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The development of a real-time ﬂooding operation model
in the Tseng-Wen Reservoir
Yu-Wen Chen, Jui-Pin Tsai, Liang-Cheng Chang, Chih-Chao Ho
and You-Cheng Chen

ABSTRACT
Typhoon events occur frequently in Taiwan resulting in ﬂood-related disasters. A well-operated
reservoir can reduce the severity of a disaster. This study incorporates a genetic algorithm, a river
hydraulic model, an artiﬁcial neural network and a simulation model of Tseng-Wen Reservoir to
propose a real-time ﬂooding operation model. The model includes two parts: an optimal ﬂooding
operation model (OFOM) and a reservoir inﬂow forecasting. Given an inﬂow condition, the OFOM is
run based on the safety of the dam structure, reservoir ﬂooding operation rule, and minimization of
the downstream loss due to ﬂood. A simple and robust model for reservoir inﬂow forecasting, which
automatically chooses the most similar event from a typhoon event database as the future inﬂow, is
developed. This study compares the model results with the real operations during Typhoons Sepat,
Krosa, Kalmaegi, Fung-wong, Sinlaku, and Jangmi. This study compares the performances of the
proposed model with the practical operation operated by the management center of Tseng-Wen
Reservoir. The proposed model indicates shorter ﬂooding duration in the downstream area. For
example, the ﬂood durations of the model output are 4 and 3 hours shorter during Typhoon Krosa
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and Sinlaku, respectively, than the practical operations.
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INTRODUCTION
During the summer season, typhoons release a tremendous

minimize ﬂood damage in the downstream area and maxi-

amount of rainfall in Taiwan resulting in major natural dis-

mize the safety of the dam. The DDSs also are subject to

asters. Reservoirs adjust their releases in preparation for

constraints including physical laws governing the hydraulics

heavy rainfalls due to incoming typhoons. If the releases

of the systems and the operational constraints on reservoir

exceed the capacity of the downstream waterway in popu-

releases and levels, and river stages at speciﬁed locations

lated areas this can result in a signiﬁcant loss of life. An

of the river-reservoir system (Ahmed & Mays ). Nor-

area of increasing importance is to make optimal use of a

mally, simulation models such as rainfall-runoff models

reservoir to delay and decrease the peak ﬂood ﬂow in the

and river routing models are embedded in the DSSs to pre-

downstream waterway, while maintaining a good storage

sent the physical laws. The framework of the DSS is a kind

for summer time water supplies. Developing Decision Sup-

of optimization/simulation model.

port Systems (DSSs) for optimizing ﬂood control of
reservoirs has become an important issue.

The main objective of ﬂood control in most previous
studies has normally been to minimize ﬂood damage in

DSSs that address optimal problems of reservoir oper-

the downstream area (Windsor ; Chang & Chen ;

ations normally can be stated with the objective to

Hsu & Wei ; Malekmohammadi et al. ; Valeriano
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et al. ) and the decision variables are the release quan-

optimal ﬂood operation of a river–reservoir system. These

tities of reservoirs. The ﬂood damage can be presented in

models combined a nonlinear programming algorithm

different forms such as the values of damage loss and the

with an unsteady ﬂow ﬂood-routing simulation model.

volumes or heights of river ﬂow. Chang & Chen () maxi-

Both linear programming and nonlinear programming

mized the reduction in peak ﬂow. Hsu & Wei ()

models are algorithmic procedures, meaning that well-struc-

minimized the peak heights at control points in the down-

tured, convergent solution processes are applied to

stream area.

quantitative information. Unlike most of the optimization

For multi-purpose ﬂood control, some other sub-objects

algorithms, heuristic programs cannot guarantee termin-

such as those for the purpose of water resource management

ation to even local optimal solutions. These methods strive

are also added in the objective function with minor priori-

for acceptable or satisfying solutions, but they are often

ties. Chang & Chen () maximized the increment of

capable of achieving global optimal solutions to problems

reservoir storage after ﬂood operation. The increment of

where traditional algorithmic methods would fail to con-

reservoir storage can become a water resource for the next

verge or get stuck in local optima (Labadie ). The

drought season. Under similar concepts for water resource

genetic algorithm (GA) which was ﬁrstly developed by Hol-

management, Valeriano et al. () maximized the spare

land () is a famous choice in the category of heuristic

volumes of the reservoir. Hsu & Wei () kept the reser-

programs. Many researchers have applied the genetic algor-

voir water level at a pre-deﬁned target after ﬂood

ithm and its variants to water resource management

operation. At the early stage of a ﬂood season, the targeted

problems. Chang et al. (a) integrated a genetic algor-

level should be lower for the preparation of ﬂood operation

ithm and constrained differential dynamic programming

for the next coming storm. At the end stage of a ﬂood

on optimal expansion schedules of system capacity for

season, the target level should be higher for the purpose of

groundwater supply. Chang et al. (b) applied a multi-

water resource supply during the next drought season.

