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Abstract
With advance of up-to-date hydrology measuring and forecasting system, reservoir operations
are no longer required to be as conservative as they once were. The incorporation of flood
inflow and weather forecasts allows for greater flexibility in the management of reservoir space
and inherently increases opportunities for acquiring additional water supply and reducing flood
risks effectively advance. In this paper, taking Ankang Reservoir as an example, a forecast-
based operation (FBO) mode for flood control is developed with cumulative net rainfall in the
real-time rolling prediction as the primary indicator and the water level in the reservoir as the
auxiliary indicator. Based on the accuracy of flood forecasting data, FBO rules for reservoir
flood control are formulated by using the stepwise regulation method considering the actual
situation of Ankang Reservoir. For verification, a flood routing simulation is conducted for
designed and typical flood processes with different recurrence intervals using the formulated
rules. The results show that the maximum flood level is lower than for conventional regulation
and that the duration of the maximum discharge under the forecast operation mode is slightly
shorter than the conventional discharge, which indicates that the flood risk is reduced to some
extent by applying the formulated FBO rules and, correspondingly, demonstrates the merits
and applicability of implementing FBO mode for Ankang reservoir.

Keywords Flood control . Reservoir . Forecast-based operation . Cumulative net rainfall .Water
level

1 Introduction

Climate change significantly impacts global water resource distribution (Ahmad et al. 2014).
As a result, droughts and floods occur alternately and more frequently around the world, and
they have led to massive economic losses (Min 2013). Reservoir operation plays a very
important role in water resource regulation and reallocation as well as flood control. In view
of hydrological uncertainty (Uysal et al. 2018), the traditional reservoir operation mode didn’t
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depend on forecasted information, which could ensure that no uncertainty accompanying this
information was introduced. However, thanks to rapid development of forecast system hard-
ware and hydrometeorological forecast theories in the past decades, many researchers have
focused on a new reservoir operation mode that involves the varied forecast information
available in the past few years (Bowles et al. 2004; Chen et al. 2018; Dong et al. 2013; Liu
et al. 2015; Kozel and Starý 2015), such as the forecast flood inflow, or forecast runoff.
Herman (2017) introduced the forecast operation rules combining state-of-the-art weather
forecasts with a novel tree-based policy optimization framework. Liang et al. (2009) studied
the decision-making rule for the inter-basin water transfer operation according to the forecasted
runoff and the relationship between irrigation-water and inflow of Dahuafang reservoir. It is
the so called forecast-based operation (FBO). FBO may improve the performance of reservoirs
in many aspects, including water supply, flood hazard reduction and ecosystem protection and
restoration. In a word, it’s believed that with higher requirements for water resource shortage
mitigation and flood disaster reduction under climate change, there must be an inevitable trend
for the development of an FBO mode for reservoir flood control and flood forecasting theories
and techniques.

Traditionally, reservoir flood control took “the water level” or the actual “flood
inflow rate” as primary indicators, usually in the course of flood routing, to determine
the discharge flow rate (Feldman 1994). When FBO is performed, the predicted rainfall,
or net rain yield, or even flood inflow within the forecast lead time is chosen as
indicator to determine the outflow, water level and storage before the dam are regulated
to minimize potential risk and maximize benefits (Chang et al. 2019). There are two
basic purposes for reservoirs to conduct FBO: 1. Enhancement of flood protection
provided for each reservoir. (For example, pre-releasing reservoir storage in the valid
forecast period before a flood comes. Furthermore, the storage can be released in
advance by means of power generation with enhanced flow rate before the flood wave
comes. The initial flood control level or limit water level is usually decreased before
the surge of a big flood to reduce the risks of reservoir flood routing); 2. FBO allows
additional water to be stored in the reservoir temporarily, so it can enhance the water
supply or acquire other benefits through the relaxation of conventional reservoir flood
control rules. For example, by elevating the limit water level in flood season appro-
priately when there is no effective precipitation on the upstream watershed according to
forecast, higher electrical generation can be acquired for the hydropower station at the
dam-toe. As a result, reservoir flood control flexibility is substantially promoted with
forecast information of definite accuracy in FBO mode.

As a matter of fact, the rapid development of forecast theories and techniques, and modern
observation and monitoring system engineering have laid a solid foundation for reservoirs to
put FBO mode into practice in most watersheds. As the main distinction from its conventional
counterpart, forecast factor indicators play a vital role in the whole period of real-time
operation for a given prediction system precision.

