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The main objective for the Three Gorges Reservoir is to help control floods and
to protect the Jingjiang and Chenglingji regions in the middle reach of the
Yangtze River. Hydrological measurements have demonstrated that the
character of flood propagation in the Jingjiang Reach has changed
significantly since the Three Gorges Reservoir became operational, meaning
that flood control management must be modified accordingly. To explore the
effective flood control management, a hydraulic model was developed to
simulate the potential causes and impacts. For a natural flood with gradually
varying discharge propagated as a diffusive wave, the celerity downside the dam
fasted due to the change of the dominant property of the flood wave. For a
flood event controlled by a reservoir, the wave was propagated more quickly as
a surge with rapidly varying discharge. The rating curve changed for flooding
processes associated with a diffusive wave versus a surge event at a particular
cross-section, which changed the flow capacity in the river channel. Observed
flood events in 2016 and 2017 were also simulated in the hydraulic model using
different management schemes, and the modified flood propagation trends
along the lower river reach were analyzed. Lastly, from these simulations, we
provide suggestions on how to optimize the operation of the Three Gorges
Reservoir to control flood damage and protect the Jiangjiang Reach and
Chenglingji areas more effectively.
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1 Introduction

With increasing global hydropower needs and exploitation of
water resources (Li et al., 2015; Dias et al.,, 2018), great efforts
have been made to optimize freshwater reservoir operations
(Sangiorgio and Guariso, 2018). With im-pounding reservoirs,
the water depth of the upper reaches becomes deeper than that of
the reservoir area, and outflow from the reservoir can be changed
rapidly, resulting in significant changes to flood propagation
characteristics in the upper and lower reaches of the dam (He
et al., 2015), which in turn affects the effectiveness of the flood
control. To more effectively manage flood events, it is necessary
to understand how flood wave propagation responds to changes
in reservoir operation. In research on flood routing, hydraulic
models that numerically solve the Saint-Venant equations have
been most widely applied (Liu et al., 2018), either considering all
or some of the terms of the momentum equation (Castro-Orgaz
and Chanson 2017). However, simplified models may lead to
significant errors once the magnitudes of different terms in the
momentum equation vary widely.

The Yangtze River is the longest river in China with a length
of 6,300 km and a drainage basin of 1.8 km* x 106 km?, and the
frequency of floods is high and carries high costs (Sun et al,
2017). The Three Gorges Reservoir (TGR) was initially designed
for flood control, in-creasing the Jingjiang Reach’s flood control
ability from a 10- to 100-years recurrence (Zheng 2016). The
TGR is also the largest hydropower station in the world, with a
capacity of 22.5 GW. After the regulation of the TGR, some of the
inflow from a catchment of about 1 x 10°km?® in the upper
reaches of the Yangtze River was diverted to Dongting Lake
through three out-falls on the Jingjiang Reach, and then re-
injected into the Yangtze River in the Chenglingji area together
with the inflow from the Lake (Dai et al., 2017). The amount of
water that can be safely discharged into the Jingjiang reach is far
less than the peak flood flow that may occur upstream. The
Chenglingji area has a complex flood control issue that is caused
by multiple flood sources, easy encounters, and the hydrological
relationships in the river network around the Dongting Lake (Yin
et al., 2007).

Due to the dangers posed by floods and the complicated
relationship between rivers and lakes, flood control in Jingjiang
Reach has always been considered an important issue. After the
TGR and other reservoirs in the upper and middle reaches of the
Yangtze River-were completed, the corresponding inflow and
sediment conditions in Jingjiang Reach was changed significantly
(Fang et al, 2012; Zhang et al, 2017), as well as the flood
characteristics and channel scour and siltation. Previous
investigations have shown that the relationship between rivers
and lakes before the TGR was operational was mainly manifested
as scouring in the Jingjiang Reach, siltation from Chenglingji to
Hankou Reach, a decreasing flow and sediment diversion trend
in three outfalls, siltation and atrophy of Dongting Lake, and a
general decline in flood regulation capacity (Li et al., 2016). After
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the TGR was completed, the relationship between rivers and
lakes has mainly manifested as an intensification of erosion in
Jingjiang Reach, conversion from silting to flushing from
Chenglingji to Hankou Reach, a sharp decrease of the flow
and sediment diversion in three outfalls, and the conversion
from silting to flushing of The Dongting lake area.