objective genetic algorithm to analyze the conﬂict among

In the framework of an optimization/simulation model,

different water use sectors during a drought period. Chang

the selection of the optimization algorithm is crucial. Laba-

et al. () and Hınçal et al. () applied genetic algor-

die () gave a great review for the optimal operation of

ithms for optimizing multi-use reservoir operation. Based

multi-reservoir systems. Because the conservation of a reser-

on the above, the genetic algorithm and its variants is an

voir system is linear, the simplex method of linear

attractive choice for solving optimization problems.

programming and its variants which can be solved efﬁ-

Physical laws such as the river routing are constraints in the

ciently become full of attraction for long-term operation of

DSSs of ﬂood control. An unsteady ﬂow simulator is required to

reservoir system models (Nash & Sofer ). Although

predict the impacts of release quantities on the optimization of

the behavior of river routing might be nonlinear for the

a river–reservoir system. For the implementation of river rout-

ﬂood operation, linear programming still can be applied

ing, Windsor (), Hsu & Wei () and Wei & Hsu ()

under linearization or linear simpliﬁcation such as the

developed a river hydraulic model with the Muskingum

Muskingum method. Windsor (), Needham et al.

method. This linear Muskingum equation was used to describe

() and Hsu & Wei () applied linear programming

the linear relationship between reservoir release and stage at

based algorithms on their ﬂood operation models.

the control point. The calculation of the Muskingum method

Many reservoir system optimization problems such as

is efﬁcient in the optimal model. However, its linear simpliﬁca-

the hydropower system and river complex river routing

tion between ﬂow rate and water stage cannot be extended to

system cannot be realistically modeled using piecewise line-

solve complex ﬂows directly. To avoid the limitation, Malekmo-

arization, and must be attacked directly as nonlinear

hammadi et al. () embedded a fully unsteady numerical

programming problems (Labadie ). Nonlinear program-

model, HEC-RAS (Hydrologic Engineering Centers River

ming, a kind of gradient-based algorithm, is traditionally

Analysis System), to increase the accuracy of river routing for

applied in these problems. Unver & Mays () and

ﬂooding operation. To increase the accuracy of river routing,

Ahmed & Mays () developed models for real-time

the HEC-RAS model requires a greater time for calculation.
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The artiﬁcial neural network (ANN) is a powerful tool

mechanism and a predictive control algorithm on their real-

from the ﬁeld of data mining and has many applications in

time control model for a multi-reservoir system. The predic-

hydraulic related studies. Applying a well-trained ANN

tive control algorithm involves optimization of the control

instead of a full function numerical model can greatly

trajectory for a given prediction or forecast of external uncon-

reduce the computational time and easily integrates with

trolled inputs. Hsu & Wei () embed a quantitative

other algorithms, such as optimization and management

precipitation forecast (QPF) model and a stream ﬂow predic-

models. Loke et al. () applied an ANN model to simu-

tion model into a real-time operation model. The QPF model

late an urban drainage system with given rainfall data. To

presents the statistical relationships between typhoon tracks

estimate the seasonal river ﬂow, Sajikumar & Thandaves-

and average precipitations. Based on the real-time obser-

wara () applied an ANN to develop the relationship

vation of a typhoon track, the real-time operation model

between rainfall and river ﬂow. Halff et al. () and

determines real-time releases of reservoirs. A forecast model

Lorrai & Sechi () applied an ANN to model the relation-

of precipitation or inﬂow is an important element in a real-

ship between watershed rainfall and surface runoff. Tayfur

time operation (or control) model.

& Singh () integrated Fuzzy logic, ANN, and kinematic

In the state-of-the-art for optimal operation of multi-reser-

wave theory to develop a rainfall-runoff model. For the

voir systems, Labadie () concludes that even with the

application of modeling river hydraulics and surface

presence of error, the use of forecasting of precipitation or

runoff, ANN is the best option to increase the compu-

inﬂow is preferable in real-time optimal control models. The

tational efﬁciency without linearization.

quality of ﬂow forecasting is often quantiﬁed in terms of

Flood management to control the rate of discharge in

lead time and accuracy. The lead time of the forecast is

the river network after periods of heavy rainfall is a complex

deﬁned as the time interval between the issuing of the forecast

task (Delgoda et al. ). Approaches of DSSs for real-time

and the time when the forecasted event is expected (Mays &

operation of ﬂooding control can be clustered into two cat-

Tung ). Zhao et al. () indicate that forecast uncer-

egories. The ﬁrst one is to simulate the entire horizon of the

tainty evolves in real-time if forecasts can be dynamically

operation process of river–reservoir systems based on his-

updated. The uncertainties of forecasts for a certain time

torical storm records or ensemble hyetographs and, then,

period decrease over time as more hydrologic information

ﬂooding operation rules are concluded from the simulations

becomes available. Based on the above, a forecasting model

(Alemu et al. ; Ahmed & Mays ). During a real-time

which has the ability to assimilate its forecasting result is

operation, the DSSs can provide operation decisions based

required in a real-time model for ﬂood control.

