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Abstract: The increase in the rate of water renewal driven by hydrodynamics contributes to im-
proving the water quality of the plain river network. Taking the lakeside river network in Wuxi as
an example, through numerical simulation, polynomial fitting, correlation analysis, and principal
component analysis, the hydrodynamic responses of urban lake-connected river networks to water
diversion and hydrodynamic grouping were researched. Based on numerical model and influence
weight analysis, we explored the improvement of hydrodynamic conditions of plain river network
with strong human intervention and high algal water diversion. The results showed that: (1) The
relationship between water diversion impact on river network flow velocity and water diversion
flux was not as simple a linear relationship. It could be reflected by polynomial. The water transfer
interval in dry season with high hydrodynamic efficiency (HE) was lower than 10 m3/s and higher
than 30 m3/s, and the HE increased significantly when the water transfer flow was higher than
20 m3/s in the wet season. (2) According to the main hydrodynamic driving factors, the channels
in the river network could be divided into three types: water conservancy projects, river and lake
water level difference, and river channel characteristic. The correlations of rivers’ flow velocity in
each group were very high. (3) The influence weights of water conservancy projects, river and lake
water level difference, and river channel characteristic on the whole river network dynamics were 65,
21, and 12.4%, respectively, and the other factors contributed 1.6% of the weight.

Keywords: lake-connected river network; hydrodynamics force; influence weight; water diversion;
2-D hydrodynamic numerical model

1. Introduction

Plain urban river networks play an essential role in human survival and life: provision
of drinking water, industrial water and farmland irrigation water sources, shipping, flood
regulation, etc. [1–3]. Hydrodynamic condition significantly affects the realization of
its function by acting on the water environment. In recent years, with the process of
industrialization and urbanization, an increasing number of anthropogenic regulations
such as dams and floodgates [4,5] have been used in river network regulation. As a
consequence, the water hydrodynamic condition and environment of rivers in many
cities around the world has been gradually changed [6,7]. For example, the Seine River
(France) [8], Severn and Thames Rivers (the UK) [9], Murrumbidgee River (Australia) [10].
The influence of these regulation on the hydrodynamic conditions of rivers have gradually
become a research hotspot [11,12].

Zhang revealed the possible reasons for the changes of river geometry in Sanshui
and Makou stations through in-depth analysis of the collected hydrodynamic data [13].
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The results showed that the depletion of sediment load caused by the construction of
reservoirs in the upper reaches of the Pearl River. Quinlan conducted a study on the
relationship between water and sediment in the Ian Highland River regulated by small
weir and tributary diversion in northwest England to prove the stability of river system
in the study section [14]. To demonstrate the relative effect of regulation practices and
observed climate change, Ashraf presented results from a spatial-temporal study of two
adjacent rivers in Northern Europe with similar climate and catchment conditions, which
displayed that about 50% of total change in observed range variability approach (RVA) in
the river Kemijoki was estimated to result from regulation practices [15]. Tena, through
measurement, found that dams alter the geomorphological functioning of the River Ebro
basin by altering its flow regime (e.g., reducing mean and maximum discharges), increasing
bed stability (armoring) and decreasing turbidity (water clarity) [16].

As a mature research method, numerical simulation is widely applied to study the
relationship between the hydrodynamic conditions and regulation of river networks [17].
Le established a hydrodynamic model with node level method to solve the discrete form
of Saint-Venant equation. Finite-volume was also applied to solve the one-dimensional
convection-dispersion equation [18]. Feng constructed a one-dimensional model system
(MIKE 11) to study the influence of the integration of multiple floodgates on the flow
pattern and water quality of the river. By comparing with the actual operation, the situation
without sluice was evaluated [19]. Cha developed a Bayesian hierarchical model to assess
the relative importance of summer cyanobacteria abundance predictors in four major
regulated rivers in South Korea [20]. Zhang combined with the regional and surface
characteristics of the tidal current network in the plain, established a hydrodynamic model
coupled with two-dimensional flood evolution and river network drainage unit (RNDU)
watershed simulation [21]. The model could simulate the operation effect of water pump
and sluice for river regulation. Wang put forward two water distribution schemes in view
of the rational utilization of water resources and the improvement of water quality of the
two rivers network in Tongzhou District based on a one-dimensional water quantity model
of MIKE 11 [22].

The above scholars have made important contributions to the research of the river
regulation’s impacts on the hydrodynamic conditions of river network [23], especially
the negative impact of river regulation behavior on the water environment of large and
medium-sized basins. On the contrary, there are still many regulation projects in the
world aimed at improving the hydrodynamic conditions and water environment of river
networks in small cities [24]. However, the number of studies on the positive response
of urban river networks to these small regulation projects is not only small, but also not
detailed [25]. The specific manifestations are as follows: (a) In existing research in this field,
most of them are directed at small dam or floodgate [18,26,27]. There are few studies that
contrapose the improvement of urban river networks hydrodynamic conditions through
flow regulation and the quantitative response of river network hydrodynamic conditions
to water diversion flow. (b) In these studies, one-dimensional numerical models were often
used to evaluate the hydrodynamic changes of river networks [28]. (c) The role of lakes
connected to water systems in the system was rarely considered [29].

