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A B S T R A C T

Study region: Jingjiang flood detention basin and Three gorges (TG), Shuibuya (SBY) and Geheyan 
(GHY) reservoirs are located in the midstream and downstream of Changjiang River Basin. These 
reservoirs as a group and the flood detention basin are crucial to mitigate the extreme magnitude 
flood events in the midstream and downstream of Changjiang River Basin.
Study focus: This study proposed an optimal model to integrate the operation of a reservoirs group 
and flood detention basin rather than the current separately operations for improving their flood 
control performance. The operation schemes of an FDB sluices are enumerated for exploring the 
potential start time and end time of operating an FDB. The regulation of a reservoirs group is 
integrated with the operation of the sluices of an FDB. The impacts of the optimal FDB and 
reservoirs group flood control schemes on the flood control performance are quantified to gain 
insights on the difference between the FDB and reservoirs group flood control.
New hydrological insights for the region: The results and discussion indicate that synchronizing the 
operation of an FDB sluice-gate for the flood peak is better than the traditional rule for reducing 
the over flood volume. And the more flexible FDB flood control scheme can significantly improve 
the flood control performance. Therefore, our study will not only propose an optimal model to 
integrate an FDB and a reservoirs group, but also help to comprehend the mechanism of the 
reservoirs group and FDB flood control.

1. Introduction

Flood hazard is a dramatic disaster worldwide, with tremendous consequences on economy, society and environment (Sharior 
et al., 2019; Tellman et al., 2021; Thapa et al., 2024). Flood control has become a vital role to mitigate flood disasters (Nijssen et al., 
2009; Santos et al., 2011; Seibert et al., 2014; Liang et al., 2023). The fundamental principle of the flood control is the attenuation of 
the peak of flood which is frequently accomplished by an appropriate detention system like a flood detention basin (FDB) (Bellu et al., 
2016; Blöschl, 2022; Cook, 2024). An FDB often refers to the low-lying areas along rivers that are surrounded by dikes. Its purpose is to 
attenuate the peak of a flood event for reducing the levee failure risk and the potential inundation losses of its protecting regions (Wang 
et al., 2021; Murphy et al., 2025). It has been widely constructed (Zhang and Song, 2014; Zhang et al., 2016) and has exerted an 
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essential positive impact on the flood control performance.
Besides FDBs, there are lots of reservoirs which are built as a group for flood control firstly (Pan et al., 2020; Zhang et al., 2022; 

Chen et al., 2024). Traditionally, an FDB starts to operate only after exhausting all the flood storages of the reservoirs group in a basin. 
Yet this operating rule is not substantially conformed with the flexibility of the FDB and the reservoirs group regulation. For a res
ervoirs group, its outflow can be flexibly regulated in a wide range and altered in a short time. Nevertheless, the inflow into an FDB is 
commonly much less than the outflow from the reservoir group, and it is only operated in a narrower range. It also cannot be altered in 
a short time for reducing the impacts of the flood on the FDB. These inflexible operations of an FDB lead to two possible results: one is 
the excessive inundation losses in the downstream flood control target when the inflow capacity of the FDB is less than the outflow 
regulated from the reservoirs group. And the losses can be prevented or partially avoided if the FDB is operated in advance; the other 
one is the unnecessary inundation losses in the FDB when more inflow goes into the FDB due to its inflexible operation. And this 
inundation loss can be prevented or partially avoided if there are still some storages of the reservoirs group due to the advance 
operation of the FDB. Hence, to further prevent or reduce the inundation losses from the FDB and the downstream flood control target, 
it is necessary to optimally integrate the operation of an FDB and a reservoirs group rather than the current separately operations of the 
FDB and the reservoir group.

There are at least two optimal procedures in the optimal integrating operation of an FDB and a reservoirs group. The first one is the 
optimal operation of the reservoirs group and the second one is the optimal operation of an FDB and the reservoirs group. Although it is 
common to optimally integrate the operation of the reservoirs group for flood control (Chen et al., 2020; Li et al., 2020), there is often a 
challenge that is the curse of dimensionality for the optimization (Li et al., 2010). Even there had been few studies on the integrated 
operations of an FDB and a reservoirs group (Fleischmann et al., 2019; Wallington and Cai, 2020), most of them just focused on the 
integrating an FDB and, a single reservoir rather than a reservoirs group (Tanaka et al., 2017; Yoshimoto and Amarnath, 2018; Wu 
et al., 2023; Xin et al., 2023). Although this simple way can efficiently get the optimal results of integrating the FDB and the reservoirs 
group, the interactions between the FDB and the reservoirs have not been sufficiently considered during the second optimal procedure. 
To overcome this insufficiency, the efficiencies of the first procedure for optimally integrating the operation of the reservoirs group 
should be improved. As a chopping peak function (CPF) is the relationship among the flood events, the flood storages and the chopping 
peak for a reservoirs group, and there had been a general relationship among flood events, flood storages and chopping peak for a 
single, a parallel or a cascade reservoirs group through a simple way (Mu et al., 2025), CPF can replace the first procedure instead of 
the complicated model structure. Then it is possible to efficiently and sufficiently integrate the operation of an FDB and a reservoirs 
group through CPF for a reservoirs group and optimal operation for an FDB.

