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Abstract: The impact of the Three Gorges Dam (TGD) on the discharge after its first operation in 2003
has drawn much attention. Most of the existing research focuses on the TGD’s impact after its initial
operation in 2003. However, the water level first reached the TGD’s maximum water level, 175 m,
in September 2009. In this paper, to quantify the TGD’s impact during flood season after its full
operation in 2009, we created a hydrological model to reconstruct the daily discharge unregulated by
the TGD from 2003 to 2018 at the five stations downstream from the TGD. The TGD had an impact
on the maximum 1-day discharge and maximum 30-day runoff and the coefficient of variation of the
daily discharge, but it had less impact on the flood season runoff and the coefficient of skewness of the
daily discharge. Additionally, the TGD was only responsible for 18.3% of the change in the maximum
1-day discharge at the Datong station, which is 1123 km downstream from the TGD. Moreover, the
TGD had limited impact on the discharge after its initial operation in 2003, but the impact of the TGD
on discharge increased after its full operation in 2009. This study helps to show the TGD’s impact on
the discharge of the Yangtze River from the Yichang station (43 km downstream from the TGD) to the
Datong station.

Keywords: hydrological regime; Three Gorges Dam; flood season; hydrological modelling

1. Introduction

Since the beginning of the historical record, the development of human society has
been plagued by floods and droughts [1,2]. Fortunately, the construction of many large
dams and reservoirs has helped human societies resist the flood and drought disasters [3,4].
According to admittedly incomplete statistics, as of April 2020, there were 58,713 large reser-
voirs in the world [5]. However, the operation of reservoirs can also introduce problems
for water resources and human society [6-8]. It is always important to evaluate dams and
reservoirs for humans and ecosystems.

The Three Gorges Dam (TGD), one of the largest hydropower plants in the world
and one of the largest projects ever built in China, draws much research attention. In
recent years, with the accumulation of operational data of the TGD, relevant studies on the
impact of the TGD on the Yangtze Basin have gradually progressed. Before the completion
and operation of the TGD, the streamflow in the middle reaches of the Yangtze River
showed an upward trend and there was a consistent increase in water level from the upper
to the lower reaches of the river [9]. However, before and after the completion of the
TGD, the precipitation in the Yangtze Basin did not change significantly, so changes in
the discharge of Yangtze River were mainly due to the operation of the TGD and other
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human activity [10-13]. After the completion of the TGD, the impact of the TGD on
the lower reaches of the Yangtze River was multifaceted [14-17]. On the one hand, the
impoundment of the TGD has significantly changed the annual patterns of water discharge
in the lower reaches of the Yangtze River, resulting in significant changes in high flows and
low flows [18,19]. Among them, the annual maximum discharge decreased significantly,
while the annual minimum discharge increased significantly [20]. The discharge also
increased in early summer but decreased in early autumn [21]. On the other hand, the
impoundment of the TGD has also had a great impact on the water level in the lower
reaches of the Yangtze River [22]. Wang et al. found that, after the impoundment of the
TGD, the annual water levels of 15 gauging stations in the lower reaches of the Yangtze
River had decreased by 3.9-13.5% due to the scouring of the riverbed, with the water
levels declining significantly in autumn and rising significantly in winter and spring [23].
Furthermore, after the operation of the TGD began, when the downstream channel was at
a low water level, the water level decreased at a given discharge compared with that before
the completion of the TGD. In contrast, when the downstream channel was at a high water
level, the water level rose at the same discharge compared with that before the completion
of the TGD [24].

The TGD has also exerted a certain degree of influence on the runoff of the Yangtze
River. For instance, the amount of water was reduced during the flood period, and
the annual patterns of runoff have also changed dramatically, which has significantly
reduced the frequency of flood disasters in the lower reaches of the Yangtze River [25,26].
These changes in water level, discharge, and runoff in the lower reaches of the Yangtze
River are closely related to the operational rules of the TGD [27]. It is precisely because
the TGD stores water in early autumn and releases water in winter and spring that the
hydrological characteristics of the lower reaches of the Yangtze River have changed as
described above [28,29].

Although existing studies have analyzed the impact of TGD on the Yangtze River from
different time scales and different methods, many studies are based on observed discharge
series [10,18,24,28], and few studies develop hydrological models to reconstruct the daily
discharge unaffected by the TGD or mainly focus on a single gauging station [14,22,27,30],
especially the Yichang gauging station, which is only 43 km downstream from the TGD.
Moreover, most of them take 2003 as the dividing line for analyzing TGD’s impact before
and after its operation [15,16,20,31]. In fact, the TGD was initially put into operation by
filling the reservoir to a water level of 135 m in June 2003, but the water level reached 175 m
in September 2009 [27], which is the TGD’s maximum water level.

