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Abstract: Understanding the hydrological effects of the Three Gorges Dam operation in the
entire reservoir area is significant to achieving optimal dam regulation. In this paper, a
large-scale coupled hydrological-hydrodynamic-dam operation model is developed to com-
prehensively evaluate the hydrological effects of the river-type Three Gorges Reservoir. The
results show that the coupled model is effective for hydrological, hydrodynamic regime and
hydropower simulations in the reservoir area. Dam operation could have a notable positive
effect on flood control and could reduce the maximum daily flood peak by up to 26.2%. It also
contributes a large amount of hydropower, approximately 94.27 TWh/year, and a water sup-
ply increase for the downstream area of up to 22% during the dry season. In the flood season,
the water level at Cuntan would increase under the condition that the water level of the dam is
higher than approximately 158 m due to dam operation. In the dry season, attention should be
paid to the low flow velocity near the dam in the reservoir area.

Keywords: hydrological effects; Three Gorges Reservoir; coupled model; flood control

1 Introduction

The hydrological regimes of rivers have changed significantly in the past few decades due to
disturbances caused by both natural and human factors globally, and these changes have
been a research focus for a long time (Gedney et al., 2006; Zhang et al., 2011; Zhang et al.,
2012; Yin et al., 2018; Wang et al., 2020). Dam operation is recognized as one of the most
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important factors altering basin-scale hydrological regimes (Guo et al., 2020; Huang et al.,
2021). Currently, there are more than 60,000 large dams around the world, which directly
affect many large river systems (Nilsson et al., 2005; Schmitt et al., 2019), and the global
dam construction boom continues to influence river systems (Zarfl et al., 2015). The build-
ing and operation of hundreds of thousands of dams have significantly altered fluvial pro-
cesses (Poff and Matthews, 2013), producing fluctuations in streamflow and affecting the
spatiotemporal distribution of the discharge in the upper and lower reaches of the rivers
within and between years (Botter ef al., 2010). The effects of dam operation on the hydro-
logical regime have received a great deal of attention from both scientists and governments.

Many previous studies have been conducted on the influences of dam operation on the
downstream hydrological regime and water-related issues (Lai et al., 2014; Yang et al., 2014;
Yang et al., 2017, 2018; Jiang et al., 2019; Chai et al., 2020; Dai et al., 2021; Mulatu ef al.,
2021). Dam operation can alter hydrological regime such as the timing of high and low flow
periods, the peak discharge, and the downstream river water level (Mei ef al., 2018). Alt-
hough research on the effects of dams on rivers has increased, in addition to the effects on
the downstream area, the effects on the upstream area should also be investigated (Liro,
2019; Volke et al., 2019). Dam operation raises the water level, affecting the flow velocity
and discharge in the reservoir area and the river branches (Huang et al., 2019; Liro et al.,
2020). In particular, most large river-type reservoirs have a long-distance backwater area, in
which the hydrodynamic processes, dynamic capacity, and related sediment processes are
significantly influenced by the dam operation, with significant regional differences (Han et
al., 2020; Jing et al., 2020). The changing hydrological regime, such as the flow velocity in
the reservoir area and the tributaries, is a controlling factor of the ecological water environ-
ment and sediment deposition (Li et al., 2020; Xiang et al., 2021). Thus, it is necessary to
further investigate the effects of dam operation on the upstream hydrological regime in the
reservoir area in addition to the downstream influences to provide a more holistic view of
the effects of dams on rivers.

Physical-based models are a useful tool for investigating the effects of different influence
factors on hydrological changes (Bittner et al., 2018; Gao and Ruan, 2018; Pandey et al.,
2019). Hydrological models are commonly used to study the effects of climate change and
human activities on catchment-scale hydrological changes (Zeng et al., 2014, 2022; Lyu et
al., 2019; Chen et al., 2020). However, a hydrological model that ignores the dynamic pro-
cesses generally cannot sufficiently capture the backwater and dynamic capacity in the res-
ervoir area. Hydrodynamic models can describe the water flow in detail by numerically
solving the dynamical equations in one or two dimensions, but this requires time-consuming
simulation of the entire basin (Baracchini et al., 2020). Therefore, an ideal model for study-
ing the hydrological effects of dam operation in the reservoir area would couple three mod-
ules, i.e., a hydrological model for simulating the inflow from the catchment into the reser-
voir area, a hydrodynamic model for simulating the hydrodynamic processes in the reservoir
area, and a dam operation model for simulating the dam regulation scheme.