However, in the past research on forecast flood control, forecast information was only used
as indicators, and problems such as reservoir regulation and design flood, as well as upstream
and downstream flood control capabilities were ignored. Later, as the research progressed,
some scholars (Sun et al. 2015; Yang et al. 2015) used precipitation and flood forecast
information to formulate flood control rules, to solve the problems such as the flood resources
utilization and power plant efficiency. But affected by the floods characteristics in the upper
reaches of the reservoir and the runoff confluence characters, the forecast flood control has
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great differences for specific projects, there is no unified mode. Hence, it is necessary to
formulate rules according to local conditions.

Duo to the above problems, this paper proposes a FBO mode based on the forecasted
accumulated net rainfall within 3 h. In case study, we analyze the feasibility of implementing
forecast flood control of Ankang Reservoir, and discuss the distribution of net rainfall error.
And we formulate FBO rules with different spatial patterns to regulate design and actual
floods. The FBO mode can provide a theoretical basis for improving the dispatching mode of
Ankang Reservoir.

2 FBO Rules and Formulation

As the indicators of FBO rules, the success of forecast-based reservoir flood control
depends heavily on the precision of forecasted elements such as forthcoming inflow, net
rainfall or even precipitation. Fortunately, meteorological and hydrological forecast infor-
mation with higher precision has been achieved in most large or middle sized watersheds
(Krstanovic and Singh 1991a, b). Currently, most of the flood control agencies or
watershed authorities in China are equipped with satellite cloud image access systems,
sophisticated synchronized satellite cloud maps, meteorological facsimiles, advanced
weather monitors and forecast systems. However, the meteorological changes are complex
and it is impossible to avoid quantitative forecasting error completely (Mukherjee and
Mansour 1996; Koussis et al. 2003; Young 2002; Li et al. 2006). Even if there were
practicable rainfall or flood forecasting models and schemes, forecasting errors would still
exist due to complex runoff generation mechanisms and incomplete prediction methods
(Zhou et al. 2005). In fact, the accuracy of the forecasting level is not always satisfactory
because it depends on only limited available data. Therefore, as an important precondition,
it is indispensable to carry out evaluation and analysis on the availability of forecast
information and its error.

2.1 Forecast Error Distribution and Test

In mathematical statistics, one of the basic problems extracts samples from the overall
population to be studied for observation or experiment to obtain information, and then infer
the whole based on the limited information. Each inference must be accompanied by a certain
probability showing the inference reliability degree. A major aspect of the inference process is
the hypothesis test.

Generally, the errors of flood inflow forecast were thought to comply with a normal,
lognormal or gamma distribution, etc. according to previous work (Engeland et al. 2010;
Diao et al. 2007). To understand the characteristics of forecast inflow error for a given reservoir
or flux error at a cross section somewhere on the mainstream, hypothesis testing is conducted
to determine the possible probability distribution function according to the error data series.
The χ2 testing is a kind of hypothesis test that reflects the difference between forecasted inflow
and observed data. It means that if X1, X2,...,Xn are independent random variables and all obey

a standard normal distribution, then the sum of the squares of random variables ∑
n

i¼1
xi2 obeying

the standard normal distribution would constitute a new random variable called the χ2

distribution. The general two steps here for hypothesis testing are: first, making an assumption

A Forecast-Based Operation(FBO) Mode for Reservoir Flood Control Using... 2419



on the overall distribution for the sample series, and second, testing whether the assumptions
hold for the sample.

Suppose X1, X2,…,Xn are given samples, for instance, the flood inflow error series, assume
that H0: f(x) is the density function of the overall population X, and F(x) is the corresponding
distribution function.

Taking a normal distribution N(μ, σ2) for example here, μ ¼ �x, σ2 ¼ M ¼ 1
n ∑

n

i¼1
xi−�xð Þ2,

f xð Þ ¼ 1
ffiffiffiffi

2π
p

σ
exp − x−μð Þ2

2σ2

n o

, F xð Þ ¼ ∫
x

−∞
f xð Þdx.

