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Abstract: Utilizing floodwater resources is important in relieving water shortages, and dynamic
control of the flood limited water level (FLWL) for reservoir operation in a flood season is an effective
method to achieve this objective. Based on the capacity-constrained pre-release method, this study
proposed an improved dynamic control method that considered the duration of dry periods and the
lead time of flood forecasts. The pre-release process was divided into two periods: water use and
flood control. Taking Xianghongdian Reservoir in the Huai River Basin of China as an example, this
study analyzed the statistical laws of continuous dry periods and effective flood forecast lead times
and compared the effects of the negative exponential and asymptotic regression models in fitting
the dry period distribution. We also calculated the floodwater volume over the FLWL in different
situations and evaluated the flood control risks in a worst-case scenario. Statistical law of the dry
period duration showed obvious negative index distribution characteristics; the relationship between
increased water storage, dry period, and lead time can provide support for the operation decisions of
the reservoir. The method did not increase the flood control risk under worst-case scenarios, and it
can be used to effectively utilize reservoir floodwater resources.

Keywords: dry period duration; pre-release; flood limited water level; dynamic control;
floodwater utilization

1. Introduction

With the development of the economy and the increase in population, the demand for water
resources is increasing. Together with the unreasonable exploitation and utilization of water resources,
many countries and regions suffer from water shortage in varying degrees, which may substantially
restrict their economic and social development. The utilization of floodwater resources in the flood
season is an important way to alleviate regional water resource shortages [1-3]. As a common
component of a watershed system, reservoirs play an important role in utilizing floodwater resources.
The flood limited water level (FLWL) is the maximum allowed reservoir water level during the flood
season. The traditional FLWL is usually set as a fixed value during an entire flood season, which is
determined based on the design rainstorm or design flood. However, this method ignores the annual
and seasonal variation of inflows and gives excessive priority to low probability floods. This usually
results in water being spilled during the flood season and, consequently, no water can be stored after
the flood season, especially in arid and semiarid areas [4]. Therefore, to ensure the safety of flood
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control in a basin, effective utilization of floodwater resources can be achieved through the dynamic
control of reservoir FLWLs [5-8]. Many scholars have carried out in-depth studies and proposed a
variety of dynamic control methods for FLWL during reservoir operation.

Dynamic control of the flood limited water level (DC-FLWL) means that the FLWL is allowed to
fluctuate within specified bounds based on real-time forecast information [9]. At present, the dynamic
control methods of FLWL for reservoirs can mainly be divided into three types: capacity-constrained
pre-release, forecasting operation, and reservoir storage compensation. The capacity-constrained
pre-release method, also known as the pre-store and pre-release method, implies that the reservoir uses
the short-term hydrological and meteorological forecast information of the flood season to pre-store
the amount of water over the FLWL, and it releases all the floodwater over the FLWL before the next
flood occurs. This method can lead to the water level decreasing rapidly to the original FLWL, thereby
ensuring the flood control safety of the basin. Wang et al. [10] gave a detailed mathematical description
of the pre-store and pre-release method for the planning and construction stage as well as the real-time
application stage and applied it to the Biliuhe Reservoir. Chou et al. [11] utilized real-time forecast
information to alleviate flood severity by releasing the water stored in the reservoir before the arrival
of a large flood; this method also ensured the water supply rate after the flood season. The forecasting
operation method uses real-time flood forecasting information and selects that information as the index
to determine the magnitude of the incoming flood, formulate the corresponding reservoir operation
rules, increase the outflow during the operation period, and raise the FLWL under flood control security.
Zhao et al. [12] set up a real-time flood control operation model with the maximum peak clipping rate,
proposed the method of dynamic use of flood control storage by stages and determined the upper
bound of DC-FLWL. The reservoir storage compensation method refers to the reservoir group with the
same flood control target, which uses the differences in reservoir flood storage to transform the surplus
storage of one reservoir into the upper bound of the FLWL of the other reservoir. There is a complex
hydraulic connection between the cascade reservoirs, and the reservoir storage compensation method
is mostly combined with the capacity-constrained pre-release method. Guo et al. [13,14] proposed
a joint operation and dynamic control model of FLWLs for the optimization of cascade reservoirs
based on the “large-scale system decomposition and coordination theory”, which was applied to the
Qingjiang cascade reservoirs to obtain the optimal combination of the FLWL. The water quality issue
is an integral part of the post-flood scenario. However, while attempting to address the problem
of water shortage through non-structural measures, the importance of water quality management
in natural resource governance is neglected. Withanachchi et al. [15] provided a framework for an
analytical review of the existing institutions and regulation system, as well as the prospective water
policy system; this is important in identifying the obstacles to water quality governance under the
existing regulations and governance system that hinder effective water resource management.