The Three Gorges Dam (TGD), known as the largest building and hydroelectric plant for
water conservancy projects in the world, produces water impoundment of 145—-175 m, which
improves the efficiency of the water resource utilization and has a generating capacity of
22,500 megawatts. However, it also changes the natural streamflow (Su et al., 2020; Guo et
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al., 2021). That is, the mean reservoir outflow generally decreases in the impoundment stage
and increases in the water supply stage, resulting in hydrological regime changes in the
middle and lower reaches of the river. In addition, the influences always vary along the river
during different seasons (Yuan et al., 2012; Zhang et al., 2012; Tian et al., 2019; Zhang et al.,
2020). Subsequently, it has effects on the water quality, reservoir sedimentation, and down-
stream riverbed erosion and soil erosion (Xu et al., 2013; Wang et al., 2018; Huang et al.,
2019; Li et al., 2020). Moreover, dam operation also affects the hydrological regime in the
reservoir area. Several studies have reported the influences of the dam operation on the hy-
drological and water environment in the near-dam reservoir area, including variations in the
hydrodynamic and water quality parameters, algal blooms, and dissolved organic matter
(Yang et al., 2010; Wang et al., 2021). In general, the effects of the dam operation on the
hydrological regime change throughout the entire Three Gorges Reservoir (TGR) area, and
the effects of the operation of the TGD require clarification.

In this study, a new coupled model that integrates a distributed hydrological model, a hy-
drodynamic model, and a dam operation model was developed. Then, the model was applied
to study the comprehensive effects of the operation of the TGD on the water level, flow ve-
locity, discharge, and hydropower generation in the entire reservoir area, which is different
from previous studies that only focused on the local area. The main aims of this study were
(1) to establish a large-scale coupled model and to verify the model’s applicability to the
TGR; (2) to investigate the effects of dam operation on the hydrological regime in the res-
ervoir area during different operation stages; and (3) to evaluate the integrated effects on
flood control, water supply, and hydropower generation.

2 Study area and data
2.1 Study area

The TGD is located at the outlet of the Upper Yangtze River Basin. The basin is situated in
southwestern China, lying between 24°-36°N and 90°—112°E (Figure 1). It has a drainage
area of 1.0 million km®, accounts for approximately 10% of China’s land area, and includes
parts of nine provinces. The basin has a diverse topography, including the Qinghai-Tibet
Plateau and the Sichuan Basin, and the elevation varies from 200 m to 6500 m (Qin et al.,
2022). The average annual precipitation in the basin ranges between 723 mm and 1134 mm,
and the average annual temperature ranges between 8.6°C and 16.8°C. The annual runoff is
approximately 451 billion m® and is concentrated during the flood season, from June to
September (Liu et al., 2015).

The TGD was designed to seasonally draw down the water level from 175 m to 145 m
before the flood peak period for flood control and then to raise the water level back to 175 m
during the water impoundment period. When the water level reaches the designed normal
water level of 175 m, the TGR covers a 760 km long channel from the upstream Zhutuo sec-
tion to the dam, with a surface area of 1080 km” and a storage capacity of 39.3 km® (Tang et
al., 2016). The TGR region is within the subtropical humid monsoon climate zone. The re-
gional mean annual temperature and precipitation are 18.2°C and 1172 mm, respectively.
The precipitation mainly occurs during the rainy season, from May to September. The TGR
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area receives water from the main reach of the upper Yangtze River in the upstream section
(Zhutuo), as well as from tributaries, including the Jialingjiang, Wujiang, Qijiang, Mu-
donghe, Dahonghe, Longxihe, Quxihe, Longhe, Xiaojiang, Meixihe, Daninghe, Shenlongxi,
Modaoxi, Changtanhe, Daixi, and Xiangxihe rivers.
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Figure 1 Location of the Upper Yangtze River Basin (a) and the Three Gorges Reservoir area (b)

2.2 Data

The data used in this study included topographic and underlying surface data, observed his-
torical climate forcing data, and hydrological data. The topographic and underlying surface
data included the 90 m Shuttle Radar Topography Mission (SRTM) digital elevation data-
base (https://cgiarcsi.community/), homogenized soil data with a 1000 m resolution from the
Food and Agriculture Organization of the United Nations (FAO) (http://webarchive.iias-
a.ac.at/), and land use coverage data with a 1000 m resolution from the Resource and Envi-
ronment Science and Data Center (https://www.resdc.cn/). These datasets were used to build
a hydrological model of the Upper Yangtze River Basin. In addition, the underwater terrain
data for the TGR area were used to establish a hydrodynamic model.

The observed climate forcing data, including the daily atmospheric pressure, precipitation,
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maximum and minimum temperature, wind speed, relative humidity, and sunshine duration
from 180 meteorological stations from 1960 to 2018, were obtained from the China Meteor-
ological Data Sharing Service System (http://data.cma.cn/) and were used to drive the hy-
drological model. The daily streamflow data from the Beibei, Zhutuo, and Wulong gauges
from 1960 to 2018 were obtained from the Hydrological Bureau of the Ministry of Water
Resources and the Changjiang Water Resources Commission, China, and were employed to
calibrate the hydrological model. The discharge data and water level data from the Cuntan,
Qingxichang, Wanxian, and Miaohe gauges along the TGR area were applied to calibrate the
hydrodynamic model.