Select k-1 points on the real axis and let t1 < t2 < ... < tk-1, and then the real axis is divided
into k intervals (−∞, t1], (t1, t2],...,(tk-1,+∞). If the sample number falling into the ith interval is fi,
the corresponding frequency is fi/n, here i = 1, 2,...,k. Then, if the original assumptionH0 holds,
the probability of X falling into the certain interval is pi = F(ti) − F(ti − 1), i = 1, 2,...,k. Here, let’s
write t0 as -∞, tk as +∞.

WhenH0 is true and the test is conducted a large number of times, j f in−pijshould not be large
according to the Law of Large Numbers, accordingly, ∑

k

i¼1

f i
n−pi

� �2
n
pi
¼ ∑

k

i¼1

f i−npið Þ2
npi

should also

not be large when more trials are conducted. Therefore,χ2 can be used as a statistic for testing
the H0 hypothesis as shown in Eq. (1).

χ2 ¼ ∑
k

i¼1

f i−npið Þ2
npi

ð1Þ

If n is large enough (n ≥ 50) and H0 is true, the statistic always follows the χ2distribution
approximately with the degree of freedom k-r-1, here, r is the number of parameters to be
estimated.

For a given significance levelα, the critical value of χ2and χ2
1−α k−r−1ð Þ can be calculated

based on the samples. If χ2≥χ2
1−α k−r−1ð Þ, then H0 is rejected, otherwise, H0 is accepted.

2.2 FBO Rule Formulation Principles

The principles of FBO rule formulation for reservoirs require that all of the following
preconditions should be unchanged: the design standards of reservoirs, the flood control
standards both upstream and downstream, the relations between the primary and secondary
protecting objects, and the limited discharge or water levels with different conditions. To make
the FBO rules more effective and reasonable in guiding the actual operation, the following
principles should be followed in the indicator selection and FBO rule formulation (Vol 2004;
Zhou et al. 2006; Akbari et al. 2014; Aboutalebi et al. 2015):

(1) Flood control principle

The selected indicators should be the key factors for the safety of reservoir flood control. For
example, for reservoirs with large flood regulation storage, the flood volume may play a
critical part in terms of flood control safety. On the contrary, reservoirs with small flood control
storage may be more sensitive to inflow rate than flood volume. If the cumulative net rain is
used as an indicator, an inverse calculation is necessary to convert the flood volume into
corresponding net rainfall when the FBO rules are formulated. In addition, net rainfall should
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not be larger than the design flood total runoff with same the frequency, otherwise, the outflow
should be controlled in accordance with a higher return period design flood.

(2) Nonsingle value control principle

Considering the uncertainties of flood inflow and the differences of various typical flood
processes, the outflow should be determined when the selected cumulative net rainfall or other
indicators vary in a specific range instead of a fixed value according to the formulated rules.

(3) Representation and inclusionary principle

The representation referring to the selected indicators and rules can be derived by reservoir
flood routing simulation with the design floods or typical flood processes, whereas the
formulated rules should also have an inclusionary characteristic to be verified and work well
for other typical flood processes. Therefore, it is preferred to derive the rules by simulating
various typical floods as well as design floods.

2.3 Selection of FBO Indicators

In real-time reservoir operation, certain indicators are required as references to determine the
reservoir outflow at any moment, so flood control security both upstream and downstream is
guaranteed. Generally, these indicators include: water level, flood inflow, pre-peak storage,
cumulative net rainfall, etc. (Kozel and Starý 2015; Pereira et al. 2018).

For the decision-maker in real-time FBO, the available information that could be potential
indicators, appears in chronological order due to the process of runoff yield and concentration:
the forecast precipitation is available earlier than the actual rainfall, the actual rainfall is
available earlier than the net rain forecasted inflow, as well as flood peak information, etc.
However, for reservoir flood control, the potential risks could be raised if earlier information
was adopted as indicators instead of later information, because there is less uncertainty for
actual rainfall than forecasted precipitation. Similarly, there is less uncertainty for forecasted
net rain than forecasted inflow, which involves various errors. For instance, the systematic and
computation error of runoff yield, concentration and flood routing. Actually, this is an art of
balance, not only between lead time and uncertainty but also between profit and risk. The
cumulative net rainfall is one such appropriate quantity weighing both aspects (Cheng and
Chau 2004; Wasimi and Kitanidis 1983).