The influences of river and lake erosion and siltation on
regional hydrology are a slow but continuously developing
process. Flood control in the Chenglingji area is aimed at
controlling water levels at the Lianhuatang station at the
intersection of Dongting Lake and the Yangtze River, and the
water exchange between rivers and lakes plays a crucial role
(Chen 2014). The reservoir allows control of the outflow,
allowing sharp increases or decreases in a short time. For
example, when the “Eastern Star” Ship was dispatched from
the TGR in 2015, the outflow decreased from 17,000 to 7,000 m?®/s
within 6 h. To control the largest flood in the Yangtze River in
2017, the outflow of the TGR decreased from 27,300 to 8,000 m?®/s
within 34h. When the outflow changed rapidly in these
situations, the flood wave in the channel downstream of the
dam changed from continuous to discontinuous, and the
corresponding propagation characteristics changed significantly.

While studying the effects of the above factors, He (2017)
pointed out that sediment transport in Jingjiang Reach has
changed from a quasi-equilibrium to sub-saturation regime
since the impoundment of the TGR, as well as the vertical
concentration profiles of suspended sediments. Zhang et al.
(2017) pointed out that the downstream impact of the TGR
has started to become apparent, observing a reduction in flood
duration and dis-charge, and a significant reduction in sediment
load. Although there was some increase in the downstream
sediment load, the total amount did not exceed the pre-
impoundment annual average. Yang et al. (2017) showed that
for the same flow, the low water level decreased, the flood water
level stayed constant, the lowest water level increased, and the
highest water level decreased at the hydrological stations
(2017)
remarkable channel degradation that has occurred in the

downstream of the dam. Xia et al documented
Jingjiang Reach since the TGR became operational, which has
caused significant geomorphic adjustments including variations
in bankfull discharge. Bankfull discharge is a key indicator of
flood-discharge capacity, and responds to altered water and
sediment conditions and local base-level changes. Cheng et al.
(2016) introduced the surge wave theory as a preliminary
mechanism explaining the shortened flood propagation time
(i.e., time difference between the flood peak at the upstream
and downstream sections) in the upper Jingjiang reach after the
completion of the TGR.

The above studies analyzed the changes in river regime,
rating curve, and flood propagation time downstream of the
TGR, especially in the Jingjiang reach. However, these studies are
not enough to support real-time forecasting and scheduling of
the Three Gorges Reservoir. After the Three Gorges Reservoir
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starts to operate, under the influence of the gate control,
compared with the natural flood process, the rate of change of
the down-stream flood process is accelerated, and the continuous
flood wave becomes a sharply changing flood wave, resulting in
significant changes in flood characteristics such as flood
propagation time. The Three Gorges Reservoir undertakes the
task of flood control compensation scheduling for the Jingjiang
River section and the Chenglingji area, and mastering the flood
propagation characteristics is the basis for the flood control
compensation schedule. This paper takes Three Gorges
Reservoir, Dongting Lake area, and the Jingjiang River section
as the research objects, explores the changes of flood propagation
characteristics and their causes in Jingjiang River section after the
completion of Three Gorges Reservoir through the measured
data and the constructed hydraulics model, simulates and
analyzes the response relationship between floods at main
control stations and different scheduling schemes of Three
Gorges Reservoir in Jingjiang River section, and provides
technical support for the real-time scheduling of Three Gorges
Reservoir.

This paper first used measured data to analyze the change of
the rating curve in the main hydrological stations and flood
propagation time. Then, we constructed a hydraulic model
covering the river networks of Jingjiang and Dongting Lake
and used the results to investigate the mechanisms responsible
for these changes. Finally, the observed flood events in 2016 and
2017 were simulated under different regulation schemes to
identify the optimal operations that would effectively control
flooding and protect the vulnerable reaches near Shashi and
Lianhuatang.