The aim of our study is to optimally integrate the operations of an FDB and a reservoirs group for improving flood control per
formance. To replace the complicated model structure in the optimal operation of the reservoirs group, a Chopping Peak Function 
(CPF) is applied for regulating of the reservoirs group. The operation schemes of an FDB sluices are enumerated for exploring the 
potential start time and end time of operating an FDB through the sluice operation. The regulation of a reservoirs group is integrated 
with the operation of the sluices of an FDB. The rules of the optimal FDB flood control scheme is refined and summarized from the 
results to improve flood control performance. And the impact of the FDB flood control scheme on the flood control performance is also 
analyzed to comprehend the mechanism of the reservoirs group and FDB flood control. Our paper will present the proposed the optimal 
integration model in 2. 3 illustrates our study area while the proposed model will be validated and discussed in 4. Finally, the con
clusions of the performances of the optimal integration are drawn in 5.

2. Methodology

In order to integrate the operation of an FDB and the regulation of a reservoirs group, a Chopping Peak Function (CPF) is applied for 
regulating of the reservoirs group. Secondly, the operation schemes of the sluices of an FDB are driven by the outflow of the reservoirs 
group and are enumerated for exploring the potential start time and end time of operating an FDB through the sluice operation. The 
sluice opening ratio is defined and determined by the start time and the end time. The regulation of a reservoirs group is integrated 
with the operation of the sluices of an FDB. The flowchart of the proposed model is shown in Fig. 1.

Fig. 1. Flowchart of optimally integrating a reservoirs group and an FDB for flood control.
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2.1. A reservoirs group flood control scheme

2.1.1. Generalizing a flood event
The modified rational unit hydrograph is developed from the trapezoidal unit hydrograph when the duration of rainfall is less than 

the concentration of the runoff in the watershed. It can be applied in the time-variable rainfall events with greater drainage areas 
(Dhakal et al., 2014). So it is adopted here to generalize a flood event and the corresponding set C of the trapezoidal flood event is 
defined as 

C = {Is, Im,Ts,Te,Tm1,Tm2} (1) 

Where Is (m3/s) is the minimum inflow during the regulation period; if the flood event is bimodal, its maximum flow is regarded as the 
average of the two peaks, i.e. Im = (Im1 + Im2)/2, where Im1 and Im2 are the peaks of the flood event, respectively; Ts and Te are the start 
and the end time of the flood event, respectively; Tm1 and Tm2 are the start and the end time of the peaks of the flood event, respectively. 
And Tm1 = Tm2 if the flood event is unimodal.

2.1.2. Flood control of a single reservoir
A CPF is the function between the amount of peak chopping ΔQ and the flood storage V. 

ΔQ = Im − Qout,max = f(V) =

⎧
⎪⎪⎨

⎪⎪⎩

⎧
⎪⎨

⎪⎩
Ih

⎧
⎪⎨

⎪⎩

[

σ2 + (1 − σ2)
V
VT

]1
2
− σ

⎫
⎪⎬

⎪⎭

/

(1 − σ)

⎫
⎪⎬

⎪⎭
V < VT

Ih + (1 + σ)Ih(V − VT)/2VT V ≥ VT

(2) 

Where Qout,max (m3/s) is the maximum outflow, Ih (m3/s) is the peak of a flood event, Ih = Im − Is; σ = DP
DT

, DP = Tm2 − Tm1 (i.e., the 
peak duration), VT = 1

2Ih(1+σ)DT and DT = Te − Ts.

2.1.3. Flood control of a reservoirs group
If a mixed reservoirs group is immediately adjacent to a downstream flood control target, its CPF can be expressed as the following 

Eq. (3). 

ΔQ =
∑

n∈Su(F)

fn(Vn) (3) 

Where Vn (m3) is the occupied flood storage in the n-th reservoir, Su(F) is the set of upstream reservoirs immediately adjacent to the 
flood control target, fn is the CPF for the n-th reservoir. The details for the derivation of the fn can be found in Mu et al. (2025).