Overall, cumulative net rainfall(CNR) reflects the flood volume. It can be used as an
excellent indicator to determine the evolving flood magnitude and subsequently determine
the appropriate discharge. On the one hand, cumulative net rainfall has less uncertainty than
forecasted rainfall because it is derived only when the actual rainfall occurs. On the other hand,
compared with taking the flood inflow of the reservoir as the indicator, which is applied for a
number of reservoirs with conventional operation mode, taking the cumulative net rainfall
allows the operator to confirm the outflow as early as possible because it is not necessary to
consider the time consuming process of flow confluence and flood routing. Therefore, FBO
mode with CNR as indicator would ensure flexible or even uniform discharge of the reservoir
storage before the flood wave arrives. As a result, flood storage capacity is relatively increased
and the flood risk reduce through changing the discharge flow at the corresponding magnitude
of the net rainfall in advance considering the forecast information, meanwhile, the water level
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behind the dam can be controlled within a certain ideal range to meet the maximum
requirement of profit on power generation or water supply, and the utilization efficiency of
floodwater can be improved.

2.4 FBO Rule Formulation Methods

The FBO rules that determine real time outflow are critical to reservoir operation. They
demand that all relative requirements for flood safety be met when different typical floods
and designed floods are regulated based on the formulated rules. Additionally, definitely on the
condition that the limit water level is given and there are no floods exceeding the design
standard. The following methods can be used in formulating the rules:

(1) Stepwise regulation method(SR)

Based on the “principle of total runoff volume control”, if the cumulative net rainfall is
selected as the indicator, a so-called stepwise regulation method is applied to determine
each stage and the corresponding threshold. The procedures for FBO rule formulation are
shown in Fig. 1.

(2) Stepwise regulation with hysteretic discharge (SRHD)

The difference between this method and the former one is that the outflow is lagged on
purpose by considering the errors and time-lag of runoff yield and flood routing in the river,
which is designed to leave some leeway for flood inflow calculation, negotiation, and
operation of the sluice gate. In most cases, the discharge lags behind a time step.

(3) Envelope method(EM)

Based on the SRHD method multiple typical floods with inverse-calculated cumulative net
rainfall are regulated successively by flood routing simulation, and the threshold for each stage
is actually determined by the upper and lower envelopes.

(4) Primary and auxiliary index method

Based on the SRHD method, considering the intensity differences of different storms or
fluctuation ratio of flood waves, some other factors, for example, net rainfall intensity or the
actual flood inflow could be selected as the auxiliary indicator.

3 Case Study

3.1 Ankang Reservoir

Ankang Reservoir, located in the upper reaches of the Han River, is a large-scale comprehen-
sive hydro project with upstream catchment area of 35,700 km2, and its main functions include
hydroelectric power generation, flood control and shipping. The total reservoir storage capac-
ity is approximately 3.2 billion m3, in which 980 million m3 is flood regulation storage. The
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dead water, normal water, limited water, designed flood and checked flood levels of the
reservoir are 305 m, 330 m, 325 m, 333 m and 337.33 m respectively. The climate in the
upper reaches of the Han River is subtropical humid with relatively abundant precip-
itation. July, August and September are the main flood seasons in the basin. The
rainfall in these 3 months accounts for approximately 50% of the annual precipitation.
The average annual runoff is approximately 26 billion m3 with as much as 75–80% in
summer and autumn, 10–15% in spring, and only 5% in winter. The largest peak flow
very likely appears in July or September.

Yes

No

Drafting the rules

Determine the Initial Water Level 

Flood routing simulation

Feasible FBO rules

Modifying the thresholds of 

net rainfall for each stage, 

and corresponding water 

level or discharge 

The rules formulated

Is it optimum?

Satisfy constraints?

Start

Done

Yes

No

Fig. 1 The flow chart for FBO rules formulation
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The Ankang hydropower plant is one of the backbone suppliers of the Shaanxi power grid,
and the reservoir also undertakes flood control for Ankang city downstream. At present,
Ankang Reservoir still adopts the conventional flood control mode in which the indicator
operation rules are the inflow rate and water level. The conventional mode copes with shifting
flood events by sticking to a fundamental principle. It not only lacks flexibility but also may
lead to potential loss or even risk. Although flood forecast information was referenced in the
real-time control of the Ankang reservoir, it’s still not FBO mode because there are no FBO
rules and no decision making depends on this forecast information. The conventional flood
control rules for Ankang reservoir are shown in Table 1.

