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Abstract: The purpose of a flood control reservoir operation is to prevent flood damage downstream
of the reservoir and the safety of the reservoir itself. When a single reservoir cannot provide enough
storage capacity for certain flood control points downstream, cascade reservoirs should be operated
together to protect these areas from flooding. In this study, for efficient use of the reservoir storage,
an optimal flood control operation model of cascade reservoirs for certain flood control points
downstream was proposed. In the proposed model, the upstream reservoirs with the optimal
operation strategy were considered to reduce the inflow of the reservoir downstream. For a large
river basin, the flood routing and time-lag cannot be neglected. So, dynamic programming (DP)
combined with the progressive optimality algorithm (POA) method, DP-POA, was proposed. Thus,
the innovation of this study is to propose a two-stage optimal reservoir operation model with a
DP-POA algorithm to solve the problem of optimal co-operation of cascade reservoirs for multiple
flood control points downstream during the flood season. The upper Yangtze River was selected
as a case study. Three reservoirs from upstream to downstream, Xiluodu, Xiangjiaba and the Three
Gorges reservoirs (TGR) in the upper Yangtze River, were taken into account. Results demonstrate
that the two-stage optimization algorithm has a good performance in solving the cascade reservoirs
optimization problem, because the inflow of reservoir downstream and the division volumes were
largely reduced. After the optimal operation of Xiluodu and Xiangjiaba reservoirs, the average
reduction of flood peak for all these 13 typical flood hydrographs (TFHs) is 13.6%. Meanwhile,
the cascade reservoirs can also store much more storm water during a flood event, and the maximum
volumes stored in those two reservoirs upstream in this study can reach 25.2 billion m3 during a flood
event. Comprising the proposed method with the current operation method, results demonstrate
that the flood diversion volumes at the flood control points along the river decrease significantly.

Keywords: optimal flood control operation; cascade reservoirs; dynamic programming with
progressive optimality algorithm (DP-POA); the upper Yangtze River Basin

1. Introduction

For safety of lives and property from risks related to floods, proper planning of relevant
applications is important for development [1–13]. To date, dams have become numerous and have
had a profound effect on social and economic development. As of 2007, China was the world’s leader
in the construction of large dams [14]. Reservoirs are often operated with a number of purposes
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related to environmental, economic and public services. Generally, these purposes include flood
control, hydropower generation, navigation, sediment control, water supply, recreation, and fisheries,
among which flood control is the most significant function for many of the reservoirs [15].

The main purpose of flood control is to prevent flood damage downstream of the reservoir and
the safety of the reservoir itself. The key variables governing the operation of flood control reservoirs
are the available storage capacity and the expected inflow magnitude from an incoming flood [15].
Some of the research on multi-reservoir flood control operations is for design of the reservoirs [16],
in which the objective functions are the minimum of the initial investment cost and potential flood
damage costs. Until now, most of the research on multi-reservoir flood control operation concerns
minimizing the maximal water level for the dam itself or the releases at the downstream flood control
points, such as the research carried out by Lee et al. [17], Qi et al. [18] and Chen et al. [11]. The other
aspect for multi-reservoir flood control operation is to address the conflicts between flood control and
conservation. A great number of research works on dynamic control flood limiting water level have
been carried out in recent years to balance the conflict between flood control and conservation, such as
the work done by Li et al. [19], Chen et al. [20], and Zhou et al. [9,21].

Accordingly, releases are restricted by the maximum allowable non-damaging channel capacity at
the downstream flood control points [15]. Sometimes the available storage capacity of one reservoir
is not enough to protect the flood control points downstream. In this situation, more reservoirs are
needed to work together to protect these flood control points from flooding, especially the downstream
control points with great importance. Thus, a new optimal reservoir operation model, which can make
efficient use of reservoir storage to protect downstream flood control points from flooding during
the flood season is needed. He et al. [22] studied the flood control operation of Jinsha River cascade
reservoirs combined with the Three Gorges for flood control of the Chenglingji areas downstream
based on the equal water storage method, in which the optimal operation technique was not considered.
The storage capacities of these reservoirs are underutilized. Zhou et al. [9] proposed a virtual reservoir
approach that aggregates multi-reservoir systems into a virtual reservoir for flood control decision
making. However, in their method, two reservoirs were taken as a virtual reservoir, which cannot
reflect the hydraulic connection between reservoirs. Therefore, in this paper, a two-stage optimal
operation of cascade reservoirs for flood control of multiple areas downstream, which considers the
optimization and hydraulic connections among cascade reservoirs, was proposed.

Take three reservoirs, as shown in Figure 1, for example. A, B, and C are three reservoirs from
upstream to downstream, and points 1, 2, and 3 are three flood control points downstream of the
reservoirs, whose locations can also be seen in Figure 1. Points 1 and 2 are protected by Reservoirs A
and B. Point 3 is protected by Reservoirs A, B and C, since Reservoir C cannot have enough capacity
for flood control of Point 3. Reservoirs A and B can help Reservoir C realize the flood control by
minimizing the inflow of Reservoir C. Therefore, two objective functions are needed. For Reservoirs A
and B, the objective function is to minimize the inflow of Reservoir C; for Reservoir C, the objective
function is to minimize the excess flood volumes diverted to the floodplain at point C.

Water 2018, 10, x FOR PEER REVIEW  2 of 25 

 

in the construction of large dams [14]. Reservoirs are often operated with a number of purposes 
related to environmental, economic and public services. Generally, these purposes include flood 
control, hydropower generation, navigation, sediment control, water supply, recreation, and 
fisheries, among which flood control is the most significant function for many of the reservoirs [15]. 

The main purpose of flood control is to prevent flood damage downstream of the reservoir and 
the safety of the reservoir itself. The key variables governing the operation of flood control reservoirs 
are the available storage capacity and the expected inflow magnitude from an incoming flood [15]. 
Some of the research on multi-reservoir flood control operations is for design of the reservoirs [16], 
in which the objective functions are the minimum of the initial investment cost and potential flood 
damage costs. Until now, most of the research on multi-reservoir flood control operation concerns 
minimizing the maximal water level for the dam itself or the releases at the downstream flood control 
points, such as the research carried out by Lee et al. [17], Qi et al. [18] and Chen et al. [11]. The other 
aspect for multi-reservoir flood control operation is to address the conflicts between flood control 
and conservation. A great number of research works on dynamic control flood limiting water level 
have been carried out in recent years to balance the conflict between flood control and conservation, 
such as the work done by Li et al. [19], Chen et al. [20], and Zhou et al. [9,21].  

Accordingly, releases are restricted by the maximum allowable non-damaging channel capacity 
at the downstream flood control points [15]. Sometimes the available storage capacity of one reservoir 
is not enough to protect the flood control points downstream. In this situation, more reservoirs are 
needed to work together to protect these flood control points from flooding, especially the 
downstream control points with great importance. Thus, a new optimal reservoir operation model, 
which can make efficient use of reservoir storage to protect downstream flood control points from 
flooding during the flood season is needed. He et al. [22] studied the flood control operation of Jinsha 
River cascade reservoirs combined with the Three Gorges for flood control of the Chenglingji areas 
downstream based on the equal water storage method, in which the optimal operation technique was 
not considered. The storage capacities of these reservoirs are underutilized. Zhou et al. [9] proposed 
a virtual reservoir approach that aggregates multi-reservoir systems into a virtual reservoir for flood 
control decision making. However, in their method, two reservoirs were taken as a virtual reservoir, 
which cannot reflect the hydraulic connection between reservoirs. Therefore, in this paper, a two-
stage optimal operation of cascade reservoirs for flood control of multiple areas downstream, which 
considers the optimization and hydraulic connections among cascade reservoirs, was proposed.  

Take three reservoirs, as shown in Figure 1, for example. A, B, and C are three reservoirs from 
upstream to downstream, and points 1, 2, and 3 are three flood control points downstream of the 
reservoirs, whose locations can also be seen in Figure 1. Points 1 and 2 are protected by Reservoirs A 
and B. Point 3 is protected by Reservoirs A, B and C, since Reservoir C cannot have enough capacity 
for flood control of Point 3. Reservoirs A and B can help Reservoir C realize the flood control by 
minimizing the inflow of Reservoir C. Therefore, two objective functions are needed. For Reservoirs 
A and B, the objective function is to minimize the inflow of Reservoir C; for Reservoir C, the objective 
function is to minimize the excess flood volumes diverted to the floodplain at point C.  