This study aimed to assess the TGD’s impact on the discharge of Yangtze River during
the flood season (from May to October) after it began to be fully operational in 2009. A
hydrological model based on the Xin’anjiang rainfall-runoff model and the Muskingum
routing model was created to reconstruct the daily discharge unaffected by the TGD
at the five gauging stations downstream from the TGD from 2003 to 2018. Data on 29
years (1990-2018) of daily discharge of six gauging stations on the mainstream of the
Yangtze River and 29-year (1990 to 2018) daily precipitation and evaporation data from 206
meteorological stations in the Yangtze Basin were used to drive the hydrological model.
As the Yichang gauging station is only 43 km downstream from the TGD and there is no
large tributary or large lake between the TGD and the Yichang gauging station (see Figure 1
and Table 1), it is assumed that the Yichang gauging station is completely controlled by
the TGD, and the analysis of this station was used as the standard for assessing the TGD’s
impact on the other four gauging stations downstream from the TGD. Additionally, to
assess the TGD’s impact during flood season, the maximum 1-day discharge, the maximum
30-day runoff, the flood season runoff, the coefficient of variation (C,), and the coefficient
of skewness (Cs) during flood season were analyzed.
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Figure 1. Map showing locations of the Yangtze River (blue thick line), 7 gauging stations (black
triangle points), 206 meteorological stations (black circle points), and the Three Gorges Dam (TGD).

Table 1. The distances of the gauging stations from the TGD (km) and their drainage area (km?). A
negative distance value indicates that the gauging station is located upstream from the TGD, and a
positive value indicates the gauging station is located downstream from the TGD. (* Wulong gauging
station is located on the Wu River, a tributary of the Yangtze River).

Station Cuntan  Wulong*  Yichang Luoshan Hankou Jiujiang Datong

Distance —597 —543 43 452 643 877 1123
Area 866,559 83,035 1,005,501 1,294,911 1,488,036 1,759,349 1,705,383

2. Study Area and Data
2.1. Study Area

The Yangtze River is the longest river in China and is the third longest river in the
world, extending from the Tibetan Plateau to Eastern China, spanning a total length of
6300 km and draining an area of 1,800,000 km?. The Yangtze River basin is divided into
three sections: the upper reaches (from the source to Yichang), the middle reaches (from
Yichang to Hankou), and the lower reaches (from Hankou to Datong) [20].

2.2. Data

Daily discharge data of the Yangtze River in this study were measured at Cuntan,
Wulong, Yichang, Luoshan, Hankou, Jiujiang, and Datong from 1990 to 2018, for a total
of 29 years. The locations of these gauging stations are shown in Figure 1. These quality-
controlled hydrological data were provided by the Hydrological Bureau of the Yangtze
River Water Resources Commission in Wuhan, China. These daily discharge data were
used to examine variations in the discharge of the Yangtze River before and after the
TGD operation.

The quality-controlled daily precipitation data and daily evaporation data from
206 weather stations across the Yangtze Basin were obtained from the National Meteorolog-
ical Information Center in China for 1990-2018. These precipitation data and evaporation
data were used to drive the hydrological model as input data.
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In addition, the distance of the gauging stations from the TGD and the drainage
area of these gauging stations (see Table 1) were obtained from the hydrological yearbook
published by the Ministry of Water Resources of the People’s Republic of China.

3. Methods
3.1. The Xin’anjiang Rainfall-Runoff Model

The Xinanjiang model is a rainfall-runoff, distributed, basin model for use in humid
and semi-humid regions [32-35]. The evapotranspiration component is represented by a
model of three soil layers. Runoff production occurs on the repletion of storage to capacity
values that are assumed to be distributed throughout the basin. Runoff concentration to
the outflow of each sub-basin is represented by a unit hydrograph or by a lag and route
technique. The damping or routing effects of the channel system connecting the sub-basins
are represented by Muskingum routing.

3.2. The Muskingum Routing Model

The Muskingum method of natural streamflow routing is a widely used hydrologic
method for routing flood waves in rivers and channels [36]. The overall stream-flow routing
procedure is based on the hydrologic continuity equation, which is written as follows:

AW
I—Q:F (1)

where I = inflow; Q = outflow; W = channel storage; t = time.
Channel storage is modeled by linear form as follows:

W = K[xI 4 (1 — x)Q] 2

where K = storage constant; x = dimensionless weighting factor.
The Muskingum routing model is given as follows:

Q2 = Colp + C1 1 + Q4 3)

_ _05At—Kx .~ _ _ O5M+Kx .. _ —05AH-K—Kx
where Co = gzt C1 = osarik—kv 2 = DEAITR Ky -

3.3. The Hydrological Model for Reconstructing the Discharge Unaffected by the TGD

After the operation of the TGD, gauging stations downstream from the TGD, such as
the Yichang gauging station, are affected by the TGD. As the Cuntan gauging station and
Wulong gauging station are located on the tail of the Three Gorges Region (see Figure 1),
they can be assumed to be unaffected by the TGD [27]. The observed daily discharge of the
Cuntan and Wulong gauging station was used as inflow data in this hydrological model to
remove the effect of the TGD and reconstruct the discharge.

In this hydrological model [27], daily discharge can be reconstructed by using a linear
combination as follows:

Qr = Qup + Qriw + Qriw 4)

where Q; is the reconstructed discharge of the gauging station unaffected by the TGD;
Qup is the discharge routing from the upstream gauging station; Q; v and Qg are the
interval discharge between two gauging stations in the left bank and right bank of the
Yangtze River, respectively.