In this study, the urban lake-connected river network in Binhu District of Wuxi City
which drives water from Taihu Lake through Meiliang Pumping stations was selected as
the example. The eutrophication of Taihu Lake has existed for a long time. High algae
water may increase the risk of the formation of black and odorous water bodies in the river
network. It is very important to choose the appropriate pumping scheme to optimize the
hydrodynamic condition of the river network. Combined with field investigation and nu-
merical simulation experiments, a two-dimensional numerical model of lake-river network
system was established to quantitatively study the influence of water diversion on the
lake-connected river network hydrodynamic conditions. The innovation could be sketched
as three aspects: (1) assessing the response of hydrodynamic conditions to the variety
of water diversion through polynomial fitting; (2) the hydrodynamic influence factors of
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the whole river network and each river under the background of human intervention are
analyzed; (3) quantifying the influence weight of different hydrodynamic impact factors
of the whole river network under hydraulic regulation and grouped the rivers according
to the key hydrodynamic impact factors based on calculation. It is expected that this
study can provide a quantitative research basis for finding and maintaining the optimal
hydrodynamic state of water bodies in the continuum of lake–river network in the plain
area, as well as a theoretical reference for the optimization of water circulation in similar
areas with a high degree of anthropogenic interference. This paper presented a weight
quantification method for three driving factors of plain river network hydrodynamics
under the influence of water diversion. The research on the improvement of hydrodynamic
water quality conditions in plain river network areas with strong human intervention had
a certain degree of significance.

2. Materials and Methods
2.1. Study Area

The city of Wuxi is located at the lower reaches of the Yangtze River, on the north-
eastern shore of Taihu Lake, the third largest freshwater lake in China. The region has a
population of 6.553 million and a GDP of $156.9 billion in 2017. It is located in a humid
north subtropical monsoon climate zone. Precipitation is abundant, with an average an-
nual precipitation of 1,048 mm (Figure 1c). The plain river network in Binhu District of
Wuxi City (Figure 1, 31◦28′52′′ N~31◦33′38′′ N, 120◦13′15′′ E~120◦20′33′′ E) was selected
as the study area. It is located in a high-density population area and has a total river length
of 79.2 km, an area of 50.1 km2, and a river network density of 1.58 km/km2. There are
74 rivers in the river network, of which 24 rivers are directly connected with Wuli Lake,
which is adjacent to Meiliang Bay, Taihu Lake [30], with an area of 8.6 km2 and a shoreline
of 21 km.

Figure 1. Study area map, (a) the geographical location and land use of the study area; (b) the topographic map of the study
area and names of main rivers; (c) the annual Gross Domestic Product and the daily rainfall of the study area.

In order to solve the long-standing eutrophication problem of Taihu Lake, the gov-
ernment has reduced the flow of rivers in the upper reaches of Taihu Lake into the lake.
However, this reduces the fluctuation of the water level of Taihu Lake, which leads to
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the slow flow of rivers in this river network located in the lower reaches of Taihu Lake.
This may cause the river network to create black and odorous water bodies. In order to
avoid this phenomenon, the government set up Meiliang Lake pumping station between
Taihu Lake and the river network (Figure 1a) to transfer water from Taihu Lake to arti-
ficially regulate the hydrodynamic conditions of the whole plain river network, while
eight secondary pumping stations were set up within the river network (Figure 2) for local
emergency control (wuxi.gov.cn, accessed on 10 October 2021). Moreover, there are two
sewage treatment plants and two water intakes [31] in Binhu District, but they have almost
no impact on this river network. Therefore, the impact of water transfer from pumping
stations, especially Meiliang Lake pumping station, on the flow rate of river networks is a
problem worthy of attention.

Figure 2. Statistic collection and analysis. (a) Pump station information of the river network (b) YH-S7 technical parameters.

2.2. Data Acquisition and Analysis

In-situ hydrological monitoring was conducted at 70 points in the river network twice
from 2018 to 2019, with the wet season in August 2018 and the dry season in March 2019.
In terms of hydrological monitoring, YH-S7 current meter (product source: Beijing Tongde
Venture Technology Co., Ltd., Beijing, China) is utilized to measure the river velocity
(Figure 2b). Considering that the Meiliang Lake pumping station first diverted water
into Liangxi River, 10 monitoring points were set on this river, occupying the largest
amount. The sections at each point were divided into left, middle, and right banks and
middle and bottom layers of the table for monitoring, thus 9 velocity data sample were
obtained. Ludianqiao, Mali, and Caowang each have four points, and the rest of the rivers
have 1 to 3 monitoring points, respectively, according to their length and the direction
of their confluence points for one sample in both seasons. The table in Figure 2 shows
the number of monitoring points of 18 main rivers in the river network. The acquired
hydrodynamic conditions and water environment of the rivers with similar response law
of water diversion could be improved by similar water diversion mode and flux.