2 Hydraulic model construction

MIKE 11 (Thakur et al, 2016) is a widely used hydraulic
model developed by the Danish Hydraulic Institute (DHI). The
core of the model is the hydrodynamic (HD) module, which
provides a choice of three different representations of flow: the
dynamic wave which uses the full momentum equation including
inertia forces, the diffusive wave which only models the bed
friction, gravity force, and hydrostatic gradient terms in the
momentum equation, and the kinematic wave which assumes
that the flow is governed by a balance between the friction and
gravity forces. The model uses the finite difference approach and
a double sweep algorithm to solve the unsteady-state flow
equations. Based on the hydraulics calculated by the HD
module, secondary variables such as sediment transport or
water quality can be further simulated in a modelled reach
(Abebe et al., 2016).

Along the Yangtze River, the reach just downstream of the
TGR is traditionally called the Jingjiang River, which has
complex dynamics between the river and the lake. On the
South bank of the reach, three rivers (Songzi, Hudu, and
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Ouchi, from West to East) emanate from Jingjiang, which is
further divided into a tangled river network that ultimately drains
into Dongting Lake. The lake also receives runoff from another
four Rivers (Xiang River, Zi River, Yuan River, and Li River, from
West to East). The lake outflow goes to the Yangtze River at
Chenglingji Station. Several tributaries also join the mainstream
in this section, the largest two being the Qing and Juzhang Rivers.
Discharge gauges measure the runoff at these two rivers and the
four branches of Dongting Lake.

The MIKE 11 model was built to include the river network
described above, bounded as described in Figure 1. The Yichang
hydrological station is located 44.8 km downstream of the TGR
and represents the reservoir’s outflow. The upper boundary
conditions of the model are the discharge from Yichang
station (mainstream of the Yangtze River), Gaobazhou station
(Qing River), Herong station (Juzhang River), Shimen station (Li
River), Taoyuan station (Yuan River), Taojiang station (Zi River),
Xiangtan station (Xiang River); while the lower boundary
conditions are the rating curve of Luoshan Station (20 km
downstream from the entrance of Dongting Lake). And the
rating curve was highly impacted by the ration of discharge
from Jingjiang and Dongting Lake, and the flood in Han River’s
downside can make some difference. The model is a one-
dimensional river generalization of the Dongting Lake area,
divided into South Dongting Lake, East Dongting Lake and
West Dongting Lake to set up virtual river cross-sections
according to the proportion of lake storage so that the virtual
river storage volume is consistent with the volume of the lake.

Most of the cross-sectional data used to set up the
MIKE11 model was measured in 2016, while the rest was
measured a few years earlier. The runoff generated was
divided into 24 sub-basins and was simulated by the NAM
model, which was linked to the model by a point or lateral
resource according to the real joints (Doroszkiewicz et al.,
2019). The outline of the overall model structure is shown in
Figure 2.

There are four gauges along the mainstream of the Yangtze
River (Zhicheng, Shashi, Shishou, and Jianli). The parameters of
the model were calibrated based on the hydrological data
observed at the four stations in 2016 and 2017, with special
priority given to high flooding events that occurred during the
wet season. The comparison between simulated and observed
values in year 2017 is shown in Figure 3, and the crest error and
Nash-Sutcliffe model efficiency coefficient (NSE) are listed in
Table 1.

Results in Figure 3 and Table 1 show that in general, the
simulation was well-fitted to the observations, with NSE higher
than 0.92 with a single exception (0.87 in Shishou in 2016), while
the crest water level errors were less than 0.3 m.

From 20th June to 20th July in both years, there was serious
flooding in the modeled area. By operating the TGR and many
others in an integrated manner, the potential peak flow in the
modeled reach was reduced. However, the crest water level at
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Drainage system of the Jingjiang Reach of the Yangtze River. (A) China, (B) the Yangtze River Basin, (C) Study area: the Three Gorges Reservoir
and the Jingjiang Reach.
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04 frontiersin.org

Frontiers in Environmental Scie

nce


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1013583

Lan et al.