3.2 Distribution of Net Rain Forecast Error

The Ankang hydrological monitoring and forecasting system has 38 stations integrating 25
rain gauging stations, 8 water level rain gauging stations and 5 relay stations. The system is in
good condition with the following functions: real-time data acquisition and processing,
equipment monitoring and reporting, voice query and alarm systems, data management,
hydrological forecasting, flood process analysis and calculation, etc.

Based on the rolling flood forecast information and the actual flood process, the actual net rain
data are obtained by inversion analysis according to the unit hydrograph, and the corresponding
forecasted net rain can be acquired according to the system. A total of 149 Ankang Reservoir
samples are selected for analysis,μ =0.019, and σ2= 0.1882. The actual error-frequency histogram
and the corresponding normal function curve are derived as shown in Fig. 2.

It can be seen from Fig. 2 that the sample error obeys an approximate normal distribution
and hypothesis testing is performed below. Suppose X is a random variable that obeys a
normal distribution (2).

F xð Þ ¼ 1
ffiffiffiffiffiffi

2π
p

σ
∫
x

−∞
e−

x−μð Þ2
2σ3 dx ð2Þ

Here, μ=�X=0.019, σ=S∗=0.188. Divide X into 5 intervals for calculation, so k = 5, then:

χ2 ¼ ∑
5

i¼1

f i−n⋅pið Þ2
n⋅pi

¼ 4:1926: ð3Þ

Here, α = 0.05, k − r − 1 = 5 − 2 − 1 = 2. Due to χ2 = 4.1926 <χ0.05
2(2) = 5.9915, the forecasted

net rain error can be considered as complying with N(μ, σ2), μ=�X=0.019,σ=S∗=0.188.

Table 1 The conventional flood routing rules for Ankang reservoir

Number Inflow (m3/s) Water level
Z(m)

Discharge
(m3/s)

Notes

1 12000 <Qin ≤ 15100 Z ≤ 326 Qout = 12000 Qin and Q out represent inflow and discharge
Z > 326 Qout =Qin

2 15100 <Qin ≤ 17000 Z > 326 Qout =Qin P = 10%, flood rising
3 17000 <Qin ≤ 21500 326 < Z ≤ 328 Qout = 17000 flood rising

Z > 328 Qout =Qin
4 21500 <Qin ≤ 24200 Z > 328 Qout =Qin P = 1%, flood process, discharge if inflow

has the discharge capacity5 Qin > 24200 discharge

The initial water level is kept at 325.0 m
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Combined with analysis of flood forecasting information over the years, especially the
relative error of flood peak, peak time and certainty coefficient, the conclusion is drawn that
the Ankang hydrological monitoring and forecasting system can generate high-precision net
rain forecasts. The reservoir operation is in good condition and has gained wider flood
regulation experience in past decades, laying a solid foundation to implement FBO rules.

3.3 Selection of Flood Control Forecast Operation Indicators

At present, Ankang Reservoir adopts the real time flood inflow and water level as indicators,
and implements graded gate opening to control outflow. From a global viewpoint, flood inflow
is a flow rate that cannot reflect the overall flood process, and this could lead to disadvantages
and uncertainty in the complete flood regulation for reservoirs. The accumulated net rainfall is
one such effective indicator that can reflect not only the possible inflow but also the whole
flood volume in a certain interval. Meanwhile, as its forecasted counterpart, the forecasted
accumulated net rainfall could be a good FBO indicator due to higher accuracy because it is
derived from the actual precipitation. Considering both the flow rate and flood volume, the
time interval should not be too long. In this research, “the forecasted accumulated net rainfall
within 3 h” was chosen as the key indicator, and the water level was used as an auxiliary
indicator to formulate the FBO rules for Ankang Reservoir.

3.4 Formulation of FBO Rules

To formulate the flood regulation rules, flood No. 19830730 is selected as a typical flood
process. Correspondingly, the possible net rainfall process is derived inversely using a unit
hydrograph. Based on the stepwise regulation method and Fig. 1, several key net rainfall
amounts corresponding to the key inflow rate for Ankang reservoir, such as 12,000 m3/s,
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Fig. 2 The actual error-frequency histogram and corresponding normal function curve
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15,100 m3/s, 17,000 m3/s…, are estimated as preliminary regulatory thresholds. These inflow
rates are actually the peak flow of the return periods of two-year, five-year, ten-year floods and
so on. Keeping the 325.0 m limit water level during flood season as the initial water level for
the flood routing simulation, the simulations of the check flood, designed flood and other
typical flood hydrographs are conducted, respectively, while investigating all of the flood
control targets and the constraint conditions. Appropriate modifications could be necessary
when some requirements cannot be met. The feasible operation rules are formulated until all of
the simulations were done.