 
Figure 1. Diagram of dams and flood control points. 

In addition, usually the optimal flood control reservoir operation model for a large river basin 
does not consider the flood routing during the processes for obtaining the optimal solution. When 

Figure 1. Diagram of dams and flood control points.



Water 2018, 10, 1250 3 of 24

In addition, usually the optimal flood control reservoir operation model for a large river basin
does not consider the flood routing during the processes for obtaining the optimal solution. When the
river basin is large, these factors cannot be ignored. Since the Muskingum method was used for flood
routing [23–25], the delayed time is usually considered, which causes the time-lags issue during the
optimal processes [10]. In this case, the number of decision variables and constraints is increased
exponentially, and it is difficult for a single traditional optimization method or modern intelligence
algorithm to tackle the time-lags problem [10]. In the broad area of reservoir operation, development
and use of prescriptive models based on optimization techniques have been extensively used [26,27].
An adaptive optimal algorithm also should be considered for the large river basins with flood routing
and time-delayed issues.

There are various studies on optimal operations of single reservoir and multi-reservoir systems
for flood control in the literature [9,28–30]. The dynamic programming (DP) method is the most widely
used optimization technique for reservoir operation. It also has been used for reservoir operation
by [31–34]. DP can be used for solving problems containing discrete variables, non-convex,
non-continuous, and non-differentiable objective functions. However, the “curse of dimensionality”,
the phenomenon that when the number of reservoirs rises, the computation scale of DP
increases exponentially, limits its application of DP. To deal with the dimensionality problems,
modified DP algorithms, such as discrete differential dynamic programming (DDDP) [35–37],
dynamic programming successive approximation (DPSA) [38,39] and the progressive optimality
algorithm (POA) have been widely used for finding the optimal or near-optimal reservoir release
hydrographs for flood control [40].

The POA, proposed by Howson and Sancho [41], was used to resolve the nth single reservoir
operation problems, which divides the multi-stage problem into multiple two-stage sub-problems.
Turgeon [42] used the principle of progressive optimality to minimize the total production cost of a
multi-dimensional and multistage optimization problem. Guo et al. [43] applied the POA algorithm
to solve the joint operation of the multi-reservoir systems of the Three Gorges and the Qingjiang
cascade reservoirs. However, the disadvantages of the POA method are that the initial solutions have
great influence on the final optimal results. In this study, a combined algorithm of DP and POA was
proposed to solve the problem of flood routing and the influence of initial solutions.

The objective of this study was, therefore, to establish an optimal flood control operation model of
cascade reservoirs for multiple flood control points downstream. The objective of the whole model is
to minimize the flood diversion volumes at the flood control points. An adaptive combined algorithm
is also proposed to solve the problem of flood routing. The upper Yangtze River, China, was selected
as a case study. Three reservoirs were considered in this study.

2. Optimal Flood Control Reservoir Operation Model

A two-stage optimal reservoir operation model was proposed. Take the three reservoirs for an
example, as shown in Figure 1. In the first stage, the optimal operation models of Reservoirs A and B
were established, in which the objective function is to reduce the inflow of the downstream reservoir.
In the second stage, the optimal operation model of Reservoir C is established, in which the objective
function is to minimize the highest water level and the flood diversion volumes at flood control point 3.

2.1. Optimal Operation in the First Stage

2.1.1. Objective Function

Take the three cascade reservoirs as an example. Reservoirs A and B are expected to store much
more water during the flood season and reduce the inflow of Reservoir C as much as possible. In other
words, the best situation is that the inflow of Reservoir C is as small as possible, after the utilization of
the two reservoirs upstream.

Thus, the objective function of Reservoirs A and B can be defined as:
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minF = min

{
T

∑
t=1

[Q′ (t) + q(t)]2
}

(1)

where Q′ (t) is the discharge of Reservoir B considering the flood routing along the river; and q(t) is
the discharge of the interval basin, which also includes the flow from other tributaries of the river.

2.1.2. Constraints for Model in the First Stage

Four constraints were considered in this study. The first one is water balance equation, which must
obey during the reservoir operation process. The second one is the constraint concerning water level,
which gives the allowable maximum and minimum water levels during the flood season. The third one
is the discharge limit, which gives the allowable maximum and minimum discharges during the flood
season. The fourth is the limit of the discharge for downstream flood control point, which protects
downstream areas from flooding.

(a) Water balance equation:

Vi,t = Vi,t−1 + (Ii,t −Qi,t)∆t (2)

where Vi,t is the reservoir storage at time t for the ith reservoir; and Ii,t and Qi,t are the inflow and
outflow at time t for the ith reservoir, respectively.

(b) Constraint of water level:
Zmin

i,t ≤ Zi,t ≤ Zmax
i,t (3)

where Zi,t represents the water level of the ith reservoir at time t; Zmin
i,t and Zmax

i,t represent the minimum
and maximum water level of the ith reservoir at time t, respectively.

(c) Constraint of reservoir discharge:

Qmin
i ≤ Qi,t ≤ Qmax

i (Zt) (4)

where Qi,t is the discharge of the ith reservoir at time t; Qmax
i (Zt) means the maximum discharge

ability corresponding to the water lever Zt at time t for the ith reservoir; and Qmin
i means the minimum

discharge for the ith reservoir. The maximum discharge ability is related to the water level, and the
reservoir discharge Qi,t cannot exceed the maximum discharge ability.

Besides Equation (4), the discharge variation between adjacent time periods should be also
considered by:

|Qi,t −Qi,t−1| ≤ ∆Qi (5)

where ∆Qi is the allowed discharge variation between adjacent time periods for the ith reservoir.
(d) Constraint of discharge for downstream flood control points

qj,t = Q′ i,t + ∆qt ≤ qmax
j , j = 1, 2, 3 (6)

where qj,t is the discharge at time t for the jth flood control point downstream; Q′ i,t is the discharge
of the ith reservoir considering the flood routing at the jth flood control point; ∆qt is the inflow in
the interval zone between the ith reservoir and the flood control point downstream; and qmax

j is the
allowed maximum discharge for the jth flood control point downstream.

2.2. Optimal Operation in the Second Stage

2.2.1. Objective Function

Flood control reservoir operation is generally a complex problem, which needs to consider the
safety of a reservoir and its upstream and downstream areas. This paper established a flood control
operation model aiming to control the highest water level of Reservoir C and reduce the flood diversion
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magnitudes of the downstream areas. Two objective functions were considered and given as follows.
When the release does not exceed the safety water level downstream, the highest water level of
Reservoir C is taken as an objective function. Although those reservoirs operate together, it is possible
that the water level at flood control points still exceeds the safety water level for a high return period
flood (e.g., 1000-year). In this situation, the objective function is to minimize the flood diversion
magnitude in the downstream areas. These two objective functions are given as follows.

(1) Minimize the highest water level to ensure the safety of the reservoir itself and its upstream areas

minF′1 = min{maxZt}, t = 1, 2, · · · , Td (7)

where Zt is the water level at time t; and Td is the time duration for the flood control operation.
(2) Minimize the flood diversion magnitudes for downstream areas:

minF′2 = min

{
Ts

∑
t=1

∆q(t) · ∆t

}
(8)

where ∆q(t) is the excess water volume into the flood diversion areas around the downstream control
site at time t; ∆t is the interval time; and Ts is the time duration for flood diversion, when the water
level exceeds the safety water level downstream.

2.2.2. Constraints for the Model in the Second Stage

The constraints include the water balance, water level limits, reservoir discharge limits and
allowable discharges for downstream flood control points. Equations for the constraints are the same
as those in stage one (Section 2.1).

