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The Three Gorges Reservoir (TGR) operation has profoundly altered the hydrological
regimes and ecosystem in the middle and lower Yangtze River basin. Its impacts on the
river flow regime, sedimentation, lake level decline, and biodiversity have been extensively
studied. However, the quantitative influence of the TGR on the downstream water
exchange between the Yangtze River and Poyang Lake is lacking attention. In this
study, we developed a machine learning model to investigate the river–lake water
exchange variations under the TGR operation in typical hydrological years, compared
with the natural scenario (i.e., no TGR). The results show that the machine learning model
could provide a fast and accurate approach to identify the long-distance impact of
reservoirs. The operation of the TGR has significant effects on the water exchange
between the Yangtze River and Poyang Lake in the impounding period, with a
10,000m³/s decrease in reservoir discharge approximately causing a 4,000 m³/s
decrease in river–lake water exchange in the dry year and a decrease of 6,000m³/s
and 8,000 m³/s in reservoir discharge causing an increase of 4,000m³/s and 6,000 m³/s in
the normal year and the wet year, respectively. The TGR effect varies with different
hydrological conditions of the river and lake, showing longer time range (from May to
October) and greater degree (1.5 times the change rate in other years) in the wet year. The
TGR operation is beneficial to the water maintenance of the lake in the dry year and flood
control in the lake area in the wet year. This study provides a constructive approach and
valuable information for decision making in water resource management and ecosystem
protection in large river–lake systems.
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INTRODUCTION

With the development of society and economy, large numbers of dams and reservoirs have been
constructed, and nearly two-thirds of the world’s large rivers are currently affected by damming
(Nilsson et al., 2005; Taylor et al., 2020; Chen et al., 2021). Reservoirs not only play important roles in
flood control, power generation, water supply, and shipping but also profoundly alter the
downstream hydrological regimes and lead to severe consequences on the riverine ecological and
morphological equilibrium (Ferrazzi and Botter, 2019; Hecht, et al., 2019; Dai et al., 2021). Reservoir
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regulation alters the magnitude, frequency, duration, timing, and
rate of change of flow and, thus, modifies the channel scouring
and siltation and sediment transportation (Poff et al., 2007;
Destouni et al., 2012; Dai et al., 2013). Large lowland rivers
often have extensive floodplains (for example, the Amazon,
Mekong, Congo, and Yangtze rivers), and the river–floodplain
environments exhibit some of the highest levels of biodiversity
and productivity in the world, and the upstream reservoirs would
also change the exchange of water, sediments, nutrients, and biota
between the river channel and the floodplain (including river-
connected lakes) (Winemiller et al., 2016; Timpe, and Kaplan,
2017).

The Three Gorges Reservoir (TGR), located in the middle
reach of the Yangtze River in China, is the largest hydroelectric
project in the world with a total storage capacity of 39.3 billion m3

at the normal water level of 175 m and a regulation storage
capacity of 22.15 billion m3, having comprehensive benefits of
power generation, flood control, and navigation (Zhao et al.,
2015; Su et al., 2020; Guo et al., 2021). Its construction and
operation also significantly change the hydrological regime,
sedimentation, and ecosystem of the middle and lower reaches
of the Yangtze River and, thus, alter the downstream river–lake
interactions (Gao et al., 2013; Lai et al., 2014b; Han et al., 2021;
Ren et al., 2021). Poyang Lake is one of the two larger river-
connected lakes in the Yangtze River basin and the largest
freshwater lake in China, which is not only the natural flood
diversion area of the Yangtze River and water resources for
millions of people but also the first batch of the Ramsar
Convention List of Wetlands of International Importance and
is on the list of globally important ecological areas designated by
the World Wide Fund For Nature (Liu and Liu, 2012; Li et al.,
2021). It has received great attention because of both its
importance and dramatic hydrological alterations, and the
impact of the TGR on it is one of the hot spots (Shankman
et al., 2006; Lai et al., 2014a; Hou et al., 2018; Xu et al., 2020).