As shown in Table 2, the FBO rules for Ankang Reservoir are formulated finally by
repeated regulation and multischeme simulation analyses. In the Table, ∑Ri is the accumulated
net rain in the past 72 h. Furthermore, it should be pointed out that rules No.1 to 6 listed in
Table 2 are applicable only for the rising stage of a flood.

3.5 Verification of the Formulated FBO Rules

To verify the formulated FBO schemes, actual flood routing simulations are carried out for
different flood types such as original design floods, typical floods, and the real-time flood
hydrograph.

(1) Design flood regulation

For the design flood process with different return periods as seen in Table 3, the simulations
are conducted for conventional operation and FBO, respectively, taking the 325.0 m cautionary
water level in flood season as the initial water level for operation. The simulation results are
shown in Table 3. The flood inflow, discharge hydrographs and water level of the simulations
are shown in Figs. 3, 4, 5, 6, 7, 8, 9, and 10, respectively.

The flood operation results show that, for 20-year floods, both FBO and Conventional
Operation have the same discharge process under the premise of the same design flood process
and the same initial water level, whereas the highest water level for FBO is lower than its

Table 2 The formulated FBO rules for Ankang reservoir (only for flood rising stage)

Number Net rainfall Water level Z (m) Discharge Notes
(mm) (m3/s)

1 ∑Ri ≤ 43 Qout =Qin (1) Qin, Qout and Qt represent inflow,
discharge and the corresponding
discharge of the last time step.

(2) The rules with serial No.1–6 for
flood rising only, i.e.,∑Ri ≤ ∑ Ri − 1.

(3) The rules with serial No.7 for
flood fall.

2 43≺ ∑Ri ≺ 55 Z ≤ 326 Qout = 12000
Z ≻ 326 Qout =Qin

3 55≺ ∑Ri ≺ 62 Z ≤ 326 Qout = 15100
Z ≻ 326 Qout =Qin

4 62≺ ∑Ri ≺ 79 Z ≤ 326 Qout = 15100
326 ≺ Z ≤ 328 Qout = 17000
Z ≻ 328 Qout =Qin

5 79≺ ∑Ri ≺ 90 Z ≤ 328 Qt ≻ 21500,
Qout = 21500
Qt ≤ 21500,
Qout =Qt

Z ≻ 328 Qout =Qin
6 ∑Ri ≻ 90 Z ≻ 328 Free overflow
7 ∑Ri ≤ ∑ Ri − 1 Z ≥ 325 Qout =Qt

Z = 325 Qout =Qin
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conventional counterpart, by 0.52 m. For the 100-year, 1000-year and 10,000-year floods, both
the discharge and highest water level are lower than conventional operation. The discharges for
FBO are reduced by 1584 m3/s, 1042 m3/s and 233 m3/s, and the highest water levels are lower
by 1.14 m, 0.48 m, and 0.15 m, respectively, which are favorable for reservoir safety and
protection of downstream areas.

(2) Regulation of the typical flood “19680910”

Flood “19680910” is a typical flood on the whole basin in terms of its spatial pattern with the
peak flow of 19,700m3/s on September 10, 1968. The peak time appears a little bit retarded
and the shape of the flood hydrographs is relatively flat as shown in Fig. 11, all thought to be
unfavorable for reservoir operation. Comparisons of discharge and water level for two different
operation modes are shown in Figs. 11, and Fig. 12, respectively.
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According to Figs. 11 and 12, the net rain peak appears approximately 9 h ahead of the
inflow peak. The water level for both operation modes reaches the maximum 9 h later than the
peak inflow. With intensified discharge 12 h in advance, in contrast with conventional
operation, FBO mode reduces the water level to 323.6 m for a time before the peak flow
and this is below the Ankang Reservoir limit water level. Apparently, this pre-discharge makes
room and flexibility for regulating the upcoming peak flood inflow. Consequently, more than
112.5 million m3 of extra water resources can be used by enhancing the water supply or
increasing the hydro power plant output by implementing FBO mode. Moreover, the maxi-
mum reservoir discharge is the same as the conventional operation. Both the highest water
level and the maximum discharge duration are lower than conventional operation. The
duration of maximum discharge is reduced from 30 to 21 h, and the highest water level is
reduced by 0.14 m, manifesting lower risk in the course of flood regulation.
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(3) Regulation of flood “20110918”