To obtain Q;, Q) is simulated using the Muskingum routing model; Q; jw and Qrw
are simulated using the Xin’anjiang rainfall-runoff model. A flowchart is shown in Figure 2.
To reconstruct the discharge of the Yichang gauging station, first, the observed daily
discharge of the Cuntan and Wulong gauging station is processed by the Muskingum
routing model to obtain Q. The observed daily meteorological data is processed by the
Xin’anjiang rainfall-runoff model to obtain Qryw and Qgrw. Finally, Q,, the reconstructed
daily discharge of the Yichang gauging station unaffected by the TGD, can be calculated by
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the formula. Similarly, the reconstructed daily discharge of the Luoshan gauging station
can be calculated in the same way using the reconstructed daily discharge of the Yichang
gauging station as inflow. The reconstructed daily discharge of the Hankou, Jiujiang, and
Datong gauging stations can also be calculated in the same way.
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Figure 2. Flowchart of reconstructed discharge modeling in the downstream from the TGD. CT:
Cuntan, WL: Wulong, YC: Yichang, LS: Luoshan, HK: Hankou, JJ: Jiujiang, DT: Datong, OB: observed,
RE: reconstructed, XA] model: Xin’anjiang model; MSKG model: Muskingum routing model.

In summary, the hydrological model for a single gauging station’s discharge recon-
struction requires a total of 16 parameters, including 2 parameters for the Muskingum
routing model and 14 parameters for the Xin’anjiang rainfall-runoff model. These model
parameters are calibrated by a genetic algorithm [37]. The Nash efficiency coefficient (NSE)
is employed to assess the performance of the hydrological model as follows:

2

Zizil (QZ — Qi)
—2

Y (Qi-Q)
where Q; (i=1,2,..., N)is the simulated daily discharge; Q; (i =1, 2, ..., N) is the

observed daily discharge; N is the length of daily discharge; Q is the mean of the observed
daily discharge.

NSE=1- 5)

4. Results
4.1. Reconstructing the Flow Downstream the TGD

The hydrological model showed satisfactory performance in simulating the daily
discharge downstream from the TGD (see Figures 3-5).

The Nash efficiency coefficient (NSE) of the Yichang gauging station during the cali-
bration period (1 May 1990-31 December 1999) was 0.993. The NSE of the Luoshan gauging
station during the calibration period was 0.981. The NSE of the Hankou gauging station
during the calibration period was 0.983. The NSE of the Jiujiang gauging station during the
calibration period was 0.979. The NSE of the Datong gauging station during the calibration
period was 0.973. In summary, the NSEs of the five gauging stations downstream from the
TGD during the calibration period were above 0.970 (see Figure 3 and Table 2).

Additionally, the NSE of the Yichang gauging station during the validation period
(1 January 2000-31 December 2002) was 0.992. The NSE of the Luoshan gauging station
during the validation period was 0.978. The NSE of the Hankou gauging station during the
validation period was 0.978. The NSE of the Jiujiang gauging station during the validation
period was 0.964. The NSE of the Datong gauging station during the validation period was
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0.963. In summary, the NSEs of the five gauging stations downstream from the TGD during
the calibration period were above 0.960 (see Figure 4 and Table 2).

Moreover, the NSEs of the five gauging stations during the initial operation of the
TGD period (2003-2008) and full operation of the TGD period (2009-2018) were obviously
different (see Table 2). The average of the NSEs of the five gauging stations during the
initial operation of the TGD period was 0.937, but that of the five gauging stations during
the full operation of the TGD period was 0.838. This strengthens the argument that 2009
should be taken as the dividing line for analyzing the TGD’s impact before and after its
full operation.

The NSEs of the five gauging stations downstream from the TGD during the calibration
period and the validation period were all above 0.960. This hydrological model can thus
well simulate the Yangtze River’s daily discharge.
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Figure 3. Calibration period from 1 May 1990 to 31 December 1999.
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Figure 5. Simulation period from 1 January 2003 to 31 December 2018.

Table 2. The Nash efficiency coefficient (NSE) of different gauging stations during different periods.
Calibration period: 1990-1999; validation period: 2000-2002; simulation period: 2003-2018; initial
operation of the TGD period: 2003-2008; full operation of the TGD period: 2009-2018.

Period Yichang Luoshan Hankou Jiujiang Datong Average
1990-1999 0.993 0.981 0.983 0.979 0.973 0.982
2000-2002 0.992 0.978 0.978 0.964 0.963 0.975
2003-2018 0.890 0.943 0.893 0.931 0.835 0.898
2003-2008 0.953 0.942 0.952 0.944 0.895 0.937
2009-2018 0.838 0.867 0.852 0.832 0.801 0.838

4.2. Quantifying the TGD's Impact on the Discharge of the Yangtze River during Flood Season

According to the documents published by the China Meteorological Administration,
flood season in Yangtze River starts in May and ends in October every year [38]. To quantify
the TGD’s impact on the discharge of Yangtze River during flood season, it is necessary to
contrast the reconstructed daily discharge with the observed daily discharge from different
aspects. Therefore, the maximum 1-day discharge, maximum 30-day runoff, flood season
runoff, Cy, and Cs are analyzed in this paper.

The TGD’s impact on the four gauging stations downstream of the Yichang gauging
station is the difference between the reconstructed discharge and the observed discharge at
the Yichang gauging station that routed to these stations by the Muskingum model.