2.3. Optimization Algorithm

Considering the “curse of dimensionality”, the time-lag issue for multi-reservoir operations,
and the influence of the initial solutions, the dynamic programming combined with the progressive
optimality algorithm (DP-POA) method was proposed to find the optimal operation polices for
multi-reservoir systems, in which the DP method was used first, and the output of the DP method was
the input of the POA method. The skeleton of this algorithm is shown in Figure 2. The equations for
DP and POA methods are given below.
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2.3.1. Dynamic Programming (DP)

A multiple-period reservoir operation is formulated as a recursive function in DP:

max Gt(st) = gt(st, rt) + Gt+1(st+1)

s.t. st + qt = rt + st+1
(9)

where st, rt, and qt are storage, release, and inflow at period t, respectively; gt(st, rt) is single-period
utility function; and Gt(st) is the maximum cumulative utility from period t (current period) to period
T (end of the operation period). Equation (9) is a generalized formula that characterizes the reservoir
operations of hydropower, water supply, flood control, and so on.

2.3.2. Progressive Optimality Algorithm (POA)

POA often starts with an initial solution obtained by engineering judgment, heuristic search
algorithms and other methods. In this method, the initial solution was given based on the results of
the DP method. Then, POA solves all the two-stage optimization sub-problems in a serial way. For the
jth sub-problem, use Equation (10) to find an improved decision vector between stages j − 1 and j + 1.

F∗(Sj−1, Sj, Sj+1) = min
Sj∈Cj
{F(Sj−1, Sj) + F(Sj, Sj+1)} (10)

where Sj is the possible water level at the jth period, Cj is the set of water level at the jth period,
F(Sj−1, Sj) is the objective water level between stages j− 1 and j, F∗(Sj−1, Sj, Sj+1) denotes the optimal
objective water level between stages j − 1 and j +1.

3. Study Area

3.1. Introduction of Study Area

The upper Yangtze River is selected as a case study. The largest reservoir in China is created by
the Three Gorges Dam (TGD), which stores 39.3 billion m3 of water and has a surface area of 1045 km2.
The TGD is located on the Yangtze River, which is about 6300 km long and occupies 18.8% of China’s
land area. The function of the TGD includes flood control, power generation and navigation and so
on. Since the Yangtze River includes many devastating floods over the centuries killing thousands of
people and causing millions of dollars in damage, among these functions, flood control is the most
important one.

Floods in the middle and lower reaches of the Yangtze River mainly stem from the upper region
of the Yichang gauging station, which is also the control site of TGD [44]. Usually the flood volume of
the upper Yichang site is about 50% of the total flow volume of the Yangtze River, about 90% of the
Jingjiang River reach that is part of the Yangtze River from the Zhicheng to Chenglinji gauging station
and regarded as the most key area for flood prevention [44–46]. The Three Gorges Reservoir (TGR),
which uses the available empty space of the reservoir to absorb the flood, can reduce the downstream
flooding around the Jingjiang River and Dongting Lake areas and guarantee the safety of the Jingjiang
River downstream when a 100-year flood occurs in TGD.

However, the flood control capacity of TGR with a capacity of 22.2 billion m3 is still not enough.
If a flood event throughout the Yangtze River Basin is to occur, the TGD cannot hold back floods
downstream of the dam (such as the 1954 flood that killed 30,000 people outright and more through
starvation and disease). Thus, more reservoirs located upstream are needed to help TGD reduce the
flood. The Xiluodu and Xiajiaba are two dams built in the Jinsha River, which is part of the Yangtze
River upstream as shown in Figure 3.
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The Xiluodu dam, located on the upper reach of the Yangtze River between Yunnan and Sichuan
Provinces, is the third tallest arch dam in the world and a key component of the Jinsha River Project.
It is also the second largest dam in China, next only to the TGD in terms of size, construction cost and
generating capacity. The overall elevation of the dam crest is 600 m, with the concrete double-curvature
arch being 285.5 m high and 700 m long. The reservoir capacity is about 12.7 billion m3 with
4.7 billion m3 for flood control. The Xiangjiaba dam is located downstream of the Xiluodu dam,
which is only 157 km far from it. It is a large gravity dam on the Jinsha River. The flood control capacity
is 0.9 billion m3. The total flood control capacity of both of the two dams are nearly 5.6 billion m3.
The characteristics of the three dams are summarized in Table 1.

Five flood control areas considered in this study from upstream to downstream are Yinbin, Luzhou,
Chongqing, Jingjiang and Chenglingji. The Xiluodu and Xiangjiaba reservoirs need to protect the cities
Yibin and Luzhou from flooding, when the flood with a 20-year return period occurs, and protect the
city Chongqing from flooding, when the 50-year return period flood occurs. The Xiluodu, Xiangjiaba
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and TGR operate together to protect the Jingjiang area from flooding, when a 100-year flood event
occurs. The design standard for the TGR is 1000 years corresponding to the water level of 175 m.
Therefore, the flood events with 50-year, 100-year and 1000-year return periods were considered in this
study. Three major cities from upstream to downstream (Yibin, Luzhou, and Chongqing) are located
along the Yangtze River. Among these cities, Chongqing is the most populous Chinese municipality,
and also the largest directly controlled municipality in China, and comprises 26 districts, eight counties,
and four autonomous counties. Yibin and Luzhou are two prefecture-level cities in the south-eastern
part of Sichuan province, China. Yibin is located at the junctions of the Min River and Yangtze Rivers.
Luzhou, situated at the confluence of the Tuo River and the Yangtze River, and is an important port on
the Yangtze River. According to the 2015 census, these three major cities have a total population of
about 41 million.

In recent years, the economy of the region around the Jingjiang River reach has continued to
develop. Concretely, the current agricultural acreage area and aquatic area are 37,000 and 6500 square
hectometers, respectively, while fixed assets in the district are valued at 9 billion yuan, and gross
domestic product is 8.7 billion yuan. This area has become an important grain, cotton, and aquaculture
base in China. Therefore, once a catastrophic flood occurred, the affected population is very large,
and the economic losses are extremely high. Another flood control points is Chenglingji station
which is the outlet of the Dongting Lake. There are many retention basins around the Chenglingji
station, which is home to a lot of people. According to the Chinese flood control regulations, as the
backbone of flood management measures for the mid-downstream Yangtze River Basin, the Three
Gorges Reservoir provides enormous benefits to flood control for the Yangtze River. The operation of
TGR has improved the flood control capacity of the Jingjiang River Reach downstream from 20-year to
100-year, and prevents devastating damage through combining the use of retention basins for the case
of floods of 100–1000 years’ frequency. Additionally, it also reduces the possibility of using retention
basins near the Chenglingji area to ensure the safety of life and property.

Table 1. Characteristics of the Xiluodu, Xiangjiaba and Three Gorges Dam (TGD).

Dam Drainage Area
(104 km2)

Normal
Water Level

(m)

Flood Control
Water Level

(m)

Dead
Water Level

(m)

Regulating
Storage Capacity

(Billion m3)

Flood Control
Reservoir Capacity

(Billion m3)

Xiluodu 45.4 600 560 540 6.5 4.7
Xiangjiaba 45.9 380 370 370 0.9 0.9

TGD 100 175 145 145 16.5 2.2

3.2. Data of Study Area

The Xiluodu and Xiajiaba reservoirs can provide certain flood capacity to store the flood occurring
in the upper Yangtze River, especially the flood in the Jinsha River. However, under the condition
of preventing the downstream cities—Yibin, Luzhou and Chongqing—from flooding as shown in
Figure 3, how to use the two reservoirs rationally and effectively to reduce the inflow of TGR is a
challenging task. In addition, besides those two reservoirs, how to use the flood capacity of TGR to
realize the flood control of the Jingjiang River downstream effectively is another important task. Thus,
since the flood control problems are much more complicated for cascade reservoirs with multiple flood
control points, judicious operation methods during a flood event are needed.

The gauging station used in this study is shown in Figure 3 as well. From Xiangjiaba to Yichang,
there are four main tributaries, namely Min, Tuo, Jialing, and Wu Rivers. The control sites for Min, Tuo,
Jiangling, and Wu Rivers are Gaochang, Fushun, Beibei, and Wulong, respectively. The Yangtze River
upper than Yibin is also named the Jinsha River, and the Yangtze River from Yibin to Yichang is also
named the Chuan River because these areas belonged to Sichuang Province before. There are three
flood control points located on the Chuang River reach, namely Yibin City, Luzhou City and Chongqing
City; and there are two flood control points located downstream of the TGD, namely Jingjiang and
Chenglingji areas. The Xiluodu and Xiangjiaba dams were employed to protect the cities of Yibin,
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Luzhou, and Chongqing from flooding. The TGD combined with the two dams operated together to
guarantee the safety of the Jingjiang and Chenglingji areas.