Because there is actually no effective precipitation monitoring and available flood forecast
system back to the 1970s in China, the net rainfall processes adopted in the verification of FBO
mode on the design flood and the typical flood “19680910” above are derived according to the
flood hydrograph and the corresponding unit hydrograph based on inversion analysis. Where-
as, with the construction and completion of sophisticated precipitation and flood monitoring
systems, Ankang Reservoir has met all the software and hardware requirements for
implementing FBO mode in reservoir operation since the beginning of this century.

As far as magnitude is concerned, flood “20110918”, with peak flow 18,500 m3/s on
September 18, 2011, approximately falls between the 10-year and 20-year return period floods.
The flood regulations based on the formulated FBO rules are conducted to simulate real time
forecast operation. Comparisons of the two operation modes on the discharge and the water
level are shown in Figs. 13 and 14, respectively.
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As seen in Fig. 13, the net rain peak of 5.5 mm appears 8 h earlier than the peak inflow.
There is no difference between the two operation modes before the former 12 h. For
conventional operation, there is no pre-discharge which means the outflow is always less than
the inflow, whereas there is an evident pre-discharge in FBO mode starting from the 13th hour,
and the water level descends correspondingly below the 325.0 m limit water level. It reaches
the maximum discharge at the 29th hour and lasts for 8 h for FBO. For its conventional
counterpart, the maximum discharge appears at the 22nd hour and lasts for 19 h. It is clear that
more than 16.2 million m3 of extra water resources can be used by enhancing the water supply
or increasing hydro power plant output by implementing FBO mode. Moreover, the maximum
reservoir discharge for FBO is the same as for conventional operation, and its duration is
shorter. Maximum discharge is reduced from 60 to 27 h. Correspondingly, the water maintains
a higher level in conventional operation as seen in Fig. 14. The highest water level is reduced
by 0.31 m in FBO mode in contrast with conventional mode, which also suggests less risk by
implementing FBO mode for reservoir flood regulation.
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4 Discussion

According to the instance analysis and verification above, it is not difficult to find several
advantages to adopting FBO mode for reservoir flood control. With ideal net rainfall forecast
information accuracy for the Ankang Reservoir watershed, the application of FBO has great
advantages. Sun et al. (2015) put forward a pre-storage and pre-discharge operation model and
the real-time dynamic control scheme for Mianhuatan Reservoir based on the limited water
level in 2010. Yang et al. (2015) proposed the dispatching rules of Huanren reservoir coupling
of flood and 24 h precipitation forecasting information. It indicates that the FBO rules
formulation is crucial for forecast flood control and the key is the indicators selection.
However, there is no fixed model for the floods characteristics in the upper reaches of the
reservoir and hydrological forecasting system.
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Hence, it is necessary to clarify that the FBO rules formulated above are based on rainfall
and net rainfall derived here, which are assumed to be distributed evenly on the whole
watershed. The spatial pattern of rainfall and flood distribution have only a little impact on
the reservoir flood regulation in this case for a middle or small catchment. However, for a
larger catchment, the spatial pattern of floods or rainfall distribution should not be neglected.
This is especially true when partial rainfall and a resulting regional flood happen on a partial
catchment. In fact, from the viewpoint of forecast-based flood regulation, the key problem is
the difference of the lead time for forecast regional and whole-valley floods.

The lead time refers to the time interval between the publication of a valid forecast and the
occurrence of the event. Net rainfall is a quantity of water in a time interval that translates into
runoff in the form of reservoir inflow in the forthcoming time interval. Therefore, the flood
inflow lead time for Ankang Reservoir is actually the time needed for runoff yield and
concentration. As one of important lead time factors, the flood concentration time in a river
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might have some impact on forecast based flood regulation considering the regional pattern of
rainstorms. According to the analysis of flood spatial patterns, the runoff concentration time is
definitely influenced by the distribution of regional rainfall patterns. The flood concentration
time is approximately the time lag of the peak flood inflow with respect to the corresponding
peak rainfall. As the most common pattern, the concentration for a whole-valley flood is
relative slow. The time needed for concentration ranges from 5 to 8 h when the flood flow rate
is in the range of 5000 m3/s to 20,000 m3/s, and it fluctuates a little bit widely. Flood
“19680910” is a typical whole-valley flood that grew on September 9th, 1968 for example.