The capacity-constrained pre-release method has been widely used in many previous studies.
Its basic idea is to determine the upper bound of DC-FLWL according to the amount of water that can
be released within the forecast lead time. However, there is considerable error in the forecasting process
due to many factors, such as the forecast model structure and inadequate real-time information [16,17].
Therefore, scholars have paid considerable attention to the availability of the forecasting information
and the risk control considering the forecasting uncertainty [18-21]. Li et al. [22] analyzed the flood
forecast error and uncertainty of the flood hydrograph shape, established the dynamic control model
considering the inflow uncertainty, and applied it to the Three Gorges Reservoir, which increased the
benefits in terms of power generation and floodwater utilization rate without increasing the flood
control risk. Hui et al. [23] considered the uncertainty of flood forecasting as well as engineering
uncertainty and determined the minimum risk to derive the optimal condition for releases where the
current marginal damage from the hedging release equaled the future expected marginal damage
from storm releases. Based on the analysis of the uncertainty of inflow forecast and the accepted flood
control risk, Ding et al. [24,25] established a two-stage optimal operation model that proposed two
objectives: the conservation benefits in the current stage and flood risk in a later stage. They derived
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hedging rules from the analytical framework and systematically analyzed the effects of the preferences
of decision makers for water utilization and reservoir inflow forecast uncertainty on the DC-FLWL;
then, they proposed availability criterion and a subsequent method for applying forecast information
to DC-FLWL.

In addition to flood forecasting information, with the improvement of meteorological forecasting
levels in recent years, rainfall forecasting information has also been applied to hydrological events
and reservoir operations [26]. For example, Ren et al. [27] comprehensively considered rainfall and
flood forecasting information and proposed an improved capacity-constrained pre-release method
that had been successfully applied to a reservoir with short confluence time and low accuracy of
flood forecasting. Zhong et al. [28] established a probabilistic inflow forecasting scheme based on the
numerical weather prediction (NWP) data by applying the Bayesian model averaging (BMA) method,
which provided the basis for its application in reservoir operation. Cai et al. [29,30] established an
uncertainty analysis model under the Bayesian theory with a generalized probability density function
and adopted the fuzzy probability to describe the fuzziness of the system. The new model can obtain
the conditional probability distribution of the precipitation with high accuracy and reliability by the
NWP as well as account for the fuzzy events in real-world flood control.

Assuming that the reservoir water level maintains the upper bound at the recession flood stage,
and that there is a long period without rain (i.e., a dry period) before the next flood occurs, then
generally the inflow is less than the floodwater utilization discharge at that time. If the reservoir
releases as floodwater utilization discharge, the reservoir water level will drop slowly, and the water
level will not reach the upper bound of FLWL when the forecasted large inflow arrives; the traditional
capacity-constrained pre-release method does not consider this potential scenario. We consider that the
release time does not begin at the large forecasted inflow; instead, when the reservoir inflow is less than
its utilization discharge, the reservoir begins the pre-release process, and only the part of floodwater
that is released as utilization discharge on dry days is truly transformed into a conservation source.

Based on the above scenario, this study proposed a two-period capacity-constrained pre-release
method. The determination of the duration of the dry period is the key element of this method.
According to the short-term rainfall forecast and flood forecast information, the pre-release process
was divided into two periods: a water use pre-release period and a flood control pre-release period.
The reservoir was used for hydropower generation when dry periods were forecasted. However, when
a large inflow was forecasted, the reservoir utilized the flood control pre-release process. However,
when the current rainfall forecast had a high degree of uncertainty, the forecast interval time was
usually a fixed value (such as 24 h), and the lack of forecasting information for the duration of the
dry period made it difficult to directly guide the DC-FLWL for the reservoir. Therefore, based on
the historical rainfall and runoff data, this study analyzed the statistical laws of the continuous dry
period duration and flood forecasting lead time of the basin, constructed different floodwater resource
utilization scenarios, estimated the floodwater volume over the reservoir FLWL by using the proposed
method, discussed the operation conditions of the reservoir under the worst-case scenario (zero rainfall
forecast), and proposed corresponding solutions to ensure that the reservoir flood control risk was not
increased. This study took Xianghongdian Reservoir in the Huai River Basin as an example to verify
the effectiveness of the proposed method.