Since the Xiluodu and Xiangjiaba dams are on the Jinsha River, the characteristics of the flood in
the Jinsha River were discussed. The runoff in the Jinsha River Basin mainly concentrate in the period
of June to October, which can account for 80% of the total annual runoff in the upper Jinsha River and
75% in the lower Jinisha River. The mean runoff and its percentage for each month at the Pingshan
gauging station in the Jinsha River are given in Table 2. It is indicated from Table 2 that the river flow
in July, August and September accounting for 54.0% of the total amount of the annual flow, and in
June to November accounting for 81.2%.

Table 2. Runoff and its percentage for each month at the Pingshan gauging station.

Months Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sept. Oct. Nov. Dec.

Runoff (m3/s) 1660 1420 1350 1540 2320 5080 9580 10,200 10,000 6540 3450 2180
Volume (108 m3) 44.5 34.7 36.2 39.8 62.1 132 257 274 260 175 89.5 58.3
Percentage (%) 3.04 2.38 2.47 2.72 4.25 9.00 17.5 18.7 17.8 12.0 6.12 3.99

4. Application

4.1. Design Flood Hydrographs

During the flood control reservoir operation, usually the extreme or large flood events were
considered. Therefore, the input of the model is the T-year design flood hydrograph. One of the
methods to derive the design flood hydrographs (DFH) is the typical flood hydrograph (TFH) method
which has been widely used by practitioners [47,48]. The DFH can be obtained according to the
following steps.

Step 1: The annual maximum (AM) sampling method was used in this study, and the AM peak or
n-day volumes data were derived.

Step 2: The Pearson type three distribution was used to fit the AM data sets. The design flood
peak or volumes for certain return periods, such as 50 years, 100 years and 1000 years, were obtained.

Step 3: The typical flood hydrographs (TFH) were determined. Usually, the observed flood
hydrograph with highest peak or largest volume was selected as a TFH [49].

Step 4: The DFH was constructed by multiplying each discharge ordinate of the TFH by an
amplifier [12,13]. Certain amplitude method was used to make the flood peak or volumes of TFH
equaling to the design values. In this study, only the volume amplitude method was considered,
in accordance with the practical situation. Assume that the T-year design and observed n-day
flood volumes are WT

d and WO respectively, and the amplifier with return period T is defined as
kT, kT = WT

d /WO. The TFH was transformed to DFH by multiplying the parameter kT. However,
some other attributes, such as duration, were also considered for derivation of DFHs in some research
works (e.g., Serinaldi and Grimaldi [50]; Vandenberghe et al. [51]; Gräler et al. [52]; Brunner et al. [53]),
which were not considered in this study. The design flood hydrographs (DHFs) for the whole season
can be obtained finally.

The floods in the years 1954, 1968, 1969, 1980, 1981, 1982, 1983, 1988, 1996, 1998, 1999, 2002 and
2010 were selected as TFHs in this study. Since the summer rainfall in the 1980s and 1990s is much
higher than in the previous decades, eight flood hydrographs were selected during these periods [54].
The 1954 and 1998 floods are two serious flood events that happened in the past 100 years, which should
be selected for flood control analysis. In the years of 1968 and 2002, the Wu River, which is a main
tributary of the upper Yangtze river, experienced a severe flood [55]. Thus, the flood hydrographs
of these two years were selected. In the year of 1969, extreme flood events happen simultaneously
on the three main tributaries: the Jinsha, Min, and Tuo Rivers. In the year of 2010, the entire Yangtze
River basin suffered from tremendous flooding, which led to the number of affected people as about
1.4 billion, and the direct economic loss of 197.6 billion Chinese yuan. According to the shape of these
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flood hydrographs, they can be divided into 3 types, namely the long duration type, single flood
peak type and multiple flood peak type, which contain all the potential characteristics of flood events
occurring in the upper Yangtze River Basin. The floods of 1954, 1996 and 1998 show long duration,
which lasted for more than one month. For example, the 1954 and 1998 China floods lasted from
middle of June to the beginning of September. There is only one main flood peak in the years of 1980,
1981, 1982, 1999 and 2002. In addition, there are multiple flood peaks in the years of 1968, 1969, 1983,
1988 and 2010. All the selected THFs are shown in Figure 4.
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The duration of the flood hydrograph plays a key role in determination of the DFH. In this
study, the hydrograph lasts for the whole flood season (1 June to 30 September) [56–58]. All typical
flood hydrographs mentioned above were used to derive the DFHs. The volume amplitude method,
namely the 30-day volume amplifier, was selected in this study to obtain the DFHs, in accordance
with practical use. In other words, the 30-day volume amplifier was employed for amplifying the
hydrograph of the whole flood season. Considering the length of the paper, only the design flood
hydrographs based on the TFH of 1954 were shown in Figure 5.
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4.2. Optimal Reservoir Operation Results

4.2.1. Operation Results of the Xiluodu and Xiangjiaba Reservoirs

The Xiluodu and Xiangjiaba Dams were used to reduce the inflow of TGR, which is also an effective
method to alleviate the flood control burden of the Jingjiang and Chenglingji areas. A two-stage
optimization algorithm was employed to solve the optimization model of the Xiluodu and Xiangjiaba
cascade reservoirs, because of the “curse of dimensionality” and time-lag issue for multi-reservoir
systems. First, the DP method was used to obtain the optimal solution set. Second, the output of the
DP method was the input of the POA method, which avoids the influence of initial solutions on the
optimal solutions. The years of 1954, 1968, 1969, 1980, 1981, 1982, 1983, 1988, 1996, 1998, 1999, 2002,
and 2010 were selected as TFHs. The real-time water level and discharge at each time period were
calculated by the flood hydrograph routing method.

Operation results of each DFH are given in Table 3, in which the inflow values of TGR and the
flood stored in the Xiluodu and Xiangjiaba Dams are shown. The flood reductions are also given
in Table 3.

As shown in Table 3, the Xiluodu and Xiangjiaba cascade reservoirs can obviously reduce the the
inflow of TGR. For the 1000-year design flood, amplified based on the TFH of 1998, the maximum
inflow of the Three Gorges decreased from 109,705.2 m3/s to 92,570.6 m3/s. The flood peak was
reduced by 17,134.6 m3/s and its corresponding reducing rate was 15.6%. The average reduction of
flood peak for all these 13 TFHs can reach 13.6%. Therefore, the decrease of the peak inflow can relieve
the flood control burdens of TGD. Additionally, the cascade reservoirs can also store much more water
during a flood event, and the maximum volumes stored in those two reservoirs upstream in this study
can reach 252.1 × 108 m3. It also can be seen from Table 3 that the two-stage optimization algorithm
has a good performance in solving the cascade reservoirs optimization model. Furthermore, when the
POA method was used in the second stage, the model shows higher efficiency. More water was stored
in the two reservoirs, and the inflow of TGR was further reduced. For instance, the maximum inflow
of the 100-year design flood based on 1998 TFH reduced to 59,905.7 m3/s in the first stage, and to
57,890.4 m3/s in the second stage.

Figure 6 presents the 1000-year design flood hydrographs of 1954, and the inflow of TGR after
the reservoir operation. The inflows regulated by the cascade reservoirs are much flatter with smaller
peak values, which means that the inflow is easier to control.
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Table 3. Operation results of the Xiluodu–Xiangjiaba cascade reservoirs.