Ay
Zhicheng
~45 r
g
T;; 43
L
54l ¢
=
39 Observed
----- Simulated
37 1 1 ] L

6/20 6/25 6/30

7/5

Date (Mon./ Day)

FIGURE 3

7/10 7/15 720

Simulated flood process in year 2017: (A) Zhicheng; (B) Shashi station

I WAL 2
(I
A A | [N
¢ — W,
Y i
— K ] [ A
ho — oy —
Yy | |

TS0 0077700777

FIGURE 4

(o]
=

10.3389/fenvs.2022.1013583

Water level (m)
W W) W P
oo O (=)

Shashi

7
36 Observed
35 ====- Simulated ‘ ‘
6/20 6/25 6/30 7/5 7/10 7715 7/20
Date (Mon./ Day)
B
¢————— B ————p>
N ad /

Delineation of surge propagation. (Ag represents the cross-sectional area of the early steady flow. { is the height of the surge. hg and By are the
water depth and water surface width of the early steady flow. A, B, and v refer to the cross-sectional area, cross width and flow velocity at the moment

of peak flow).

some gauges in the mainstream exceeded warning levels,
including at Lianhuatang station, where Dongting Lake joins
the Yangtze River. Detailed analysis of the reservoir during the
flooding event in 2016 showed that the crest water level decreased
by 0.8-1.7 m along the Jingjiang section, and by 1m at the
Lianhuatang section. Similarly, in the 2017 flood event, the crest
water level reduced even more at the Lianhuatang section.
Without the appropriate operation of these reservoirs, it
would be inevitable to divide the excessive flood to the local
water detain area, which would obviously cause high loss. The
flooding in this reach showed unusual behavior when compared
to natural flooding during reservoir operation, showing differing
flood travel times, rating curves, and other hydraulic factors.

The MIKE 11 model built for this reach allows researchers
and reservoir managers to fully study the new hydraulic behavior
with different reservoirs in operation, and to modify existing
guidelines to regulate the reservoir group and protect the area
from flooding more efficiently.
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3 Analysis of the changed hydraulics
and mechanisms associated with TGR
regulation

3.1 Propagation time

3.1.1 Observations

Since 2008, the TGR has been operational, with the ability to
impound water levels rising to 175 m. Since 2010, this ability has
been fully tested again and again, as the area has experienced
major flood events. To study the response of floods in Jingjiang to
the operation of the TGR, flood propagation times representing
natural events from 1992 to 2008 were compared with those
representing reservoir regulation events from 2010 to 2017.

From the above table, it can be observed that when the TGR
was put into operation, the flood propagation time from Yichang
to Jianli decreased by a total of 12 h on average, with about 3 h in
the Yichang-Zhicheng Reach, 5 h in the Zhicheng-Shashi Reach,
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FIGURE 5

The stage-discharge relationship (based on observations): (A) Zhicheng at low flow; (B) Shashi at low flow; (C) Zhicheng at middle-high flow; (D)

Shashi at middle-high flow.

TABLE 1 Simulated results at the main stations in Jingjiang Reach.

Station 2016
Flood peak error (m)
Zhicheng 0.04
Shashi 0.25
Shishou 0.21
Jianli 0.26

and 4 h in the Shashi—]Jianli Reach. However, downstream of
Jianli, the propagation time showed very few changes.

3.1.2 Mechanism

The natural floods propagated normally along the river
channel, mainly via Kinematic waves, diffusion waves, inertial
waves, or dynamic waves. Kinematical and diffusion waves
propagate downwards with a velocity of Vi = kv (1<k<2),
where k is the wave speed coefficient and the exact value
determined by the shape of the cross-section, and v is the
average flow velocity of the section. Inertial and dynamic
waves propagate both upwards and downwards, with a
velocity of Vy=vx+/gh (in which “+” is directed
downwards and “-” is directed upwards). In general, the
dynamic wave velocity is greater than the kinematical wave
velocity.

Frontiers in Environmental Science

2017
NSE Flood peak error (m) NSE
0.98 0.16 0.98
0.92 0.12 0.98
0.87 0.16 0.92
0.93 0.02 0.95
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For a discontinuous surge wave with rapidly varying flow
(Chengetal., 2016), the velocity Vs for a prismatic channel with a
trapezoidal profile can be calculated as:

The derivation of this equation is based on the assumption of

Ao 3

A 3 B,(z
B 2

+ —

2 1

Vi=wv % g(

an instantaneous discharge jump superimposed on a steady flow,
where Ay and v, represent the cross-sectional area and average
flow velocity of the early steady flow, respectively. { is the height
of the surge, which is positive for rising water and negative for
returning water. The hydraulic elements are further illustrated in
Figure 4 hy and By are the water depth and water surface width of
the early steady flow. A, B, and v refer to the cross-sectional area,
cross width and flow velocity at the moment of peak flow.
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TABLE 2 Natural and post-TGR flood propagation time in the Jingjiang Reach.