Therefore, in order to find out in detail the hydrodynamic correlation and internal
structure of the river network under hydraulic regulation, the Pearson correlation analy-
sis [32] and principal component analysis (PCA) in the river network were carried out [33].
In this study area, the key factors affecting the hydrodynamic condition mainly contains
water conservancy projects, river and lake water level difference, and river channel charac-
teristic (including geometrical shape, river bed characteristic, flow direction, and so on).
Water conservancy projects are often the strongest external power source of plain river net-

wuxi.gov.cn
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works. The water level difference between rivers and lakes plays an important role in the
water exchange between rivers and lakes. The influence of river channel characteristics on
water flow structure and energy dissipation cannot be ignored [34]. Therefore, in principal
component analysis, we set 3 principal components. The principal component rotation
method is the maximum variance rotation. Pearson correlation analysis and principal
component analysis were carried out by R-3.5.2 software [35].

2.3. Numerical Experiment
2.3.1. Hydrodynamic Influence Scheme Setting and Quantification

To demonstrate the significant differences resulting from the effects of various water
diversion fluxes (QWDF) on different points in the river network, 10 schemes of Meiliang
Lake pumping station water diversion were set up (the QWDF were 5, 10, 15, 20, 25, 30,
35, 40, 45, and 50 m3/s, respectively). The Meiliang Lake pumping station, as the north-
western constant inflow boundary of the study area, will have a flow input to the Liangxi
River that is set exactly according to the 10 kinds of QWDF schemes. Figure 3 shows the
pump station and rivers involved in the ten water diversion schemes. Hydrodynamic
conditions in the river network under different water diversion schemes were calculated.
The polynomial fitting method was used to fit the functional relationship between the
main river hydrodynamic conditions and the water diversion flux [36]. The instantaneous
change rate of flow velocity (first derivative) was expressed by parameter ϕ (calculated by
Equation (1)), which was quantificationally represented by the influence of water diversion
on hydrodynamic conditions in the river network.

ϕ =
δv
δQ

(1)

where, ϕ is the response factor of hydrodynamic conditions to water transfer under different
water diversion flux, v is the flow velocity; Q is the water diversion flux of Meiliang Lake
pumping station.

Figure 3. The diversion elucidating scheme and number of monitoring points in each river. These
river numbers correspond to the river names in Figure 1.

2.3.2. Model Governing Equation and Numerical Solution

In the current work, the DHI Mike 21 Flow model (FM) was applied to construct
2-dimensional hydrodynamic model of lake-river network water environment to study the
impact of hydraulic regulation on river network hydrodynamic conditions. The computa-
tional grid was developed by Cartesian coordinates. The model took into account inertia
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force, earth rotation deflection force, and turbulent viscosity force. The basic equation was
shown in Equation (2) [37].

∂δ
∂t +

∂(h+δ)u
∂x + ∂(h+δ)v

∂y = 0
∂u
∂t + u ∂u

∂x + v ∂u
∂y = −g ∂δ

∂x + ε∇2u + f v
∂v
∂t + u ∂v

∂x + v ∂v
∂y = −g ∂δ

∂y + ε∇2v− f u
(2)

where, h is the average water depth; δ is the difference between the surface and the average
water level elevation; t is the time; u and v are the depth-averaged velocity components in
the x and y directions, respectively; g is gravity acceleration; ε is horizontal eddy current
viscosity; f is Coriolis parameter. Parameter f is calculated by Equation (3):

f = 2ω sin ϕ (3)

where, ω is the angular velocity of the earth; ϕ is latitude.
Equation (2) can be solved by the following numerical solution:

∂q
∂t

+
∂ f (q)

∂x
+

∂g(q)
∂y

= b(q) (4)

where, q is the conserved physical quantity; f (q) and g(q) is x and y direction flux, respec-
tively; b(q) is the source and sink term.

Based on the water system condition, the study area was divided into 28,204 triangular
meshes (the river network mesh was encrypted). The model contained 68 rivers and a
total of 54 boundary flows. The data of boundary conditions and initial conditions was
provided by Wuxi Water Conservancy Bureau and Hydrology Bureau. The calculation
time step of the model was dynamically adjusted to 30 s, according to the model grid
size and water depth condition, ensuring that the CFL number (Courant-Friedrich Levy)
was less than 0.8 to meet the requirement of model stability. We used DHI MIKE 2014 for
numerical simulation.