2.2. An FDB flood control scheme

2.2.1. Determining an inflow into the FDB
A sluice is often installed to regulate an FDB. The amount of water flowing into the FDB is dependent on the sluice-gate opening 

ratio and its corresponding working period from its start to the end time. The process of water flowing into the FDB is analogies to the 
freely issuing stream, then the value of the discharge is determined by the conventional sluice-gate discharge equation as Eq. (4)
(Swamee, 1992): 

Q∗ = Cdbe(2gΔH)
1
2 (4) 

Where Q∗ (m3/s) is the discharge into the FDB, Cd is the comprehensive flow coefficient, b (m) is the width of the sluice-gate, e (m) is 
the sluice-gate opening height, g (m/s2) is the gravitational acceleration, ΔH (m) is the water head and is the difference between the 
water levels at the upstream (Hu) and downstream (Hd) sluice-gate heights and ΔH = Hu − Hd. As there is often a water level-discharge 
curve function G, Hu = G(Qr) where Qr is the flow in upstream of the river. Although Cd is dependent on several factors (e.g., e, ΔH, and 
so on), it can be assumed to be a constant if both the changes of e and ΔH are few comparing to their initial values. If ω is defined as the 

sluice-gate opening ratio, ω = e
Hs 

where Hs (m) is the designed sluice-gate opening height, and τ = CdbHs(2g)
1
2, Eq. (4) is transformed 

into: 

Q∗ = τω(ΔH)
1
2 (5) 

Where τ (m5/2•s− 1) is a constant due to the constant characteristics of the sluice-gate Cd, b, Hs and g; The sluice-gate opening ratio ω 
represents the state of the sluice-gate with 0 ≤ ω ≤ 1. ΔH is affected by the regulation of the upstream reservoirs group.

2.2.2. Enumerating the start and end time of the flow into the FDB
If the value of ω is determined, the amount of the flow into the FDB is dependent on the start and end time of operating the sluice- 
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gate. Unlike the flexible regulation of a reservoirs group for many times, the sluice-gate is assumed to open and close only one time 
during the whole flood event period. Thus, it is critical to determine the start and end time of regulating the sluice-gate. As a flood 
event is characterized by Ts, Te, Tm1 and Tm2 (as shown in 2.1.1), these time nodes are commonly considered in the determination of the 
start and end time. To figure out the period for regulating the sluice-gate, the whole flood control period is divided by a lot of typical 
time points such as the flood start time, flood peak start time, flood peak end time and flood end time of each flood event, and these 
typical time points are taken as time nodes for the potential operating the sluice-gate. They are expressed as: 

Tall = {Ts,1,Te,1,Tm1,1,Tm2,1,…,Ts,K,Te,K,Tm1,K,Tm2,K} (6) 

Where K is the number of the flood events. If the duplicate time nodes are removed, a new time points set is obtained from Eq. (7) and 
presented in ascending order: Tall

∗ = {t1,t2,…,tk}, where k is the total number of time nodes after removing the duplicate time nodes. If 
two nodes are picked out of the k time nodes and are taken as the start time Ts,f and the end time Te,f of operating the sluice-gate, there 
are C2

k (C
2
k =

k(k− 1)
2 ) combinations for the start and end time of the operating. And these combinations can be expressed as a time matrix 

AC2
k×2 

AC2
k×2 =

⎡

⎢
⎢
⎣

t1 t2
t1 t3
⋮ ⋮

tk− 1 tk

⎤

⎥
⎥
⎦ (7) 

2.2.3. Determining the sluices opening ratio
As the sluice-gate is not frequently operated due to the safety requirement, the sluices gate opening ratio ω remains a constant once 

the sluice-gate is opened. Thus, the maximum of flood storage of the detention basin (VF,max) can be expressed as 

VF,max = max

⎧
⎨

⎩

∫ Te,f

Ts,f

τω[G(Qr) − Hd]
1
2dt

⎫
⎬

⎭
(8) 

And the constant ratio ω is determined by 

ω = VF,max

/∫ Te,f

Ts,f

τ[G(Qr) − Hd]
1
2dt (9) 