In addition to the TGD’s impact, there are other impacts on the four gauging stations
downstream of the Yichang gauging station. The other impacts include the impacts of the
regulation and storage of lakes, reservoirs, and other human activity, such as the Dongting
Lake, Poyang lake, Danjiangkou Reservoir, and other reservoirs that are downstream of the
TGD. The other impact is the difference between the total impact and the TGD’s impact.
In addition, the total impact is the difference between the reconstructed discharge and the
observed discharge at these stations.
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4.2.1. The Maximum 1-Day Discharge during Flood Season

As shown in Figure 6, the reconstructed maximum 1-day discharge of these five
gauging stations is obviously larger than the observed maximum 1-day discharge after
the full operation of the TGD, which means maximum 1-day discharge fell after the full
operation of the TGD. The difference between the reconstructed discharge data and the
observed discharge data is also different at different gauging stations. As the distance from
gauging station to the TGD becomes longer, the difference is gradually larger.
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Figure 6. Analysis of the maximum 1-day discharge during flood season in the five gauging stations
(the grey zones denote the initial operation period of the TGD from 2003 to 2008, and the yellow
zones denote the full operation period of the TGD from 2009 to 2018).

Moreover, the comparison of the maximum 1-day discharge between the five gauging
stations from 2009 to 2018 and the comparison of the maximum 1-day discharge during
different periods at each station are shown in Figure 7. As shown in Figure 7a, the linear
trend line of the Datong gauging station is farther away from the 1:1 line than that of
the Yichang gauging station after the full operation of the TGD. The farther away the
trend line is from the 1:1 line, the larger the difference between the observed data and the
reconstructed data. As shown in Figure 7b—f, the linear trend lines of the five gauging
stations after the full operation of the TGD in 2009 are farther away from the 1:1 line than
those after the initial operation of the TGD. Although the TGD is thought to be responsible
for this difference, the TGD is not the only reason for these differences at the four gauging
stations downstream from the Yichang gauging station. The Han River, the Dongting
Lake, the Poyang lake, and other reservoirs also have impact on the change in maximum
1-day discharge.

To quantify the TGD’s impact on the maximum 1-day discharge of the Yangtze River,
the difference between the reconstructed maximum 1-day discharge and the observed
maximum 1-day discharge after the full operation of the TGD from 2009 to 2018 at the five
gauging stations was calculated (see Table 3). The maximum 1-day discharge at the Yichang
gauging station decreased by an average of 8074.7 m® /s between 2009 and 2018 after the
full operation of the TGD. The difference at the Yichang gauging station, 8074.7 m3/s, was
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routed to the four gauging stations downstream from the Yichang gauging station using
the Muskingum model (see Table 4), and the Yichang gauging station was assumed to be
totally controlled by the TGD.

The comparison of the TGD’s impact on the maximum 1-day discharge at the five
gauging stations is shown in Figure 8. The operation of TGD reduced the maximum 1-day
discharge by 50.2%, 40.6%, 34.0%, and 18.3% at the Luoshan, Hankou, Jivjiang, and Datong
stations, respectively.

4.2.2. The Maximum 30-Day Runoff during Flood Season

As shown in Figure 9, the reconstructed maximum 30-day runoff is larger than the
observed maximum 30-day runoff at these five gauging stations downstream from the
TGD. As the distance from gauging station to the TGD becomes longer, the difference is

gradually larger.
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Figure 7. Comparison of the maximum 1-day discharge during flood season between the five gauging
stations. If points are above the 1:1 line, the reconstructed discharge is greater than the observed
discharge, and the TGD has reduced the maximum 1-day discharge. In contrast, if points are below
the 1:1 line, the reconstructed discharge is less than the observed discharge, and the TGD has increased
the maximum 1-day discharge.
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Table 3. The difference between the reconstructed maximum 1-day discharge and the observed
maximum 1-day discharge after the full operation of the TGD from 2009 to 2018. If the difference is
greater than 0, the TGD has reduced the maximum 1-day discharge during flood season. Difference
= Qre — Qop; Qre: reconstructed maximum 1-day discharge; Qop: observed maximum 1-day
discharge.

Year Yichang Luoshan Hankou Jiujiang Datong
2009 11,517 6946 5408 5652 5006
2010 16,838 11,106 2737 6920 13,292
2011 10,585 7127 7470 8001 14,673
2012 11,453 8785 10,269 12,575 19,931
2013 6766 6153 5589 6935 5741
2014 531 4942 7367 8074 15,058
2015 2324 3852 6479 5557 10,369
2016 6662 5751 7837 9610 17,332
2017 3099 3431 8317 10,458 12,361
2018 10,972 9147 11,681 12,571 18,089
Average 8074.7 6724.0 7315.4 8635.3 13,185.2

Table 4. The difference between the reconstructed maximum 1-day discharge and the observed
maximum 1-day discharge at the Yichang gauging station was routed to the four gauging stations
downstream from the Yichang gauging station by using the Muskingum model. If the difference is
greater than 0, the TGD has reduced the maximum 1-day discharge during flood season.