3 Methodology
3.1 Model framework

The coupled model contains three main modules: a hydrological module, a hydrodynamic
module, and a dam operation module. The architecture of the coupled model is shown in
Figure 2. The Distributed Time-Variant Gain model (DTVGM) was used to simulate the hy-
drological processes in the catchment. The one-dimensional Saint-Venant equations were
numerically solved to simulate the hydrodynamic processes in the reservoir area. The dam
operation model was employed to simulate the operation of and water release from the res-
ervoir and the hydropower generation. The coupled model was solved using several steps
(Figure 3). First, the hydrological model (DTVGM) was run in the catchment to simulate the
hydrological processes, and then, the inflow from the river section to the reservoir area was
obtained. Second, the simulated discharge at the outlets of the tributaries, the interval runoff
into the reservoir area, and the initial water level (Z) in front of the dam were used to drive
the dam operation and hydrodynamic model in order to simulate the hydrodynamic process-
es in the reservoir area. Then, the water level and streamflow in the reservoir area were cal-
culated. The initial Z value at the new time step was determined by the values for the previ-
ous time step, while the initial Z value at time step 0 was input.
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Figure 2 Architecture of the coupled model (a) the profile of the water flow and (b) the water flow along the
reservoir area, P is precipitation, E7T is evapotranspiration, R, RS, Rl and RG are the total runoff, surface runoff,
interflow runoff and baseflow runoff, respectively, Oi, and Qo are the reservoir inflow in the upper stream and
the outflow by dam operation, respectively, qi, is the streamflow of the branches in the reservoir area.
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Figure 3 The simulation framework of the coupled model

3.2 DTVGM hydrological model

The DTVGM is an extension of the nonlinear approach for simulating a distributed hydro-
logical basin using a geographic information system/remote sensing (GIS/RS) platform and
hydrological process information at the local scale (Xia et al., 2005). Based on system theo-
ry, the DTVGM combines the advantages of both nonlinear and distributed hydrological
models, can simulate various hydrological processes under different environmental condi-
tions, reduces the complexity of the overall distributed hydrological model based on a phys-
ical mechanism, and improves the simulation efficiency and accuracy. In the version used in
this study, the model was established through the following steps. (1) First, the natural water
cycle in the study basin is represented using a water system network composed of nodes and
directed routes. The nodes indicate areas such as the sub-basin, river node, and reservoir,
and they are linked by routes such as the river, overland discharge, and recharge (Zeng ef al.,
2020). The sub-basin is delineated using the digital elevation model (DEM) raster dataset
and is then divided into several hydrological response units (HRUs) using the land use and
soil raster datasets. (2) The meteorological data, including the precipitation, temperature,
wind speed, humidity, and sunshine duration, are used to drive the model to simulate the
hydrological processes. Processes such as evapotranspiration, runoff generation, and soil
moisture are calculated in each of the sub-basins, and then, the river routing is simulated in
the river to obtain the spatiotemporal distribution characteristics of the water cycle elements
in the basin and the discharge from the outlet section in each unit of the watershed (Xia et al.,
2005; Zeng et al., 2020). (3) Performance indicators comparing the observed streamflow and
the simulated streamflow are used as the objective function to calibrate the hydrological
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model. In this paper, the Nash-Sutcliffe efficiency (NSE) coefficients, correlation coefficient
(R?), and relative error (RE) are applied to compare the measured streamflow with the simu-
lated streamflow to assess the model’s performance. The main equations of the DTVGM are
described in the following text.

There are three layers in the sub-basin: a vegetation layer, a surface soil layer, and a deep
soil layer. The runoff (R) consists of three components: the surface runoff (RS) on the land
surface, the interflow runoff (R/) from the surface soil layer, and the base flow (RG) from
the deep soil layer. The surface runoff is calculated using a nonlinear method as follows:

AW . 82
RS; = =L | P 1
i gl( WM j i ( )
where g, and g, are the time-variant gain coefficients, g; is the runoff coefficient when the

soil moisture is equal to the saturated soil moisture, g, is the impact coefficient of the soil
moisture, P is the effective rainfall arriving at the ground surface (mm), AW, is the average

soil water content of the surface soil layer (mm), WM is the saturated soil water content
(mm), and the subscript i denotes the time step.

The interflow runoff is calculated via a linear storage-outflow relationship, and the base
flow is calculated using a groundwater runoff coefficient as follows:

AW, i+ AW, i1
Rl =———K, 2
2
RG, = AWK, A3)

where K, and K,, are the flow coefficients of the surface soil and deep soil layers, and AW, is
the average soil water content of the deep soil layer (mm).

The DTVGM is a water balance model. The evapotranspiration (ET), soil moisture (4W),
and runoff are computed iteratively. The water balance equation is

P+ AW, = AW, + RS, + ET, + RI; + RG; 4)

The river routing is calculated using the kinematic wave method under the assumption
that the friction slope is equal to the slope and the river flow is unsteady, open channel,
gradual change flow. The equations are as follows:

o, 00 s
ot Ox

1 2 1
Q=A~;h3502 (6)

where A4 is the cross-sectional area (m?), 7 is time, O is the water flow (m’/s), x is the flow
path (m), g is the lateral flow (m*/s), n is the Manning roughness, % is the average depth of
the section (m), and S is the slope.