2.3. An optimal model of integrating the reservoirs group and FDB flood control scheme

2.3.1. An integrated reservoirs group and an FDB flood control scheme
The flood control schemes for a reservoirs group and a detention basin have been independently developed in Sections 2.1 and 2.2, 

respectively. The scheme of the reservoirs group is developed for the period of the whole flood event while the scheme of a detention 
basin is developed for the period from the start and end time of the flow into the FDB, these two periods are not identical. As the start 
and end time of the flow into the FDB (i.e., AC2

k×2) are part of the whole flood event period, the reservoirs group flood control scheme 
can be applied in the period from the start time to the end time of the flow into the FDB, which is accomplished by controlling the ΔQ in 
this period: 

ΔQ =
∑

n∈Su(F)

fn,ti ,ti+1

(
ΔVn,ti ,ti+1

)
(10) 

Where ΔVn,ti ,ti+1 (m3) is the n-th reservoir flood storage from time ti to ti+1; fn,ti ,ti+1 is the CPF of the n-th reservoir from time ti to ti+1; 
i < k. Then the reservoirs group and the FDB flood control scheme can be integrated by the hydraulic connection between the outflow 
of a reservoirs group and the water level of the FDB sluice-gate: 

Qr(t) =
{∑

I(t)
∑

I(t) <
∑

Im − ΔQ
∑

Im − ΔQ
∑

I(t) ≥
∑

Im − ΔQ
(11) 

Q∗ = τω(G(Qr) − Hd)
1
2 (12) 

Where 
∑

Im (m3/s) is sum of the flood events’ peaks from the upstream and the regional watershed between reservoirs. 
∑

I(t) (m3/s) is 
the sum of the outflows from the upstream reservoirs immediately adjacent to the flood control target at time t. Correspondingly the 
outflow to the downstream flow target Qout,total(t) can be expressed as 

Z. Mu et al.                                                                                                                                                                                                             Journal of Hydrology: Regional Studies 61 (2025) 102735 

4 



Qout,total(t) =

⎧
⎪⎨

⎪⎩

Qr(t) − τω[G(Qr) − Hd]
1
2 Ts,f ≤ t ≤ Te,f

Qr(t) t < Ts,f or t > Te,f

(13) 

2.3.2. Objective and constraint to the optimal model of the integrated flood control scheme
To protect the flood control target, there are often two objectives for flood control. One is the minimizing the flood volume over the 

safety flow at the flood control target (Zhang et al., 2018); the other one is the reserving more flood storages for a next possible flood 
event through minimizing the total occupied flood storages (Ding et al., 2023). These two objectives can be integrated into one flood 
control performance objective ob as 

ob = min{αVd +
∑

n∈S
Vn} (14) 

Where Vd (m3) is the flood volume over the safety flow at the downstream flood control target and Vd =
∫ tk

t1 max(Qout,total(t) − Qsafe,

0)dt; Qout,total(t) is the flow at the flood control target, Qsafe is the safety flow at the flood control target. α is the penalty constant for Vd.
ΔVn,ti ,ti+1 is taken as the decision variable, and it satisfies the constraint of the maximum reservoir flood control capacity 

0 ≤
∑

ΔVn,ti ,ti+1 ≤ Vn,max (15) 

Where Vn,max (m3) is the maximum flood control capacity of the n-th reservoir.

2.3.3. The solution to the optimal model of the integrated flood control scheme
As the reservoir group flood control scheme in the proposed model has been simplified as the CPF, the decision variables are only 

ΔVn,ti ,ti+1 , and they are subjected to the Vn,max. Hence, their optimal solutions can be efficiently obtained through randomly generating 
the decision variable values. Thus, this procedure is illustrated as following.

Step I: Randomly generating the initial reservoirs flood storages set Vall (Vall = {ΔV1,t1 ,t2 ,ΔV1,t2 ,t3 ,…,ΔVN,tk− 1 ,tk}) that is subjected to 
the maximum flood capacity constraint as the Equation (17);

Fig. 2. Flowchart of finding out the optimal model solution.
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Step II: Determining the over flood volume Vd and Vn by Eqs. (11), (13) and (14);
Step III: Repeating the Step I and the Step II to obtain Vsum and ΔQ set until the number of the Vsum and ΔQ reaches Nmax;
Step IV: Finding out an optimal solution from Vall with the minimum value of αVd +

∑
n∈SVn.