TFH 1 Return Periods
(Year)

Inflow of the Three Gorges (m3/s) Flood Stored in the Xiluodu and Xiangjiaba Reservoirs (108 m3)

Natural Runoff Stage 1 Flood Reduction Stage 2 Flood Reduction Stage 1 Stage 2 Comparisons

1954
50 76,676 67,500.34 9175.66 67,284.74 215.60 144.28 159.37 15.08
100 67,025.4 58,388.07 8637.32 58,147.99 240.08 138.16 152.22 14.06

1000 63,720.4 55,267.93 8452.47 54,993.17 274.75 133.9 148.0 14.1

1968
50 96,390 84,091.62 12,298.37 84,091.0 0.57 240.2 252.1 11.9
100 83,916 74,102.2 9813.77 74,101.3 0.92 234.2 243.5 9.3

1000 79,833.6 70,840.2 8993.4 70,839.8 0.35 231.6 239.9 8.3

1969
50 92,599 77,086.3 15,512.6 76,456.3 630.1 160.0 174.3 14.3
100 80,908.9 64,984.7 15,924.1 64,588.8 395.9 150.9 162.7 11.8

1000 76,928.4 61,000.5 15,927.9 60,846.7 153.7 147.6 158.6 11.0

1980
50 91,182 79,087.6 12,094.38 78,731.4 356.17 163.8 175.7 11.9
100 79,661.4 66,305.01 13,356.39 66,116.25 188.75 167.32 179.13 11.8

1000 75,730.2 63,189.1 12,541.04 63,160.1 29.03 165.79 176.63 10.8

1981
50 111,200 96,768.65 14,431.35 96,689.93 78.71 177.64 188.79 11.1
100 97,091.5 88,907.63 8183.8 88,408.22 499.4 151.5 161.02 9.4

1000 92,921.5 81,542.78 11,378.72 81,504.39 38.38 156.96 165.87 8.9

1982
50 92,040 79,071.08 12,968.92 79,030.08 41 162.40 174.88 12.48
100 80,417 69,906.41 10,510.5 69,889.25 17.16 149.2 163.11 13.9

1000 76,523 66,847.61 9675.39 66,832.96 14.64 143.3 157.4 14.06

50 95,732 87,083.95 8648.05 87,083.9 0.05 182.1 195.1 13.0
1983 100 82,582 74,997.29 7584.7 74,997.29 0 167.09 186.42 19.3

1000 78,479.2 70,371.11 8108.08 70,371.1 0 188.91 206.8 17.89

50 80,106 69,897.8 10,208.17 68,171.5 1726.338 155.74 169.56 13.8
1988 100 69,772.8 59,948.75 9824.05 59,915.72 33.03 144.4 156.49 12.04

1000 66,360 57,210.63 9149.37 57,210.63 0 142.0 153.2 11.2

50 78,501 69,472.82 9028.18 69,058.74 414.1 153.67 181.93 28.25
1996 100 68,554.8 60,624.35 7930.4 60,622.61 1.74 140.67 174.7 34.02

1000 65,184.6 57,982.89 7201.7 57,982.76 0.13 136.29 170.24 33.9

50 109,705.2 92,571.2 17,133.9 92,570.6 0.6 192.3 201.2 8.8
1998 100 67,438.1 59,905.7 7532.3 57,890.4 2015.3 159.4 176.6 17.2

1000 64,168 56,802.3 7365.6 54,815.2 1987.0 157.7 174.3 16.6

50 90,153 73,305.4 16,847.5 73,306.6 -1.1 180.9 197.6 16.7
1999 100 78,642.9 64,300.6 14,342.6 64,143.8 156.4 168.5 185.0 16.4

1000 74,787.3 61,446.0 13,341.2 61,318.9 127.1 164.1 181.5 17.4

50 81,648 70,413.2 11,234.7 69,874.5 538.7 127.5 136.5 9.0
2002 100 71,344.8 60,551.9 10,792.8 60,001.7 550.2 117.2 124.5 7.3

1000 67,845.6 57,273.2 10,572.3 56,824.3 448.8 113.5 120.7 7.2

50 109,705.2 99,823.4 9881.8 99,823.0 0.39 190.3 201.8 11.4
2010 100 96,407.6 88,551.2 7856.3 88,550.7 0.52 176.4 189.3 12.9

1000 91,088.56 84,048.3 7040.2 84,047.9 0.5 167.5 179.7 12.2

1 TFH: typical flood hydrograph.
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4.2.2. Operation Results of the Three Gorges Reservoir

Considering the flood control in the middle and lower reaches of the Yangtze River, this paper
compared two operation methods, namely single reservoir operation model (TGR) and the cascade
operation model (Xiluodu, Xiangjiaba and TGR).

Tables 4 and 5 present the flood diversion volumes of each DFH at the Jingjiang and Chenglingji
flood control points, respectively, when different operation models were used. As shown in Table 4,
the flood in the Jingjiang area does not need to be diverged for all 50-year DFHs. That means both the
single and cascade models can ensure the water level of the Jingjiang area not exceeding the safety
water level, when a 50-year flood event occurs. For 100-year DHFs, the single model can protect the
Jingjiang areas from flooding for most of DFHs, except for the year of 1968, which means that when a
single reservoir is used, the 100-year flood control standard for the Jingjiang area cannot always be
guaranteed. When the cascade model used, there is no need to diverse the flood volumes and the
safety of this areas can be ensured for the flood events with the 100-year return period. Generally,
the differences between single reservoir operation model and the cascade models are not so obvious
for the 50-year and 100-year DFHs. But for the 1000-year DFHs, it is clear from Table 4 that the flood
diversion volumes obtained by the cascade operation model are less than those by the single reservoir
model. For example, for the 1000-year design flood amplified based on the TFH of 1988, the flood
diversion at the Jingjiang flood control point is 20.1 billion m3 calculated by the single operation model,
but reduced to zero when the Xiluodu and Xiangjiaba reservoirs were taken into accounts. It can be
seen from Table 5 that the volumes decrease significantly when the cascade reservoir models are used.
Tables 4 and 5 show that the cascade optimal operation model works better than single operation
model in reducing the flood diversion volumes in the Jingjiang and Chenglingji areas.

Table 4. Flood diversion volumes of each design flood hydrograph (DFH) at the Jingjiang flood control
point (billion m3).

TFH
Return Periods

(Year)
Without Operations

For the Jingjiang Area For the Chenglingji Area

Single Cascade Single Cascade

1954
50 4.8 0 0 0 0

100 8.4 0 0 0 0
1000 23.7 0 0 0 0

1968
50 17.0 0 0 0 0

100 24.0 4.2 0 4.2 0
1000 56.5 33.9 37.9 56.4 37.9

1969
50 12.6 0 0 0 0

100 17.7 0 0 0 0
1000 37.5 17.3 12.2 17.2 12.2

1980
50 8.5 0 0 0 0

100 11.1 0 0 0 0
1000 24.8 0 0 0 0

1981
50 14.0 0 0 0 0

100 18.5 0 0 0 0
1000 38.1 0 0 0 0

1982
50 8.3 0 0 0 0

100 11.3 0 0 0 0
1000 26.0 17.8 0 16.9 0

50 19.0 0 0 0 0
1983 100 25.5 0 0 0 0

1000 55.2 55.2 39.6 55.1 39.7

50 5.9 0 0 0 0
1988 100 10.5 0 0 0 0

1000 26.7 20.1 0 20.1 0
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Table 4. Cont.

TFH
Return Periods

(Year)
Without Operations

For the Jingjiang Area For the Chenglingji Area

Single Cascade Single Cascade

50 9.7 0 0 0 0
1996 100 15.9 0 0 0 0

1000 42.1 18.9 13.4 18.9 13.4

50 6.0 0 0 0 0
1998 100 12.9 0 0 0 0

1000 29.4 0 0 0 0

50 9.4 0 0 0 0
1999 100 15.2 0 0 0 0

1000 37.5 14.3 8.9 14.3 8.9

50 6.8 0 0 0 0
2002 100 9.8 0 0 0 0

1000 20.0 0 0 0 0

50 13.4 0 0 0 0
2010 100 17.2 0 0 0 0

1000 29.4 0 0 0 0

Table 5. Flood diversion volumes of each design flood hydrograph (DFH) at the Chenglingji flood
control point (billion m3).