3. Results and Discussion
3.1. Model Performance

In the flood (August 2018) and dry season (March 2019), the model calibration and
verification work were carried out. According to the calculation, the overall flow direc-
tion of the study area was from southwest to northeast, which corresponded with the
objective facts. In order to obtain the accurate information of the sensitivity of the model,
the Kolmogorov–Smirnov (K-S) test was adopted to obtain the sensitivity indices (SI) of
the river network area [24,38]. As one of the most useful and general nonparametric
methods for comparing the difference of samples, K-S test becomes sensitive to differ-
ences in both location and shape of the empirical cumulative distribution functions of
samples. According to the SI, the parameters could be divided into three levels: very
sensitive parameters, sensitive parameters and insensitive parameters. Eventually, the
posterior distribution of these parameters is calculated and the appropriate value range is
found in the simulation to set the initial and boundary conditions. After comparing the
calculation with the field investigation, the average relative error (ARE) for current veloc-
ity, ARE=|Calculated-Measured|/Measured, was 11.2~23.5% with an average of 19.2%.
Therefore, the hydrodynamic numerical model could reflect the hydrodynamic process of
river network in Binhu District of Wuxi City scientifically and reasonably (Figure 4a).
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Figure 4. (a) River network model verification and calibration; (b) the flow direction of Xiushui River under different water
diversion flux.

3.2. Velocity Distribution under Different QWDF

According to the calculation (Figures 4 and 5), except for Liangxi River and Beijing-
Hangzhou Grand Canal, the hydrodynamic conditions of the river network are generally
poor. From the field survey, it appears that this is directly related to the fact that gates
and small pumping stations have been built in many parts of the river network. Poor
hydrodynamics are also partly related to the fact that dredging works are being carried out
in some parts of the river network in view of the problems of urban black odor water and
algae proliferation. The flow velocity of regional backbone rivers (Liangxi River and the
Beijing-Hangzhou Canal) was relatively high; followed by the velocity of Miaojing River,
Ludianqiao River, Dongxin River, Miaodong River, and Xiaoxuan River. Weitianli River
and Xincheng River had the lowest flow velocity. The variety of QWDF had a significant
impact on the river flow velocity in the river network, and this effect was more obvious
in the dry season. Under different QWDF, the average coefficient of variation (cv) of flow
velocity among 18 rivers in dry season was 0.137, and in wet season was 0.133. When the
QWDF was more than 10 m3/s, the coefficient of variation of flow velocity in flood and dry
season was relatively stable between 0.40 and 0.43. The relationship between the main river
flow velocity and the QWDF of Meiliang Lake pumping station (v − Q) was fitted by cubic
polynomial. The flow velocity difference between the rivers was significantly improved
when the water flow velocity was above 10 m3/s. The results were shown in Figure 6. It
indicated that this method could fit the relationship of 18 rivers’ hydrodynamic conditions
and QWDF well (R2 > 0.9, p < 0.001).

When the QWDF was 5 m3/s, the hydrodynamic conditions of the river network
were the worst, and the average velocity were 5.21 cm/s (dry season) and 5.57 cm/s (wet
season). Under this circumstance, Liangxi River had highest velocity 19.32 cm/s (dry
season) and 9.75 cm/s (wet season), followed by Xiaoxuan River of which the flow velocity
were 7.85 cm/s (dry season) and 7.75 cm/s (wet season). The flow velocity of Weitianli
River was lowest. The overall average velocity and velocity difference of river network
were growing with the increase of QWDF from 10 to 50 m3/s. Apart from Caowang River,
Weitianli River, Xianxuan River, Xincheng River, Xixin River, and Xianjing River, the flow
velocity of the other 12 rivers put on with the increase of QWDF. When the QWDF was
50 m3/s, the river with the highest velocity in both wet and dry season was Liangxi River,
of which the velocities were 17.37 cm/s, 17.72 cm/s, respectively. The river with the lowest
velocity was Xincheng River, of which the velocities were 3.03 and 3.10 cm/s, respectively.
The northern part of Xincheng River took in water by means of diversion from a pumping
station, while the southern part took in water by potential energy formed by the difference
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in water level between the lake and river. The inconsistency of the driving direction of the
water flow at both ends of the Xincheng River might be the cause of the low flow velocity
of the Xincheng River. When the QWDF was less than 50 m3/s, the river with the lowest
velocity in flood and dry season was Weitianli River. The response state to the change of
water flow was related to river characteristics and seasons.

Figure 5. The velocity distribution of the lake-river network system under different water diversion flux in wet and
dry season.

The flow velocity variety trend of Caowang River, Weitianli River, Xiaoxuan River,
Xincheng River, Xixin River, and Xianjing River were distinguished from those of other
main rivers. With the rise of QWDF, the average velocity of Xiaoxuan River, Xincheng
River, and Xianjing River increased at first, then decreased and finally increased again.
While that of Weitianli River and Caowang River reduced at first and then enhanced. Xixin
River showed a trend of increasing at first and then fell. Besides, the QWDF at the turning
points of the six rivers’ average flow velocity tendency were also inconsistent in different
water seasons. For example, the flow velocity of Xiaoxuan River changed from decrease to
increase when Q = 15 m3/s in dry season, while this threshold was 10 m3/s in wet season.
For another instance, during the wet season, when Q = 20 m3/s, the flow velocity changed
from decrease to increase.