3. Study area and data

Flood control in the midstream and downstream of Changjiang River Basin is the most critical part of the flood hazard control 
system in China and is taken as our study area. To improve the flood control performance in this area, Jingjiang FDB was built in 1951 
and utilized once for the extreme flood event in 1954. Due to the upstream flood control operation of a mixed reservoirs group (i.e., the 
Three gorges, Shuibuya and Geheyan), Jingjiang FDB has not been utilized from 1954, and has been taken as a last tool for flood 
control. Climate change has been increasing the magnitude and the likelihood of flood events around world including our study area 
(Schiermeier, 2018; Kasmalkar et al., 2020). To mitigate the higher magnitude and the more frequent flood events in the midstream 
and downstream of Changjiang River Basin, it is a wise and necessary way to integrate the Jingjiang FDB and the mixed reservoirs 
group. The locations and topological structures of Jingjiang FDB, Three gorges (TG), Shuibuya (SBY) and Geheyan (GHY) illustrated in 
Fig. 3. And their flood storage capacities of them are shown in Table 1.

To explore the impacts of the real flood events on the FDB flood control performance, three typical historical flood events with 
different total flood magnitudes are selected. One is the event that occurred from 26th June to 7th July 1956 with 44 billion m3 total 
flood volume; the second one is event that occurred from 13th August to 6th September 1962 with 91 billion m3 total flood volume. 
The third one occurred from 16th July to 25th August 1954 with 181 billion m3 total flood volume. They are generalized as a trapezoid 
or a triangle as shown in Fig. 4.

4. Results and discussion

4.1. Determination of the optimal flood control schemes with different flood event types

According to the difference between the flood control capacity of the Jingjiang FDB and the magnitudes of the flood events, the 
value of parameter α in Eq. (14) is set as 1000. To quantify the impacts of the Jingjiang FDB flood storages on the changes of optimal 
FDB flood control scheme, six flood storage capacities of Jingjiang FDB are set from 0 billion m3 to 5 billion m3 (i.e., 0, 1, 2, 3, 4, and 5 
billion) as the values of the parameter VF,max in Eqs. (8) and (9) during the flood events in 1956 and 1962. As the total flood volume of 
the flood event in 1954 is far over the flood control capacities of the mixed reservoirs group and Jingjiang FDB, the maximum flood 
storage of Jingjiang FDB is assumed to be 10 billion m3 during this flood event. The results of the proposed model are the optimal flood 
control schemes and shown in Table 2. According to the start and end time of optimal operating Jingjiang FDB sluice-gate as listed in 
Table 2, their flood peaks can be found during the period of operating Jingjiang FDB sluice-gate as shown in Fig. 3. The flood peak is on 
the 5th day and the period of operating Jingjiang FDB sluice-gate is from 3rd to 9th day with 1 billion FDB flood storage for the flood 
event in 1956. With the increase of FDB flood storage, the operating period is extended from 1st to 12th day. Similar results can be 
found from the flood events in 1962 and in 1954. These results are not consistent with the conventional flood control scheme for FDB. 
The outflows of the reservoirs group are required to be lower than the safety flow at the protection target until the group exhausts all 
the flood storages, and then the sluice-gates of the FDB are operated to utilize the FDB in the traditional flood control scheme. In order 
to figure out the difference between the optimal and the traditional flood control scheme, their over flood volumes during the flood 
event in 1954 are quantified with different FDB flood storages as shown in Fig. 5. If there is no FDB flood storage that is only optimal 
the reservoirs group flood control scheme, the over flood volume from the proposed optimal flood control scheme can reduce 1.2 
billion m3. If the FDB flood storage increases into 7 billion m3, there will be 2.4 billion m3 of reduction of the over flood volume due to 

Fig. 3. Sketch of the mixed reservoirs group and Jingjiang FDB.
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the sluice-gate operation of the FDB in advance. And the over flood volume can even be reduced to be zero in the results of the optimal 
flood control scheme with the increase of the Jingjiang FDB flood storages. The maximum of the inflow into any FDB is limited and 
might not be big enough for reducing the river flow to be its safe target if the sluice-gate operation of the FDB is not properly. The river 
flow is still over the safe flow. The results of the optimal flood control scheme have indicated that it is better to synchronize the sluice- 
gate operation of an FDB with flood peak for reducing the over flood volume.

As the sluice-gate opening ratio ω is the most import parameter for the optimal flood control scheme of FDB and is also determined 
by the flood storage through Eq. (9), its values are found to be increased from 0 to 1 and are synchronized with the increase of the flood 
storage of Jingjiang FDB as shown in Table 2. The variation of ω is more stable than that of the operating time. The opening height of 
the sluice-gate is dependent on the duration of the operating the FDB and the maximum flood storage of an FDB. The values of ω are 
also increased with the value of the flood storages of the FDB. There is one different between the results from the flood event in 1962 
and those in in 1956 or 1964. If the maximum flood storage of Jingjiang FDB is increased to be 3 billion m3, the operating time of the 
sluice-gate is shortened and the value of ω decreases. It indicates that the value of ω is not only determined by the maximum flood 
storage but also is determined by the duration of the operating the sluice-gate.