on the rule curves and current observations of precipitations

This study proposes to develop a real-time ﬂooding oper-

or inﬂows. Because of climate change, the current character-

ation model (RTFOM) and the study area is the reservoir-

istics of precipitation or inﬂow vary differently to the

river system which contains Tseng-Wen Reservoir and the

characteristics

the

downstream river. The proposed model simultaneously con-

decisions concluded from historical storm records or ensem-

observed

decades

ago.

Applying

siders not only the impacts of ﬂood damage control but also

ble hyetographs might introduce high uncertainty due to the

the future impact of water resource management. To evalu-

effect of climate change (Ahmed & Mays ; Delgoda et al.

ate the ﬂood damage downstream, an ANN model, instead

).

of the HEC-RAS model, was proposed. The training data

The second one is to integrate an optimization/simu-

of reservoir releases and the downstream river stage of

lation model with a real-time forecast model for the future

Tseng-Wen River were simulated by the HEC-RAS model

precipitations or inﬂows. The determination of the optimal

ﬁrst. The ANN model can greatly increase the compu-

decisions is based on the current observations and the

tational

future forecasts (Niewiadomska-Szynkiewicz et al. ;

genetic algorithm (GA) which has the ability to solve a non-

Hsu & Wei ) and the effect of climate change is widely

linear problem was used to determine the optimal ﬂood

considered

models. Niewiadomska-

releases. For the real-time operation, this study forecasts

Szynkiewicz et al. () apply a hierarchical decision

future inﬂow of the reservoir by comparing the observed

in

many forecast
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OFOPM are listed in Equations (1)–(9).

database which is developed by the study. Although the concept of the forecasting is simple, the proposed approach has

Hydrology Research

(
min ω1
~
R

jStarget  StIII j
þ ω2 max
Starget

"

Lppeak  Lbank;p
Lbank;p

#)
;0

(1)

vations become available, a similar typhoon pattern could
be identiﬁed and the future inﬂow could be forecasted.

s.t.

MODEL DEVELOPMENT

1
1
½ðIt1 þ It Þ  ðRt1 þ Rt Þ ¼ ðSt  St1 Þ;
2
Δt
for t ¼ 1; 2; :::; tIII

(2)

h ! i ðt
 
~
Pτ dτ; for t ¼ 1; 2; :::; tIII
It ; IL t ¼ frunoff ~

(3)

The RTFOM was developed in this study and included two
parts: (1) Optimal Flooding Operation Planning Model
(OFOPM) and (2) Typhoon Event Database (Figure 1).

0

Given an inﬂow condition, the OFOPM integrated the surface runoff model, river hydraulic model, ANN, and GA to
deﬁne the optimal release of the reservoir based on maintaining the safety of the dam structure, minimizing the
downstream loss, and considering the current reservoir
operation rule.
The Typhoon Event Database was developed by study-



! !
~
Lt ¼ fRIV ~
Lt1 ; IL t ; IL t1 ; Rt ; Rt1 ; for t ¼ 1; 2; :::; tIII
8
>
< Ipeak ¼ max ðIτ Þτ¼1;2;:::;tIII
Rpeak ¼ max ðRτ Þτ¼1;2;:::;tIII
>
: Lp ¼ max Lp 
peak

(4)

(5)

τ τ¼1;2;:::;tIII

ing the historical inﬂow hydrograph records from 40
typhoon events. In the real-time operation, the operator
compares the observed inﬂow data with the historical

ht ¼ fhv ðSt Þ; for t ¼ 1; :::; tIII

(6)

ht  hmax ; for t ¼ 1; :::; tIII

(7)

Rt  Rmax ¼ g ff ðht Þ; for t ¼ 1; :::; tIII

(8)

inﬂow hydrograph and forecasts the inﬂow by matching it
with a historical typhoon event. As more observed data
becomes available, the inﬂow forecasts improve in accuracy.
Optimal ﬂooding operation planning model
The proposed model should simultaneously consider the
reservoir storage at the end of a ﬂood and its impact on
the downstream river. The optimal formulations of the

cms for t ¼ 1;2;:::;tI
Rt1  Rt  max ðIτ Þτ¼1;2;:::;t for t ¼ tI þ 1;:::;tII


fRt  1850 Rt  Rt1
Iτ  Iτ1
for t ¼ tI þ 1;:::;tII
 max
Δt
Δt
τ¼2;3;:::;t
h
i
Rt  min Rt1 ;max ðIτ Þτ¼1;2;:::;t for t ¼ tII þ 1;:::;tIII
(9)
in which St and ht are reservoir storage and water level at the
time t; Smax and hmax are maximum reservoir storage and
water level; Starget and htarget are targeted storage and water
level; StIII and htIII are reservoir storage and water level after
the typhoon and the ﬂood period has ended; Lppeak is the
peak river stage at the downstream control point; Lbank,p is
the top of levee at the downstream control point; It is the

