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ABSTRACT

Assuming that the population model of a flood stochastic process is known, the effect of the model and
parameter estimation methods on the precision of the design flood-control storage (DFCS) is calculated and
analysed by Monte Carlo simulation methods. Two simulation models are considered in this paper: the
Disaggregation model, and the seasonal AR(1) model. Furthermore, two parameter estimation methods are
considered: the Moments method (MOM) and the Probability Weighted Moments method (PWM). The bias and
efficiency of DFCS is considered as the performance measure for its precision. Some conclusions for using
stochastic models to simulate flood processes are obtained.

1 INTRODUCTION

The procedure of design flood-control storage DFCS calculated by traditional methods is as follows:

1. Determination of a so-called ‘design flood hydrograph’ with a given design frequency;
2. Calculation of DFCS for the above design flood hydrograph through reservoir flood regulation.

Then the DFCS is called the design flood-control storage with the same occurrence frequency as its
design flood hydrograph. However, from experience, it is well known that this last assumption of
equal occurrence frequencies is often not true.

From the late 1970s, application of stochastic simulation methods to calculate DFCS began to
receive more attention; in particular in China [1][2]. As long as the simulation model, including model
structure and parameters, are correct the calculation of DFCS can be performed without using the
equal occurrence frequency hypothesis. Therefore a lot of studies on stochastic simulation have been
carried out during the past 20 years [1][2][3]. Although some new advances have been obtained, the
above research is limited in two respects:

1. Establishment of a suitable stochastic simulation model for the observed data;
2. Study of the influence of the applied storage regulation and the equal-frequency hypothesis on the

precision calculation of DFCS, which is estimated by  traditional methods by assuming a
population stochastic simulation model.



Because hydrological processes are extremely complex and the length of observed data is
usually very short, the simulation model fitted to the observed data may not fully reflect the real
hydrological process characteristics. In other words, there exists some difference between the
simulation model and the population model. The difference is composed of two aspects, one the
difference in model structure, and the other the difference in the model parameter estimations.

Although the existence of the above two uncertainties has been known by hydrologists for a
long time, it is still unknown what the influence is on the precision of the design water conservancy
parameters (especially the parameters of DFCS) caused by the two uncertainties. This is the main
reason that the stochastic simulation method is not widely used in practice.

In order to promote wide practical application of the stochastic simulation method, it is
necessary and important to concentrate on the problem of uncertainty influence. In this paper, the
influence of the two above-mentioned uncertainties on the precision of DFCS is analyzed, for which
some useful results are obtained.

2. STUDY METHODOLOGY

The study methodology is as follows.

1. Collect recorded data of the annual flood process for the control station of the reservoir
concerned;

2. Establish a suitable stochastic simulation model for the above hydrological process;
3. Consider the above simulation model as a population model of the hydrological process

concerned, calculate DFCS for different design frequencies, consider the above calculated DFCS
as population design flood-control storage;

4. Generate K sets of samples where each sample has n years of flood processes (n takes different
values);

5. Establish a simulation model for each set of samples with n years of data by using a given
stochastic model (including a given model structure and given parameter estimation method). In
order to study the uncertainty influence, different simulation models and different estimation
methods of model parameters are considered[4];

6. According to a long enough annual flood hydrograph generated by the above simulation model
established for each set of samples, DFCS at different design frequencies may be calculated
through reservoir flood regulation;

7. Calculate the difference (bias and efficiency) between the estimated DFCS and the population
DFCS at different design frequencies from the K set of samples;

8. Analyze the influence of different values for n, different parameter estimation methods and
different simulation models on the precision of DFCS.

3 DEVELOPMENT OF POPULATION SIMULATION MODEL ASSUMED

3.1  Data and models selected

Two simulation models are selected as possible population models, the Disaggregation model and the
Seasonal AR(1) model. The data for establishing the population model is: 30 years (1954—1983) of
annual flood processes at Wulong hydrological station on a tributary, the Wujian, of the Yangtze
River. The annual maximum 20 mean daily discharges are selected for each year. The Wulong
Mountain Scenic Spot includes the Wulong Mountain and the Wulongbei Hot Spring. The main peak
is 708.5 meters high. The Mountain is 20 kilometers distance from the center of the city Chongqing
and is 64 square kilometers in area. With many rivers, Chongqing is rich in water power resources.
The average annual water resource amounts to 500 billion cubic metres, most of which is surface
water and is exploitable. The theoretical water power reserve is 14400 MW, of which 7500 MW is



exploitable. In terms of water power, Chongqing ranks first among China's big cities. Chongqing is
rich in geothermal heat, mineral water and drinking mineral water, development of which will be
profitable. In Chongqing there are four hot spring parks (East, West, South and North Hot Springs)
and a number of nice mineral water producing enterprises.