The impacts of the TGR on the water regime and ecological
environment of Poyang Lake have been studied by means of data
analysis methods, hydrodynamic models, and remote sensing. Based
on the extensive hydrological data, statistical analysis has been
conducted to demonstrate the TGR operation effects on the
downstream river discharge and water levels and surface areas of
Poyang Lake. The results showed that the water level of Poyang Lake
reduced over the dry period, and the lake water storage also
decreased after the activation of the TGR. (Zhang et al., 2012;
Wang et al., 2017; Zhou et al., 2019; Dai, et al., 2021). Some
researches established the hydrodynamic models to investigate
the effects of the TGR on water level and lake outflow, and
found that the lake stage was lowered and the water level of lake
outlet would fall 0.4–1.6 m and that inside Poyang Lake wound fall
0.3–1.2 m due to the water storing of the reservoir (Lai, et al., 2012;
Chen and Xu, 2013; Yang, et al., 2020). Moreover, models based on
the time-series satellite data have been developed to simulate the lake
storage variation andwetland vegetation pattern responding towater
level changes in Poyang lake before and after the TGR impoundment
(Hu et al., 2015; Li, et al., 2020; Xu et al., 2020).

Most existing research achievements are currently focused on
the change of water level, surface water area, and water storage of

Poyang Lake under the TGR operation (Li et al., 2016; Fan et al.,
2019; Dai et al., 2021). However, the river–lake water exchange is
also influenced by the TGR. Variation of the water exchange will
modify the dynamic equilibrium of the river and lake, and affects
the hydrological regime of both Poyang Lake and the downstream
Yangtze River. Considering from a system perspective, the water
exchange between the Yangtze River and Poyang Lake can be seen
as a vital indicator for the system element association. As the TGR
is located at the upstream of the Yangtze River and the direct
impact of the reservoir operation is on the downstream river, its
impact on the river-connected lake (e.g., Poyang Lake) is through
the river–lake interaction at the junction. Water exchange is the
representative of the river–lake interactions and helps to explain
the mechanism how the TGR on the Yangtze River affects its
connected lakes. Even though the influence of the TGR on the
water regime variation of Poyang Lake has been studied
extensively, its impact on the river–lake water exchange still
needs to be investigated. Fang et al. (2012) calculated the
Poyang Lake discharge variation caused by the change of the
discharge of Jiujiang station on the Yangtze River based on the
relationship between the water level of the lake outlet and the
discharge of the Yangtze mainstream and the discharge capacity
of the outlet section at Poyang Lake. Fan et al. (2019) proposed an
empirical formula for Poyang Lake discharge calculation and gave
the result that if the water level at the Poyang Lake outlet remains,
the lake outflow will decrease about 723 m3/s when the discharge
of Jiujiang station increases by 1,000 m3/s. Zhang et al. (2019)
examined the hydrological changes in the other river–lake system
in the Yangtze River basin (the Yangtze River and Dongting Lake
system) based on a coupled hydrodynamic model and the results
showed that the diverted flow from the Yangtze River into
Dongting Lake and outflow from the lake back to the river
drastically decreased during the impounding periods.
However, the empirical formula could not be completely
applicable to different river–lake situations and the
hydrodynamic models for the large river–lake systems are
usually accompanied with heavy computation burdens. There
is still a lack of necessary quantitative analysis of the TGR under
different operational schemes, and a fast and accurate model to
identify the long-distance impact of reservoirs is also needed.

In view of this, a machine learning model is established in this
study to provide a constructive approach to simulate the
river–lake water exchange affected by the far upstream
reservoir. The river–lake water exchange variations between
the Yangtze River and Poyang Lake under the impact of the
TGR are investigated in different operational schemes of typical
hydrological years. Then, the change of water exchange is
quantitatively analyzed compared to the natural scenario
(i.e., no TGR), and its relationship with the change of river
discharge altered when the TGR is explored.