Reach River distance (km)

Yichang to Zhicheng 58 <30000
>30000
Average
Zhicheng to Shashi 88 <30000
>30000
Average
Shashi to Jianli 206 <30000
>30000

Average

For a prismatic trapezoidal channel,

AA=(B;B = % (B + By) @)

Normally, the velocity of the surge is faster than that from a
kinematic wave and be-comes even faster with increasing surge
height.

According to the observations in Table 2 and hydraulic
factors computed for typical flooding events based on the
above model, the velocity of natural floods varies from 1.0 to
2.0 u, meaning that they are routed as kinematic waves in
Jingjiang Reach. When TGR became operational, the flood
velocity from Yichang to Shashi Reach suggested a surge
event, while velocities downstream of Jianli Reach indicated a
kinematical wave no different from natural floods. From Shashi
to Jianli Reach, the average velocity was between surge and
kinematic waves, meaning that the surge transitioned to a

kinematic wave in this section.

3.2 Rating curve

3.2.1 Observations

The observed data from 2002 to 2017 were used to analyze
changes in the rating curve in the main stations along Jingjiang
Reach (Figure 5). With TGR operational, the main changes to the
rating curve included that: 1) since 2014, the average water level
decreased at discharge of less than 15,000 m*/s at the Yichang
station, but the annual amplitude of the decrease shows a
convergence trend, 2) there was no apparent change to the
average water level at discharge above 30,000 m*/s at the
Yichang station, but the water level varied more widely. Since
the TGR was built to control flooding and to protect assets in the
Jiangjiang Reach, the outflow has not exceeded 45,000 m*/s, or
the approximate flow capacity of that reach. No data were
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Propagation time (h)

1992-2008 (Natural flow) 2010-2017 (TGR)

6.4 1.7
2.8 1.5
4.6 1.7
11.3 4.7
8.0 4.3
9.9 4.6
14.4 10.1
12.2 8.0
13.6 9.5

available to explore changes in the rating curve change
beyond that maximum discharge.

3.2.2 Mechanism

By deriving from the dynamical equation in the Saint-Venant
equation group (Chai et al,, 2021), Eq. 3 can be obtained:

3
So0x  Spg ot  Sog Ox )

where Qo is constant discharge as the water level, A, is also kept
constant. For a flood wave that is dominated by diffusion
characteristics, 0v/ot and vov/0x are much less than 0h/ox,
and Eq. 3 can be further simplified to Q = Qp4/1 — soa%' When
the water level is rising and 0h/0x < 0, the discharge is larger than
the constant discharge at a given constant water level. When the
water level is dropping and 0h/0dx > 0, the discharge is less than the
constant discharge at a given constant water level. For this reason,
the rating curve in a cross-section presents as a counterclockwise
loop in a mono flood, which can vary widely with a larger oh/ox,
indicating rapidly changing discharge (0Q/0t). For a flooding
process controlled by a reservoir, the discharge can be changed
much more rapidly than that during a natural flood, and the loop
of the rating curve can vary across a broader range.

As mentioned above, for a flood wave dominated by
diffusion characteristics, dv/ot and vov/Ox are much less
than 0h/dx, but as the wave approaches the maximum crest
level, this assumption would cease to apply. Normally in a
flood event, the maximum v, Q, and h do not occur
simultaneously, but in turn. The crest water level occurs
after maximum v, while maximum Q occurs when 0v/ot <0,
0Q/0t<0 but Oh/Oot =0h/ox =0. Based on Eq. 3:
Q=Qu4/1- @ %> Qp, meaning that the discharge at the
crest water level is larger than constant one with the water
level kept at this value, in other words, the crest water level is
lower than the constant water level with the discharge kept at
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TABLE 3 Upper boundary settings of different scenarios of reduced outflow discharge from the TGR.

Scheme Number

Initial flow (m?/s)

2016 1

30,000
30,000
30,000
30,000
30,000

[N B

2017

—

26,000
26,000
26,000
26,000
26,000
26,000

N s W N

this value, and since the difference depends on the 0v/0t, and
rapidly changed discharge combines a larger value with a
negative sign, and the crest level would be lower in turn.