2. Materials and Methods

In real-time reservoir operation, the water use pre-release was based on the short-term
meteorological forecast, and the reservoir was released according to the floodwater utilization discharge
in the forecasted days without rain. When a long period without rain was forecasted, the reservoir
had enough time to release all the floodwater over the FLWL through water use pre-release, and then
the reservoir water level could be safely reduced to the FLWL. If the water use pre-release was not
timely, and a large inflow was forecasted to arrive, then the flood control pre-release would be utilized
instead to ensure the safety of the basin. Then, the floodwater over the FLWL would be released within
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the effective lead time, and the reservoir water level could therefore decrease to the original FLWL.
Figure 1 shows the schematic diagram of the two-period capacity-constrained pre-release method.
Lin et al. [31] proposed a method to determine the pre-store timing ¢y. The reservoir started to store
the flood tail at time f( until the water level was stored to the planned upper bound of the FLWL at
time ;. Then, the reservoir started to pre-release according to the floodwater utilization discharge at
time t;. When a large inflow was forecasted, the reservoir began flood control pre-release to ensure
that the water level of the reservoir could fall to the original FLWL at time #3.
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Figure 1. Two-period capacity-constrained pre-release method. Note: outflow is the drainage process
of the reservoir; inflow is the reservoir inflow process; flood tail is the recession flood stage of the last
flood; ty is the pre-store time; t1 is the water use pre-release time; f; is the flood control pre-release time;
d is the continuous dry period duration, 7 is the flood forecast lead time, g;,(t) is the daily average
utilization discharge (mainly for power generation and various types of water supply) in the dry period,
and g, is the average flood outflow in the flood forecast period.

2.1. Statistical Analysis of Dry Period Durations

In the two-period capacity-constrained pre-release method, the duration of the dry period is the
key to determine the floodwater volume over the FLWL in the water use pre-release period [32]. Since
there was no corresponding short-term meteorological forecast data, this study followed the continuous
dry period duration statistical law by analyzing historical rainfall data. A previous study [33] used
the maximum entropy principle to study the distribution law of dry period duration and found that
the latter conformed to the negative exponential distribution. The probability density function is

as follows:
d—dy

1
d = — d-dgy 1
) = e 0

where d is the dry period duration in a certain region, d is the average dry period duration, and d is
the shortest dry period duration.
The distribution function of dry period duration can be further deduced as follows:

F(d) = e )

Based on the above theories, the specific steps to deduce the probability distribution of dry period
duration are as follows:

e  Step 1: Collect actual rainfall data series from recent years;
e  Step 2: Count the series of dry period duration d;, i = 1,2,--- ,m; m is the number of times that a
continuous dry period duration has occurred in the actual rainfall data series;
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e  Step 3: Determine the shortest dry period duration dy and calculate the average dry period

-1
d= %Zdi ®3)

By substituting dy and d into Equations (1) and (2), the probability distribution of dry period
duration can be obtained.

To test whether the dry period duration accorded with the negative exponential distribution and
whether the probability distribution results were reasonable, this study used the asymptotic regression
model to simulate the rule of continuous dry period duration through comparing the results of the two
methods to analyze their rationality. The model formula is as follows:

duration d.

y=a-bc* 4)
where a is an asymptote, b is the response range, and c is the rate.

2.2. Analysis of Flood Forecast Lead Time

The forecast lead time of a flood is the interval between the forecast time and the occurrence time
of the flood. The current flood forecast model is generally based on the measured rainfall data as the
input (known conditions) to forecast future floods, so its lead time refers to the average confluence
time of floods. In practice, the specific method to determine the valid forecast lead time is generally to
designate the time difference between the end time of the main rainfall and the occurrence time of the
flood peak flow as the natural forecast lead time of the flood, as shown in Figure 2.

P

0 1 +_T.

Flood hydrograph
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Figure 2. Natural forecast lead time of a flood. Note: P is the precipitation; T is the flood forecast lead
time; #; is the end time of the main rainfall; and #; is the occurrence time of the flood peak flow.

In a specific basin, the natural forecast lead time of a flood is related to the rainfall intensity, spatial
and temporal distribution of the rainfall, location of the storm center, and trend and velocity of the
water flow. Therefore, the natural forecast lead time of each flood is different; for example, the lead
time will be longer if the storm center is in the upstream area, while the lead time will be shorter if the
storm center is in the downstream area. In addition, the combination of storm intensity and rainfall
time will also affect the length of the forecast lead time to an extent.

Based on the historical rainfall and flood data, this paper analyzed the law of the reservoir flood
natural forecast lead time. The specific steps are as follows:

e  Step 1: For each flood, the natural forecast lead time was determined according to the measured
rainfall and flow process of the basin, as shown in Figure 2.
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e  Step 2: For a series of historical floods in the basin, step 1 was repeated to obtain a set of forecast
lead time data. The statistical characteristic parameters of the series of lead time were calculated
using Equations (5) and (6).