TFH
Return Periods

(Year)
Without Operations

For the Jingjiang Area For the Chenglingji Area

Single Cascade Single Cascade

1954
50 31.2 35.4 26.4 9.6 4.0

100 37.1 45.3 36.6 19.3 13.7
1000 54.3 74.2 70.1 59.8 54.2

1968
50 59.9 73.5 63.8 64.5 59.0

100 69.8 88.4 80.8 79.7 78.4
1000 93.9 111.1 101.7 93.9 102.1

1969
50 37.7 50.0 38.8 33.2 28.3

100 45.2 61.7 50.5 50.5 45.6
1000 70.8 88.8 87.3 88.9 87.4

1980
50 28.7 35.7 26.0 12.1 6.6

100 36.2 46.1 35.9 23.5 18.0
1000 61.6 83.9 74.2 77.2 71.6

1981
50 39.8 49.4 38.8 20.5 14.4

100 46.3 59.1 48.2 35.8 30.3
1000 68.3 98.0 91.2 89.9 84.4

1982
50 28.9 35.1 25.6 14.8 3.7

100 35.5 43.2 34.3 24.6 13.6
1000 51.7 67.9 61.9 56.4 52.5

50 47.6 64.4 52.5 52.4 46.9
1983 100 55.5 78.9 69.9 72.5 66.9

1000 83.0 83.0 92.2 82.8 91.7

50 30.5 34.4 25.4 17.8 12.4
1988 100 34.4 41.1 33.6 30.3 24.8

1000 48.2 54.1 62.8 52.4 62.6

50 47.6 57.1 51.5 32.5 26.9
1996 100 54.0 68.0 63.9 43.7 38.1

1000 68.7 89.4 88.8 63.1 63.0

50 55.5 61.2 54.1 37.5 32.0
1998 100 62.0 73.7 68.1 51.9 46.4

1000 41.5 61.5 53.0 39.3 33.7
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Table 5. Cont.

TFH
Return Periods

(Year)
Without Operations

For the Jingjiang Area For the Chenglingji Area

Single Cascade Single Cascade

50 43.5 52.2 41.1 24.7 19.1
1999 100 50.6 62.3 52.9 42.6 37.1

1000 71.7 89.6 88.9 82.6 82.5

50 18.2 22.9 19.4 1.6 0.0
2002 100 20.8 27.1 24.0 5.6 0.1

1000 32.0 43.1 40.5 19.8 14.6

50 23.2 32.1 23.1 3.0 0.0
2010 100 27.9 39.3 29.3 9.0 3.3

1000 41.5 61.5 52.7 39.3 33.7

Table 6 gives the highest water level of TGR of each TFH with different return periods, for the flood
control of the Jingjiang area, and Table 7 for the flood control of both the Jiangjiang and Chenglingji
areas. Tables 6 and 7 illustrate that the highest water level of TGR generally is lower, when the cascade
optimal operation model was considered instead of the single operation model. For the cascade
optimal operation model considering the Jingjiang flood control point only, the highest water level
nearly reached 170 m for the 1000-year DFH amplified by three TFHs. For a 100-year design flood,
the maximum highest water level was 164.1 m, and the minimum was only 150.8 m. These results
indicate that when the cascade optimal operation model is in use, the safety of TGR can be ensured,
but the reservoir’s flood control capacity is underutilized only considering the Jingjiang flood control
area. Furthermore, as shown in Table 7, when both the Jingjiang and Chenglingji flood control points
were taken into account, the highest water level of TGR rises obviously, which proves that the flood
control capacity of TGR is further utilized. Thus, both the Jingjiang and Chenglingji flood control areas
can be protected in a practical flood control operation.

Table 6. The highest water level of Three Gorges Reservoir considering the flood control for the
Jingjiang area (m).

TFH 1954 1981 1998

Return Periods (Year) 1000 100 50 1000 100 50 1000 100 50

Single mode 175.0 159.3 153.9 174.4 166.1 163.9 174.7 160.7 153.4
Cascade mode 169.3 150.8 145.0 169.4 164.1 156.4 169.8 152.4 145.3
Comparison 5.7 8.5 8.9 5.0 2.0 7.5 4.9 8.3 8.1

Table 7. The highest water levelof Three Gorges Reservoir considering the flood control for the Jingjiang
and Chenglingji areas (m).

TFH 1954 1981 1998

Return Periods (Year) 1000 100 50 1000 100 50 1000 100 50

Single mode 175 175 175 175 175 175 175 175 175
Cascade mode 171.9 175 175 170.8 172.0 173.0 172.3 175 175
Comparison 3.1 0 0 4.2 3.0 2.0 2.7 0 0

Figure 7 presents the discharge and water level hydrographs of TGR calculated by single and
cascade optimal operation models, considering the flood control in the Chenglingji area, for the
1000-year design flood of the year 1954. This figure demonstrates that results obtained by the cascade
optimal operation model is generally better than that obtained by single operation, since the peak
value is much smaller and the discharge curve is much flatter. Especially, the highest water level of
TGR was also lower.
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4.3. Comparisons with the Current Operation Rules of Xiluodu, Xiangjiaba and TGD in the Flood Season

To testify the feasibility of the cascade optimal operation model, this paper also compares the
optimal operation model with current operation method of these three dams, where the TFHs in use
are the same as those mentioned in Section 4.1 in this paper.

The flood diversion volumes at the Jingjiang and Chenglingji flood control points were calculated
by the optimal and current operation models, since the objective of the reservoir operation is to
minimize the flood diversion volumes at the control points. As shown in Tables 8 and 9, compared
with the current operation model, the flood diversion volumes calculated by the optimal operation
rules decrease significantly. From this point of view, the optimal model, which has the smaller flood
diversion volumes, performs better than the current operation model. For the 50-year and 100-year
design flood, when both of the two methods are used, the safety of the Jingjiang area can be ensured.
But for the 1000-year DFHs the cascade optimal operation method has a better performance than
the current used model, obviously. For instance, for the 1000-year design flood based on the TFH of
1999, the flood diversion volumes in the Jingjiang area obtained by the current operation method are
13.8 billion m3 (considering the Jingjiang flood control point only) and 18.2 billion m3 (considering
the Jingjiang and Chenglingji flood control points); while they are the optimal operation models
used, these diversion values can be reduced to 8.9 billion m3 for both of the flood control points.
This improvement is much more significant for the Chenglingji area. Generally, the cascade optimal
operation model can be with less flood diversion volumes than the current operation model for all
DFHs with different return periods. Hence, it can be concluded that the cascade optimal operation
model can improve the flood control capacity in the middle and lower reaches of the Yangtze River,
compared with the current operation model. All the results obtained by the two models do not consider
the uncertainties in flood control reservoir operation, which can be discussed in future research.
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Table 8. Flood diversion volumes of some design flood hydrographs at the Jingjiang flood control point
(billion m3).

TFH
Return Periods

(Year)
Without Operations

For the Jingjiang Area For both the Jingjiang
and Chenglingji Areas

Current Optimal Current Optimal

1954
50 4.8 0 0 0 0

100 8.4 0 0 0 0
1000 23.7 0 0 5.7 0

1980
50 8.5 0 0 0 0

100 11.1 0 0 0 0
1000 24.8 0 0 4.1 0

1981
50 14.0 0 0 0 0

100 18.5 0 0 0 0
1000 38.1 0 0 5.2 0

50 9.7 0 0 0 0
1996 100 15.9 0 0 0 0

1000 42.1 18.7 13.4 22.8 133.8

50 9.4 0 0 0 0
1999 100 15.2 0 0 0 0

1000 37.5 13.8 8.9 18.2 8.9

50 6.8 0 0 0 0
2002 100 9.8 0 0 0 0

1000 20.0 0 0 2.8 0

Table 9. Flood diversion volumes of some design flood hydrographs at the Chenglingji flood control
point (billion m3).

TFH
Return Periods

(Year)
Without Operations

For the Jingjiang Area For both the Jingjiang
and Chenglingji Areas

Current Optimal Current Optimal

1954
50 31.2 35.5 26.4 26.8 4.0

100 37.1 45.2 36.6 36.2 13.7
1000 54.3 75.1 70.1 65.3 54.2

1980
50 28.7 35.7 26.0 21.1 6.6

100 36.2 46.2 35.9 32.7 18.0
1000 61.6 84.2 74.2 69.5 71.6

1981
50 39.8 50.7 38.8 38.2 14.4

100 46.3 60.4 48.2 48.2 30.3
1000 68.3 99.2 91.2 86.4 84.4

50 47.6 57.1 51.5 49.8 26.9
1996 100 54.0 68.6 63.9 59.9 38.1

1000 68.7 89.8 88.8 74.0 63.0

50 43.5 51.9 41.1 41.5 19.1
1999 100 50.6 62.6 52.9 52.4 37.1

1000 71.7 90.4 88.9 79.4 82.5

50 18.2 23.7 19.4 17.8 0
2002 100 20.8 28.3 24.0 20.7 0.1

1000 32.0 44.8 40.5 32.3 14.6

Figure 8 displays the 1000-year design inflow flood hydrograph of 1954, in which one hydrograph
is operated by the current operation model and the other by the Xiluodu and Xiangjiaba cascade
optimal operation model. Figure 9 shows the discharge and water level curves of TGR obtained
respectively by current and cascade optimal operation models considering the flood control of the
Chenglingji area. It is obvious that when using the cascade optimal operation model, both the inflow
and discharge hydrographs of TGR are flatter and have smaller peak values than those obtained by
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the current model. For example, the maximum discharge value of 1980 DHF with the return period
1000 years reduces from 76,000 m3/s to 54,995 m3/s, which can ensure the safety of the Jingjiang
River reach. These results also indicate that the capacities of the Xiluodu and Xiangjiaba reservoirs
were further utilized when the cascade optimal operation model was used, which alleviates the flood
control burdens of TGR.
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Figure 9. Discharge and water level hydrographs of Three Gorges Reservoir (TGR) obtained by regular
and optimal operation models.