In addition to the whole-valley flood, there are still two other patterns of regional floods for
the Ankang Reservoir catchment: the upstream and interval floods. The upstream flood pattern
refers mainly to a flood caused by a rainstorm on the upstream catchment of the Shiquan
hydropower station. For instance, flood “19,830,731” starting on July 31, 1983, and took a
little bit longer for concentration. Based on the analysis of historical floods and the corre-
sponding inflow forecast, it takes approximately 5–6.5 h for a flood wave to propagate from
the upstream Shiquan Reservoir to Ankang Reservoir. The interval flood pattern refers to flood
inflow caused mainly by a storm on the interval catchment between Shiquan and Ankang
Reservoirs. For instance, flood “19,740,911” starting on September 11, 1974, took less time
for flood concentration than the upstream pattern flood. Generally, approximately 2.6–6.5 h are
needed for an interval flood peak to reach Ankang Reservoir after the peak rainfall emergence.

Generally, duo to the concentration time difference, the lead time between different flood
patterns is not so remarkable. It has been demonstrated that the rules formulated in this paper
still work for upstream and interval pattern floods, although they were derived by simulation
according to regulation of a whole-valley flood.

5 Conclusions

On the premise of available precipitation and flood forecasting information with enough
accuracy, forecast-based reservoir flood operation presents obvious advantages not only
for flood control but also flood water utilization. There are two expected potential benefits:
1. The flood control risks could be reduced by pre-releasing storage or decreasing the
maximum water level during flood regulation; 2. Extra water resources can be used or
acquired by enhancing the water supply before flood peak arrival, or increasing hydro
power plant output in advance.

Based on the forecast information precision, statistical regularity and distribution, and
appropriate indicators for the operation rules, etc., the FBO rules were formulated by trial
simulation and corrected repeatedly according to “the stepwise regulation method” for Ankang
Reservoir forecast-based flood regulation, in which “the cumulative net rainfall” was the
primary indicator and the water level was the auxiliary indicator. According to the rules, the
designed floods with different return periods and several typical flood processes were regu-
lated for verification. The results show that FBO mode performs better for both water resource
utilization and flood control. The main results are as follows:

(1) For investigating the precision and availability of forecast indicators, a hypothesis test
was conducted using χ2 testing based on the actual flood processes and forecasted net
rain of Ankang Reservoir. The results show that the flood forecasting system is reliable
and the net rain forecast error in 3 h complies with the normal distribution of N (0.019,

2434 Wang X. et al.



0.1882). The Ankang Reservoir hydrological monitoring and forecasting system is
proven in good condition with higher precision for the net rain forecast.

(2) According to Ankang Reservoir conditions, the FBO rules with dual indicators were
formulated in which cumulative net rainfall was the main indicator and water level was
the auxiliary indicator. The application of the rules demonstrates their feasibility and
superiority: for the typical flood “19680910”, more than 112.5 million m3 of extra water
resources can be used by enhancing water supply or increasing hydro power plant output
by implementing FBO mode. Moreover, the maximum reservoir discharge is the same as
for conventional operation. The maximum discharge duration is reduced from 30 to 21 h.
The maximum reservoir water level can be cut down 0.14 mm more than for the
conventional operation. For the actual flood “20110918”, more than 16.2 million m3 of
extra water resources can be used with FBO mode by enhancing the water supply or
increasing hydro power plant output. Moreover, the maximum reservoir discharge is the
same as for conventional operation, and the duration is reduced from 60 to 27 h. The
maximum reservoir water level can be cut down 0.31 m more than the conventional
operation level.

(3) Considering the time differences of runoff yield and concentration, which are thought to
be important factors influencing forecast lead time, the different spatial patterns of flood
and rainfall distribution were discussed for the Ankang Reservoir drainage area. The
results show that there are only limited effects on reservoir flood control, and the
formulated FBO rules are practicable for floods with different spatial patterns.
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