposed an inexact joint probabilistic programming
(IJPP) method for risk assessment and uncertainty reflection in water resources manage-
ment systems [40]; Zeng et al. constructed an inexact-quadratic fuzzy water resources
management model (IQT-WMMF) for floodplains that can be used for the sustainable
development of Dahuangbaowa [41]. In summary, there is a lack of in situ observational
studies combined with modelling of the flow processes in the internal river network for the
sensitized multisource diversions, making it difficult to articulate the flow processes in the
internal river channel under changing external diversion conditions.

The primary focus of this paper is the river network area of the tidal plain. Using
the Qingsong area in Shanghai as an example, we analyze the process of flow rate change
with tide level within the river network under the simultaneous action of the upstream
stream and downstream tide. We can examine the characteristics of water allocation, and
assess the effectiveness of the implementation of current water resources regulation by
constructing a mathematical model of the hydrodynamics of the river network in the
Qingsong area. Taking reducing the drainage volume of the Qingsong area during neap
tide as the overall idea, we propose an optimization scheme to make up for the lack of
scheduling in the Yangtze River Network area of the Yangtze River Delta sensitive plain in
which the flow specific process of the internal river is measured in combination with the
model, and provide technical guidance for the water resources regulation of the tidal plain
river network, which is of great significance in improving the enhancement of the regional
water environment.

2. Materials and Methods
2.1. Regional Overview

The Qingsong area is one of the 14 water conservancy sections in Shanghai, located in
the southwest of Shanghai, downstream of Taihu Lake and upstream of Huangpu River,
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and is a typical tidal plain with a dense network of rivers and lakes. With a total area
of 758.23 km2, it features a substantial river network and a large number of lakes. The
Qingsong Water Conservancy Area extends from Wusong River in the north to Huangpu
River in the south, from the administrative boundary (Dianshan Lake–Lanlu Gang) in
the west, and from the administrative boundary (Xiaolai Gang–Xipu Jing–Nu’er Jing) in
the east [42,43], and the backbone rivers in the area are Xidaying Gang–Huatian Jing,
Dongdaying Gang–Zheze Tang, Youdun Gang, Xintongbo Tang, Dianpu River, Shangda
River, etc. The water level of Dianshan Lake is relatively low due to the low high-tide
level and low difference in tide between the Lanlu Gang and the Mao River, and the high
water level in the area, so the diversion of water from the Lanlu Gang to the Mao River and
Dianshan Lake is very limited. In the northern part of the Qingsong area, the water level of
the Wusong River is not very different from the water level within the area, so the portals
along the Wusong River are often neither diverted nor discharged, and the hydrodynamic
conditions in the area north of the Dianpu River are extremely poor. The whole Qingsong
area is controlled by pump gates along the polder, forming a large polder area, upstream by
the Wusong River along the Xidaying pump gates, Dongdaying hub, Huaxin pump gates,
and other water conservancy projects; Lanlugang River along the Zhumao River pump
gates, Huatianjing hub, and other water conservancy projects’ control; and downstream
by the Huangpu River along the Youdungang hub, Dazhangjing hub, and other water
conservancy projects’ control.

The current water resources regulation plan in the Qingsong area is implemented in
accordance with the Implementation Rules for Qingpu District Water Resources Regulation
(Trial) [44] in 2020. Based on the overall layout of “relying on the two rivers, scientific
diversion and drainage, regulation in sections, and directional and orderly”, and on the
premise of ensuring the regional flood control safety and smooth flow of flowing water, the
water resources regulation is carried out by using gate engineering facilities “combining
diversion and drainage, focusing on east drainage”, so that the water bodies of major rivers
in the regional river network can flow in a directional and orderly manner, speeding up
the renewal speed of water bodies and improving the water quality in inland rivers [45,46].
The Qingsong Water Conservancy Area of water system in Shanghai is shown in Figure 1.
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2.2. Analysis of Prototype Observation Test
2.2.1. Introduction to Current Regulation

The principle of water gate operation: the sluice gates along the upstream area of
Huangpu River and the northern bank of Xietang–Mao River–Lanlu Gang, the sluice gates
along the southern bank of Wusong River, and the western sluice gates of Dianpu River
have both drainage and discharge, while the eastern sluice gates of Dianpu River only have
discharge but not drainage.