4.2. Impacts of the FDB flood control scheme on the upstream reservoirs group flood control and the downstream over flood volume with 
different flood event types

It is easy to find that the FDB flood control scheme can reduce the upstream reservoirs group flood storages and the over flood 
volume for all the three different historical flood events. However, the rates of reduction for the upstream reservoirs group flood 
storages and the over flood volume are different as shown in Fig. 6. Fox example, if the FDB flood storage is 5 billion m3, the reduction 

Table 1 
Characteristic parameters of the mixed reservoirs group and Jingjiang FDB.

Type Name Flood control capacity (billion m3) Storage capacity (billion m3) Dead water level (m)

Reservoir TG 22.15 39.3 145
SBY 0.5 4.6 350
GHY 0.5 3.5 160

FDB Jingjiang 5.0 \ \

Fig. 4. Three generalized historical flood events with different magnitudes: (a) low magnitude flood event in 1956; (b) middle magnitude flood 
event in 1962; (c) high magnitude flood event in 1954.
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of the mixed reservoirs group flood storage is 4.6 billion m3 and 3.8 billion m3 during the flood events in 1962 and 1956, respectively 
(as shown in Fig. 6). If the FDB flood storage is lower than 5 billion m3, the reduction of the mixed reservoirs group flood storage is 
equal to the FDB flood storage. Since there is still the over flood volume during the flood events in 1954, the mixed reservoirs group 
flood storage doesn’t reduce with the FDB flood storage increase. There are no differences among the FDB flood control schemes for 
this extreme huge flood event. And its result will not be further discussed. The decreased amount of the reservoirs group flood storages 
is found to be less than the increased amount of the flood storage of Jingjiang FDB for these two flood events. To further figure out the 
effects of flood control on the hydrograph of the river flow, the differences between natural flow and the regulated flow by the 
Jingjiang FDB and the mixed reservoirs group flood control are figured out as shown in Fig. 7. If there are both FDB and the mixed 
reservoirs group for flood control, the regulated outflow is lower than that of the safety flow from 9th to 12th as shown in Fig. 7(a) and 
from 15th to 17th as shown in Fig. 7(b). As the parameter ω of Jingjiang FDB is fixed due to the sluice-gate opening ratio as listed in 
Table 2, Jingjiang FDB cannot chop the flood peak to be safety flow in advance, and all the river flow regulated by the Jingjiang FDB 
has to be lower than the safety flow. This inflexible FDB flood control scheme keeps the regulated outflow safe at the cost of FDB flood 
storage. There have been more 0.4 and 1.2 billion m3 FDB flood storage (i.e., the differences between the safety flow and the regulated 

Table 2 
The optimal flood control schemes for the flood events in 1956, 1962 and 1954.

Flood storage (billion m3) start and end day of operating the sluice-gate ω Over flood volume (billion m3)

FDB TG SBY GHY

1956 0 8.46 0.27 0.42 \ \ 0
1 7.39 0.32 0.44 From 3rd to 9th 0.3 0
2 6.35 0.35 0.43 From 3rd to 9th 0.6 0
3 5.47 0.25 0.44 From 3rd to 9th 0.8 0
4 4.89 0.30 0.49 From 1st to 9th 0.8 0
5 4.65 0.27 0.40 From 3rd to 12th 0.9 0

1962 0 20.90 0.23 0.33 \ \ 0
1 19.88 0.25 0.34 From 15th to 17th 0.8 0
2 18.84 0.28 0.34 From 14th to 18th 0.8 0
3 17.94 0.26 0.28 From 8th to 18th 0.5 0
4 16.96 0.25 0.26 From 8th to 15th 0.9 0
5 16.16 0.33 0.32 From 8th to 17th 0.9 0

1954 0 22.15 0.50 0.50 \ \ 65
1 22.15 0.50 0.50 From 9th to 23th 0.1 55
2 22.15 0.50 0.50 From 9th to 23th 0.2 44
3 22.15 0.50 0.50 From 9th to 23th 0.3 34
4 22.15 0.50 0.50 From 9th to 23th 0.5 25
5 22.15 0.50 0.50 From 9th to 23th 0.6 15
6 22.15 0.50 0.50 From 9th to 23th 0.7 6
7 22.00 0.39 0.47 From 9th to 23th 0.8 0
8 21.33 0.32 0.35 From 9th to 23th 0.9 0
9 21.06 0.24 0.25 From 7th to 23th 0.9 0

10 20.41 0.14 0.24 From 7th to 23th 1.0 0

(*The over flood volume is the total volume of differences between the river flow and its safety flow at the flood control target CLJ station)

Fig. 5. The relationship between the FDB flood storage and the over flood volume under two flood control schemes for the flood event in 1954.
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flows with the reservoirs group or the FDB flood control scheme) from 9th to 12th as shown in Fig. 7(a) and from 15th to 17th as shown 
in Fig. 7(b).