Figure 1

|

The model architecture diagram for the RTFOM.
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model. The inﬂow of reservoir (~
It ) and lateral ﬂows of river
!
( IL t ) of the t-th time step are the total effects of precipitation

reservoir; R max is the maximum release of ﬂoodway; and
!
IL t is the lateral inﬂow to the river. The function fRIV is the

from the beginning to the current time step. More detail of the
runoff model is illustrated in the appendix (available online at

governing equation of river simulation; the function fhv is

http://www.iwaponline.com/nh/045/201.pdf). The down-

the transfer function of the reservoir water level (H ) – storage

stream river hydraulic equation is shown in Equation (4).

(V ) curve; and the function gff is the transfer function of the

The HEC-RAS was used in this study to model the river

free ﬂow rating curve.

hydraulics and then ANN was applied to replace HEC-RAS

Equations (1)–(9) showed the objective function and con-

for further modeling works (see details in ‘ANN for forecast-

straint functions in the OFOPM. The objective function,

ing ﬂood stage’ section). The river stage is inﬂuenced by the

Equation (1), includes two objectives. The ﬁrst objective is

previous river stage, reservoir release, and lateral inﬂow.

that the post typhoon reservoir water level should meet the

The lateral inﬂow was described in the ‘Calculation of surface

targeted storage (Starget). That means the absolute difference

runoff’ section. Equation (5) calculates the peak inﬂow,

between the storage at the end of the ﬂood period (StIII ) and

release, and river stage at the downstream control point.

targeted storage (Starget) should be as small as possible. The

Equation (6) is the reservoir water level (H ) – storage (V )

second objective follows Valeriano et al.’s () idea that

curve of Tseng-Wen Reservoir. Figure 2(a) shows the relation-

the ﬂooding operation should allocate the quantity of peak

ship between the reservoir water level (ht) and storage (St).

ﬂow into the spare volume of reservoir storage or river chan-

Equations (7) and (8) are inequality constraints. To

nel capacity. When the peak river stage is higher than the top

ensure the safety of the dam structure, Equation (7)

of the levee, the damage downstream has already occurred

describes the storage of the reservoir and it should be less

and the reservoir storage should be used instead for the

than the maximum allowable storage. For the spillway,

ﬂood mitigation. The objective function uses the difference


between the top of the levee Lbank,p and peak river stage

Equation (8) deﬁnes the maximum allowable spill by following the free ﬂow rating curve (Figure 2(b)) which is a

(Lp) to describe the downstream damage. To combine these

function of the reservoir water level (ht).

two objectives, Starget and Lbank,p are normalized and

Water Resources Agency () published the Tseng-

weighted with ω1 and ω2 . The decision variable is the release
of reservoir (~
Rt ) at one minute intervals.

Wen Reservoir operation rules, which were divided into
three steps. The three steps, illustrated in Figure 3, are (1)

Equations (2)–(6) are the equality constraints. Equation

before ﬂood, (2) before peak ﬂow, and (3) after peak ﬂow.

(2) ensures that the continuity equation is satisﬁed. The stor-

Equation (9) shows the individual rule of release in each

age S equals the difference between inﬂow (I) and outﬂow

step. The details of the ofﬁcially published operation rules

(R). Equation (3) is a conceptual formulation of a runoff

are described as follows.

Figure 2

|

The characteristic curve of Tseng-Wen Reservoir: (a) H-V curve; (b) free ﬂow.
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The schematic of ﬂooding operation rules.

Figure 4
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The ﬂowchart of real-time inﬂow forecasting.

Step 1. Before ﬂood (from t0 to tI): The duration of the ﬁrst

shows the ﬂowchart of inﬂow forecasting. At time t,

step is deﬁned by the inﬂow (It). If the inﬂow is less

observed inﬂows were retrieved from the gauging station.

than 1,850 cubic meters per second (cms), it is in

The comparison between real-time observation and histori-

the ﬁrst step. During this step, the reservoir could

cal records can be automatically computed.

release and draw down the water level to increase

The comparison is based on an index, root-mean-

the empty volume for the future ﬂood. The con-

squared-error (RMSE, shown as Equation (10)). IτRT is the

straint of this step is that the release should not

inﬂow quantity obtained from the gauging station of a real-

be greater than 1,850 cms.

time system. IτDB,k is the inﬂow quantity of the k-th typhoon

Step 2. Before peak ﬂow (from tI to tII): The second step is

recorded in the database. In Equation (10), the index should

that the inﬂow (It) to Tseng-Wen Reservoir is greater

sum the temporary differences from the beginning of the

than 1,850 cms. There are two constraints: (1) the

typhoon to the current time step (t). A smaller RMSEkt

release (Rt) cannot be larger than the maximum

means that the k-th historical typhoon is more similar. The

inﬂow or smaller than the release of the previous

historical inﬂows of the k-th typhoon are assigned as the

time step; (2) the increase rate of the release cannot

forecasting of the current typhoon. The length of forecast

be larger than the increase rate of inﬂow.

horizon is equal to the length of the k-th typhoon.