Average control water level of surface in the Qingsong area: 2.40–2.90 m in a flood
season and 2.50–3.00 m in a non-flood season.

Representative station of average control water level of surface in the Qingsong area
in Qingpu District: Qingpu south gate station.

The large control gate is along the Dianshan Lake in Qingpu District, along the north
bank of the Lanlu Gang, along the Jiangsu border and along the south bank of the Wusong
River. The gate is closed when the water level inside the gate is higher than the average
control maximum level of the surface, and the gate is kept open for operation at other
times. The Zhangma pumping station’s daily high-tide diversion has a cumulative single
pump (15.0 m3/s) diversion of water not less than 4 h; when the water level in the gate
is higher than the average control of the highest level of the Qingsong area of water, it
stops diversion.

2.2.2. Water Level Analysis of Qingsong Area

A radar electronic water level meter is used to observe the water level of the Qingsong
area, the peripheral water level points include Zhaotun, Shangta, East Gate of Dianpu
River, and Mishidu, and the internal control points are the south gate of Qingpu and Sijing.

Inside the Qingsong area: the south gate of Qingpu and Sijing water level stations
are selected to analyze their tidal-level characteristics, which are mainly affected by the
regulation of the large control area. The water level changes in a small range and fluctuates
between 2.52 and 2.96 m, which is relatively stable. The water level change process of the
two water level stations is basically the same, and they have the natural conditions of west
diversion and north diversion.

Huangpu River: The upstream Mishidu water level station is selected to analyze the
characteristics of the tidal level upstream of the Huangpu River. The upstream area of the
Huangpu River is greatly affected by the tidal level. It experiences two spring tides and
two neap tides every month. At high tide, the water level upstream of the Huangpu River
is much higher than that in the south gate of Qingpu, and the highest water level can reach
0.99 m; at low tide, it is far lower than the south gate of Qingpu, the lowest is 0.8 m, the
water level fluctuates violently, and the difference between the water level and the south
gate of Qingpu is large, so it has the natural condition of large diversion and large drainage.

Wusong River: Zhaotun water level station is selected to analyze the tidal-level
characteristics of the upper reaches of the Wusong River. The water level the upstream of
Wusong River has little change as a whole. The water level fluctuates within the range of
2.70–3.26 m, with a maximum daily variation of about 0.4 m, which is basically higher than
the water level in the south gate of Qingpu. It has the natural conditions of west diversion
and north diversion.

Dianshan Lake: The Shangta water level station is selected to analyze the tidal-level
characteristics of Dianshan Lake. Dianshan Lake is weakly affected by the tidal level, and
its water level changes in a small range. It fluctuates within the range of 2.69–3.14 m,
with a maximum daily variation of about 0.15 m, which is always higher than the water
level at the south gate of Qingpu. It has the natural conditions for the west diversion and
north diversion.

The east pump gate of the Dianpu River: The water level station of the east pump
gate of the Dianpu River is selected to analyze its tidal-level characteristics. The water
level outside the east gate of the Dianpu River is greatly affected by the tidal level. It
experiences spring and neap tides twice a month. The water level fluctuates violently and
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the tidal range changes more than that of the Huangpu River. During spring tide, the water
level outside the gate fluctuates between 1.47 and 4.19 m, and the water level outside the
Diandong gate is much higher than the south gate of Qingpu, reaching 1.4 m at the highest
time; during neap tide, the water level outside the gate fluctuates between 1.75 and 4.03 m,
which is far lower than the south gate of Qingpu, and the lowest is 1.3 m. In contrast, the
water level in the gate is controlled by the regulation, and the water level changes in a small
range, fluctuating between 2.28 and 2.98 m, which is relatively stable.