STUDY AREA AND DATA

Located in the middle and lower reaches of the Yangtze River,
Poyang Lake plays a vital role in the protection and development
of the Yangtze River and the global ecological environment (Guo
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et al., 2012). Poyang Lake is a representative of river-connected
lakes that are freely connected to the mainstream of the Yangtze
River. Apart from supplying water to a population of 11.13
million in the surrounding areas, the lake is a vital spawning
habitat for fish in the Yangtze River. As one of the most important
wetlands in the world, Poyang Lake ranges from 500 km2 in the
dry season to 4,125 km2 in the wet season (Lai et al., 2014b),
sustaining approximately 3,000 km2 of grassland around, and
provides a winter habitat for more than 95% of the white cranes in
the world (Cui, 2004; Li et al., 2019). Poyang Lake receives water
from five rivers including the Ganjiang River, Fuhe River,
Xinjiang River, Raohe River, and Xiushui River, and then
flows into the Yangtze River through Hukou. The water level
of Poyang Lake is affected by all the five rivers and the Yangtze
River, resulting in a complex relationship between the rivers and
lakes with a unique hydrological rhythm in the wet and dry
seasons. In recent years, the evolution of hydrological interactions
of the Yangtze River and Poyang Lake is increasingly affected by
global climate change and human activities (Yang et al., 2016).
Poyang Lake has faced many water problems, such as early-
occurring and prolonged dry seasons, low water level, shortage of
water resources, and ecological degradation of wetland, which
affect the water use and ecological security of the lake and draw
widespread attention (Ouyang and Liu, 2014; Li et al., 2021).

The lake exchanges water with the Yangtze River through a
long and narrow reach in the northern lake area. The outflow of
the Yangtze River and Poyang Lake meets near Hukou County,
and the junction is an important control area to connect and
realize the material exchange between the river and lake (Tang
et al., 2020). The controlling station at the outlet of Poyang Lake is
the Hukou hydrology station (Huang et al., 2014), whose water
level shows strong positive correlation with the mainstream of the
Yangtze River, and the correlation has no significant change after
the operation of the TGR (Fang et al., 2012; Mei et al., 2015).
From April to June, the water level in Poyang Lake rises with the
flood of five rivers, and the water level remains high in July to
September due to the jacking or backflow of the flood of the
Yangtze River (Liu, 2007). In general, the flood season is from
April to September and the dry season is from October to March
of the next year. Poyang Lake exchanges water with the Yangtze
River at Hukou station, which plays a significant role in regulating
and storing water. Water is replenished from the lake to the river
most of the time of the year, with the average annual outflow to
the Yangtze River being 14.6 billion m3, and flows backward from
the Yangtze river into the lake for several days in the wet season
with an annual average of 2.29 billion m³ (Chen and Qian, 2019;
Li, et al., 2021). The lake outflow exhibits obvious seasonal
variation. It increases from January to June, reaches the peak
in June to August, and then decreases from August to December.
In recent years, the influence of the watershed-controlled water
conservancy projects on the river–lake interaction has become
more obvious (Guo et al., 2011; Ou et al., 2011; Bing et al., 2017).

The daily observed data of the TGR discharge, water discharge
at Gaobazhou station on the Qingjiang River, water discharge at
Xiantao station on the Hanjiang River, water flow at Chenglingji
station, and water discharge at Jiujiang station (Figure 1A) are
used for the Yangtze River flood routing model to simulate the

water discharge evolution from the TGR to Jiujiang station. The
daily observed data of water level at Xingzi station, river discharge
at Jiujiang station, and water flow at Hukou station (Figure 1B)
are used for the water exchange simulating model. The daily
inflows and outflows of the TGR in the typical years (2006, 2007,
and 2010) are used to mimic the reservoir discharge in the dry,
normal, and wet years, respectively.