In order to further testify the reliability of the model, the historical observations, including the
flood hydrographs of the years 1954, 1968, and 1998, were considered in this section and taken as the
inputs of the current and optimal models. The highest water level of TGR routed by the proposed and
current models are shown in Table 10, which indicates that the highest water level of TGR generally is
lower based on the optimal model.

Table 10. The highest water level of TGR by two models (m).

TFH 1954 1968 1998

Cascade regular operation model 157.3 145.3 147.9
Cascade optimal operation model 148.8 145 145.2

Comparisons 8.5 0.3 2.7

According to the comparisons given in Table 10, it can be seen that the cascade optimal operation
model can produce superior results to the current operation model. Therefore, the flood control
capacity of the middle and lower reaches of the Yangtze river can be enhanced. The cascade optimal



Water 2018, 10, 1250 20 of 24

operation model built in this paper worked well in a multi-reservoir flood control operation system,
and can be considered in practical application.

5. Conclusions and Discussions

This study established optimal flood control operation models of cascade reservoirs for flood
control of multiple points downstream. The current multi-reservoir flood control co-operation models
mainly concern minimizing the maximal water level for the dam itself or the releases at the downstream
flood control points, or balancing the conflict between the flood control and conservation during the
flood season. In this study, a two-stage optimal operation model of cascade reservoirs was proposed
to ensure the safety of multiple downstream areas, in which the objective functions are to minimize
the inflow of the reservoir C downstream in the first stage and the water level or flood diversion
volume in the second stage. For a large river basin, the river reach is very long, the time-lag issue and
Muskingum flood routing along the river cannot be neglected. A DP-POA optimal algorithm was
proposed in this study for the establishment of the optimal model to avoid the curse of dimensionality
and influence of initial solutions. The upper Yangtze River was selected as a case study. The flood
capacity of TGR cannot hold back floods downstream, when extreme flooding occurred throughout
the whole upper Yangtze River Basin. Therefore, more reservoirs are needed to help TGR realize the
purpose of flood control. The two reservoirs, Xiluodu and Xiangjiaba located in the Jinsha River Basin,
were considered in this study to reduce the inflow of TGR. The main conclusions of this paper are
summarized as follows.

(1) The first innovation of this paper is the proposed two-stage optimal operation model with
different objective functions. In the first stage, the optimal operation model of Reservoirs A and B
was established to reduce the inflow of the downstream reservoir. In the second stage, the optimal
operation model of the reservoir downstream was established to minimize the highest water level
and the flood diversion volumes at flood control points. The second innovation of this paper is
the proposed DP-POA algorithm, which can solve the curse of dimensionality and influence initial
solutions effectively. The results of Figures 6 and 7 indicate that optimal reservoir operation processes
can be obtained. The Muskingum flood routing method combined with the time delay makes the
operation’s results much more objective. The two-stage optimization algorithm has a good performance
in solving the cascade reservoirs optimization model. When the POA method was used in the second
stage, the model shows higher efficiency as more water is stored in the two reservoirs and the inflow
of the reservoir downstream is further reduced.

(2) Based on the proposed model, the Xiluodu and Xiangjiaba Reservoirs can effectively reduce
the peak inflow and volumes of TGR. After the optimal reservoir operation of Xiluodu and Xiangjiaba,
the average reduction of flood peaks for all these 13 TFHs are 13.6%. Meanwhile, the cascade reservoirs
can also store much more water during a flood event, and the maximum volumes stored in those two
reservoirs upstream in this study can reach 25.2 billion m3 during a flood event.

(3) The cascade optimal operation model works better than the single operation model.
The highest water level of TGR is generally lower when the cascade optimal operation model is
considered instead of the single operation model. For the 1000-year DFHs, it is obvious that the flood
diversion volumes obtained by the cascade operation model are less than those by the single reservoir
model. After the optimal operation of cascade reservoirs, the peak value is much smaller and the
discharge curve is much flatter, which is beneficial for the flood control of the middle and lower reaches
of the Yangtze River.

(4) Compared with the current operation rules, the cascade optimal operation model can produce
a superior result to the current operation model. For the 50-year and 100-year design floods, when both
of the two methods were used, the safety of the Jingjiang area can be ensured. But for the 1000-year
DFHs, the cascade optimal operation method has a better performance than the current one obviously.
For the 1000-year design flood amplified based on the TFH of 1999, the diversion values can decline to
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8.9 billion m3 for both of the Jingjiang and Chengliangji flood control points, when the cascade optimal
operation model was used.

This paper only discussed the downstream flood control points that are protected by cascade
reservoirs upstream. The proposed work can give some guidance for real-time flood management.
Flood control reservoir operation rules can be developed based on the optimal results. In future,
more reservoirs, including cascade reservoirs and parallel reservoirs, will be considered, and a
more efficient algorithm will be proposed. Furthermore, the main purpose of this paper is to
discuss the protection of the flood control areas downstream based on the multi-reservoir systems.
The overtopping risk of the dam is not discussed in the paper.

In addition, many uncertainties also present in this complex problem have an influence on the
flood control reservoir operation. Shi et al. [59], Zhang et al. [60] and Chen et al. [61] indicated
that the most important uncertainty factor that affects the flood control reservoir operation was the
flood forecast error. The predicted flow is the input of the flood control reservoir operation model,
which has a great influence on the operation results. Besides flood forecast errors, Li et al. [19] and
Huang et al. [62] demonstrated that the uncertainties in flood hydrograph shape also had a significant
influence on the highest water level and maximum discharge. Besides these, Chen et al. [63] indicated
that the uncertainties in the discharge capacity curve and water level-storage curve also influenced
reservoir operation greatly. Onyutha and Willems [4] assessed the uncertainties in estimation of flood
quantiles and/or hydrographs, especially of very high return periods which is useful for various
types of risk-based water management applications related to floods. These uncertainties were
not considered in this deterministic modelling, because of the burden of the optimal calculation.
Stochastic frameworks, which can work better for these uncertainty problems, will be studied in the
future research.
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35. Heidari, M.; Chow, V.T.; Kokotović, P.V.; Meredith, D.D. Discrete differential dynamic programing approach
to water resources systems optimization. Water Resour. Res. 1971, 7, 273–282. [CrossRef]

36. Chow, V.T.; Cortes-Rivera, G. Application of DDDP in Water Resources Planning; University of Illinois at
Urbana-Champaign. Water Resources Center: Saint Paul, MN, USA, 1974.

37. Cheng, C.T.; Wang, S.; Chau, K.W.; Wu, X.Y. Parallel discrete differential dynamic programming for
multireservoir operation. Environ. Model. Softw. 2014, 57, 152–164. [CrossRef]

38. Larson, R.E.; Korsak, A.J. A Dynamic Programming Successive Approximations Technique with Convergence Proofs;
Pergamon Press, Inc.: Oxford, UK, 1970; pp. 245–252.

39. Erkmen, I.; Karatas, B. Short-term hydrothermal coordination by using multi-pass dynamic programming
with successive approximation. In Proceedings of the Mediterranean Electrotechnical Conference
(MELECON ’94), Antalya, Turkey, 12–14 April 1994; Volume 923, pp. 925–928.