The water level change process of the south gate of Qingpu and Sijing water level
station is basically the same, so the south gate of Qingpu is selected to represent the internal
water level, and Mishidu, Shangta, and Zhaotun represent the boundary water level in
the southeast and northwest of the Qingsong area. The overall water level process of the
Qingsong area during the original observation period is shown in Figure 2.
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Figure 2. Overall water level process of the Qingsong Area during the original observation period.

2.2.3. River Flow Analysis of Qingsong Area

The ADCP (TRDI Corporation of America, San Diego, California) is used to focus
on the prototype observation test of flow around the key rivers such as Xidaying Gang,
Dongdaying Gang, Youdun Gang, and Xintong Botang within the Qingsong area. Focusing
on analyzing the variation in river flow with the tidal process of the Huangpu River, the
observation process was divided into four parts by combining the single-day drainage and
double-day diversion at the mouth gates along the Huangpu River, namely, the single-
day Huangpu River low-tide period, the single-day Huangpu River high-tide period, the
double-day Huangpu River low-tide period, and the double-day Huangpu River high-tide
period. See Figure 3 for the river flow direction under four conditions.

The single-day drainage of Huangpu River: During low tide, the mouth gates along
the Huangpu River are opened for drainage and the mouth gates along the Wusong River
are naturally open, and the overall flow direction of the north–south backbone river is
from north to south at this time. The flow rate of the Xidaying Gang ranged from 7.73 to
25.98 m3/s, the flow rate of the Dongdaying Gang ranged from 3.90 to 15.49 m3/s, the flow
rate of the Youdun Gang ranged from 20.90 to 68.42 m3/s, and the flow rate of the Xintong
Botang ranged from 9.80 to 19.43 m3/s. Among the four north–south backbone rivers, the
drainage flow of Youdun Gang is much larger than the other rivers. Taking the Dianpu
River as the boundary, the river flow in the south area is greater than the river flow in the
north area.
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The single-day drainage of Huangpu River. During high tide, the gates along the
Huangpu River remain closed, and the gates along the Wusong River naturally open. At
this time, the north–south backbone river still flows from north to south, but the overall
flow is reduced. The flow of Xidaying Gang is 4.52–11.93 m3/s, that of Dongdaying Gang
is 7.73–11.57 m3/s, that of Youdun Gang is 19.30–40.83 m3/s, and that of Xintong Botang
is 6.28–16.14 m3/s. Among the four backbone rivers, the overall flow of Youdun Gang is
greater than that of the other three backbone rivers, and the flow of the river section near
the Wusong River is significantly greater.

The double-day diversion of Huangpu River. During low tide, the gates along the
Huangpu River remain closed, and the gates along the Wusong River naturally open. The
Qingsong control area mainly diverts water through the gates along the Wusong River in
the north. At this time, the overall flow direction of the north–south backbone river is from
north to south. The flow of Xidaying Gang is 2.82–11.55 m3/s, that of Dongdaying Gang is
2.04–10.25 m3/s, that of the Youdun Gang is 6.15–21.23 m3/s, and that of Xintong Botang
is 2.41–13.02 m3/s. Among the four backbone rivers, the overall flow of Youdun Gang is
greater than that of the other three main rivers.

The double-day diversion of Huangpu River. During high tide, the gates along the
Huangpu River open for water diversion, and the gates along the Wusong River open
naturally. At this time, there are three water sources in Qingpu District, namely the Wusong
River, Huangpu River, and Dianshan Lake. The two streams of water from the north and
south converge in the area north of the Shangda River, with the north backbone river
network flowing from north to south of the confluence area and south of the confluence
area flowing from south to north. The flow of Xidaying Gang is 1.95–44.45 m3/s, the flow of
Dongdaying Gang is 2.87–16.28 m3/s, that of Youdun Gang is 17.71–66.73 m3/s, and that of
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Xintong Botang is 5.73–22.32 m3/s. The water diversion flow in the south of the Xidaying
Gang, Dongdaying Gang, and Youdun Gang confluence area is significantly greater than
that in the north.