MATERIALS AND METHODS

River–lake water exchange is usually a two-way exchange, i.e., the
lake water into the river and the river water into the lake.
However, water exchange between the Yangtze River and
Poyang Lake is mostly in the way of lake water into the river
water. The reason is that Poyang Lake collects the runoffs from
the upstream five tributaries in the lake basin, and then drains
into the Yangtze River from the northern channel. In some cases,
usually when the Yangtze River is flooding, the river water can
flow into Poyang Lake through the river–lake junction. As Hukou
station is located at the junction of the Yangtze River and Poyang
Lake, the discharge of the station can be used as a representation
of the river–lake water exchange. Often, positive values indicate
that water flows from the lake to the river, and negative values
indicate the opposite. A machine learning model is established to
simulate the water exchange between the Yangtze River and
Poyang Lake under different river and lake situations, with the
water flow at Jiujiang station representing the Yangtze River
situation and the water level at Xingzi station representing the
Poyang Lake situation. To analyze the effects of the TGR
operation, the Yangtze River mainstream rooting model is
established to simulate the water flow of Jiujiang station
affected by the TGR. Then, the abovementioned two models
are integrated to simulate the water exchange between the
Yangtze River and Poyang Lake affected by the TGR. The
concept map is shown as Figure 2.

Machine Learning Model Simulating the
Water Exchange
Machine learning is a branch of artificial intelligence and
computer science which focuses on the use of data and
algorithms to imitate the way humans learn, gradually
improving its accuracy. Support Vector Machines (SVMs) are
learning machines that implement the structural risk
minimization inductive principle to obtain a good
generalization using a limited number of learning patterns.
The SVM model is established by the support vectors instead
of all the samples, resulting in good performance at few-shot
learning (Kambalimath and Deka, 2021; Liu et al., 2021). Support
Vector Regression (SVR), proposed by Vapnik (1998), is the most
common application form of SVMs. This method was developed
to solve the nonlinear regression estimation problems (Gunn,
1998) and has been a widely used data-driven method for
modeling environmental and water resource variables (Maier,
et al., 2010; Hu et al., 2018). The basic theory of SVR and the
river–lake water exchange can be found in our previous study
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(Zhang et al., 2020). Three parameters, the regularization
parameter C, the error threshold ε, and the kernel parameter
γ, are needed to be defined in the SVR model. To obtain an ideal
combination of the three parameter values, a metaheuristic
genetic algorithm (GA) is coupled into the SVR model for
the water exchange model in this river–lake water
exchange model.

Focused on water exchange at the river–lake junction, the
model boundary is set as the water flow at Jiujiang station and
water level at Xingzi station (Figure 3), as Jiujiang station is the
nearest hydrological station to the river–lake junction on the
Yangtze River and thus is regarded as the representative station
to indicate the condition of the river reach near the lake, and
Xingzi station is the nearest lake level gauging station to the

FIGURE 1 | Yangtze River–Poyang Lake region and the related hydrologic stations.

FIGURE 2 | Concept map of the integrated model.
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junction and represents the lake condition. The output variable
of the model is the Hukou station discharge, which represent
the water exchange between the Yangtze River and Poyang
Lake. The model input variables are the discharge at Jiujiang
station discharge and the water level at Xingzi station. This
approach is reasonable because the river–lake water exchange is
directly determined by the hydrological conditions of the
nearest river and lake area, and the discharge of the five
tributaries impacts the water exchange through changing the
water level of the lake. We use the observed daily data from
2010-2013 as the training data (with 1,461 daily data groups),
and the daily data from 2014-2015 (with a sample size of 730) as
the testing data. The statistical indicator for the model
performance evaluation is the coefficient of determination
R2, which is calculated as follows:.

R2 � 1 −∑n

i�1(yi − y′
i)2/∑n

i�1(yi − �y)2, (1)

where yi is the observation value, �y is the mean value of the
observations, y′i is the simulation value, and n is the sample size
of the data.

The Yangtze River Mainstream Rooting
Model
The river–lake water exchange varies with the change of the
conditions of the Yangtze River and Poyang Lake, and the
hydrological conditions of the Yangtze River are mainly
regulated by the upstream TGR on the upper Yangtze River,
the world’s largest water resource project. The effects of the
TGR are directly reflected in the river discharge variation, here,
represented by the water flow of Jiujiang station. As the
distance from the TGR to Jiujiang station is as long as
900 km, a mainstream rooting model based on the
Muskingum flood rooting method is built to simulate the
effect of the TGR on the water flow at Jiujiang station.