4 Case studies

In the wet seasons of 2016 and 2017, serious flood events
occurred in the catchment upstream of the TGR, and in basins of
branches of Dongting Lake. Both TGR and other reservoirs were
in operation to reduce the peak flows and to detain floodwater
runoff to protect vulnerable assets in Jingjiang Reach. The
MIKE1l model created for this study was used to simulate
the observed flood events in 2016 and 2017 with different
TGR regulation schemes, and the optimized TGR operation
was explored by studying the trends of the flooding
characteristics in Jingjiang Reach.

The sensitivity of the rating curve in Luoshan, the model’s
downstream boundary condition, was tested since it varied widely
and was impacted by several elements. By comparing the crest of the
high water level with small discharge with that of low water level
with large discharge, no significant differences were found in Shashi.
In Lianhuatang, however, a crest difference of ~0.9 m was found
with a time varying from 3 to 4h. These changes showed a
systematic bias. In analyzing these case studies, the average rating
curve in Luoshan was used as the boundary condition, since most
impacts were focused around the Shashi area, and the effects in the
Lianghuatang area could be estimated qualitatively based on
systematic bias.
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Yichang flow (Upper boundary)

Minimum
flow duration (d)

Minimum flow (m?®/s)

Maintained 30,000

20,000 10

10,000 10

20,000 5

20,000 8

20,000 Maintained

Maintained 26,000
20,000

15,000

8,000

8,000

8,000

8,000

P N N RN

Maintained

4.1 Case study 1: Effects of floodwater
detention and TGR detention time on the
Shashi station crest

Both in 2016 and 2017, the TGR reservoir detained
floodwater, however, how the different intensities of flood and
detention at different times impacted the crest water level at
Shashi station is unknown. To investigate this, six flooding
scenarios were selected for 2016 and seven scenarios for 2017.
Actual conditions from the 6/7/2016 8:00:00 flood event was used
as the initial condition of the model. The first scenario kept the
outflow of the TGR (discharge at Yichang) constant at 30,000 m*/
s; the second and third scenarios reduced the outflow of TGR to
10,000 and 20,000 m’/s, respectively, over a 6-h period and
lasting for 10days, and then smoothly increased it to
30,000 m*/s over a 6-h period. Scenarios four through six built
on scenario three, but continued the reduced outflow time to
5 days, 8 days, and continuously, respectively.

Assumptions for the model in 2017 were the same, except
that the initial conditions were from the observed flood event on
1/7/2016 8:00:00, with an initial outflow from TGR of 26,000 m?/
s, with reduced outflow and durations as shown in Table 3.

As shown in Figures 6A,B, for the flood events in 2016 and
2017, the water level at Shashi station shows the effects 3-5 h
after the outflow was reduced from the TGR. For the second and
third scenarios in 2016, and the second through fourth scenarios
in 2017, the speed with which the water level receded as
compared to the first scenario took an hour to reach the
maximum the difference of the reduced water level up to
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1.05 and 2.25 m for the scenarios of 2016, and 0.65, 1.30, 2.20 m
for the three scenarios of 2017. Three days later, the speed with
which the water level receded decreased, meaning that the water
level at Shashi reduced further, with a limited amplitude. In
scenarios two and three in 2016, after 5 days, the outflow reduced
to an amplitude of 0.14 and 0.23 m, respectively, indicating a
further reduction of the water level at Shashi station. The
amplitude for the three similar counterpart scenarios in
2017 was about 0.05, 0.14, and 0.23 m, respectively. Once the
outflow from TGR increased to the initial value, the water level at
Shashi station kept rising back to that of scenario one, although
the effects were gone after 6 days.

As shown in Figures 6C,D, under the same initial flow and
duration conditions with different interception scenarios, the
water level at Lianhuatang station was affected ~15 h after the
TGR reduced the outflow. After 30 h, the water level recession
rate reached its maximum, which was maintained for 24 h, and
then gradually decreased. After 5 days, the daily water level
recession rate in scenarios two and three was reduced to
0.11 and 0.29 m, respectively, relative to scenario one in 2016.
The daily recession rate of scenarios two through four was
reduced to 0.07, 0.13, and 0.22 m, respectively, relative to
scenario one in 2017. In 2016, the maximum daily recession
in scenarios two and three relative to scenario one was about
0.25 and 0.47 m, respectively. The maximum daily recession in
scenarios two through four in 2017 was about 0.15, 0.27, and
0.46 m, respectively. When the outflow of the TGR was increased
for 9 days, the difference in water level for each scenario was
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within 0.5 m, and when it increased for 19 days, it was within
0.2 m, meaning that the impact of the reduced outflow on the
water levels at Lianhuatang station were effectively eliminated.