Step 3. After peak ﬂow (from tII to tIII): When the inﬂow
reaches 80% of the peak inﬂow (Ipeak), there are two
constraints: (1) the release (Rt) is not larger than
the peak inﬂow (Ipeak); (2) the release (Rt) is not

min RMSEkt ¼
k

t 
2
1X
IτRT  IτDB;k
t τ¼1

(10)

larger than the release at the previous moment (Rt–1).
Typhoon event database

APPLICATION OF RTFOM IN THE TSENG-WEN
RESERVOIR REAL-TIME OPERATION

This study built a database composed of historical records

Figure 5 showed the Tseng-Wen River system: upstream

from 40 typhoon events. The database was used for the pre-

linking to Tseng-Wen Reservoir, downstream linking to the

diction of future inﬂow for the real-time operation. Figure 4

southern Taiwan Strait, and Houjiue River, Tsailiau River,
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The table of information for historical typhoons

Length

Initial
Reservoir

Peak
Inﬂow

(hr)

Level (m)

(cms)

Name

Duration

Sinlaku

2008/9/12–2008/9/16

68

221.7

4251

Sepat

2007/8/16–2007/8/22

110

210.1

1748

Krosa

2007/10/5–2007/10/9

86

226.4

5784

Jangmi

2008/9/27–2008/10/1

87

225.5

4424

Fung-wong

2007/7/26–2007/7/30

78

223.2

2639

Kalmaegi

2007/7/17–2007/7/21

98

207.6

6939

Calculation of surface runoff
!
There are ﬁve surface runoff sources ( IL t ) into the TsengWen River (Figure 5). Three of the sources are from the
major tributaries of Tseng-Wen River called the Houjiue
River, the Tsailiau River, and the Guantian River. The
remaining two lateral inﬂows are from the surface runoff
upstream of Ersi Bridge. The Tseng-Wen River is upstream
of Ersi Bridge, which has no levee along the side to prevent
the surface runoff ﬂowing into the mainstream. The two
areas without a levee along the side are between TsengWen Reservoir and Yufeng Bridge and between Yufeng
Bridge and Ersi Bridge. Surface runoff contributes inﬂow
Figure 5

|

The Tseng-Wen River system.

to the river channel which may impact the decision of
upstream reservoir operation. These ﬁve sources of surface

Using the surface runoff model, the lateral inﬂow was calcu-

runoff necessarily need to be considered for ﬂooding operation. In addition, the inﬂow (~
It ) to Tseng-Wen Reservoir

lated and provided into HEC-RAS to simulate Tseng-Wen

from upstream of the watershed also needs to be estimated.

River (see details in ‘Calculation of surface runoff’ section).

This study applied kinematic-wave based geomorphic

Then the ANN is applied as a substitution for HEC-RAS in

instantaneous unit hydrograph (KW-GIUH) (Lee & Yen

Tseng-Wen River modeling (see details in ‘ANN for forecast-

; Cao et al. ) to model all the surface runoffs that

ing ﬂood stage’ section). The ‘Application of OFOPM and

were mentioned above (further detail of KW-GIUH is intro-

RTFOM in Tseng-Wen Reservoir ﬂooding operation’

duced in the appendix, available online at http://www.

section describes the results of applying OFOPM and

iwaponline.com/nh/045/201.pdf). The KW-GIUH model

RTFOM. Historical records of six typhoons including

is calibrated by the case of Sinlaku and ﬁve other cases

Sepat (2007), Krosa (2007), Kalmaegi (2008), Fung-wong

verify the accuracy of the well-calibrated KW-GIUH model.

Guantian River along the side providing the lateral ﬂow.

(2008), Sinlaku (2008), and Jangmi (2008) are applied for
the process of calibration, veriﬁcation and operation of the

ANN for forecasting ﬂood stage

proposed model. The information for historical typhoons
is listed in Table 1. The lengths of these typhoons vary

This study applied the unsteady HEC-RAS model to estimate

from 68 to 110 hours. The peak inﬂows of the reservoir

the peak ﬂood stage in the river. The information required

vary from 1,748 to 6,939 cms.

by HEC-RAS is river cross sections, Manning’s n, and
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boundary conditions upstream and downstream of the river.