The Muskingum method was proposed by MaCarthy in
1938, first applied to the Muskingum River in the
United States. This method uses the river channel storage
equation to replace the complex hydrodynamic equation,
simplifying the calculation process and achieving the
practical calculation accuracy and thus is widely used in the
world. The basic theory and process of the Muskingummethod
can be found in the related references (Chow, 1959). In the

FIGURE 3 | River–lake water system (A), and Scope and input variables of the river–lake water exchange model (B).
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Yangtze River mainstream rooting model, as the river reach is
very long, and there are three tributaries (the Qingjiang River,
the Hanjiang River, and Dong Lake) considered in this reach.
The mainstream in the study area is divided into several
segments and the Muskingum method is used in every river
segment. The first Muskingum parameter in each river
segment Kl is equal to the calculated time interval △t. The
number of river segments n, the length of river segments Ll,
and the second Muskingum parameter of each river segment xl
are calculated according to Eq. 2–Eq. 4. K and x are the two
Muskingum parameters of the whole river reach, which are
needed to be calibrated. The K parameter is equivalent to the
travel time through the calculated river reach, and x is a
weighting factor for volume distribution between the wedge
and prism.

n � K/Kl � K/Δt, (2)
Ll � L/n, (3)

xl � 0.5 − 0.5 × n(1 − 2x). (4)
The routing equation of the ith river segment in the jth time

interval is as follows:

Qi,j+1 � C0Ii,j+1 + C1Iij + C2Qij, (5)
C0 � (0.5Δt −Klxl)/(0.5Δt +Kl −Klxl), (6)
C1 � (0.5Δt +Klxl)/(0.5Δt +Kl −Klxl), (7)

C2 � ( − 0.5Δt +Kl −Klxl)/(0.5Δt + Kl −Klxl), (8)
where Iij is the inflow of the ith river segment at the beginning of
the jth time interval, and is equal to the sum of Qi-1,j and the
tributary discharge at the upstream node of the ith river segment.
C0, C1, and C2 are the parameters calculated from △t, Kl, and xl,
respectively.

For the initial condition, as the river section is divided into
segments and there is no hydrological station at the nodes, we
apply the linear interpolation method to calculate the initial
inflow of each river segment. If one river segment has
tributaries, the discharge from the tributaries will be added to
the nearest node.

Reservoir Operation Schemes of the Three
Gorges Reservoir
The operation principle of the TGR is to control flood in the
wet season and to supply water in the dry season. From late
May to early June, the water level of the TGR dropped to the
145 m flood limit level and the reservoir generally operates at
this low water level in the flood season (June to September). In
October (usually from late September), the reservoir gradually
impounds water to 175 m, and the impoundment process may
continue till November in dry years. Therefore, the TGR
operation causes obvious declination of the river discharge
in October. From December to next April, the reservoir water
level is maintained as high as possible at 175 m. From January
to April, the reservoir water level gradually decreases to release
the flood control capacity, but the water level should be higher

than 155 m before the end of April to ensure power generation
and navigation. Its specific scheduling scheme is depended on
the real-time reservoir inflow. Here, we analyze the effect of the
TGR utilizing the reservoir operation schemes in three typical
hydrological years as examples, i.e., the typical dry, normal,
and wet years, and probe the alteration characteristic of the
water exchange between the Yangtze River and Poyang Lake
under different reservoir regulation schemes. The reservoir
inflow is treated as the natural Yangtze River discharge
(without TGR on the river) and the river–lake-lake water
exchange under this scenario is compared with that under
the reservoir operation to quantify the effect of the TGR. In
this approach, the impact of the TGD is considered by
comparing the river–lake water exchange under different
reservoir discharges, which will directly change the
downstream river discharge. This approach focuses on the
change of the river condition and ignored the complex
interaction between the lake level and river–lake water
exchange. Therefore, the impact of the TGD on the
river–lake water exchange in this study is basically
represented by the change of river-effect caused by the
TGD. To focus on the effect of the TGR, the discharges of
the Yangtze River’s tributaries (measured at Gaobazhou
station, Xiantao station, and Chenglingji station) remain the
same as in the normal year, and only the reservoir discharge
and Poyang Lake level change in different typical years.