During prototype observation, the river flow direction of the Dianpu River is basically
from west to east, with large water diversion and drainage overall. According to the change
in tide level, the east gate of the Dianpu River drains water at two tides every day with the
displacement between 19.96 and 48.79 m3/s; the Dianxi gate is opened for water diversion
with the water diversion volume between 1.66 and 39.44 m3/s.

Concentrating on the observation of the middle section of the Shangda River (starting
from Xidaying Gang and ending at Youdun Port), the flow direction is from west to east,
the flow is 0.07–7.85 m3/s, and the hydrodynamic force is weak.

2.3. Hydrodynamic Model
2.3.1. Model Construction

The status quo of Qingpu District, which is dominated by the Qingsong area, is
examined in this paper using a one-dimensional river network hydrodynamic model in
the Qingsong area. The finite difference method is used to solve the one-dimensional river
network hydrodynamic model, and the Preissman four-point implicit scheme is used to
discrete the Saint Venant equations [47]. The function and derivative are replaced by the
average of the weights of the four inflection points in (x,t) space, allowing for a smooth
transition from free surface flow to the overloaded state in the pipe channel.

The flood movement of a one-dimensional river network is described by Saint Venant
equations, and the upstream and downstream boundary conditions are generally water
level, flow, flow–water level relationship, etc. Saint Venant equations consist of a continuity
equation and momentum equation:

∂Q
∂x

+
∂A
∂t

= q (1)

∂Q
∂t

+
∂

∂x
(

βQ2

A
) + gA

∂H
∂x
− g

AQ|Q|
k2 + q

Q
A

cos α = 0 (2)

In the formula: x and t are the longitudinal coordinates and time of the river channel,
respectively; N is the roughness coefficient; Q and Z refer to the section flow and water
level, respectively; q is the side inflow per unit river length; A is the area of the discharge
section; u and R are the average flow velocity and hydraulic radius of the discharge section,
respectively; G is the acceleration of gravity.

Initial conditions: the velocity field is taken as the static field, and the water level is
taken as the water level value of the control section. The marginal conditions of the model
are mainly composed of initial conditions and boundary conditions. The initial conditions
of the model do not take into account the difference between the internal control water
level of different secondary polders and the control water level of regional main rivers
under flood control conditions.

The simulation range starts from the Wusong River in the north, ends at the Huangpu
River in the south, ends at Wusongkou in the east, and ends at Jinze in the west, covering
an area of 1172 km2. There are about 5672 river sections with a total length of 2986.4 km,
12,325 cross sections created, and 990 gate pumping stations, and the model study area is
shown in Figure 4.

The Qingsong area is one of the 14 water conservancy sections in Shanghai. Pump
gates have been built around it to form a relatively closed hydraulic boundary. Inflow
boundary conditions were adopted for the diversion gate. According to the pump gate
operation and water level boundary control, the water level in Zhaotun, Dianshan Lake,
Jinze, Dongtuan, Mishidu, Wusongkou, the east gate of the Dianpu River, and the estuary
gate of Suzhou were selected as the water level boundary. The water level process of each
border is shown in Figures 5–7.
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2.3.2. Calibration and Validation of the Model

The prototype observation data from June 3 to 12, 2021 were used to calibrate and
validate the model. The selected internal stations are the south gate of Qingpu and Sijing.
The final determination of the primary river channel is Huangpu River n = 0.018, Suzhou
River n = 0.023, and Dianpu River with n = 0.025; the secondary river channel (Xinjing
Gang, Longhua Gang, Puhuitang, etc.) with n is between 0.025 and 0.030, and the tertiary
river channel (Xiaolai Gang, Beixiajiabang, etc.) with n is 0.03–0.04.