Figure 7 supports the conclusion regarding the initial
influence time and appearance time of the amount of
maximum influence that is shown in Figure 6. In addition,
the longer the duration of the interception, the greater the
impact on the water level of Shashi and Lianhuatang stations.
Comparing the results of scenarios six and one in 2016 and the
results of scenarios one and seven in 2017, the impact of the
reduction of the outflow from the TGR on the water level of
Shashi station after 6-7 days was stable. The impact on the water
level of Lianhuatang station lasted for a long time, but after the
outflow from the TGR was reduced for 20 days, the recession rate
for scenario seven in-creased slowly as comparing to scenario
one. On the 21st day of 2016 and 2017, the recession rate was
0.1 and 0.2 m, respectively, but decreased to 0.05 and 0.01 m,
respectively, on the 30th day.

Due to the complicated relationship between rivers and lakes,
the TGR was able to reduce the outflow at Lianghuatang station
in a sustained manner after being stored in Dongting Lake and
the mainstream of the Yangtze River. At the same time, due to the
continuous increase of the recession rate of the water level at
Lianghuatang station, the water level at Shashi station also
showed a slow increase. In 2016, the 30-days recession rate at
Lianhuatang station reached 0.05 m, which may be due to the
slight increase in the water level after the increase in water supply
from Shashi station from the Qingjiang River.
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TABLE 4 Upper boundary settings of different increasing discharge schemes from the TGR.

Scheme Number Yichang flow (Upper boundary)
Initial flow (m?/s) Maximum flow (m?®/s) Maximum
flow duration (d)

2016 7 Maintained 20,000

8 20,000 25,000 11

9 20,000 30,000 11

10 20,000 40,000 11

11 20,000 30,000 5

12 20,000 30,000 8

13 20,000 30,000 Maintained

4.2 Case study 2: Analysis of the impact of
different increasing discharge schemes
from the TGR

In real-time flood control operations, reservoirs need to
increase discharge after a flood event, and gradually reduce
the pre-storage water. When the flood design standard is
exceeded, the reservoir should increase the amount discharged
and release floodwaters in a timely manner according to the
operation rules and regulations. In order to analyze the impact of
different scenarios of increasing outflow on the flood propagation
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characteristics in the Jingjiang River section, a set of scheduling
schemes was set up (Table 4) to examine the 2016 flood
dispatching process.

Similar to when the discharge was reduced, the water level at
Shashi Station showed effects from the increased TGR discharge
in about 3-5 h, and the increased water level rate at Shashi station
for scenarios 8-10 relative to scenario seven reached the
maximum in ~12h. After 3 days, the rate of water level rise
slowed significantly. After 4 days, rate of scenario ten relative to
seven was ~0.1 m. After 8 days, the water level in Shashi station

was stable. The maximum daily increase of scenarios
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8-10 relative to seven was about 0.55, 1.18, and 2.38 m,
respectively. At 13-15h post increasing the TGR outflow, the
water level at Lianhuatang station was affected. The greater the
flow rate, the earlier the impact time. The rising water level rate at
Lianhuatang station reached the maximum at about 30 h, while
the rate in scenarios 8-10 began to gradually decrease on days 4,
5, and 5, respectively. The maximum daily increase in scenarios
8-10 relative to seven was about 0.14, 0.27, and 0.52m,
respectively. After 7 days, the increase rate was below 0.1 m.

The conclusion in Figure 8 are similar to those in Figure 9.
The longer the duration of the increase in discharge, the more
significant the impact on the water level at Shashi and
Lianhuatang stations. The impact of increasing the TGR
discharge at Shashi station was stable after 8 days, and after
10 days at Lianhuatang station.