3.3 Hydrodynamic model

The one-dimensional hydrodynamic model in the reservoir area uses the finite difference
method to solve the Saint-Venant equations. The Saint-Venant equations are the basic equa-
tions that describe the movement of unsteady flow in a one-dimensional open channel, in-
cluding continuity equations and motion equations. In this paper, considering the side inflow
and outflow, the following forms of the Saint-Venant equations are adopted:
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where 4 is the area of the cross section (m?), ¢ is time (s), O is the discharge (m’/s), and x is
the distance (m). ¢ is the lateral flow per unit distance (m*/s), and a positive value indicates
inflow. g is the acceleration due to gravity, B is the width of the water surface (m), z is the
water level (m), n is the roughness coefficient, and R is the wetted perimeter (m). The con-
trol equations are discretized using the Preissmann implicit differential scheme, while the
coefficient matrix is solved based on the chasing method.

The upper boundary of the numerical simulation is the discharge of the main reach, and
the streamflow of the tributaries is imported as the lateral flow along the main reach in the
reservoir area. The upper boundary and the lateral flow are calculated using the hydrological
model. The lower boundary is the water level at the dam calculated using the dam operation
model or the given input values.

3.4 Dam operation and hydropower generation model

In this paper, the dam operation model is run in two working modes, namely operation based
on the dam regulation scheme and no dam operation. For the TGD, the dam operation fol-
lows the recent regulation scheme (Figure 4). The normal water level, the limiting level
during the flood season, and the low water level during the dry season are 175 m, 145 m,
and 155 m, respectively. The reservoir is operated at the limiting level of 145 m from June to
September (the flood season). The water storage begins after September 10th, and the water
level gradually rises to 175 m at the end of October. Then, the water level gradually drops to
155 m from November to April. Under the strict multi-purpose regulation scheme in the
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Figure 4 The annual water level characteristic of the Three Gorges Dam
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river basin, the operation of the TGD can be divided into four stages during a year: the water
supply period (Period I, November 1 to April 30), drawdown period (Period II, May 1 to
June 10), flood season (Period III, June 11 to September 10), and impoundment period (Pe-
riod IV, September 11 to October 31). The no-dam operation mode assumes that there is no
TGD, and the TGR area is a natural river.

After the simulation of the dam operation and the hydrodynamics in the reservoir area, the
daily hydropower electricity output can be calculated using the following equation:

P=p-g-H-Q-1n-t (®)

where P is the daily hydropower output (kWh), p is the density of water (1000 kg/m3), gis
the acceleration due to gravity (9.8 m/s”), and H is the effective head, which can be derived
from the difference in the water levels in the upstream and downstream areas of the dam (m).
Q is the power discharge through the turbines (m/s), # is the combined efficiency of the tur-
bines and generators, and ¢ is the continuous running time (hour).

4 Results
4.1 Hydrological simulation

The DTVGM hydrological model is established for the Upper Yangtze River Basin. Based
on the 90 m DEM and the land use and soil data, the basin is divided into 161 subbasins and
1900 HRUs. The hydrological calculations are performed in each sub-basin and the river.
The calibration period is 1960-2002, and the validation period is 2003—2018. The simulated
and observed daily streamflow at the three gauges dam are compared in Table 1. The results
show that the DTVGM model generally performs well in terms of the daily streamflow sim-
ulation during the long historical period. At the Beibei gauge, the NSE, RE, and R’ values for
the calibration period are 0.77, 0.05, and 0.92, respectively, and those for the validation pe-
riod are 0.82, 0.01, and 0.92. At the Zhutuo gauge, the values of the three performance indi-
cators are 0.70, 0.06, and 0.84 for the calibration period and 0.72, 0.09, and 0.86 for the
validation period. At the Wulong gauge, the values of the indicators are 0.70, 0.05, and 0.88
for the calibration period and 0.67, 0.11, and 0.83 for the validation period.

Table 1 Performances of the hydrologic model in simulating daily streamflow

) Calibration period (1960-2002) Validation period (2003-2018)
Stations NSE RE R NSE RE R
Beibei 0.77 0.05 0.92 0.82 0.01 0.92
Zhutuo 0.70 0.06 0.84 0.72 0.09 0.86
Wulong 0.70 0.05 0.88 0.67 0.11 0.83

4.2 Hydrodynamic simulation

After the calibration and validation of the DTVGM hydrological model, the streamflow
simulated at the Zhutuo gauge using the hydrological model is adopted as the upper bound-
ary condition, and the measured water level at the head of the TGR is adopted as the down-
stream boundary condition. The simulated streamflows of the 14 tributaries and the interval
runoff from the hydrological model are input as the lateral discharge of the hydrodynamic
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model, including the discharges at the Beibei and Wulong gauges and the discharges of the
other tributaries in the TGR area. Then, the hydrodynamic model is used to simulate the hy-
drodynamic processes in the TGR area from 2012 to 2018.