In addition, it was worth noting that, in the Weitianli River, the southern reaches
of Caowang River (between the meeting of boundary Li River and Caowang River and
Caowang River estuarine) and the southern area of Wuli Lake (Figure 4b), a phenomenon
was observed that rivers and lake flow direction was changed with the increase of QWDF.
The QWDF threshold leading to the variety of flow direction in the southern part of Wuli
Lake were 20 m3/s (dry season) and 15 m3/s (wet season). When the QWDF was less than
the threshold, Xiushui River was the inflow boundary of the study area. When the QWDF
was greater than the threshold, the Xiushui River become the outflow boundary. When the
QWDF was equal to the threshold value, the flow velocity of the Xiushui River was almost
zero. While the southern part of the Caowang River was similar to the Weitianli River.
Their flow direction changed from westward to eastward.
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Figure 6. Cubic polynomial fitting curves of Meiliang Lake pumping station water diversion flux and rivers flow velocity
are displayed. Note: The grey shadow represents 95% confidence interval.

3.3. Impact of Water Diversion Flux on Hydrodynamic of River Network

On the basis of Equation (1), the hydrodynamic responses (Figure 7a) of 18 main
rivers flow velocity to the QWDF (ϕ−Q) in wet and dry season under ten water diversion
schemes was obtained. Figure 7b shows the vertices of the ϕ−Q curve of 18 major rivers,
in which the green and yellow points represent the minimum and maximum value of the
ϕ− Q quadratic function, respectively. The numbers correspond to the river names in
Figure 1. For the sake of description, we defined the impact of accelerating the northward
and eastward flow of the river as positive impact. On the contrary, the impact of weakening
the northward and eastward flow and accelerating the southward and westward flow was
viewed as negative impact. The following conclusions could be drawn: (a) Whether in dry
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season or wet season, Liangxi River was the river most affected by Meiliang Lake pumping
station, and the impact was positive; (b) During the dry season, the positive effect of QWDF
on the flow velocity of 15 rivers except Liangxi River, Cao Wang River, and Weitianli
River decreased at first and then increased, while that of Caowang River and Weitianli
River increased at first and then decreased. The positive effect on Liangxi River flow
velocity was growing during the whole dry season; (c) During the wet season, the positive
impact on Liangxi River and Panbuqiao River increased gradually with the QWDF. The
positive impact on Caowang River and Weitianli River increased at first and then decreased,
whereas the positive impact on the flow velocity of Xincheng River, Xiaoxuan River and
Xixin River decreased at first and then increased. The positive impact on other rivers
increased gradually, but the b4 > 0, which was opposite to Liangxi River and Panbuqiao
River; (d) In dry season, the symmetry axis of ϕ−Q function in 15 of 18 rivers is between
Q = 16 ∼ 30 m3/s, and the extreme value > 0, while in wet season, the symmetry axis of
ϕ−Q function in most rivers was between Q = −100 ∼ 10 m3/s, and extreme value of
them < 0. The extreme value range of the ϕ− Q equation represented the maximum or
minimum flow interval in the river network where the flow velocity of the river was most
sensitive to changes in the water transfer flow. During the dry season, the flow rate had
the most sensitive flow range for water diversion, while the wet season’s flow rate had the
least sensitive flow range for water diversion; (e) In the dry season, of the 18 rivers, only
five rivers (Caowang River, Xincheng River, Xixin River, Xiaoxuan River, and Weitianli
River) had zero points of ϕ−Q. functions. Among them, Caowang River and Weitianli
River each had a zero point between 0 and 50 m3/s and the other zero point more than
50 m3/s, in contrast the two zero points of Xiaoxuan River, Xincheng River and Xixin River
were all between 0 and 50 m3/s. In wet season, only the ϕ−Q functions of Xianjing River
and Xincheng River did not have zero points, while the ϕ−Q functions of other rivers all
have zero points. The zero point of the ϕ−Q equation represented the transformation of
the effect of the change in the flow rate of the water diversion on the increase or decrease
of the flow velocity of each river. We found that almost all of the water diversion flow in
the wet season had a positive effect on the river flow rate, while the change in the water
diversion flow rate in different rivers during the dry season had different effects on the
river flow rate. Rivers could be divided into five categories according to the response of
flow velocity to changes in water flow: (1) The two zero points that had a big difference.
The zero points of Liangxi River’s ϕ− Q function were −11.24 and 163.31. (2) The two
zero points of which one was range from 0 to 20 and the other was lower than −100.
The ϕ− Q function zero points of Mali River, Lucun River, Panbuqiao River, Miaodong
River, Dongxin River, Beizhuang River, Ludianqiao River and Miaojing River were of this
type. (3) Two positive zero points of which one was between 10 and 20 and the other was
range from 50 to 70, respectively. This type contains the zero point of Caowang River and
Weitianli River. (4) The two zeros of ϕ−Q function were both between 0 and 50, including
zero points of Xinxin River and Xiaoxuan River ϕ−Q function. (5) The negative zeros such
as zero points of Dingchangqiao River, Liandaqiao River, and Lixi River ϕ−Q function.