Year Luoshan Hankou Jiujiang Datong
2009 4012 3244 3179 2070
2010 6118 5164 5127 5161
2011 5186 4652 4577 3777
2012 2775 2064 2125 1615
2013 3244 2875 2811 2139
2014 1151 1626 1633 1877
2015 1727 1987 1991 2762
2016 3863 2987 2867 1041
2017 1331 1058 1052 475
2018 4355 4026 3965 3203
Average 3376.0 2968.2 2932.6 2412.0
14,000 « 100%
100.0%

11.200 80%

8400 60%

oney

5600 40%

Difference (m3/s)

2800 20%

0%
Yichang Luoshan ITankou Jiujiang Datong
Gauging station

Bl TGD’s impact B Other impact =—@— TGD’s impact of total impact

Figure 8. The TGD’s impact on five gauging stations after its full operation based on an analysis
of the maximum 1-day discharge. These results were calculated from the average of the difference
between the observed maximum 1-day discharge and the reconstructed maximum 1-day discharge
after the full operation of the TGD (see Tables 3 and 4). The TGD's impact on the Luoshan, Hankou,
Jiujiang, and Datong gauging stations was calculated by the Muskingum routing model based on
the TGD’s impact on the Yichang gauging station, assuming that the Yichang gauging station is
completely controlled by the TGD.
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Figure 9. Analysis of the maximum 30-day runoff during flood season in the five gauging stations
(the grey zones denote the initial operation period of the TGD from 2003 to 2008, and the yellow zone

denotes the full operation period of the TGD from 2009 to 2018).

Moreover, the comparison of the maximum 30-day runoff between the five gauging
stations from 2009 to 2018 and the comparison of the maximum 30-day runoff during
different periods at each station are shown in Figure 10. As shown in Figure 10a, the linear
trend line of these five gauging stations deviate from the 1:1 line. Among them, the linear
trend line of the Datong gauging station is farther away from the 1:1 line than that of the
other four gauging stations, which means that the difference between the reconstructed
maximum 30-day runoff and the observed maximum 30-day runoff at Luoshan is larger
than the difference at the other four gauging stations. As shown in Figure 10b—f, the linear
trend lines of the Yichang gauging station after the initial operation of the TGD and the full
operation of the TGD are both slightly away from the 1:1 line, but the linear trend lines of
the other four gauging stations after the full operation of the TGD are farther away from
the 1:1 line than those after the initial operation of the TGD.

To quantify the TGD’s impact on the maximum 30-day runoff of the Yangtze River, the
difference between the reconstructed maximum 30-day runoff and the observed maximum
30-day runoff after the full operation of the TGD from 2009 to 2018 at the five gauging
stations was calculated (see Table 5). The maximum 30-day runoff at the Yichang gauging
station decreased by an average of 53.27 x 10° m? between 2009 and 2018 after the full
operation of the TGD. Taking the difference at the Yichang gauging station, 53.27 x 10° m?,
as the standard, the comparison of the TGD’s impact on the maximum 30-day runoff
at the five gauging stations is shown in Figure 11. The operation of TGD only reduced
the maximum 30-day runoff by 52.8%, 39.6%, 33.8%, and 20.5% at the Luoshan, Hankou,
Jivjiang, and Datong stations, respectively.
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Figure 10. Comparison of the maximum 30-day runoff during flood season between the five gauging
stations. If points are above the 1:1 line, the reconstructed runoff is greater than the observed runoff,
and the TGD has reduced the maximum 30-day runoff. In contrast, if points are below the 1:1 line,
the reconstructed runoff is less than the observed runoff, and the TGD has increased the maximum
30-day runoff.

Table 5. The difference between the observed maximum 30-day runoff and the reconstructed maxi-
mum 30-day runoff after the full operation of the TGD from 2009 to 2018. If the difference is greater
than 0, the TGD has reduced the maximum 30-day runoff during flood season. Difference = Rre — Rop;
Rge: reconstructed maximum 30-day runoff; Rop: observed maximum 30-day runoff.

Year Yichang Luoshan Hankou Jiujiang Datong
2009 27.6 39.3 46.5 41.8 47.0
2010 77.1 110.0 51.8 51.1 229.2
2011 52.3 108.5 125.6 122.1 231.9
2012 722 165.0 178.8 217.7 377.6
2013 24.2 105.6 86.2 137.9 183.5
2014 75.5 97.1 147.6 169.2 290.1
2015 90.5 56.3 124.6 149.6 311.5
2016 46.9 124.6 209.7 230.8 366.0
2017 42.7 70.6 191.0 242.2 255.6
2018 23.6 132.5 185.1 2114 302.5

Average 53.27 100.97 134.68 157.38 259.50




Water 2022, 14, 1052

13 of 21

280 100%
224 80%
oE 168 60%
=
X ~
4 g
3 g
g 112 40%
=
a
20.5%
56 . 20%
0 J l l 0%
Yichang Luoshan Hankou Jivjiang Datong
Gauging station
Il TGD’s impact | Other impact =—@=— TGD’s impact of total impact

Figure 11. The TGD’s impact on five gauging stations based on an analysis of the maximum 30-day
runoff. These results were calculated from the average of the difference between the observed
maximum 30-day runoff and the reconstructed maximum 30-day runoff after the full operation of the
TGD (see Table 5). The TGD’s impact on the Luoshan, Hankou, Jiujiang, and Datong gauging stations
is equal to the TGD’s impact on the Yichang gauging station, assuming that the Yichang gauging
station is completely controlled by the TGD.