Comparisons of the simulated and observed daily water level and streamflow at the four
gauges in the TGR area are shown in Figures 5 and 6. Based on the statistical performance
results (Table 2), the hydrodynamic model performs quite well in terms of the water level
simulation, with high NSE and R’ values and a low RE value. However, the streamflow sim-
ulation performance is not as good as the water level simulation performance due to the re-
sidual errors transferred from the hydrological model, leading to NSE values of approxi-
mately 0.80 for the calibration period and 0.70 for the validation period. The results also
show that the simulated water level in the section closer to the dam is better because the ob-
served water level is used as the lower boundary. Generally, the performance of the hydro-
dynamic model in terms of water level and streamflow simulation is acceptable, and the
model can be used to capture the hydraulic regime in the TGR area.

4.3 Hydropower generation simulation
The simulated and observed hydropower generated from 2012 to 2018 are compared in Figure
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Figure 5 The simulated (red line) and observed (blue dot) water level in the Three Gorges Reservoir area
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Figure 6 The simulated (red line) and observed (blue dot) streamflow in the Three Gorges Reservoir area

Table 2 Performances of the hydrodynamic model in simulating streamflow and water level

Calibration period (2012-2015) Validation period (2016-2018)
Stations
NSE RE (%) R? NSE RE (%) R?
Streamflow 0.82 7.59 0.94 0.76 4.49 0.92
Cuntan
Water level 0.90 0.28 0.95 0.87 0.27 0.94
Streamflow 0.79 9.80 0.94 0.72 8.62 0.92
Qingxichang
Water level 0.99 0.22 0.99 0.99 0.19 0.99
) Streamflow 0.77 11.19 0.94 0.64 10.99 0.90
Wanxian
Water level 0.99 0.08 0.99 0.99 0.07 0.99
Streamflow 0.79 3.27 0.93 0.71 3.21 0.91
Miaohe
Water level 0.99 0.01 0.99 0.99 0.01 0.99

7a. The results show that the model can capture the hydropower generation quite well, with
an average relative error of 1.6%. Generally, the simulated average hydropower generation
is slightly underestimated (by approximately 92.70 TWh) compared to the actual value
(94.27 TWh). Figure 7b shows the average seasonal variations in the hydropower generation
from 2012 to 2018. The variation in the hydropower generation has a changing trend similar
to that of the outflow. The annual mean daily generation is approximately 0.25 TWh. During
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Period I, the daily generated power is 0.14—0.29 TWh, with an average value of 0.17 TWh;
and it steadily changes from 0.21 TWh to 0.29 TWh, with a mean value of 0.27 TWh during
Period II. During the flood season (Period III), the power generation varies widely from 0.26
TWh to 0.49 TWh, with an average value of 0.38 TWh. During Period IV, the average power
generation is approximately 0.33 TWh, and it fluctuates between 0.26 TWh and 0.38 TWh.
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Figure 7 Comparison of the simulated and observed hydropower electricity (a) and the seasonal variations of
hydropower electricity (b)

4.4 Effects on the hydrological regime in the TGR area

(1) Variations in the water level and flow velocity

Figure 8a shows the variations in the mean water level and flow velocity at the four
gauges in the TGR area from 2012 to 2018. During Period I, the water level drops from 175
m to no more than 165 m at Cuntan and to 160 m at the other three gauges. Then, the water
level further declines to no higher than 150 m at Qingxichang and nearly 145 m at Miaohe
and Wanxian, while the water level at Cuntan only decreases slightly during Period II. Dur-
ing Period III (the flood season), the water level rises and then falls at the four gauges due to
the flood control operation scheme, and the water level at Miaohe near the dam is less than
155 m. During Period IV, the water level gradually rises to 175 m at the end of October for
water impoundment. Figure 8b shows the mean flow velocities during the four stages from
2012 to 2018. The flow velocities at the four gauges rise from starting at the beginning of
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the year and reach the maximum values during the flood season. Then, they decrease until
the end of the year. In addition, the flow velocity is higher at Cuntan than that at Miaohe due
to the backwater effect. The average flow velocities at Cuntan, Qingxichang, Wanxian, and
Miaohe are approximately 0.67 m/s, 0.31 m/s, 0.12 m/s, and 0.03 m/s during Period I; 1.95
m/s, 0.81 m/s, 0.29 m/s, and 0.09 m/s during Period II; 2.36 m/s, 1.60 m/s, 0.56 m/s, and
0.15 m/s during Period III; and 1.53 m/s, 0.86 m/s, 0.30 m/s, and 0.07 m/s during Period 1V,
respectively (Table 3).