Water transfer can avoid the generation of black and odorous water bodies in the
slow-flow plain river network by improving the hydrodynamic condition. In an ideal state,
the pump power is proportional to the water flow. Herein, we defined the hydrological
efficiency (HE) as “the degree of increase in the flow rate of the river network caused by
the increase in unit water transfer rate”. In the case of the same increase in the flow velocity
of the whole river network, the higher the HE, the lower the energy consumption of the
pumping station and the lower the operating cost. Regarding 10 m3/s as a water transfer
flow increment interval, through numerical simulation, water transfer flow interval with
the highest and the lowest HE of the entire river network could be obtained (Table 1 and
Figure 7). In dry season, the water transfer flow range with the lowest HE was 20~30 m3/s.
When the water flow rate was higher than 30 m3/s, the HE was increased to more than
twice the previous. In wet season, the water transfer flow range with the lowest HE
was 0~10 m3/s. When the water transfer flow was higher than 20 m3/s, the HE was
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increased to more than three times the previous. The range of water transfer flow with
highest HE in wet and dry season were both between 40 and 50 m3/s. The low flow of
water transfer (0~20 m3/s) in dry season had a more significant effect on improving the
hydrodynamic conditions of the plain river network than in wet season. Overall, in dry
season, when the water transfer flow was lower than 10 m3/s or higher than 30 m3/s, the
water transfer could significantly increase the flow velocity of the river network. In wet
season, when the water flow was higher than 20 m3/s, the water transfer could significantly
increase the flow velocity of the river network. The government could adjust the division
of water transfer zones according to demand. This research could provide reference for the
local government to formulate the water quality control plan of this river network and to
improve the hydrodynamics of the plain river network of the same sample.

Figure 7. Effect of water diversion flux on flow velocity in river network. (a) The relationship between QWDF and ϕ;
(b) Scatter plot of the vertices of the ϕ − Q curve.
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Table 1. Variation of river network flow rate in different water transfer intervals.

Season DRY WET

Water Transfer Flow
(m3/s)

Flow Rate Increase
(cm/s)

Flow Rate Increase Rate
(%)

Flow Rate Increase
(cm/s)

Flow Rate Increase Rate
(%)

0~10 7.46 8.42% 1.52 1.53%

10~20 4.95 5.16% 2.26 2.24%

20~30 4.66 4.62% 7.17 6.95%

30~40 9.28 8.79% 9.75 8.83%

40~50 11.45 9.96% 10.97 9.13%

3.4. Variety of ϕ on Different Rivers

On the grounds of fitting, the cubic polynomial could reflect the relationship between
river flow velocity and QWDF in the river network. In fact, the performance of v in v−Q
curve was not only driven by Q, but also affected by many other factors, such as water level
difference, topography, river bottom roughness, precipitation, river geometric curvature,
and so on [39]. If we set the impact factors except for Q on v to x, then theoretically v and
ϕ should be calculated from Equations (5) and (6):

v = f (Q, x1, x2, . . . , xn) (5)

ϕ =
δv
δQ

= g(Q, x1, x2, . . . , xn) (6)

If we use the cubic polynomial to fit Equation (5), the v−Q relation and ϕ−Q relation
were able to be drawn as follows:

v = h0(x1, x2, . . . , xn) + Qh1(x1, x2, . . . , xn) + Q2h2(x1, x2, . . . , xn) + Q3h3(x1, x2, . . . , xn) (7)

ϕ = l0(x1, x2, . . . , xn) + Ql1(x1, x2, . . . , xn) + Q2l2(x1, x2, . . . , xn) (8)

From Equation (8), we found that if ceteris paribus, the impact of QWDF on each river
would vary with the change of QWDF, there would be a quadratic function relationship
between them. Among the river network, the impacts of same QWDF on different rivers
were not identical, which was mainly caused by other factors (xi). The properties of ϕ−Q
quadratic function represented different meanings: the opening direction of parabola
determined the plus or minus correlation coefficient between ϕ and Q; the axis of sym-
metry determined Q value when the trend of ϕ changed; the extreme value indicated the
maximum (opening down) or minimum (opening upward) of the positive impact on the
velocity of flow; while the zero point of ϕ−Q function showed the Q value when variety
of Q had no influence on ϕ. The above attributes of parabola were all controlled by factors
except for QWDF.