The prototype observation data from 23 October to 1 November 2021 were used for
model verification. The results indicate that the maximum water level error was less than
5 cm when the water level sequence and monitoring water level sequence were calculated
at the selected water level rate fixed point of the south gate of Qingpu, as shown in Figure 8;
the flow rate in the north of Xintong Botang–Dianpu River was selected as the fixed point
to calculate the measured flow value of the flow sequence river, and the average error was
less than 20%.
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3. Results and Discussion
3.1. Assessment of Current Regulation Scheme

During the prototype observation period (23rd to 31st October), the Qingsong area
went through a spring tide and a neap tide. The hydrodynamic model of the river network
of the Qingsong area was used for numerical simulation and calculation, and the water
diversion and drainage along the periphery of the Qingsong area were counted during this
period, as shown in Table 1.
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Table 1. The water diversion and drainage along the periphery of the Qingsong Area (23rd to
31st October).

The Surrounding River Water Diversion Volume (Million m3) Drainage Volume (Million m3)

Along the Huangpu River 1071 −3096
Along the Lanlu Gang 985 −903

Along the Wusong River 2772 −163
The west gate of the Dianshan River 354 0

Diandong pump gate 0 −2957
Total 5182 −7121

During this period, the total water diversion volume of the Qingsong area was
51.82 million m3, and the entire drainage volume was 71.21 million m3, and the net water
displacement (water displacement minus water diversion) was 19.39 million m3. Wusong
River has a high water level, the gates along the river are open, and the water flows from
north to south. The average daily water diversion was about 3.08 million m3, which is the
main water diversion channel, accounting for 53% of the total. The water level of Dianshan
Lake is high, and the west gate of Dianshan gate is open for operation. The water flow
moves from west to east. The average daily water diversion volume is about 0.39 million
m3. The water diversion is relatively smooth, accounting for 7%. The Diandong pump gate
discharges water at two tides every day, with an average daily discharge of 3.28 million m3,
which is the main drainage channel, accounting for 42% of the total. The Huangpu River
has an extensive tidal range, and the entrances along the line are single-row and double
diversion, which is the main water diversion and drainage channel of the Qingsong area,
with the water diversion volume accounting for 21% and the drainage volume accounting
for 44%. Along the Lanlu Gang is also an important diversion and drainage channel, with
the diversion volume accounting for 19% and the drainage volume accounting for 13%.

As for the plain river network area, the water conservancy control area is used for
flood control and drainage, but it is also easy to cause poor water body exchange inside
and outside the area. The exchange of the river body not only improves the fluidity of
the water body and enhances the reoxygenation of the river, but also increases the water
environment capacity of the river. Therefore, the Qingsong area needs to maintain a certain
water body exchange with the outside. To evaluate the exchange between the internal river
channel and the surrounding water body of the Qingsong area, the concept of the water
body exchange cycle is adopted. The water body exchange cycle is defined as:

T =
W

Q ∗ 86400
(3)

Among them, T is the water body exchange period (d), Q is the average diversion flow
of the river network (m3/s), and W is the total tank storage of the river network (m3).

It is calculated that the exchange period between the backbone rivers of the Qingsong
area and the surrounding water body is 4.3 days.

During the period from October 28 to 31, the Huangpu River experienced neap tides,
and the daily high tide level continued to decrease. The water level in the inner river of
the Qingsong area was higher than that of the Huangpu River for most of the time during
this period, causing the water level in the Qingsong area to continue to decrease, as shown
in Figure 9.
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Figure 9. Process of water level change at Qingpu south gate.

3.2. Optimal Regulation Scheme

During the neap tide, the water level of the Huangpu River decreased significantly,
and the Qingsong area diverted less water from the Huangpu River and drained more
water, resulting in the overall low water level in the area. The following two optimization
schemes are proposed based on the general idea of reducing the drainage of the Qingsong
area during neap tide.

Case 1: when the peripheral tide level is low, the regulation of Huatianjing hub along
the Lanlu Gang and hubs along the Huangpu River will be changed to two tides and one
tide every day.

Case 2: when the peripheral tide level is low, the regulation of Huatianjing hub along
the Lanlu Gang and hubs along the Huangpu River will be changed to only diversion but
not discharge.