To analyze the impacts of the FDB flood control scheme with the process of the flood event, the differences between the results from 
the reservoirs group flood control schemes and the downstream over flood volumes in every sub-period have to be figured out. Since 
the over flood volume was only found from the flood event in 1954, its results are presented here and its flood control period is divided 
into six sub-periods according to the ways in 2.2.2. The time nodes of the sub-periods are denoted as Tall

∗ = {1,5, 7,9, 20,23,41}. The 

Fig. 6. The relationship between the capacity flood storage of the FDB and the decrease of over flood volume for the three typical flood events.

Fig. 7. The flows with or without FDB flood control.

Fig. 8. The flood storage of the reservoirs group in six sub-periods for the whole flood control period.
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flood storages of the mixed reservoirs group at the time nodes are shown in Fig. 7. The total flood storages of the reservoirs group from 
the 4th to 6th sub-period (i.e., the length sum of the 4th, 5th and 6th bar) are found not to be different if there are 0, 1, 2, 3, 4, 5 or 6 
billion m3 FDB flood storages. But there are significant differences during the 4th, 5th and 6th sub-periods separately (as shown in 
Fig. 8). The 5th sub-period covers the sub flood peak periods as shown in Fig. 4(c). The impacts of the FDB flood control scheme are 
mainly emerged during the sub flood peak periods. To further figure out the differences between the impacts of the reservoirs group 
flood control operating schemes, two operating schemes of the reservoirs group and FDB have been set. One is the integrating opti
mization of the reservoirs group and FDB flood control scheme (i.e., proposed model). And the other one is the only optimization of 
FDB flood control scheme. The over flood volumes under these two schemes are shown in Fig. 8. If Jingjiang FDB flood storage was 1 or 
2 billion m3, the difference of the over flood volumes between these two schemes is just about 0.1 billion m3. As the efficiency of 
reducing the over flood volume is the highest when the flood storage is occupied during the flood peak periods, the reservoirs group 
flood storage has been intensively occupied during the 4th, 5th and 6th sub-periods. And there will be no significant improvement in 
the flood control performance from the integrating optimization flood control scheme. Thus, the impacts of the only optimal reservoirs 
group flood control scheme on the over flood volume are slightly less than that of the only optimal FDB flood control scheme. If there 
were enough FDB flood storages (e.g., more than 8 billion m3 in Fig. 9), the results of only optimal FDB flood control scheme will not 
satisfy the flood control target safety requirement (i.e., there is no over flood volume in Fig. 9). Since the FDB is operated only in several 
sub-periods rather than in the whole flood control period, the over flood volume in some sub-periods is not reduced significantly 
through the only optimizing FDB flood control. And the reservoirs group flood control scheme cannot coordinate with the FDB flood 
control scheme in the sub-periods to reduce the over flood volume. Hence, it is necessary to optimally integrate the FDB and the mixed 
reservoirs group flood control for satisfying the flood control target safety requirement.

4.3. Impacts of the FDB flood control scheme on the upstream reservoirs group flood control and the downstream over flood volume with 
different safety flows

Determination of a safe flow is depended on the reservoir’s flood discharge capacity, the flood control standards of the levees, and 
the socio-economic development status and significance within the levee-protected areas. To figure out the impacts of the FDB flood 
control scheme across diverse reservoirs groups and FDBs in different scenarios, the role of safe discharge in a reservoirs group and FDB 
flood control has to be elucidates. Three safe discharge scenarios are set, corresponding to every representative flood type in our case 
study. The values of the parameter Qsafe (i.e., safety flows) are set to 35000, 40000 and 45000 m3/s for both the flood events in 1956 
and 1962 according to the downstream flood control requirements; Qsafe are set to 45000, 50000 and 55000 m3/s the flood event in 
1954. The results of the mixed reservoirs group flood storage and the over flood volume (Vd) from these safety flows are obtained from 
the proposed model. As Qsafe increases under the three safe discharge scenarios, both the mixed reservoirs group flood storage and the 
over flood volume (Vd) decrease from the results of the proposed model. Thus, the differences as reductions can be shown in Fig. 10.