Section 85 in between Tsailiau River and Xinzhong station

This study compared the modeling results with observed

due to the low top of the levee.

stage levels at Xinzhong station for the six cases including

This study combines a river hydraulic model and an

Sepat, Krosa, Kalmaegi, Fung-wong, Sinlaku, and Jangmi.

optimization model to provide efﬁcient river hydraulic fore-

The stage comparisons are presented in Figure 6. The mod-

casting. A large number of modeling results of HEC-RAS

eling results and observed stage have the same pattern for all

were used to train the ANN ﬂood forecasting model. After

the cases except for Krosa. For Krosa, the occurred time of

that, the ANN ﬂood forecasting model replaced HEC-RAS

the peak ﬂow in the HEC-RAS simulation is several hours

to forecast the ﬂood stage for the purpose of efﬁciency.

earlier than the one in the observed data. Table 2 shows

This study applies back propagation network to the

the difference in peak stage was less than 0.5 m in all

ANN model which is one kind of supervised learning

cases and the correlation coefﬁcient was great than 0.97.

that needs inputs and outputs. The ﬂow rate at ﬁve

The model satisfactorily represents the stage at Tseng-Wen

locations serves as the input to the model at time t and

River. The model also shows a high risk of overtopping at

t1. The ﬁve locations are the Yufeng Bridge, Ersi

Figure 6

|

The comparison modeling result and observed runoff at Yufeng Bridge station.

Downloaded from http://iwaponline.com/hr/article-pdf/45/3/490/372716/490.pdf
by guest

Y.-W. Chen et al.

498

Table 2

|

|

The development of a real-time ﬂooding operation model in the Tseng-Wen Reservoir

The comparison of modeling results and observed river stage at Section 85

Correlation
coefﬁcient

Root mean square
error m

Difference in peak
ﬂow m
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Shown as Figure 7, there was a hidden layer with four
neurons in the model.
The study used four typhoons including Sinlaku, Sepat,

Sinlaku

0.99

0.52

0.3

Fung-wong, and Krosa for training the model. Two

Sepat

0.98

0.33

0.21

typhoons, Kalmaegi and Jangmi, were used to verify the

Krosa

0.98

0.8

0.43

model. Figure 8 shows the comparisons of HEC-RAS and

Jangmi

0.97

0.82

0.28

the ANN ﬂood forecasting model for the cases of Sinlaku

Fung-wong

0.98

0.68

0.16

and Jangmi. Both results show a similar pattern. The corre-

Kalmaegi

0.98

0.58

0.38

lation coefﬁcient was 0.98 and the difference at peak stage
was approximate 0.51 m. The details are shown in Table 3.

Bridge, Houjiue River, Tsailiau River, and Guantian River.
The river stage at high risk of overtopping location, which

Application of OFOPM and RTFOM in Tseng-Wen

is between Tsailiau River and Xinzhong station (down-

Reservoir ﬂooding operation

stream cross section No. 85), was selected as the output.
In the formulation of OFOPM (from Equations (1)–(9)), several parameters and variables should be assigned and
calculated. The values of each parameter are listed in
Table 4. The target storage of reservoir after ﬂooding operation (S target) is deﬁned as the upper bound of the
operation rule curves announced by Taiwan government
and the value of S target is 54,828.9 m3. The top level of the
levee at Xinzhong station (L bank,p) is 15.13 m. These two
parameters are used to normalize the two sub-objective
terms in Equation (1). Because the two sub-objective terms
have been normalized, the weights (ω1 and ω2 ) are simultaneously assigned as 1.0.
The variables of tI, tII and tIII for each of the simulations
which separate the entire processes of typhoons into three
steps are determined from the historical records of each
typhoon. The variable of S0 which is the initial storage of
the reservoir is assigned depending on the historical records
!
of each typhoon. The quantities of ~
It and IL t are calculated

Figure 7

|

ANN forecasting river stage model.

Figure 8

|

The comparison of HEC-RAS and ANN forecasting river stage model for river stage at Section 85.
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The comparison of HEC-RAS and ANN ﬂood forecasting model at Section 85
Correlation
coefﬁcient

Root mean square
error m

Difference in peak
ﬂow m

Kalmaegi

0.98

0.55

0.25

Jangmi

0.98

0.58

0.51
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Figure 9 contains a comparison of Typhoon Krosa
between the practical operation, OFOPM, and RTFOM.
Since the initial water level was 226 m which was high for
the OFOPM and RTFOM, both models released water at
rate of 1,100 cms at the early period of the ﬂood to increase
available storage for the coming ﬂood. In contrast, the practical operation did not release water from the reservoir.