T;

Tta=

Er = ®)

n

=

ST:J”:‘ (T;~ Er)? ©

i=1

e  Step 3: The normal distribution N(E, S7?) was used to fit the probability distribution density of
the flood forecast lead time.

2.3. Calculation of Floodwater Volume Over FLWL

Since the flood control situation is different in each flood event, the amount of allowable floodwater
over the FLWL is also different. The key problem of reservoir floodwater resource utilization is to
analyze the real-time floodwater volume over the FLWL. Suppose that the days without rain are d, the
effective lead time of real-time flood forecast is 7, and the amount of floodwater over the FLWL can be
determined according to Equations (7)—(10).

d
AWry = Z [9m (£) = gin ()] X 24 % 3600 @)
=1
AWFEc = [qc - qﬂ(t)] X At x 3600 8)
=1
Je = min(ﬁ X QA/S(Zt)) ©)
AWiotag = AWEy + AWEc (10)

where AWpy; is the floodwater volume over the FLWL in the water use pre-release period, g, (t) is the
daily average utilization discharge (mainly for power generation and various types of water supply) in
the dry period, g;, () is the daily average inflow in the dry period, AWgc is the floodwater volume over
the FLWL in the flood control pre-release period, 4. is the average outflow in the flood forecast period,
q5(t) is the average inflow in the flood forecast period, At is the interval time of the flood forecast
period, g4 is the safety discharge of the downstream flood protection point, § is the discount coefficient
(B < 1) that reflects the margin of the pre-release process to the downstream flood control safety, g(-) is
the reservoir discharge capacity function, Z; is the water level at time ¢; and AWy, is the total planned
floodwater volume over the FLWL.

2.4. Analysis of the Worst-Case Scenario

Considering the worst-case scenario, after the implementation of the pre-store period, the
meteorological forecast will experience a complete failure, and the next flood will immediately reach
the reservoir; at that time, the main task of the flood control system is to release all the floodwater
stored over the FLWL in a timely manner to reduce the water level to the original FLWL within the
flood forecast lead time. By comparing the release time and effective forecast lead time to analyze
whether there is a risk, if the release time is shorter than the effective forecast lead time, then the
former does not add the original reservoir flood control risk. When the meteorological forecast fails,
the release time can be determined according to Equation (11):

A Wtotal

-
min(ﬂA/ g(Zt)) —qf

(11)
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If the reservoir water level still exceeds the original FLWL after the implementation of pre-release
in accordance with Equation (11), the amount of the part of water that failed to be released in time
shall be analyzed. The amount of water that failed to be released in time shall be deducted on the basis
of the total floodwater volume over the FLWL; then, it is considered as the safe floodwater volume
over the FLWL. This volume can be determined according to Equations (12) and (13):

AW = AWy — (min(q, §(Z;)) - q71) X T X 3600 (12)

AI/Vsafe = AWiota — AW (13)

where AW’ refers to the amount of water not released in time, and AWy, refers to the safe floodwater
volume over the FLWL.

2.5. Case Study Area

This study undertook the Xianghongdian Reservoir in the Huai River Basin of China as an
example. Xianghongdian Reservoir [34] is located in Jinzhai County, Anhui Province. The reservoir
watershed is shown in Figure 3. The main tributaries in the upper reaches are the Yanzi River, Songjia
River, and Jiangjia River. The reservoir basin covers a drainage area of 1400 km?, the average annual
rainfall in the reservoir area is 1497 mm, the average annual runoff depth is 777 mm, and the annual
runoff volume is 1.088 billion m?, approximately 20% of which occurs in July. Xianghongdian Reservoir
suffered 30 large and small floods from 1998 to 2006; the statistics are shown in Table 1.
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Figure 3. Xianghongdian Reservoir watershed.

The reservoir was built in 1958 as a multipurpose, multi-year regulating storage reservoir used
mainly for flood control and irrigation; however, it is also utilized for hydropower generation and
other uses. The design flood water level is 140.98 m, the flood water check level is 143.37 m, the FLWL
is 125 m, the normal pool level is 128.0 m, and the total storage capacity is 2.613 billion m®. The FLWL
of the Xianghongdian Reservoir is 125 m (with a 1227.1 million m? storage capacity), at 3 m lower
than the normal pool level of 128 m (a 1413 million m> storage capacity), with a total storage capacity
difference of 185.9 million m®. However, since the 1990s, Xianghongdian Reservoir has experienced
few floods and many droughts; aside from 1991, 1994, and 2003-2005, where its level was at the FLWL
or above, the reservoir level has been under 125 m. In addition, the Xianghongdian Reservoir together
with the Foziling Reservoir must provide 440,000 hm? of irrigation water to fertile fields downstream.
Thus, while ensuring the safety of the basin, it is necessary to implement real-time DC-FLWL in the
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flood season to reasonably adjust its flood storage and conservation storage, increase the refilling rate
at the end of the flood season, and make full use of floodwater resources.