These reductions are different among these three safe discharge scenarios for every representative flood type. For example, when 
the FDB flood storage is 5 billion m3, the reductions of the mixed reservoirs group flood storage are 3.8, 3.2 and 2.2 billion m3 under the 
35000, 40000, 45000 m3/s safety flow for the flood event of 1956 (as shown in Fig. 10(a)). These reductions are 5.0, 5.0 and 4.6 billion 
m3 under the 35000, 40000, 45000 m3/s safety flow for the flood event of 1962 (as shown in Fig. 10(b)). these reductions are 4.8, 4, 
3.2 billion m3 under the 45000, 50000, 55000 m3/s safety flow for the flood event of 1954 (as shown in Fig. 10(c)). It can be found that 
both the reduction of the mixed reservoirs group flood storage and Vd decrease with the safety flow increase for every flood event. The 
less safety flow, the more over flood volume that needed to be stored. More over flood volume brings the selection flexibilities of the 
reservoirs group and FDB flood control scheme, and leads to less cost of the FDB flood storage to keep the regulated outflow safe. The 
cost of the FDB flood storage has been discussed in 4.2. The reduction change trends are also different among three flood events. Both 

Fig. 9. The relationship between the FDB flood storage and the over flood volume under the two operating schemes.
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the reductions of the mixed reservoirs group flood storage and Vd of the flood events in 1962 and 1954 are closer to the FDB flood 
storage than that in 1956. This is because that the more sub-periods, the more flexibility of the FDB flood control scheme selection. For 
example, there are 5, 6, 6 sub-periods during the flood events in 1956, 1962 and 1954, respectively. Therefore, the lower safety flow 
and more sub-periods can increase the reduction of the mixed reservoirs group flood storage and Vd with the same FDB flood storage. It 
further demonstrates the more flexible FDB flood control scheme improves the flood control performance.

4.4. Applications and limitations of the proposed model

The generalization of a flood event is the prerequisite of the proposed model application. The typical flood events are generalized as 
the set C, then the value of parameter α in Eq. (14) is set according to the difference between the flood control capacity of the FDB and 
the magnitudes of the flood events. The set C and α are inputted into the proposed model with the parameter VF,max, Vn,max and Qsafe 
from the FDB engineering, reservoir engineering and downstream protecting area characteristics. The optimal solutions of the flood 
control scheme can be efficiently obtained through randomly generating the decision variable values. However, the generalization of a 
flood event can bring the uncertainty to the real-time reservoirs and FDB operation, that has been detailed in Mu et al. (2025).

In the determination of an inflow into the FDB, the comprehensive flow coefficient Cd is assumed to be a constant if both the 
changes of sluice-gate opening height and water head are few comparing to their initial values. Thus, it is recommended to apply the 
proposed model for the determination of flood control scheme with long time step.

5. Conclusion

The aim of our study is to optimally integrate the operations of an FDB and a reservoirs group for improving flood control per
formance. It has been applied in the most critical parts of the flood hazard control system in China, the Three gorges, Shuibuya, 
Geheyan and Jingjiang FDB as a case study.

Fig. 10. The reductions of the mixed reservoirs group flood storage and the over flood volume with the different FDB flood storage and safety flows.
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It has been found that it is better to synchronize the operation of the sluices of an FDB with flood peak for reducing the over flood 
volume according to the rule of the optimal flood control scheme. The value of FDB sluice opening ratio is determined not only by the 
maximum flood storage but also by the duration of the operating the sluices. The FDB flood control scheme is also found to reduce the 
upstream reservoirs group flood storages for all the three different historical flood events. And the inflexible FDB flood control scheme 
keeps the regulated outflow safe at the cost of FDB flood storage. The impacts of the only optimal reservoirs group flood control scheme 
on the over flood volume are slightly less than that of the only optimal FDB flood control scheme. It is necessary to optimally integrate 
the FDB and the mixed reservoirs group flood control for satisfying the flood control target safety requirement. According to the 
impacts of the FDB flood control scheme on flood control performance with different safety flows, the lower safety flow can bring more 
sub-periods and more flexible FDB flood control scheme, which can improve the performance of the FDB flood control.

The optimal model to integrate a reservoirs group and an FDB can be applied to determine the flood control scheme in real-time 
reservoirs and FDB operation. However, there is inevitably a difference between the real-time flood event and the generalized flood 
event. It is still an issue requiring attention in real-time reservoirs and FDB operation and needs further research in the future. The 
proposed model can also provide a new idea for the other types of water resources management (e.g., optimal water supply) in the 
future.
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