The variations in the average water level and flow velocity from 2012 to 2018 in the en-
tire TGR area from the tail section to the dam are shown in Figure 9. The fluctuating back-
water zone is approximately 663 km from the dam with a water level of approximately 175
m during the impoundment period, while the permanent backwater zone is approximately
524 km from the dam with a water level of approximately 145 m during the flood season. In
the permanent backwater zone, the maximum flow velocity is approximately 2.0 m/s, with
an average value of approximately 0.35 m/s. The water levels are strictly influenced by the
dam operation and follow the water level change characteristics of the dam. In the fluctuat-
ing backwater area, the maximum flow velocity is approximately 2.5-3.0 m/s, with an aver-
age value of approximately 1.0 m/s. In the non-backwater area, the maximum flow velocity
is greater than 3.0 m/s, with an average value of approximately 1.5 m/s.
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Figure 9 Variations of water level (a) and flow velocity (b) in the Three Gorge Reservoir area

(2) Effects on the water level and flow velocity

To investigate the effects of the operation of the TGD on the hydrological regime in the
TGR area, the coupled model is run in the hypothetical no-dam operation mode, and the
water level and flow velocity under the dam-operation and no-operation modes are com-
pared based on the simulation results. The differences in the water level and flow velocity at
the four gauges under these two scenarios are shown in Figure 10. The results show that in
the TGR area, the water level increases significantly at the Qingxichang, Wanxian, and Mi-
aohe gauges due to water impoundment, while the water level does not increase as much at
the other gauge, and the water level decreases slightly during Periods II and III at the Cuntan
gauge. Figure 10b shows the differences in the flow velocity variations at the four gauges.
The decline in the flow velocity increases during the flood season at the Wanxian and Mi-
aoge gauges, while it exhibits a different trend at the other gauges, especially at the Cuntan
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gauge. The reduction in the flow velocity decreases during Period I and exhibits positive
changes during Period II and Period III under the dam operation. The flow velocities at the
four gauges decrease by 1.29 m/s, 0.44 m/s, 0.63 m/s, and 0.48 m/s during Period I; 0.04 m/s,
0.31 m/s, 0.83 m/s, and 0.75 m/s during Period II; —0.1 m/s, 0.35 m/s, 1.04 m/s, and 1.26 m/s
during Period III; and 0.66 m/s, 0.83 m/s, 1.17 m/s, and 1.15 m/s during Period IV.

Figure 11 shows the differences in the water level and flow velocity in the entire TGR ar-
ea from the tail section to the dam within a year under the dam-operation and no-operation
scenarios. In the permanent backwater zone, the water level rises and the flow velocity de-
creases under the dam-operation scenario; while in the fluctuating backwater area, the water
level mainly rises and the flow velocity decreases in the water impoundment and supply pe-
riods. In the non-backwater area, the water level and flow velocity are rarely influenced by

the dam operation, and the flow velocity exhibits a certain amount of increase in some sec-
tions.

4.5 Effects on the discharge in the downstream area

The simulated differences of the mean reservoir outflow under the dam-operation and
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Figure 10 Differences of water level (a) and flow velocity (b) at the gauges between dam operation and no
operation based on the simulation
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(a) Changes of water level in the TGR area
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Figure 11 Differences of water level (a) and flow velocity (b) in the Three Gorges Reservoir area between dam
operation and no operation based on the simulation

no-operation scenarios are shown in Figure 12a and Table 4. During Period I, the discharge
without dam operation is approximately 7164 m’/s, and it increases to 7803 m’/s, with a rel-
ative change of 8.93%. The maximum increase (up to 35%) occurs in late February. During
Period II, the discharge increases from 12,146 m’/s to 14,785 m’/s (by 21.73%) to draw
down the water storage for flood control in the following wet season. In the flood season
(Period III), the discharge changes are characterized by alternating positive and negative
variations due to the transposition and attenuation of the streamflow under the flood control
operation scheme. The mean discharge decreases slightly from 23,787 m’/s to 23,335 m’/s
(by 1.90%). In the water impoundment period (Period IV), the streamflow decreases from
19491 m’/s to 16017 m’/s (by 17.82%). To further investigate the effects of the operation of
the TGD on flood control, 2012, in which a large flood occurred, is selected as a typical year
to analyze the flood peak control effect. Figure 12b compares the reservoir outflow under
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Table 3 The average water level and flow velocity at the gauges in the Three Gorges Reservoir area
Cuntan Qingxichang Wanxian Miaohe
Period
Z (m) v (m/s) Z (m) v (m/s) Z (m) v (m/s) Z (m) v (m/s)
Operation 170.19 0.67 169.65 0.31 169.62 0.12 169.55 0.03
I No operation 161.23 1.95 138.75 0.75 105.98 0.75 64.75 0.51
Changes 8.96 -1.29 30.90 -0.44 63.64 -0.63 104.80 —0.48
Operation 163.24 1.95 155.06 0.81 154.53 0.29 154.14 0.09
II  No operation 163.39 2.00 141.67 1.12 108.03 1.12 65.21 0.83
Changes —0.15 —0.04 13.38 —0.31 46.50 —0.83 88.93 —0.75
Operation 168.90 2.36 153.49 1.60 150.89 0.56 149.66 0.15
III  No operation 169.56 2.26 146.92 1.95 114.31 1.61 66.93 1.41
Changes -0.66 0.10 6.57 —-0.35 36.58 -1.04 82.73 -1.26
Operation 172.49 1.53 168.72 0.86 168.40 0.30 168.06 0.07
IV No operation 167.94 2.19 145.32 1.69 111.67 1.47 66.23 1.22
Changes 4.55 —0.66 23.40 —0.83 56.73 —1.17 101.83 -1.15
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Figure 12 Differences of the average outflow (a) and the discharge in the flood season of 2012 (b) between dam
operation and no operation