The prototype observation data from 28th to 31st October were selected for a numerical
simulation calculation, and the calculation results of the diversion and drainage flow of the
Qingsong area under optimal regulation are shown in Table 2.

Table 2. The calculation results of the diversion and drainage flow of the Qingsong Area.

Name
The Current Regulation Case 1 Case 2

Water Diversion
Volume (Million m3)

Drainage Volume
(Million m3)

Water Diversion
Volume (Million m3)

Drainage Volume
(Million m3)

Water Diversion
Volume (Million m3)

Drainage Volume
(Million m3)

Along the
Huangpu River 692 −1659 637 −751 482 0

Along the Lanlu Gang 513 −474 601 −343 357 0
Along the

Wusong River 1273 −131 1083 −46 986 0

The west gate of the
Dianshan River 176 0 137 0 54 0

Diandong pump gate 0 −1154 0 −1744 0 −2115
Total 2654 −3418 2458 −2884 1881 −2155

The results of case 1 show that the water diversion and drainage along the periphery
of the Qingsong area have changed, while the water diversion along the Huangpu River
has basically remained unchanged, and the water drainage has significantly decreased; the
water diversion along the Lanlu Gang has increased and the drainage has decreased; the
water diversion and drainage along the Wusong River have reduced; the water diversion
of the west gate of the Dianpu River decreased, while the water discharge remained
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unchanged; and the water diversion of the east pump gate of the Dianpu River remained
unchanged, while the drainage volume increased significantly.

The results of case 2 indicate that the water diversion and drainage along the peripheral
areas of the Qingsong area have changed, and the water diversion and drainage along the
Huangpu River, the Lanlu Gang–Mao River–Xietang, and Wusong River have decreased
to zero; the water diversion of the west gate of the Dianpu River decreased, while the
water drainage remained unchanged; and the water diversion of the east pump gate of the
Dianpu River remained unchanged, and the drainage volume increased significantly.

Taking the south gate of Qingpu as an example, the process of water level in the internal
riverway of the Qingsong area under the current regulation and the two optimization
schemes is shown in Figure 10. Under the current scheme, the lowest water level of the
south gate of Qingpu fluctuated between 2.54 and 2.64 m. After the optimization of case 1,
the lowest water level of the south gate of Qingpu increased by 2.60–2.64 m, and the lowest
water level increased by 0.06 m; after the optimization of case 2, the lowest water level at
the south gate of Qingpu increased by 2.64–2.69 m, with about 0.05–0.10 m overall.
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Figure 10. The process of water level in the internal riverway of the Qingsong Area under the current
regulation and the two optimization schemes.

The regulation of water level rise during neap tide is based on the main idea of
reducing the net drainage flow of the Qingsong area by means of optimizing the regulation
along the Huangpu River and the Lanlu Gang; the assessment principle is to evaluate the
effect of the water level rise in the internal river of the Qingsong area during the neap tide.
Table 3 shows the comparison of the two optimal regulation schemes.

Table 3. The comparison of the two optimal regulation schemes.

Regulation Schemes Water Diversion
Volume (Million m3)

Drainage Volume
(Million m3)

Net Water Drainage
(Million m3)

Minimum Daily Water
Level (m)

The current regulation 2654 −3418 −764 2.54–2.64
Case 1 2458 −2884 −426 2.60–2.64
Case 2 1881 −2155 −274 2.64–2.69

The results indicate that, for case 1, the water diversion and drainage of the Qingsong
area in neap tide are reduced, the net water drainage is reduced, and the water level within
the area is increased by about 0.02–0.06 m, but the water level is not increased significantly;
for case 2, the net water drainage is significantly reduced, and the overall water level in
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the area is about 0.05–0.10 m higher, but the water diversion and drainage of the Qingsong
area are significantly reduced, and the water body exchange capacity inside and outside
the area is significantly reduced, which will reduce the water environment capacity of the
Qingsong area.