Since the runoff sequence of hydrological stations after the
TGR operation (from 2003) is not long enough to analyze the
runoff frequency, the typical years after the TGR operation are
defined according to the classification standard of the wet and dry
runoff conditions from the Information Center of the Ministry of
Water Resources of China. The runoff departure (%) is calculated
as follows:

P � (Ri − �R)/�R × 100%, (9)
where Ri is the annual runoff of the ith year and �R is the average
annual runoff of the time series. If P≤ − 20%, the year is defined
as a dry year. If P≥ 20%, the year is defined as a wet year. The
runoff of a normal year satisfies to −10%≤P≤ 10%. Accordingly,
the year of 2006, 2007, and 2010 are selected as the typical dry
year, normal year, and wet year, respectively. The inflow, outflow,
and water level of the TGR in the three typical years are shown in
Figure 4.

RESULTS AND DISCUSSION

Model Performance for Simulating the
Water Exchange Between Yangtze River
and Poyang Lake Affected by the Three
Gorges Reservoir
The training and testing results of the river–lake water
exchange model are shown in Figure 5. The final values of
the three SVR parameters C, ε, and γ computed by GA are
5000, 31.4, and 100, respectively. As mentioned previously,
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negative values of the Hukou discharge imply that the river
water flows into the lake. The model shows good performance
in general and the simulated water exchange is in good
agreement with the observed data. Though the model
testing result is not as accurate as the training portion, it
still achieves a satisfactory accuracy. The training and testing
coefficients of determination R2 are 0.9562 and 0.8734,
respectively. To summarize, the training and testing results
indicate that the model is capable of simulating the variations
in water exchange between Poyang Lake and the Yangtze
River.

Based on the analysis of the historical discharge data of the
TGR and Jiujiang station, it is found that the time of the flood
rooting from the TGR to Jiujiang station is about 5–10 days.
According to the physical meaning of the channel storage
constant K, the value of K is preliminarily determined in the
range of 120–240. As the corresponding flow data are all daily
data, the calculation time interval △t = 24 h is assigned. The
relationship between the discharge specific gravity coefficient x
and the characteristic river length l can be written as 1/2-L/2L;
thus, the value range of x is x≤ 0.5 . The parameter calibration
of the mainstream rooting model is by the method of manual

FIGURE 4 | Operation schemes of the TGR in the typical dry year (A), the typical normal year (B), and the typical wet year (C).

FIGURE 5 | Training (A) and testing (B) results of the machine learning model simulating water exchange between the Yangtze River and Poyang Lake.
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trial calculation. For different K values, appropriate x values
were successively selected within the value range, and the
simulation results were examined to obtain the parameter
combination with a higher accuracy through screening and
comparison. Finally, K is assigned to 144, and x is assigned
differentially in the wet season (May to October) and in the dry
season (November to April), equal to 0.118 and 0.228,
respectively. The validation result of the Yangtze River
mainstream rooting model is shown in Figure 6, with R2

equal to 0.9869.
The output variable of the Yangtze River mainstream

rooting model, the water discharge at Jiujiang station, is
computed and the input to the river–lake exchange model,
and thus forms the integrated model simulating water
exchange between the Yangtze River and Poyang Lake
affected by the TGR. As the model coupling usually brings
to the amplification of the simulating errors, the integrated
model was also validated and the result is shown in Figure 7.
Compared to the high accuracy of the water exchange model
and the mainstream rooting model, the accuracy of the
integrated model is reduced, with R2 equal to 0.6708, but
the simulation result is satisfactory, and the variation trend
of the observed river–lake water exchange is well traced.

Water Exchange Variations Between the
Yangtze River and Poyang Lake Under the
Three Gorges Reservoir Operation in the
Typical Hydrological Years
Figure 8 shows the variations of water exchange between the
Yangtze River and Poyang Lake in the typical dry, normal, and
wet year. Water exchanges with and without the TGR operation
are compared in the left panels, and the water exchange
differential (water exchange with the TGR minus that
without the TGR) is drawn in the right panels. As seen from
the figures, the river–lake water exchange under the influence of
the TGR operation is approximate to that without the TGR,
under which scenario the reservoir discharge is equal to the
reservoir inflow, in most time of the year. The TGR operation
caused obvious alteration of the river–lake water exchange in
October in all the typical years, with a dramatic decline in the
dry year and a significant increase in both the normal and
wet years.