5 Conclusion and discussion

Based on the observed data, after the construction of the TGR,
the flood propagation time and the flow stage-discharge relationship
at the main station in the Jingjiang reach of the Yangtze River have
been changed (Chai et al., 2020; Yang et al., 2022). The factors
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influencing the relationship between flood propagation time and
water level flow were discussed mechanistically based on the Saint-
Venan Equation, and validated using a constructed MIKE 11 model.
To create better guidance for real-time forecasting and operation of
the TGR in conjunction with the reservoirs in the upper-reaches of
the Yangtze River, the water level change processes of the main
control station at the Jingjiang River reach for different TGR
discharge scenarios were simulated via hydraulic model. The
analysis and summary of the impact on time and degree of
Shashi and Lianhuatang stations in the Jingjiang reach under
different scenarios can be used as an important technical
resource for real-time forecasting and operation. The main
conclusions are as follows:

(1) After the TGR became operational, a series of changes
occurred the characteristics

downstream of Jingjiang Reach. Flood propagation time
was

in flood propagation

significantly low flow
conditions, the discharge increased under the same water
levels, and the range of the loop curve of the stage-discharge
relationship increased under high flow conditions. Through
theoretical analysis and model validation, results showed
that these changes occurred after the regulation of the TGR

shortened, and under
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for natural floods, and were caused by decreasing the
operation times of the gates. This caused the time for the
floodwaters to rise and subsequently decrease to be
significantly shortened, and changed the flood waves from
gradual to sudden.

(2

~

Analysis of the response relationship between the different
TGR discharge rates and the flood control process at the
main control stations in Jingjiang Reach showed that the
flow stage-discharge relationship at Luoshan station had no
significant effect on the peak stage at Shashi station, but had a
significant impact on the peak stage at Lianhuatang station.
The lower the discharge at Luoshan station at the same water
level, the higher the water level at Shashi and Lianhuatang
stations, and the later the peak time. As the TGR reduced
discharge, it affected the water level at Shashi station after
3-5h. The water level recession rate at Shashi Station
the 14 h,
significantly after 3 days, and was stable after 4 days.

reached maximum after and decreased

The TGR began to affect the water level at Lianhuatang station
after ~15h, and reached the maximum recession rate after 30 h.
After maintaining this for ~24 h it started to gradually decrease.
After six or 7 days, the daily recession significantly slowed, and the
discharge reduction by the TGR had a longer effect on the water level
of the Lianhuatang. The TGR increased the discharge and began to
affect the water level at Shashi station after 3-5 h. The rate of water
level rise at Shashi station reached the maximum after ~12 h, and
decreased significantly after 3 days, and was back to pre-flood levels
after 8 days. It began to affect the water level at Lianhuatang station
after ~13-15 h, reached maximum water levels at ~30 h, and then
gradually decreased. After 7 days the increase rate was not obvious,
and was stable after 10 days.

(3) Due to the complicated relationship between rivers and lakes,
after Dongting Lake was regulated, some floodwater from the
upper reaches of the Yangtze could still flow up-stream of the
Lianhuatang station. In addition, the mainstream of the middle
and lower reaches of the Yangtze River with wide sections, small
slopes, large channel-storage, have a complex up- and
downstream hydraulic relationship, which present urgent
problems to real-time forecasting and operations. Based on
the results of this paper, it is appropriate to reduce the discharge
from the TGR one to 3 days in advance of implementing flood

Shashi

Lianghuatang station should be reduced two to 4 days in

control  compensation  operations  at station.
advance, as the water level recession rate at Shashi and

Lianhuatang stations are relatively large during this
operational period, and can be controlled to be lower if the
discharge from TGR will be reduced in advance for a longer
period of time. If the TGR needs to store more flood volume,
then the efficiency of flood control capacity may be relatively
low. After implementing the flood control compensation

operation, if the TGR needs to increase discharge to release
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the storage, the interval of inflow recession from the TGR to the
Lianhuatang must be considered to avoid the water level re-
rising in the lower reaches of the river.

The flood propagation characteristics of the Jingjiang River
section have changed significantly since the TGR became
operational. Due to the huge storage effect of TGR and the
prominent position of flood control in the Jingjiang River section,
the influence of its flood propagation law is significantly
important. The flood waves in the Jingjiang River section are
converted from natural state diffusion waves to break waves in a
certain range of the river channel. Since the research on the
mechanism of break waves is not deep enough, and the influence
relationship is complicated, there is an urgent need to carry out
experimental research based on physical models.
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