It is worth exploring how to control water levels in the sensitive tidal plain river
network. A relatively higher water level increases the capacity of the water environment
and makes the landscape better, but discharges less water and reduces water exchange;
therefore, in areas with better water quality, one should attempt to increase the water level
and reduce water exchange to maintain a good landscape effect; for areas with poor water
quality, increasing the exchange is the highest priority. The water quality of the Qingsong
area is relatively good, of type III-IV (with reference to GB 3838–2002), and it is generally
recommended that the original dispatching be maintained; for areas where the landscape
water level is required, the optimal dispatching scheme of water level enhancement is
adopted as appropriate.

4. Conclusions

In this paper, through prototype observation and river network hydrodynamic numer-
ical simulation, we elaborated the river flow and flow velocity distribution of the backbone
rivers in the tidal plain during large and small tides, assessed the water resources regulation
effect of the Qingsong area, and proposed an optimization plan. The main conclusions are
as follows:

1. A prototype hydrodynamic observation test in the Qingsong area was carried out.
The water resources in Qingpu District are regulated to make full use of the tidal
power, and the overall pattern of diversion and drainage is excellent. During the
periphery spring tide, the tidal range in the upper reaches of the Huangpu River is
large, the maximum daily tidal range is 1.55 m, and the water level difference with the
south gate of Qingpu is large, so the natural conditions for large diversion and large
drainage are available; the water level of the Wusong River and Dianshan Lake is
generally slightly higher than that of the south gate of Qingpu, which has the natural
condition of diverting water from the west and the north; and the tidal range outside
the Diandong gate is large. The water level difference with the south gate of Qingpu
is large, and the low-tide drainage is relatively smooth. The south–north backbone
river course of the Qingsong area is generally from north to south, with a maximum
flow of 10–68 m3/s. During the peak water diversion period of the Huangpu River
on a two-day basis, the two water diversion streams from north to south meet in the
north of the Shangda River, and the water diversion flow in the south of the junction
area is greater than that in the north. The east–west channel flows from west to east
as a whole. The flow of the Dianpu River is relatively large, with a maximum flow of
about 48 m3/s, and the flow of the Shangda River is relatively small.

2. A water resources regulation assessment in Qingpu District was carried out. The
water level of Wusong River is high and the gates along the river are open, with water
flowing from north to south, diverting an average of 3.08 million cubic meters of
water per day, accounting for 53% of the water diverted. The water level of Dianshan
Lake is high, and the west gate of Dianshan Lake is open for operation. The average
daily water diversion is about 0.39 million m3, accounting for 7%. The Diandong
pumping gate drains water at two tides every day, with an average daily drainage
of 3.28 million m3, accounting for 42% of the total. The Huangpu River has a large
tidal range, and the entrances along the line are single-row and double diversion,
which is the main water diversion and drainage channel of the Qingsong area, with
the water diversion volume accounting for 21% and the drainage volume accounting
for 43%. The exchange period between the backbone river of the Qingsong area and
the surrounding water body is 4.3 days.

3. During the neap tide, the tidal power in the upper reaches of the Huangpu River is
obviously weakened. The water level along the Huangpu River is mainly drained,
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and the water level in the area continues to decrease. Therefore, an optimal regulation
scheme has been developed for more diversion and less drainage along the Huangpu
River. The net drainage volume is significantly reduced, and the water level in the
area can be increased by 0.05–0.10 m, but the water body exchange volume inside and
outside the area is reduced, which will reduce the water environment capacity of the
Qingsong area. The water quality of the Qingsong area is relatively good, and it is
generally recommended that the original dispatching be maintained; for areas where
the landscape water level is required, the optimal dispatching scheme of water level
enhancement is adopted as appropriate.

4. The area of Qingsong is 758.23 km2; only Qingpu south gate is selected as a represen-
tative station for the model rate validation in this paper, and only Xintongbodang–
Dianpu River is selected for the flow rate. In the future, more representative sites will
be selected to enhance observations and increase the range of water level and flow
rate validation to improve the accuracy of the model.
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