4.2.3. The Flood Season Runoff

As shown in Figure 12, the reconstructed flood season runoff at the Yichang gaug-
ing station was larger than the observed flood season runoff, which means that the TGD
decreased the flood season runoff at the Yichang gauging station. In addition, the recon-
structed flood season runoff at the other four gauging stations was also larger than the
observed flood season runoff after the full operation of the TGD. As the differences at
the other four gauging stations are greater than that at the Yichang gauging station, other
impacts are believed to have decreased the flood season runoff at the four gauging stations
much more than the TGD. In addition, the ratios of the flood season runoff to the annual
runoff at the five gauging stations both show a downward trend.

The comparison of the maximum 30-day runoff between the five gauging stations
from 2009 to 2018 and the comparison of the maximum 30-day runoff during different
periods at each station are shown in Figure 13. As shown in Figure 13a, the linear trend
line of the Yichang gauging station is above the 1:1 line, and the linear lines of the other
four gauging stations are also above the 1:1 line. Among them, the linear trend line of
the Datong gauging station is farther away from the 1:1 line than that of the other four
gauging stations, which means that the difference between the reconstructed flood season
runoff and the observed flood season runoff at Luoshan is larger than the difference at the
other four gauging stations. As shown in Figure 13b—f, the linear trend line of the Yichang
gauging station is slightly away from the 1:1 line after the full operation of the TGD. The
linear trend lines of the other four gauging stations after the full operation of the TGD
are farther away from the 1:1 line than those after the initial operation of the TGD. It is
clear that other impacts decreased the flood season runoff at the four gauging stations
downstream from the Yichang gauging station much more than the TGD.
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Figure 12. Analysis of the flood season runoff in the five gauging stations (the grey zones denote the
initial operation period of the TGD from 2003 to 2008, and the yellow zones denote the full operation
period of the TGD from 2009 to 2018).
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Figure 13. Comparison of the flood season runoff during flood season between the five gauging
stations. If points are above the 1:1 line, the reconstructed runoff is greater than the observed
runoff, and the TGD has reduced the flood season runoff. In contrast, if points are below the 1:1

line, the reconstructed runoff is less than the observed runoff, and the TGD has increased the flood

season runoff.
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To quantify the TGD’s impact on the flood season runoff of the Yangtze River, the
difference between the reconstructed flood season runoff and the observed flood season
runoff after the full operation of the TGD at the five gauging stations was calculated (see
Table 6). The flood season runoff at the Yichang gauging station decreased by an average
of 153.24 x 10” m3 between 2009 and 2018 after the full operation of the TGD. Taking the
difference at the Yichang gauging station, 153.24 x 10° m?, as the standard, the comparison
of the TGD’s impact on the flood season runoff at the five gauging stations is shown in
Figure 14. The operation of the TGD changed the flood season runoff by 34.4%, 25.7%,
22.9%, and 16.6% at the Luoshan, Hankou, Jiujiang, and Datong stations, respectively.

Table 6. The difference between the observed flood season runoff and the reconstructed flood season
runoff after the full operation of the TGD from 2009 to 2018. If the difference is less than 0, the TGD
has increased the flood season runoff. Difference = Rge — Rop; Rge: reconstructed flood season runoff;
Rop: observed flood season runoff.

Year Yichang Luoshan Hankou Jiujiang Datong
2009 175.82 297.79 275.62 212.26 195.26
2010 190.00 326.24 352.60 331.87 650.10
2011 320.69 542.67 369.60 427.08 582.98
2012 112.83 309.75 539.03 576.43 936.16
2013 144.10 327.03 259.32 485.05 661.94
2014 70.51 439.70 586.80 746.10 1031.43
2015 163.41 647.71 853.71 956.58 1517.10
2016 153.77 452.01 996.62 994.65 1326.63
2017 119.85 665.01 1027.91 1201.99 1524.93
2018 81.39 445.33 694.77 766.91 810.93
Average 153.24 445.32 595.60 669.89 923.75
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Figure 14. The TGD’s impact on five gauging stations based on an analysis of the flood season runoff.
These results were calculated from the average of the difference between the observed flood season
runoff and the reconstructed flood season runoff after the full operation of the TGD (see Table 6). The
TGD’s impact on the Luoshan, Hankou, Jiujiang, and Datong gauging stations is equal to the TGD’s
impact on the Yichang gauging station, assuming that the Yichang gauging station is completely
controlled by the TGD.
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4.2.4. The Cy, and C; of the Daily Discharge during Flood Season

The coefficient of variation (C,) shows the extent of the variability of the hydrology
data in a sample in relation to the mean of the population [39], and the coefficient of
skewness (Cs) is a measure of the asymmetry in the distribution of hydrology data [40].

where K; = 3;

X (i=1,2,...,

n is the length of the daily discharge.