For the typical dry year, the river–lake water exchange
increases with fluctuations from January to June, and
dramatically decreases in July. The effect of the TGR on the
river–lake water exchange is mainly shown in late May to early

FIGURE 6 | Model performance of the Yangtze River mainstream routing model.

FIGURE 7 | Model performance of the integrated model simulating water exchange between the Yangtze River and Poyang Lake affected by the TGR.

Frontiers in Earth Science | www.frontiersin.org May 2022 | Volume 10 | Article 8762868

Zhang et al. TGR Impact on Water Exchange

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


June and in October. For the typical normal year, the
river–lake water exchange increases from January to March,
fluctuates drastically to early July, and then drops precipitously
to negative values, meaning that water flows reversely (from
the river to the lake). The effect of the TGR is not obvious
during this time period, with the water exchange differential
less than 1,000 m³/s. Unlike in the dry year, the TGR operation
in the normal year causes a big increase of water exchange,
indicating that more water flows from Poyang Lake to the
Yangtze River in October in the normal year. For the typical
wet year, the river–lake water exchange fluctuates with an

increase from January to late July, and also has a decline that is
moderate compared to that in the other years. The effect of the
TGR on water exchange is significant from June to October,
increasing the water exchange in July, September, and
October and decreasing it in June and August. The
backward flow in late September under the scenario
without the TGR is even eliminated by the TGR
operation. The increase of river–lake water exchange
generated by the TGR impoundment in October leads to a
reduction of the lake water storage, and thus would lower the
lake level and might bring forward the dry period of the

FIGURE 8 | Variation of water exchange between the Yangtze River and Poyang Lake affected by the TGR in the dry year (A), normal year (B), and wet year (C).
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river-connected lakes. However, in the very dry year (e.g.
2006 in this study) the reservoir impoundment might
decrease the water exchange, with the change in lake level

ignored. Moreover, the reservoir operation in the flood
season of the wet year is beneficial for flood prevention of
the Poyang Lake basin.

FIGURE 9 | Comparison of the water flow differential through the TGR (reservoir outflow minus reservoir inflow) and of the water exchange differential with and
without the TGR in the dry year (A), normal year (B), and wet year (C).
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Relationship Between the Water Exchange
Variation and the Reservoir Operation
To analyze the relationship between the river–lake water
exchange variation and the TGR regulation, we compared the
water flow differential through the TGR, ΔQTGR, and the
river–lake water exchange differential, ΔQRL, in the three
typical years. ΔQTGR and ΔQRL are calculated as Eq. 10 and
Eq. 11, and the results are shown in Figure 9.

ΔQTGR � Qout − Qin, (10)
ΔQRL � QRLR − QRL, (11)

where Qout is the discharge of the TGR; Qin is the inflow of the
TGR; QRLR is the river–lake water exchange under the operation
of the TGR; and QRL is the river–lake water exchange under the
scenario without the TGR.

As can be seen from Figure 9, the waves of the river–lake
exchange differential appear several days later than the
significant change of the reservoir water flow differential,
which means that the effect of the TGR on the water
exchange has a delay of several days. It is noticeable that the
water flow differential through the TGR is negative (ΔQTGR <0)
in October in all the three typical years. Correspondingly, the
river–lake water exchange differential is positive (ΔQRL > 0) in
October of both the normal and the wet years, while the
river–lake water exchange differential is negative (ΔQRL < 0)
in October of the dry year. It implies that the impoundment of

the TGR usually causes the water exchange increasing in the
normal and wet year, but causes the water exchange decreasing
in the dry year. A decrease of 10,000 m³/s in ΔQTGR could
approximately cause a decrease of 4,000 m³/s in ΔQRL in the dry
year. However, a decrease of 6,000 m³/s in ΔQTGR could
approximately cause an increase of 4,000m³/s in ΔQRL in the
normal year, and a decrease of 8,000 m³/s in ΔQTGR could
approximately cause an increase of 6,000 m³/s in ΔQRL in the
wet year. Interestingly, the effect of the TGR in other months of
the wet year is not the same. For example, in July and August, an
increase of 5,000 m³/s in ΔQRL may need a decrease of
approximately 30,000 m³/s in ΔQTGR, and an increase of
10,000 m³/s in ΔQTGR could approximately cause a decrease
of 5,000 m³/s in ΔQRL. These results revealed that the operation
of the TGR has effects on water exchange between the Yangtze
River and Poyang Lake, especially in the impounding period.
The effect varies with different hydrological conditions of the
river and lake, showing a longer time range and a greater degree
in the wet year.