Table 1. Historical floods of Xianghongdian Reservoir.

Flood Event Date Peak Discharge Flood Volume Flood Period Duration

(date/month/year) (m3/s) (10 m3) (h)
01/09/2005 5186 513.84 110
08/07/2003 5223 476.53 111
13/08/2004 2016 236.76 131
27/06/1999 4420 231.00 46
04/07/2003 2071 104.10 60
22/06/1999 1453 89.22 73
23/06/2002 1681 79.60 27
30/05/2004 1312 66.48 32
29/06/1999 739 65.51 54
22/06/2003 813 62.40 34
06/08/2002 665 60.48 46
09/05/1998 428 55.27 67
26/06/2003 842 54.50 46
24/08/1999 318 51.92 79
03/08/2005 567 50.79 35
22/05/1998 483 44.75 74
20/06/2002 588 42.45 45
26/07/2006 749 41.29 47
05/05/2002 847 38.12 33
27/06/2002 452 36.25 36
22/07/2006 454 34.00 43
10/07/2005 439 33.24 43
(09/08/2001 454 30.42 72
06/05/2003 541 28.72 24
18/06/2001 427 27.50 40
14/06/2004 398 26.05 52
17/08/1998 335 23.41 46
18/06/2004 400 18.51 24
05/07/2006 610 17.56 21
22/08/1999 173 17.06 46

The floodwater utilization discharge of Xianghongdian Reservoir is mainly used for power
generation, and the total flow discharge release capacity of the power station is 200 m3/s, so the
floodwater utilization discharge is 200 m3/s. The level of safe downstream discharge is 2500 m3/s,
and to leave a sufficient safety margin for the downstream area, the discount coefficient was set to 0.5.
In this study, the floodwater resource utilization of Xianghongdian Reservoir was analyzed based on
the frequent flood process (10-year flood).

3. Results

Following the methodology described in Section 2, we analyzed the statistical law of dry period
duration and the effective forecast lead time of floods to determine the floodwater volume over the
FLWL; we also analyzed the worst-case scenario to clarify the flood control risk.

3.1. Dry Period Duration

Considering that the runoff coefficient of Xianghongdian Reservoir is 0.3, and its rainfall patterns
vary both spatially and temporally during the flood season, the rainfall-runoff situation is relatively
complex; therefore, days with historical rainfall less than or equal to 3 mm are counted as dry in
this study. According to the actual rainfall data of the basin from 1956 to 2015 (flood season: May
to September), a total of 7284 of the 9180 daily rainfall data had rainfall less than or equal to 3 mm.
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The number of times that a continuous dry period duration has occurred is 1200. We counted the
number of consecutive days without rain. In order to know whether the distribution law of dry periods
is consistent with the distribution law both on a long time scale and short time scale, we divided the
60-year time series into independent continuous 10-year series and determined the statistics for each
time scale; the results are shown in Figure 4. It can be seen from the figure that the statistical indicators
of the dry period duration in each 10-year series show moderate change; the median is 4 days, with the
mean of all the years being about 6 days, and the fluctuation range is within 1 day.

~
g . 5
w
;"30_ . * .
= .
P : § s : i
. L] . .
a0 g : : t
*

T T T T T T
1956-1965 1966-1975 1976-1985 1986-1995 1996-2005 2006-2015
Years

Figure 4. Box and whisker plots of dry period in the basin during 1956-2015. The horizontal line in the
box represents the median of the distribution (50% of the data are greater than this value), and the
upper and lower box limits represent the upper and lower quartiles (25% of data greater/lower than the
value), respectively. Maximum and minimum values are indicated by the top and bottom horizontal
lines. The outlier points show values of more than two-thirds of the quantile.

Furthermore, we calculated the frequency of the duration of each dry period. The results are
shown in Figures 5 and 6.
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Figure 5. Probability density function of dry days.
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According to the fitting results of the two methods, the distribution function of the dry period
duration was obtained and the statistical parameters of duration in dry period were extracted, as

shown in Table 2.

Table 2. Statistical parameters from dry periods.

P (%)
Dry Days (d)
0.1 1 10 20 30 35 40 45 50 75 95
NED 36 24 13 9.2 7.1 6.3 5.6 5.0 4.5 2.5 1.3
ARM 726 647 22.8 12.4 9.0 7.8 6.9 6.1 5.3 2.8 1.3

Note: NED is Negative Exponential Distribution; and ARM is Asymptotic Regression Model.