As shown in Figure 15, at the Yichang gauging station, the C; of the reconstructed daily
discharge is larger than the C; of the observed daily discharge after the full operation of the
TGD. However, at the other four gauging stations downstream from the Yichang gauging
station, the C, of the reconstructed daily discharge is close to the C, of the observed daily
discharge without any obvious deviation after the full operation of the TGD. Additionally,
at all five gauging stations, the Cs of the reconstructed daily discharge is larger than the C;s
of the observed daily discharge after the full operation of the TGD.

(a, C, of daily d‘xchargc during flood scason, Yichang)

0.55

045

(b, C,, of daily discharge during flood season, Luoshan)

1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018

(¢, C, of daily discharge during flood season, Hankou)

/\/ J\]Wfk-f\ﬁj\,

(c, Cs of daily discharge during flood scason, Hankou)

R
o, !
Qe R
a0 g\

5% o
.

L L " " L L

1990

® (, of observed daily discharge

0.55

0.45

0.35

0.25

220 0.15

1.40

0.60

—0.20

—1.00

1994 1998 2002 2006 2010 2014 2018

—— C, of reconstructed daily discharge

) [ ]
h\,\./’\ e
°
‘W ’M\/' 0.35
® o
— . - 250 015 —— - 220
(a, Cs of daily discharge duringdflood season, Yichang) (b, Cs of daily discharge during flood season, Luoshan) o
" 1.80 - I 140
! (g ]
o .y [ - Q R / " ]
\ £ S N 110 2 A Q@ A pasmay ‘ 0.60
,0/ \\® @, \ !/ \ H b,/\\o ,ffo \o’ O's o a0 ’ ® .0 /9’ ‘é/ \ < ‘6\\110 Vo= g O\\ " O/[ .
. v \ 5 ] NG o
v S0y 6 v O~ O%=6 O\l g40 59 © o N\ | o0
‘Q v o v
~030 © ~1.00

(d, C, of daily discharge during flood scason, Jiujiang)

® W\x‘

[ ]
(d, C of daily discharge during flood season, Jinjiang)

a ol
V
QQ 00 " o
J \Q \ l
O lo {e}
06 é‘»o Q'oog/ O‘\,Q/o
\

o o

" L " L L

1990 1994 1998 2002 2006 2010

Year

2.20

1.40

0.60

—0.20

—1.00

2014 2018

O Cs of observed daily discharge

1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018

0.45

(e, C, of daily discharge during flood season, Datong)

| \f\ A AdA

(e, Cy ol daily discharge during flood season, Datong

0.37

0.29

0.21

0.13

0.40

—0.40

-1.20
1990 1994 1998 2002 2006 2010 2014 2018

=== Cs of reconstructed daily discharge

(59) SSOUMAYS JO JUAIOLJ0))

(6)

@)

n) is the daily discharge; X is the mean of the daily discharge;

Figure 15. Analysis of C, and Cs of daily discharge during flood season in the five gauging stations
(the grey zones denote the initial operation period of the TGD from 2003 to 2008, and the yellow
zones denote the full operation period of the TGD from 2009 to 2018).

The comparison of the C, and C; between the five gauging stations from 2009 to 2018
and the comparison of the C, during different periods at each station are shown in Figure 16.
As shown in Figure 16a, the linear trend line of the Yichang gauging station is above the
1:1 line, but the linear lines of the other four gauging stations are close to the 1:1 line. That
means that, at the Yichang gauging station, the C, of the reconstructed daily discharge is
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C,, of reconstructed daily discharge

larger than the C, of the observed daily discharge, but at the other four gauging stations,
there is no clear trend between the C, of the reconstructed daily discharge and that of the
observed daily discharge. For the C;, the linear lines of all five gauging stations are near
the 1:1 line and close to each other, which means that the differences between the Cs of the
reconstructed daily discharge and the Cs of the observed daily discharge at all five gauging
stations are similar. Moreover, as shown in Figure 16b—f, the linear trend line of the Yichang
gauging station is above the 1:1 line after the full operation of the TGD, but the linear trend
lines of the other four gauging stations are near the 1:1 line after the full operation of the
TGD. The C, of the daily discharge at the Yichang gauging station is clearly decreased
by the TGD, but other impacts increased the C, of the daily discharge at the other four
gauging stations downstream from the TGD and offset the TGD’s impact. The TGD had a
larger impact on the C, than the Cs of daily discharge during flood season.
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Figure 16. Comparison of the C, and Cs of daily discharge during flood season between the five
gauging stations. If points are above the 1:1 line, the C; of reconstructed daily discharge is greater
than the C, of the observed daily discharge, and the TGD has reduced the C,. In contrast, if points
are below the 1:1 line, the C; of the reconstructed daily discharge is less than the C, of the observed
daily discharge, and the TGD has increased the C.

5. Discussion

(1) The decreasing effect of the TGD on the lower Yangtze River may be related not
only to the regulation and storage of many lakes and reservoirs (See Figure 1), such as the
Danjiangkou Reservoir, Poyang Lake, and Dongting Lake (see Figure 1) [28,30], but also to
human activity, such as water intake and other water diversion projects [22,24]. The average
annual runoff at the Yichang and Datong gauging station is 4100 x 10° m3 and 8500 x 10°
m?, respectively. The storage capacity of the TGD is 393 x 10° m>. Moreover, the storage
capacity of Dongting Lake, Poyang Lake, and Danjiangkou Reservoir is 220 x 10° m?,
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276 x 10° m3, and 291 x 10° m3. The lakes and reservoirs that are downstream of the TGD
play a greater role in controlling floods in the lower part of Yangtze Basin. Moreover, there
are also more than 16,000 reservoirs in the lower part of Yangtze Basin that can collect water
at times of very high rainfall in flood season. Thus, in addition to the TGD, other impacts
changed the flooding much more than the TGD in the lower basin.