Table 4

|

The table of parameter and variable assignment for the ﬂooding operation of

tion from the operations of OFOPM and RTFOM which

Tseng-Wen Reservoir

Parameter

Value

Parameter

Value

Starget

54,828.9 m3

Lbank,p

15.13 m

ω1

1.0

ω2

tI , tII and tIII

Depend on the historical records of each
typhoon

S0

Initial condition. Depends on the historical
records of each typhoon

!
~
It and IL t
~
Lt
Rt

Therefore there was more available space for ﬂood mitiga-

1.0

reduced the peak ﬂow. The peak inﬂow was 5,784 cms.
The peak releases from the practical operation, OFOPM,
and RTFOM were 4,850, 3,300 and 3,912 cms, respectively.
The corresponding reductions compared with the inﬂow
were 16.1, 42.9 and 32.3%. The OFOPM and RTFOM efﬁciently used the available storage in the reservoir to reduce
the peak ﬂood ﬂow. The overtopping happened for all

Calculated by Equation (3)

three operations for the downstream area. Compared

Calculated by Equation (4)

with the practical operation, the OFOPM and RTFOM

The decision variable of OFOPM

decreased the water levels by 0.6 and 0.4 m and decreased
the ﬂooding duration by 3 and 4 hours, respectively. This

by Equation (3) and the level (~
Lt ) is calculated by Equation

reduced the damage due to the ﬂooding. In comparison
with the targeted water level of 227 m, the water levels at

(4). The reservoir release (Rt) is the decision variable which

the end of the ﬂood period for the practical operation,

is optimally determined by OFOPM.

OFOPM, and RTFOM were 228.1, 227, and 227.1 m,

Based on six historical typhoons, including Sepat,

respectively. See Figure 10 for the comparison of Typhoon

Krosa, Kalmaegi, Fung-wong, Sinlaku, and Jangmi, the

Sinlaku. The initial water level was 221 m. Hence OFOPM

OFOPM and RTFOM have been applied to compare the

and RTFOM released water at a rate of 650 cms. The practi-

performance of the proposed models with the performance

cal operation did not release any water and OFOPM and

of the practical operation. Because the OFOPM is a kind of

RTFOM efﬁciently reduced the peak ﬂow. The peak inﬂow

planning model, the inﬂow information of entire typhoon

was 4,251 cms. The peak releases from the practical oper-

periods should be assigned before solving the optimization

ation, OFOPM, and RTFOM were 2,840, 1,737, and

of OFOPM. However, a real-time model is required to

2,239 cms respectively. The corresponding reductions com-

make the decision for the current time step based on the pre-

pared with the inﬂow were 33.2, 59.1 and 47.3%. The

vious information obtained from the observation system. A

overtopping still occurred for all three operations for the

numerical experiment is applied to simulate the real-time

downstream area. However, the OFOPM and RTFOM

process. For the decision of the t-th time step, the operation

decreased the ﬂooding duration by 5 and 3 hours, respect-

of RTFOM is based on the previous information in the

ively, when compared with the practical operation. In

numerical experiment. The future quantities of inﬂow are

addition, the water levels at the end of ﬂood period for the

predicted based on the typhoon event database mentioned

practical operation, OFOPM, and RTFOM were 226, 227,

in the ‘Typhoon event database’ section.

and 227.7 m. Compared with the practical operation, the

Figures 9 and 10 show the comparisons of the optimal
operation for Typhoon Krosa and Sinlaku. Tables 5 and 6
list the comparisons for optimal operation between Sepat,
Krosa, Kalmaegi, Fung-wong, Sinlaku, and Jangmi.
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Figure 9

|

Figure 10

|

The development of a real-time ﬂooding operation model in the Tseng-Wen Reservoir

The comparison of release for Typhoon Krosa between practical operation, OFOPM, and RTFOM.

|

The comparison of release for Typhoon Sinlaku between practical operation, OFOPM, and RTFOM.
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The comparison of peak ﬂow rate between practical operations, OFOPM, and RTFOM

Krosa

Practical operations

OFOPM
Releasea

Flood reductiona

Releasea

Flood reductiona

3300

2,484

3913

1,871

Initial water levelb

Inﬂowa

Releasea

226.6

5784

4850

Flood reductiona

934

RTFOM

(þ1550)c
Jangmi

225.5

4424

1940

2484

1577

(þ937)c

2,847

1865

2,559

(þ363)c
Fung-wong

223.2

2639

1550

1089

2163

(þ75)c

476

1404

1,235

(þ613)c
Sinlaku

221.8

4251.1

2840

1411

1737

(þ146)c

2,513

2239

2,011

(þ1103)c
Sepat

210.5

2854

1310

1544

566

(þ601)c

2,288

1094

1,760

(þ744)c
Kalmaegi

207.6

6939

700

6239

440

(þ216)c

6499

440

6,499

(þ260)c

(þ260)c

a

Unit: cms.

b

Unit: m.

c

Difference with the practical operation.