Table 2 shows that in the case of P > 50%, the difference between the two simulation results is
within 1 day, but when P < 50%, the difference is more than 1 day; the smaller the probability, the
greater the gap in duration of the dry days. Hence, the median P = 50% was taken as the basis for
comprehensively choosing the duration of a dry period. The probability of a continuous dry period
exceeding 5 days was approximately 50%. In this study, the maximum period of water use for the
pre-release of the reservoir was 5 days.

3.2. Flood Forecast Lead Time

According to the 10 floods and corresponding rainfall data of Xianghongdian Reservoir from
2008 to 2016, the natural forecast lead time series of floods can be obtained according to the method
described in Section 2.2, and the results are shown in Table 3.

Table 3. Statistical value of the forecast lead time of historical floods.

Flood Lead Time/h Flood Lead Time/h
21/06/2008 6 08/08/2012 9
26/06/2009 3 05/07/2013 12
10/07/2010 12 04/07/2014 18
17/06/2011 9 09/08/2015 18
24/06/2011 9 30/06/2016 3

Assuming that the natural forecast lead time of a flood follows a normal distribution X-N (E7, SZT),
we can assume that the mean Et is 9.90 h and the mean variance S, is 5.30 h.
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3.3. Increased Water Storage

Based on the analysis of the statistical law of the continuous dry period in Section 3.1, 5 days is
taken as the upper bound of dry period duration for the water use pre-release period in Xianghongdian
Reservoir, and d is taken as 1, 2, 3, 4, and 5 days in different scenarios. Considering the information
transmission, pre-release decision, order transmission and implementation time, and gate operation
time amongst others, we took 10 h as the upper bound of effective lead time and analyzed the scenarios
of 1-10 h.

According to the calculation steps introduced in Section 2, the analysis results of dry period
duration, and the flood forecast lead time, we constructed different floodwater resource utilization
scenarios. The results of 50 scenarios of floodwater utilization were calculated according to
Equations (7)—(10), as shown in Table 4 and Figure 7. It was observed that with the increase in
the number of dry days and forecast lead time, the excess water volume of the reservoir over the FLWL
also increased.

Table 4. Increased water storage in different scenarios.

Dry Days (d)
Increased Water Storage (10° m®)
1 2 3 4 5
1 14.28 23.47 31.44 38.29 44.01
2 18.25 27.46 35.46 42.32 48.06
3 2217 31.41 39.43 46.32 52.07
4 26.06 35.33 43.37 50.28 56.05
Lead time (h) 5 29.79 39.08 4715 54.08 59.86
6 33.24 42.56 50.65 57.60 63.40
7 36.26 45.61 53.72 60.69 66.51
8 38.69 48.07 56.21 63.20 69.03
9 40.84 50.25 58.41 65.42 71.27
10 43.02 52.46 60.64 67.67 73.54
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Figure 7. Statistical chart of floodwater volume over the flood limited water level (FLWL) in
different scenarios.

3.4. Worst-Case Scenario Analysis

After the implementation of overstoring water in the reservoir, we simulated the worst-case
scenario where a dry period was predicted but the next flood would occur immediately. At that point,
the water level of the reservoir was faced with the risk of exceeding the original FLWL. To ensure the
safety of flood control in the downstream area, the simulated reservoir was released according to the
maximized discharge capacity (less than or equal to the safety discharge of the downstream area ); we
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then estimated the release time and the amount of safe floodwater volume over the FLWL, as shown in
Tables 5 and 6 and Figure 8.

Table 5. Release times in different scenarios.

Dry Days (d)
Release Time (h)
1 2 3 4 5
1 3.58 5.86 7.83 9.51 10.90
2 459 6.89 8.87 10.56 11.96
3 5.61 7.92 991 11.61 13.02
4 6.62 8.95 10.95 12.66 14.09
Leading 5 7.69 10.05 12.09 13.83 15.27
time (h) 6 8.76 11.18 13.26 15.04 16.52
7 9.91 12.42 14.59 16.43 17.97
8 11.10 13.73 16.01 17.94 19.55
9 12.19 14.93 17.30 19.31 20.99
10 13.27 16.10 18.55 20.63 2237

Table 6. Safe level of increased water storage in different scenarios.