The influence on Liangxi River, which was most directly affected by Meiliang Lake
pumping station, increased monotonously in that its symmetry axis was outside the range
of 5 m3/s < Q < 50 m3/s.

Because Caowang River was strongly backed by the Li River, there was a local re-
tention or even countercurrent (from east to west) between Caowang River estuary and
the meeting of Caowang River and Li River. With the continuous increase of the flow, the
detention point moved eastward. When the retention point moved to the meeting of Li
River and Caowang River, the jacking action disappeared. When the QWDF continued to
increase, the flow direction of Caowang River and Weitianli River kept stable eastward.
Therefore, the Weitianli River and Caowang River showed the different Q value where
the ϕ− Q trend changed with other rivers. The overall water level and water quantity
were relatively high during the wet season. As a consequence, the Panbuqiao River which
originates from Caowang River, showed the same ϕ−Q trend as Cao Wangjing.
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For the river-lake system, in addition to the flow of pumping stations, the lake effect
is also an important hydrodynamic impact factor. When the discharge of the river is lower
than the critical support discharge, the hydrodynamic force provided by the river-lake
water level difference can supplement the hydrodynamic force of the river network [40].
The effect of lake buffering on the flow velocity of river network is particularly prominent,
especially when the flow velocity of the channel through the lake [41]. Several rivers’ ϕ
increased with the growing of QWDF at first and then decreased. We speculate that it was
related to the lake effect. According to the calculation of the model, at the beginning, with
the increase of Q, the lake water level also showed a slight growth trend. In other words,
the diversion water replenished the Wuli lake. When Q reached 20 m3/s, the average lake
water level began to stabilize gradually. When Q reached 35 m3/s, the lake water level
basically remained unchanged. This meant that the buffering effect of Wuli Lake began
to be reflected at the QWDF of 20 m3/s to 35 m3/s, and before the this, the water level
difference of lake and river network complemented the insufficient hydrodynamic force
in the river network. As a consequence, the symmetry axis of many rivers’ ϕ−Q curve
(Q value when the trend of ϕ−Q relation changes) was between 20 m3/s < Q < 35 m3/s.

3.5. Hydrodynamic Key Impact Factors and Rivers Grouping

In the correlation analysis in Figure 8a, blue represents positive correlation and red
represents negative correlation. The darker color, the bigger area of sector, the stronger
correlation it represents. According to the correlation analysis, there was a negative
correlation (correlation coefficient was between −0.85 and −0.21) among the flow velocity
of Xixin River together with Xiaoxuan River and other rivers. Relatively weak positive
correlations among the flow velocity of Lucun River along with Xincheng River and other
rivers was observed, and the correlation coefficients were the in range of 0.35 and 0.81.
While all other rivers showed significant positive correlation with each other. Most of the
correlation coefficients were more than 0.9. This may indicate that the main hydrodynamic
impact factors of Xixin River, Xiaoxuan River, Lucun River, and Xincheng River were
different from those of other rivers in the whole river network.

Figure 8b is a principal component analysis diagram, where black, blue, and red
represent rivers that are mainly affected by water diversion effects, lake effects, and river
characteristics, respectively. These numbers correspond to the river names in Figure 1.
Further, according to the PCA, the component load of the first principal component was
11.702. The second and third principal component loads were 3.78 and 2.235, respectively.
On the first principal component, the component loads of Liangxi River (0.906), Caowang
River (0.951), Panbuqiao River (0.912), Xianjing River (0.943), and Miaojing River (0.916)
were all greater than 0.9. Moreover, there were also ten rivers, such as Mali River (0.848),
Miaodong River (0.864), and Beizhuang River (0.899), whose loads on the first principal
component were more than 0.8. These rivers’ bottom roughness and elevation had little
difference, and the channel shape of them was relatively close. With the QWDF increase, the
flow velocity of these river obviously increased. Combined with the change of flow velocity
distribution in the calculation, the first principal component may reflect the water diversion
effect of Meiliang Lake pumping station. Considering the third principal component
of the PCA, Xincheng River had a load of up to 0.844 on this component. We believed
that the third principal component represented influence of river’s characteristics itself.
Throughout all 18 rivers in the river network, most of their trends tend to be north–south,
east–west, or northeast–southwest, which could accord with the overall northward and
eastward river flow direction in the river network. However, only the Xincheng River
was northwest–southeast, which had a unique influence on the Xincheng River in terms
of shape and flow direction. This special property, perhaps, became the most important
hydrodynamic impact of the Xincheng River. When it comes to the second principal
component, the three rivers with the largest load on the second principal component were
Lucun River (0.903), Xiaoxuan River (−0.719), and Xixin River (−0.886). They connected
the strong hydrodynamic backbone rivers (the Beijing-Hangzhou Canal and Liangxi River)
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and Wuli Lake, respectively. The water level difference between the lake and the strong
hydrodynamic backbone river was the main power source of the three rivers. Therefore, the
hydrodynamic grouping scheme recommended by PCA was shown as Figure 8c: (a) Rivers
whose key hydrodynamic impact factor was the water diversion effect of Meiliang Lake
pumping station: Liangxi River, Mali River, Caowang River, Xianjing River, Miaodong
River, Dongxin River, Beizhuang River, Dingchangqiao River, Ludianqiao River, Lixi River,
Liandaqiao River, Miaojing River, Panbuqiao River, Weitianli River. (b) Rivers whose
key hydrodynamic impact factor was the lake and backbone rivers water level difference:
Lucun River, Xiaoxuan River, Xixin River. (c) River whose itself characteristic was key
hydrodynamic impact factor: Xincheng River. Based on the variance interpretation of PCA,
the contributions of Meiliang Lake pumping station water diversion effect, lake-backbone
rivers water level difference and river itself characteristic to the hydrodynamic force of the
river network were 65, 21, and 12.4%, respectively. Other factors contributed 1.6 percent.