Table 6

|

Comparisons of control node at the downstream river between the practical operation, OFOPM, and RTFOM

Practical operation

Krosa

OFOPM

RTFOM

Peak stagea

Overtopping durationb

Peak stagea

Overtopping durationb

Peak stagea

Overtopping durationb

17.05c

16

16.4c

13

16.65c

12

c

2

15.13

0

15.33c

2
0

Jangmi

15.38

Fung-wong

13.97

0

Sinlaku

16.02c

10

Sepat

13.73

Kalmaegi

16.93c

14.4

0

13.49

15.56c

5

15.9c

7

0

14.2

0

14.26

0

5

17c

5

17.1c

5

a

Unit: meter.

b

Unit: hour.

c

The river level is higher than the top of levee (15.13 m).

available storage of Tseng-Wen Reservoir. For the practical

practical operation, OFOPM efﬁciently utilized the avail-

operation, the reservoir water level before ﬂood had an

able reservoir storage and reduced the peak ﬂow by

impact on the ﬂood mitigation. For the Typhoon Kalmaegi

around 260–1,550 cms. RTFOM reduced the peak ﬂow

and Krosa, the water levels before ﬂood were 207.6 and

by around 75–937 cms in comparison with the practical

226.6 m. The 19 m difference in the water level had a signiﬁ-

operation. Comparing the source of inﬂow given to

cant impact on the available reservoir storage. This available

OFOPM and RTFOM, observed inﬂows were used in

storage is the reason for the difference in the ﬂood mitiga-

the OFOPM and similar inﬂows from the typhoon

tion values of 6,239 and 934 cms.

event database were selected in the RTFOM. The

Given reliable inﬂow information, OFOPM provided

former has no error and theoretically OFOPM can

the best operating results (Table 5). Compared with the

obtain the global optimal. These results indicate that
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the accuracy of inﬂow forecast impacts the results

though the upstream reservoir already mitigates the peak

signiﬁcantly.

ﬂow.

Table 6 compared the peak stage and ﬂooding duration

The ANN ﬂood forecasting model developed in this

at downstream control nodes with the practical operation,

study correctly predicted the ﬂow rate and river stage at

OFOPM, and RTFOM. The levee top at the control node

the downstream. Compared with the HEC-RAS model, the

(Section 85) was 15.13 m. For the practical operation,

model provided acceptable accuracy and saved a lot of cal-

there were four typhoons including Krosa, Jangmi, Sinlaku,

culation time, which gives the operator more lead time to

and Kalmaegi that resulted in downstream overtopping with

response the ﬂood.

a ﬂooding duration of 16, 2, 10, and 5 hours. As mentioned

The RTFOM in this study forecasted future inﬂow to the

before, Tseng-Wen Reservoir efﬁciently reduced the peak

reservoir by retrieving similar observed past inﬂows from

ﬂow by utilizing its available reservoir storage. Despite this

the typhoon event database. This database contained infor-

efﬁcient reservoir storage, the lateral inﬂows from other

mation

watersheds still caused downstream ﬂooding. For OFOPM,

Recommendations for future study are to consider the

about

the

historical

observed

inﬂows

only.

there were three typhoons including Krosa, Sinlaku, and

typhoon path, satellite images, gauged rainfall, and the pro-

Kalmaegi that resulted in downstream ﬂooding. OFOPM

duct obtained from Quantitative Precipitation Estimation

prevented ﬂooding in the Typhoon Jangmi. For Krosa, Sin-

and Segregation Using Multiple Sensors, abbreviated as

laku, and Kalmaegi, OFOPM reduced the downstream

QPESUM. These additional sources of data will improve

water level by approximately 10 cm and shortened the ﬂood-

the efﬁciency and accuracy of forecasting inﬂow and

ing duration in the typhoon events by as much as 5 hours.

decrease the uncertainty of real-time operation.

OFOPM showed signiﬁcantly the advantage of disaster
mitigation.
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with six historical events. By comparing with the practical
operations carried out by the experts, the RTFOM model
produced similar or even improved results in ﬂood
reduction, downstream damage mitigation, and reservoir
storage at the end of the ﬂood period.
The reservoir water level before ﬂooding impacts the
ﬂooding

operation

signiﬁcantly.

Lowering

the

level

decreases the peak ﬂood and increases the efﬁciency of
the ﬂooding operation. On the contrary, retaining a
higher water level before ﬂooding results in less ﬂood
mitigation.
This study shows that the spare volume of Tseng-Wen
Reservoir can signiﬁcantly decrease the peak ﬂow during a
ﬂood event in the Tseng-Wen River. However, contributions
from other laterial sources, and surface runoff from other
watersheds also impact the main stream. During major
storms or typhoons, the downstream area would possibly
encounter the ﬂooding due to the free surface runoff even
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