Safe Increased Water Dry Days (d)
Storage Level (10° m®) 1 n 3 4 5
1 3.99 4.01 4.02 4.03 4.04
2 7.95 797 8.00 8.02 8.03
3 11.86 11.90 11.94 11.97 11.99
4 15.74 15.79 15.84 15.88 15.92
Lead time (h) 5 19.38 19.45 19.51 19.56 19.60
6 22.76 22.84 2291 22.98 23.03
7 25.60 25.70 25.78 25.86 25.92
8 27.89 28.00 28.09 28.18 28.25
9 30.16 30.28 30.39 30.49 30.56
10 32.43 32.57 32.69 32.79 32.88
254 Dry days of 5
¥ Dry days of 4
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Figure 8. Relationships between the release time and flood forecast lead time in different scenarios.
Note: the top left of the indicator line shows that floodwater stored over the FLWL cannot be released
completely within the lead time.

Table 5 and Figure 8 show that in the worst-case scenario, Xianghongdian Reservoir cannot fully
release all the floodwater stored over the FLWL within the flood forecasting lead time; specifically, the
water level of the reservoir cannot be reduced to the original FLWL in time, which will increase the
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flood control risk of the reservoir. To ensure the safety of the reservoir and downstream area, the part
of floodwater stored over the FLWL that could not be released in time was deducted from the total
floodwater volume over the FLWL; then, the safe floodwater volume over the FLWL (i.e., a safe level of
increased water storage) was obtained. The results are shown in Table 6.

Tables 4 and 6, respectively, show the total increased water storage and safe increased water
storage level of Xianghongdian Reservoir in different dry duration periods and different flood forecast
lead times. For example, in the scenario where the dry period is 5 days, the flood forecast lead time is
6 h, and the discount coefficient is 0.5, the floodwater volume over the FLWL (i.e., increased water
storage) is 63.4 X 10°m?, the corresponding water level is 126 m, representing a 1 m increase compared
to the original FLWL. In the worst-case scenario, the safe floodwater volume over the FLWL (i.e., safe
increased water storage level) is 23.0 x 10°m3, and the corresponding water level is 125.4 m.

4. Discussion

4.1. Analysis of Real-Time Increased Water Storage

The benefit of the dynamic control of the flood limited water level in the flood season is obtained
by reducing the abandoned water and increasing the storage capacity of the reservoir. As there may
be many floods in a year, and the actual rising water level of each flood is different, the real-time
increased water storage of DC-FLWL is also different. In order to better evaluate the actual benefits of
DC-FLWL, six historical floods were selected in this study, and the real-time increased water storage
was calculated; the results are shown in Table 7. Four floods produced over-storage benefits, retaining
a certain amount of water, and two floods showed negative over-storage. This is because in the case
of some small floods, the reservoir released water for power generation, causing the actual outflow
volume to be more than the inflow volume during the entire flood period. It can be seen from the
real-time water level of the reservoir that the water level of Xianghongdian Reservoir was low all year
round; therefore, it is necessary to retain the flood in the flood season to improve the storage capacity
of the reservoir.

Table 7. Real-time increased water storage of flood events.

Flood Event Date Start Start Water Level Storage at the Start Time Real-time Increase in Water
(date/month/year) Time (m) (10° m3) Storage (10° m3)

27/06/1999 20:00 110.07 526.1 208.7

06/05/2003 14:00 126.76 1335 10.1

08/07/2003 5:00 123.1 1117.6 396.7

30/05/2004 20:00 122.37 1077.1 37.7

03/08/2005 20:00 120.32 968.6 -25.2

26/07/2006 5:00 121.41 1025.7 -23.5

4.2. Application of Dry Period Duration Infromation in DC-FLWL

For the rainfall forecasting information, the existing dynamic control methods of FLWL
for the reservoir operation mainly considered the rainfall forecast information: the NWP data.
This approach [28,35,36] could lengthen the lead time of the flood forecasting, while the traditional
flood forecast method takes precipitation from ground as the input. However, the method proposed
in this study focused on the historical continuous dry period duration and forecasting information.
Actually, it also lengthens the pre-release time to a certain extent in a different way. Different pre-release
methods are adopted by our proposed approach for when the basin is forecasted to have rain or will
be dry. The total planned floodwater volume over the FLWL consists of two parts: the water use
floodwater volume over the FLWL and the flood control floodwater volume over the FLWL. The water
was converted for conservation uses by the water use pre-release process. In the real-time reservoir
operation, if the real-time dry days in the basin are longer than the predicted continuous dry days,
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the reservoir can release part of the flood control floodwater volume over the FLWL through the water
use pre-release process to provide continuous water conservation.