Figure 8. (a) Flow velocity correlation of 18 rivers under 10 water diversion schemes; (b) Prin-
cipal component analysis; (c) Spatial distribution of three types of rivers based on principal
component analysis.

It is important to improve the hydrodynamics and water environment of river network
through water diversion. Further, by adjusting the way and flux of water diversion,
accurately improving the water self-purification capacity of a river or a group of rivers in
the river network is more important [42]. In the past, trying to solve the water environment
problems of river network by blindly increasing the flux of water diversion was likely
to lead to the consequence of huge economic consumption without environment upturn.
This case may happen when ϕ is zero. According to our research, we suggest that the
hydrodynamic numerical simulation experiments of a lake–river network under different
schemes, which aim to find out potential hydrodynamic structure and hydrodynamic
impact factors of the river network, should be carried out before the water diversion. If
the main hydrodynamic impact factor of the river network is not water diversion, we
advise that the water environment be improved by other ways. For some rivers that do
not respond to water diversion (such as the tributary north of Liangxi River in this study),
measures such as aeration and desilting should be selected. As a matter of course, the river
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with high responsiveness to QWDF could be improved by water diversion. In addition,
more detailed numerical simulation experiments were recommended to be carried out to
establish the relationship between river flow velocity and QWDF, so as to obtain the most
suitable QWDF in different rivers and accurately improve the hydrodynamic and water
environment of the river network.

4. Conclusions

Improving the hydrodynamic conditions of river networks under strong human in-
tervention plays an essential role in the quality of the water environment in plain areas
and reducing the adverse effects such as urban black and odorous water bodies. The
response mechanisms of the river network hydrodynamic conditions under various wa-
ter diversion conditions are quantitatively investigated through field investigations and
numerical simulations of the Taihu Lake–Wuli Lake–river network system in the Binhu
District of Wuxi, China. The results are as follows: (1) The hydrodynamic distribution of
the lake-connected river network in Binhu District of Wuxi City was complex, and the
responses of different rivers hydrodynamic conditions to water diversion flux had a big gap.
(2) The cubic polynomial could fit the relationship between the hydrodynamic condition of
urban lake-connected river network and the water diversion flux well. The relationship of
water diversion impact on river network flow velocity and water diversion flux could be
reflected by a quadratic polynomial instead of linear relationship. The HE was best when
the water flow was less than 10 m3/s or more than 30 m3/s in the dry season and the HE
was the best when the water transfer flow was higher than 20 m3/s in the wet season. This
study provided a basis for the government to make scientific decisions on water diversion
schemes. (3) The rivers in the network could be classified into three types according to
their key hydrodynamic impact factors: rivers influenced by the water diversion effect
of Meiliang Lake pumping station, rivers influenced by the lake-backbone rivers water
level difference, and rivers characterized by bed shapes. (4) The influence weights of water
diversion, lake-backbone river water level difference, and river characteristic on the whole
river network hydrodynamics were 65, 21, and 12.4%, respectively, as the other factors
contributed 1.6% of the weight. The pump station transfers water from the north of Taihu
Lake into the river network, and the discharge of water diversion was positively correlated
with the flow velocity of most rivers, except the rivers connected to the Wuli lake. The
weight analysis showed that the influence order was water conservancy projects > river
and lake water level difference > river channel characteristic.

Herein, the constant flow rate was applied to generalize the diversion conditions. The
more realistic variable flow diversions have a greater impact on the flow structure and are
more likely to cause flow disturbance. Variable flow diversions can save considerable eco-
nomic costs and reduce bio invasions, provided the same water quality is achieved [43]. On
the other hand, the effect of variable flow diversions on sediment suspension mechanisms
varied from the constant flow. In the future, we will focus on the response mechanisms of
hydrodynamic conditions, water environment, and sediment suspension in the river net-
work under variable flow diversions. In addition, a three-dimensional model coupled with
the sediment suspension process will be developed to improve the simulation accuracy of
the water environment response.
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