the dam-operation and no-operation scenarios during the flood season in 2012. The dam

pre-release strategy is applied to limit the storage capacity before the flood peak, and then,
the flood peak flow is restricted in the reservoir to reduce the outflow. The relative change
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can reach up to 23%, from 62,012 m’/s to 47,873 m3/s, in July. After the peak flood flow, the
restricted floodwater is discharged more gently, and the water level is drawn down for the
next new flood peak control event. Furthermore, the effects of the operation of the TGD on
the maximum discharge on days 1, 3, 5, 7, 10, and 15 are shown in Figure 13. The results
show that the operation of the TGD has a notable effect on decreasing the daily maximum
flow by approximately 26.2% during the flood season. The cutting effects are approximately
22.1%, 15.5%, 14.4%, 12.6%, and 10.3% for the maximum 3-day, 5-day, 7-day, 10-day, and
15-day streamflow volumes, respectively.
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Figure 13 The maximum n-days flood changes between dam operation and no operation

Table 4 The average outflow changes between dam operation and no operation

Stage Period 1 Period 11 Period 111 Period IV
Dam operation 7803 14,785 23,335 16,017
No operation 7164 12,146 23,787 19,491
Changes (%) 8.93 21.73 -1.90 -17.82

5 Discussion
5.1 Performance of the coupled model

In this paper, a coupled hydrological-hydrodynamic-dam operation model is proposed to
simulate the hydrological regime in the TGR region. First, the DTVGM hydrological model
is well calibrated and validated in the Upper Yangtze River Basin and generally performs
well in simulating the daily inflow to the TGR area. Because the output of the DTVGM is
the input boundary of the other models, the model error is transferred to the other models in
a cascading manner. Thus, further research should be conducted on the model calibration in
years with different frequencies to better simulate the inflow to the TGR area. Compared
with the previous studies that used other models such as the soil and water assessment tool
(SWAT) model and the variable infiltration capacity (VIC) model to conduct hydrological
simulations in the Upper Yangtze River Basin, the simulation period in our study is longer
and the results are still acceptable. The hydrodynamic model performs better in water level
simulation than in discharge simulation. From the reservoir tail to the dam, the performance
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of the simulated discharge decreases, while that of the simulated water level increases. This
could be due to both the dam operation model error and the hydrological input inflow errors.
Compared with previous studies involving hydrodynamic simulations in the TGR area using
the environmental fluid dynamics (EFDC) model and the MIKE 11, the coupled model pro-
posed in this paper can capture the coupling relationships between the hydrological, hydro-
dynamic, and dam operation better. Nevertheless, our model results still indicate that the
proposed coupled model can generally capture the streamflow and hydraulic changes well,
and the model can be used to conduct further analysis under different scenarios.

5.2 Analysis of flood control effect

The most important function of the TGD is flood control. Within the TGD regulation during
the flood season, the dam operation redistributes the reservoir outflow via transposition and
attenuation (Figure 12), which can cut the maximum daily flood peak by 26.2% and thus can
have a positive effect on reducing the risk of flooding in the downstream area. Lai and Wang
(2017) concluded that the TGD can effectively reduce the flood level in Dongting Lake.
Furthermore, Mei et al. (2018) showed that the impoundment by the TGD reduced the peak
water level at the Datong hydrometric station on the lower reach of the Yangtze River by
1.47 m on July 25, 2016. Nevertheless, it also raises the water level by different amounts
along the TGR area (Figure 11a). When the floodwater is restricted to the reservoir, there is
an inevitable rise in the water level in the permanent backwater region in the TGR area. In
addition, the impacts of the operation of the TGD on the hydrological regime in the reservoir
area are also important for streamflow analysis in the fluctuating backwater zone. The
Cuntan gauge is located in the fluctuating backwater area and is usually used to indicate the
streamflow changes in the upper Yangtze River. To further analyze the effects of the flood
control operation scheme on the reservoir area, the stage-discharge relationship at the
Cuntan gauge and the relationship between the water level changes at the Cuntan gauge and
the water level at the dam is shown in Figure 14. Figure 14a shows that the stage-discharge
relationship changes slightly during the flood season, and the flood-carrying capacity de-
creases slightly when the discharge is greater than 30,000 m’/s. In contrast, the
flood-carrying capacity increases slightly when the discharge is less than 30,000 m’/s.