40. Liu, P.; Cai, X.M.; Guo, S.L. Deriving multiple near-optimal solutions to deterministic reservoir operation
problems. Water Resour. Res. 2011, 47, 20. [CrossRef]

41. Howson, H.R.; Sancho, N.G.F. A new algorithm for the solution of multi-state dynamic programming
problems. Math. Program. 1975, 8, 114–116. [CrossRef]

42. Turgeon, A. Optimal short-term hydro scheduling from the principle of progressive optimality.
Water Resour. Res. 1981, 17, 481–486. [CrossRef]

43. Guo, S.L.; Chen, J.H.; Li, Y.; Liu, P.; Li, T.Y. Joint operation of the multi-reservoir system of the three gorges
and the qingjiang cascade reservoirs. Energies 2011, 4, 1036–1050. [CrossRef]

44. Chen, L.; Singh, V.P.; Guo, S.L.; Hao, Z.C.; Li, T.Y. Flood coincidence risk analysis using multivariate copula
functions. J. Hydrol. Eng. 2012, 17, 742–755. [CrossRef]

45. Chen, L.; Ye, L.; Singh, V.; Asce, F.; Zhou, J.; Guo, S. Determination of input for artificial neural networks for
flood forecasting using the copula entropy method. J. Hydrol. Eng. 2014, 19, 217–226. [CrossRef]

46. Chen, L.; Singh, V.P.; Guo, S.; Zhou, J.; Zhang, J. Copula-based method for multisite monthly and daily
streamflow simulation. J. Hydrol. 2015, 528, 369–384. [CrossRef]

47. Nezhikhovsky, R.A. Channel Network of the Basin and Runoff Formation; Hydrometeorological Publishing:
Leningrad, Russia, 1971.

48. Yue, S.; Ouarda, T.B.M.J.; Bobée, B.; Legendre, P.; Bruneau, P. Approach for describing statistical properties
of flood hydrograph. J. Hydrol. Eng. 2002, 7, 147–153. [CrossRef]

49. Chen, L.; Guo, S.L.; Yan, B.W.; Liu, P.; Fang, B. A new seasonal design flood method based on bivariate joint
distribution of flood magnitude and date of occurrence. Hydrol. Sci. J. 2010, 55, 1264–1280. [CrossRef]

50. Serinaldi, F.; Grimaldi, S. Synthetic design hydrographs based on distribution functions with finite support.
J. Hydrol. Eng. 2011, 16, 434–446. [CrossRef]

51. Vandenberghe, S.; Berg, M.J.; Gräler, B.; Petroselli, A.; Grimaldi, S.; De Baets, B.; Verhoest, N.E.C. Joint return
periods in hydrology: A critical and practical review focusing on synthetic design hydrograph estimation.
Hydrol. Earth Syst. Sci. Discuss. 2012, 9, 6781–6828. [CrossRef]

52. Graeler, B.; van den Berg, M.J.; Vandenberghe, S.; Petroselli, A.; Grimaldi, S.; De Baets, B.; Verhoest, N.E.C.
Multivariate return periods in hydrology: A critical and practical review focusing on synthetic design
hydrograph estimation. Hydrol. Earth Syst. Sci. 2013, 17, 1281–1296. [CrossRef]

53. Brunner, M.I.; Viviroli, D.; Sikorska, A.E.; Vannier, O.; Favre, A.C.; Seibert, J. Flood type specific construction
of synthetic design hydrographs. Water Resour. Res. 2017, 53, 1390–1406. [CrossRef]

54. GONG. Flooding 1990s along the yangtze river, has it concern of global warming? J. Geogr. Sci. 2001, 11,
43–52. [CrossRef]

55. Wang, L.N.; Chen, X.H.; Shao, Q.X.; Li, Y. Flood indicators and their clustering features in wujiang river,
south china. Ecol. Eng. 2015, 76, 66–74. [CrossRef]

56. Huang, K.; Lu, C.; Zhou, J.; Zhang, J.; Singh, V.P. Flood hydrograph coincidence analysis for mainstream and
its tributaries. J. Hydrol. 2018, 565, 341–353. [CrossRef]

57. Chen, L.; Singh, V.P.; Guo, S.; Zhou, J.; Zhang, J.; Liu, P. An objective method for partitioning the entire flood
season into multiple sub-seasons. J. Hydrol. 2015, 528, 621–630. [CrossRef]

58. Chen, L.; Singh, V.P.; Guo, S.L.; Fang, B.; Liu, P. A new method for identification of flood seasons using
directional statistics. Hydrol. Sci. J. 2013, 58, 28–40. [CrossRef]

http://dx.doi.org/10.1029/WR026i003p00447
http://dx.doi.org/10.1029/WR007i002p00273
http://dx.doi.org/10.1016/j.envsoft.2014.02.018
http://dx.doi.org/10.1029/2011WR010998
http://dx.doi.org/10.1007/BF01580431
http://dx.doi.org/10.1029/WR017i003p00481
http://dx.doi.org/10.3390/en4071036
http://dx.doi.org/10.1061/(ASCE)HE.1943-5584.0000504
http://dx.doi.org/10.1061/(ASCE)HE.1943-5584.0000932
http://dx.doi.org/10.1016/j.jhydrol.2015.05.018
http://dx.doi.org/10.1061/(ASCE)1084-0699(2002)7:2(147)
http://dx.doi.org/10.1080/02626667.2010.520564
http://dx.doi.org/10.1061/(ASCE)HE.1943-5584.0000339
http://dx.doi.org/10.5194/hessd-9-6781-2012
http://dx.doi.org/10.5194/hess-17-1281-2013
http://dx.doi.org/10.1002/2016WR019535
http://dx.doi.org/10.1007/BF02837375
http://dx.doi.org/10.1016/j.ecoleng.2014.03.018
http://dx.doi.org/10.1016/j.jhydrol.2018.08.007
http://dx.doi.org/10.1016/j.jhydrol.2015.07.003
http://dx.doi.org/10.1080/02626667.2012.743661


Water 2018, 10, 1250 24 of 24

59. Shi, H.; Li, T.; Liu, R.; Chen, J.; Li, J.; Zhang, A.; Wang, G. A service-oriented architecture for ensemble flood
forecast from numerical weather prediction. J. Hydrol. 2015, 527, 933–942. [CrossRef]

60. Zhang, J.; Chen, L.; Singh, V.P.; Cao, W.; Wang, D. Erratum to: Determination of the distribution of flood
forecasting error. Nat. Hazards 2015, 75, 2065. [CrossRef]

61. Chen, L.; Singh, V.P.; Lu, W.; Zhang, J.; Zhou, J.; Guo, S. Streamflow forecast uncertainty evolution and its
effect on real-time reservoir operation. J. Hydrol. 2016, 540, 712–726. [CrossRef]

62. Huang, K.; Chen, L.; Wang, Q.; Dai, L.; Zhou, J.; Singh, V.P.; Huang, M.; Zhang, J. Risk analysis of flood
control reservoir operation considering multiple uncertainties. J. Hydrol. 2018. [CrossRef]

63. Chen, J.; Zhong, P.A.; Zhao, Y.F. Research on a layered coupling optimal operation model of the three gorges
and gezhouba cascade hydropower stations. Energy Convers. Manag. 2014, 86, 756–763. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jhydrol.2015.05.056
http://dx.doi.org/10.1007/s11069-014-1454-3
http://dx.doi.org/10.1016/j.jhydrol.2016.06.015
http://dx.doi.org/10.1016/j.jhydrol.2018.08.040
http://dx.doi.org/10.1016/j.enconman.2014.06.043
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Optimal Flood Control Reservoir Operation Model 
	Optimal Operation in the First Stage 
	Objective Function 
	Constraints for Model in the First Stage 

	Optimal Operation in the Second Stage 
	Objective Function 
	Constraints for the Model in the Second Stage 

	Optimization Algorithm 
	Dynamic Programming (DP) 
	Progressive Optimality Algorithm (POA) 


	Study Area 
	Introduction of Study Area 
	Data of Study Area 

	Application 
	Design Flood Hydrographs 
	Optimal Reservoir Operation Results 
	Operation Results of the Xiluodu and Xiangjiaba Reservoirs 
	Operation Results of the Three Gorges Reservoir 

	Comparisons with the Current Operation Rules of Xiluodu, Xiangjiaba and TGD in the Flood Season 

	Conclusions and Discussions 
	References