Differing from other research, this study introduced the dry period duration into the
capacity-constrained pre-release method. Our study provided a new approach on how to calculate the
dry period duration and apply the information on dry days to the utilization of reservoir floodwater
resources. An asymptotic regression model was used to verify the negative exponential distribution of
dry period durations proposed by some scholars. According to the historical measured rainfall data,
we obtained the statistical parameters of the dry period duration (Table 2). Compared with the two
methods, the simulation results of negative exponential distribution were more conservative than the
simulation results of the asymptotic regression model. The fitness of the two methods was similar in
the high-frequency band, but the difference was large in the low-frequency band. The probability of
the continuous dry period duration of Xianghongdian Reservoir exceeding 5 days was approximately
50%. In addition, Figure 7 shows that when the lengths of the dry periods increased, the floodwater
volumes over the FLWL of the reservoir also increased; however, the floodwater volume differences
between adjacent durations became smaller, which was related to the flood tail and inflow process of
the reservoir before the arrival of the next forecasted flood.

4.3. Floodwater Utilization in the Worst-Case Scenario

Table 5 and Figure 8 show that the reservoir failed to reduce the water level to the original FLWL
within the flood forecast lead time in all 50 scenarios. The reason for this failure was that with an
extreme failure in rainfall forecasting, the reservoir should pre-release both the flood control floodwater
volume over the FLWL within the forecast lead time as well as the water use floodwater volume over
the FLWL that was supposed to be released during dry days. In addition, Xianghongdian Reservoir
has a relatively small discharge capacity. Although this water is released according to the maximum
discharge capacity on the premise of ensuring the safety of the downstream area, the release time still
exceeds the flood forecast lead time. This increases the flood control risk of the reservoir; however,
it does not mean that the reservoir cannot carry out the DC-FLWL. This study simulates the reservoir
fully meeting the original design flood control risk by deducting the amount of water that cannot be
released in time based on the total floodwater volume over the FLWL. This approach ensures the safety
of flood control in the reservoir and has not been reported in other studies. Table 6 shows the safe
increased water storage; it can be noted that the volume difference is very small between the scenarios
that have same flood forecast lead time but different dry days. This is because when the number of dry
days is zero, the amount of increased water volume is mainly dependent on the flood forecast lead time
and the upper bound of FLWL difference results in the reservoir discharge capacity difference. Thus,
the volume difference is small; however, it still exists. Actually, the principle of this part corresponds
to the original capacity-constrained pre-release method.

Ultimately, the DC-FLWL of reservoirs is actually a problem of balancing flood control and water
conservation, and its goal is to pursue risk minimization and benefit maximization. In real-time
operation, we used meteorological forecast information, but we analyzed the historical rainfall data to
choose the dry period duration in this study. The longer the time of pre-release, the higher the risk of
flood control. While determining the upper bound of FLWL, we laid the foundation for the next step
of risk and benefit analysis.

5. Conclusions

Making full use of floodwater resources in the flood season can improve their utilization rate;
however, it is associated with some additional risks. Based on this background, this study attempts to
determine an optimal solution by studying the dynamic control scheme of FLWL of the Xianghongdian
Reservoir. Our overall results can be summarized as follows:

(1) The two-period capacity-constrained pre-release method proposed in this study divided the
pre-release process into the water use pre-release period and flood control pre-release period.
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The method has a clear concept, simple principle, and simple calculation procedure. The research
example showed that the method is feasible.

(2) According to the historical rainfall data of the Xianghongdian Reservoir basin, the statistical
parameters for the dry period duration have obvious negative index distribution characteristics.
Compared with the asymptotic regression model, it is safer to use the negative exponential model
to describe the distribution law of the dry period duration.

(3) According to the dry period duration and flood forecast lead time, different floodwater resource
utilization scenarios were simulated to establish the relationship between the floodwater volume
over the FLWL (i.e., increased water storage), dry period duration, and flood forecast lead
time, which can provide support for real-world operation decisions of the reservoir. When
Xianghongdian Reservoir had a simulated dry period of 5 days and a flood forecast lead time of 6
h, the reservoir’s floodwater volume over the FLWL was 63.4 X 10°m?, and the corresponding
water level was 126 m, which was 1.0 m higher than the original FLWL.

(4) Through the analysis of reservoir operations under the worst-case scenario, the flood control
burden of the reservoir was quantified, which was helpful in proposing solutions and ensuring
the flood control safety of the basin. When the dry period duration of Xianghongdian Reservoir
was 5 days and the flood forecast lead time was 6 h, considering the worst-case scenario, the water
capacity that could not be released in time was deducted from the original total floodwater volume
over the FLWL; a 23.0 x 10°m? of safe floodwater volume over the FLWL was still available.

This presented study only focused on a single reservoir. However, this method proposed herein
can and should be applied to the DC-FLWL of multiple reservoirs in the future. In addition, it is
necessary to further build the risk evaluation index system in reservoir operation decision-making and
put forward more effective compensation measures considering forecast uncertainty.
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