(a) Stage-dischage relation at Cuntan (b) Water level changes of Cuntan to the
in flood season water level of dam
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Figure 14 The stage—discharge relationships based on dam-operation (blue dot) and no operation (red dot) (a),
the relationship between the water level change of Cuntan and water level of the Three Gorges Reservoir (b)
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Figure 14b shows that the water level at the Cuntan gauge increases when the water level at
the dam is higher than approximately 158 m due to the dam operation scheme, while the
changes are less than zero when the dam water level is lower than 158 m. This finding pro-
vides a reference water level for developing a flood control scheme that ensures safety in the
upstream and downstream areas.

5.3 Analysis of water impoundment and supply effects

According to the operation scheme, the water impoundment starts on September 10th and
lasts until the end of October, during which the water level rises from 145 m to 175 m. Then,
the impounded water is used during the dry season to increase the downstream flow for mul-
tiple purposes such as ecological requirements, river transportation, and water supply flow
from November to April. During the impoundment period, the reservoir outflow is mostly
less than 20,000 m’/s, which is approximately 18% lower than the natural flow. This results
in a decrease in the near-dam downstream flow in the main channel and induces changes in
the flow regimes of both the Yangtze-Dongting and Yangtze-Poyang river-lake systems in
the middle reaches (Lai ef al., 2014), the morphological parameters (Yuan et al., 2012), and
the habitat suitability (Wu et al., 2020). In addition, the water impoundment also raises the
water level and reduces the flow velocity, which may cause more threats to the water quality
(Li et al., 2019) and riparian vegetation (New and Xie, 2008). During the dry season, the
reservoir outflow discharge increases by 9% and 22% during Period I and Period II, which
could increase the downstream flow and the hydropower generation. However, due to the
high-water level in the TGR area, the flow velocity is slower than under natural conditions,
particularly in the near dam area of the permanent backwater region where the flow velocity
is approximately 0.03 m/s.

5.4 Analysis of hydropower generation

The hydropower generation simulation revealed that the hydropower electricity generation is
slightly underestimated, which may be due to the underestimation of the discharge during
the dry period, consequently resulting in a lower power generation estimation. In addition,
the combined generation efficiency of the turbines and generators is set to a constant value
in the model. However, the generation efficiency varies with the water level and discharge
conditions, which will also lead to calculation errors (Qin et al., 2020). Nevertheless, the
model is still acceptable in terms of simulating the power generation. The results show that
the operation of the TGD produces significant power generation benefits, reaching approxi-
mately 94.27 TWh/year, and supports socio-economic development. Furthermore, the results
obtained in this study show that the mean daily hydropower generation variations exhibit a
trend similar to that of the outflow. The maximum hydropower generation occurs during the
flood season because of the high discharge although the water level is not as high as that
during the dry season. Figure 15 shows the relationships between the power generation and
the water level and discharge conditions of the TGD. As can be seen, the power generation
increases as the discharge increases, at a rate of 16-22 GWh/(1000 m’/s), with an average
value of 18 GWh/(1000 m?/s). The generated power reaches a maximum value of 0.54 TWh
under the high and low water levels of the dam, approximately 25,000 m’/s and 33,000 m3/s,
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respectively. In addition, the power generation is also related to the water level. The higher
the water level of the TGD is, the more hydropower is generated. The difference between the
lowest water level and the highest water level can be greater than 120 GWh when the out-
flow is approximately 25,000 m’/s, and the rate of increase is approximately 4.9 GWh/m.
These results suggest the importance of the water level and streamflow regulation to hydro-
power generation.
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Figure 15 The relationship between power generation and water level, discharge conditions

6 Conclusions

In this study, a coupled hydrological-hydrodynamic-dam operation model was developed to
simulate the hydrological regime in the TGR. The coupled model can capture the hydrolog-
ical and hydraulic processes and the hydropower generation quite well with a high perfor-
mance level. The effects of the dam operation on the hydrological regime in the reservoir
area and the discharge to the downstream area were investigated under dam-operation and
no-dam-operation scenarios. The water level rises and the flow velocity decreases in the
permanent backwater region under dam operation; while in the fluctuating backwater area,
the water level mainly rises and the flow velocity decreases during the water impoundment
and supply periods. In addition, the discharge to the downstream area decreased during the
water impoundment period and increases significantly during the drawdown period. The
comprehensive hydrological effects, including flood control, water impound and supply, and
hydropower generation effects, were also investigated. Dam operation can cut the flood peak
to reduce the risk of flooding in the downstream area. Moreover, the water level at the
Cuntan gauge may increase when the water level of the dam is higher than approximately
158 m. The operation of the TGD also produces significant power generation benefits and
supports socio-economic development. During the dry season, the increase in the reservoir
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outflow can provide significant water supply benefits of approximately 9%—-22% in the
downstream area. In addition, attention should be paid to the low flow velocity near the dam
in the TGR area. These findings contribute to the development of an optimal operation
scheme for the TGD to maximize the comprehensive benefits.
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