(2) The decrease in flood season runoff at the Yichang gauging station after the full
operation of the TGD was due to a scheduling scheme of the TGD. As the TGD releases
water from February to May (sometimes to June) in order to have the capacity to restrict
floods and reduce peak flow in July to October [41], the reconstructed runoff is less than
the observed runoff in May and June (see Figure 17). Moreover, the reconstructed runoff
is larger than the observed runoff in July to October since the TGD stores water to reduce
floods in the summer and autumn. In general, water release of the TGD in May and June is
less than water storage of the TGD in July to October.
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Figure 17. Average monthly runoff during flood season after the full operation of the TGD.

(3) As shown in Figure 18, we used the flood season at the Yichang gauging station in
2018 as an example. After the full operation of the TGD, it is clear that the TGD decreased
the peak flow and increased the low flow during flood season. However, the TGD just
changed the shape of the daily discharge data a little during this time. These may be
the reasons why the TGD had a larger impact on the coefficient of variation (C,) of daily
discharge than the coefficient of skewness (Cs) of daily discharge in this season.
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Figure 18. Daily discharge at the Yichang gauging station during flood season in 2008.
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(4) Although the hydrological model can well simulate the Yangtze River daily dis-
charge, there are still errors, including the inaccuracy of peak flow. Furthermore, this paper
only analyzes the scope of the TGD’s impact downstream from the Yangtze River from the
perspective of discharge. However, after the full operation of the TGD in 2009, the water
level, sediment concentration, and sediment transport also changed [15,19,24,26]. The
tributaries and lakes in the downstream regions of the Yangtze River also changed [28,30].
The TGD’s impact should be assessed from those perspectives in the future.

6. Conclusions

In the present study, we quantified the TGD’s impact on the discharge during flood
season after its full operation in 2009. The main findings can be summarized as follows:

(1) The TGD had an impact on the maximum 1-day discharge and maximum 30-day
runoff during flood season but had less impact on the flood season runoff of the Yangtze
River after its full operation in 2009. In terms of time, the maximum 1-day discharge at the
Yichang gauging station decreased by an average of 8074.7 m®/s between 2009 and 2018,
and the maximum 30-day runoff at the Yichang gauging station decreased by an average
of 53.27 x 10° m3 between 2009 and 2018 after the full operation of the TGD. However,
the flood season runoff at the Yichang gauging station only decreased by an average of
153.24 x 10° m3, which is only 5.1% of the flood season runoff, between 2009 and 2018 after
the full operation of the TGD.

(2) With an increase in the relative distance of the gauging station from the TGD, the
TGD’s impact on the discharge of the Yangtze River gradually diminished. In terms of
space, the TGD had little impact on the Datong gauging station. As for the maximum
1-day discharge, the TGD was responsible for 50.2%, 40.6%, 34.0%, and 18.3% of the change
at the Luoshan, Hankou, Jiujiang, and Datong gauging stations, respectively. As for the
maximum 30-day runoff, the TGD was responsible for 52.8%, 39.6%, 33.8%, and 20.5% of
the change at the Luoshan, Hankou, Jiujiang, and Datong gauging stations, respectively.
However, as for the flood season runoff, the TGD was only responsible for 34.4%, 25.7%,
22.9%, and 16.6% of the change at the Luoshan, Hankou, Jiujiang, and Datong gauging
stations, respectively.

(3) The TGD had an impact on the coefficient of variation (Cy) of the daily discharge,
but it had less impact on the coefficient of skewness (Cs) of the daily discharge during flood
season after its full operation in 2009. The distribution of the daily discharge was stretched
by the TGD at the Yichang gauging station, but the distribution of the daily discharge at
the other four gauging stations downstream from the Yichang gauging station, including
the Luoshan, Hankou, Jivjiang, and Datong gauging stations, was not affected by the TGD
significantly. The TGD had less impact on the C; of the daily discharge at all five gauging
stations because the TGD just changes by a little the shape of the daily discharge data and
the asymmetry in the distribution during flood season.

(4) The year 2009, not 2003, should be taken as the dividing line for analyzing the
TGD’s impact before and after its operation. The TGD was initially put into operation by
filling the reservoir to the water level of 135 m in June 2003, but the water level reached
175 m in September 2009 [27], which is the TGD’s maximum water level. Additionally, the
analysis of the maximum 1-day discharge, the maximum 30-day runoff, flood season runoff,
and C, of the daily discharge all show that the TGD had a larger impact on the discharge
during its full operation period from 2009 to 2018 than during the initial operation period
from 2003 to 2008, which proves that 2009 should be taken as the dividing line for a more
accurate understanding of the impact of the TGD on the downstream hydrological regime.
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