To explore the underlying reasons of why the river–lake
water exchange changes in a different way in the dry year
compared to the normal and wet year, we examined the data
characteristics of the input variables and intermediate results
of the water exchange model. Figure 10 shows that the
reservoir outflow with the TGR (B), reservoir flow
differential with and without the TGR schemes (C), and the
differential of simulated water flow at Jiujiang station with and

FIGURE 10 | Comparison of the input variables, lake level (A), reservoir outflow (B), reservoir flow differential (C), and the intermediate results, differential of
simulated water flow at Jiujiang station between with and without the TGR schemes (D), of the water exchange model in different typical years.
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without the TGR schemes (D) in October of the three typical
years are similar, but the lake level (A) in the typical dry year is
dramatically lower than the other 2 years. The river discharge
at Jiujiang station is also declined in the dry year as the
upstream reservoir discharge decreased in October, which is
the same as the normal and wet year. Therefore, the very low
lake level is most likely the cause of water exchange decreasing
under the impoundment of the TGR in October. It is possible
that when the water level of Poyang Lake is very low, the
decline of the Yangtze River discharge will cause the decrease
of the lake outflow, because Poyang Lake is more like a river at
this condition and its discharge might have a positive
relationship with the Yangtze River discharge.

To examine whether the low lake level plays a decisive role on
the special results in October of the dry year, we increased the
lake level gradually while the other model conditions remained
and computed the river–lake water exchange differential under
different lake levels in October of the typical dry year
(Figure 11). The results show that the river–lake water
exchange differential with and without the TGR increases as
the lake level rises. When the lake level is increased by 2 m,
values of the water exchange differential turn positive, which
means that water exchange increases under the impoundment
of the TGR (similar to the results in the typical normal and wet
years). When the lake level is increased by 3–5 m, the water
exchange keeps positive, implying that the impoundment of the
TGR also causes the water exchange to increase when the lake
level is not so low.

However, lake level is not the only factor that modifies the
impact of the TGR operation on the river–lake -lake water
exchange (represented by the water exchange differential).
Other factors such as the amount of the reservoir discharge,
the water flow differential caused by the TGR, and the interaction
between water exchange and lake level also lead to the TGR
affecting the water exchange in different ways and different
intensities. The model errors in this study might also be a

potential factor. The influence mechanism and extent of these
factors need to be further studied in the future.

CONCLUSIONS

To investigate the impact of the TGR operation on water
exchange between the Yangtze River and Poyang Lake, this
study developed a machine learning model to simulate the
river–lake water exchange variations affected by the TGR and
to analyze the variation laws of the river–lake water exchange
under different operational schemes in three typical years. It is
demonstrated that the TGR has significant effects on the water
exchange between the Yangtze River and Poyang Lake, especially
in the impounding period. The effect has a delay of several days
and varies with different hydrological conditions of the river and
the lake. Reservoir impoundment causes a decrease of the
river–lake water exchange in the dry year (with the maximum
decrease of 4,000 m³/s in this study case), but causes an increase
in the normal and wet year (with the maximum increase of
4,000 m³/s and 6,000 m³/s in this study case, respectively). And
the influence of the TGR in the wet year is larger than that in the
other years, and the impact period lasts fromMay to October. The
variation results of the water exchange indicate that the TGR
operation is beneficial to the water maintenance of the lake in the
dry year and the flood control in the lake area in the wet year. This
study provides valuable reference for water resource management
and reservoir operation in the Yangtze–Poyang water system and
other large river–lake systems.
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