In Figures 1 and 2, some time series are sketched for the discharges and accumulative flood
volumes at Wulong hydrological station. Note that a constant safety releasing discharge Qs=6000 m3/s
for downstream of the reservoir is assumed.

Figure 1. Flood hydrograph at Wulong hydrological station.

Figure 2. Process of accumulative flood volume at Wulong hydrological station.

 3.2. Model structure, parameter estimation and data generation

3.2.1.  Disaggregation model

The basic formula of the model is

Y=AX+Bε     (1)

where X is the key series of flow values and Y is a column matrix (n× 1) containing the seasonal flow
values which sum to X. Although X and Y are referred to flow values, it should be remembered that
they have zero means and are transformed values. ε  represents a completely independent random
vector (n× 1) with mean zero, standard deviation one, and skewness εSC ; it is a stochastic term of the

model.
In the paper, n is equal to 20, and the estimation method for the parameters A, B, εSC  is the

Moments method.
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Generation of the flood process may be divided into two steps: (a) generation of the key series
for X; (b) disaggregation of the key series. The flood volume of 20 days is generated by the following
model:

X=EX×  ( XCv × RNG+1)     (2)

Where EX, XCv ,
XSC are the mean, coefficient of variation and skewness of X respectively.

RNG is an independent random variable which follows a Pearson-III distribution with mean zero,
variance one, and skewness

XSC .

For each day the flow value is generated by Equation (1).
When parameters EX, XCv ,

XSC  are estimated by the Moments method, we abbreviate this

with MOM. Similarly, if EX, XCv ,
XSC are estimated by the probability weighted moments, we

abbreviate it with PWM. The estimation method of the model parameters is PWM for establishment
of the population simulation model.

3.2.1.  Seasonal AR1 model

The basic formula of the Seasonal AR(1) model is

ttttttt bxxaxx εττ +−=− −− )( 11,,                      (3)

where    (t=2,3,…,20)

tx ,τ  ---- mean daily discharge of thτ  year and tht  day.

tx  ---- expected value of the mean daily discharge of tht  day.

tε ----- random variable of P-III distribution with mean 0, standard deviation 1, and skewness tSC ε

tt ba ,  - coefficients to be determined, they are a function of t.

The derivation of the model parameters tt ba ,  is very easily performed from Equation (1) by MOM.

Its estimation formulae is:
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Where tr  is the sample correlation coefficient between the tht day and tht )1( −  day discharge, ts  is

the sample standard deviation at the tht day. It is also necessary to give the parameter estimation value

εSC , because tε  obey the Pearson-III distribution.
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Where StC  is the skewness at the tht day discharge.

It can be seen from Eqns (1), (2) and (3) that it needs only to estimate the parameters EX, Cv, Cs and

1r  of each day in order to determine the parameters in the simulation model.



3.3. Tests for simulating the flood hydrograph

The interval test method ( σ± ) is used in this paper. Details of this test method may be find in [1].
The input for the test contains the daily discharge characteristics and the characteristics of annual
maximal flood volumes with a given time period. The characteristics of the daily discharge is
composed of the mean, Cv, Cs, maximal and minimal values of the daily mean discharges, one step
auto-regressive relation coefficient 1r . The characteristics of the annual maximal flood volumes of a
given time period consist of mean, Cv , Cs of annual maximal flood volumes of given time periods t,
t=1d, 3d, 5d, 7d, 10d, 13d, and 17d.

Results calculated by the above test (annual maximal flood volumes) are listed in Table 1. The
results show that the seasonal AR(1) model and DIS model are able to reflect the flood process
characteristics of Wulong hydrological station. So the above two models are considered as population
stochastic simulation models.

Table 1. Test results of the interval test of characteristics of annual maximal flood volume
(AR(1) model).

t        Mean(m3/s) Cv Cs

(days) Observed Simulated F observed simulated F observed simulated F

1 9.98 9.80 0.835 0.336 0.425 0.067 0.672 0.973 0.690

3 26.17 25.93 2.178 0.351 0.423 0.064 0.702 0.912 0.593

5 39.19 39.50 3.260 0.356 0.418 0.062 0.710 0.853 0.560

7 50.80 51.16 4.153 0.367 0.412 0.060 0.760 0.805 0.541

10 64.84 65.85 5.205 0.363 0.407 0.058 0.882 0.720 0.525

13 76.34 78.30 5.999 0.340 0.397 0.056 0.800 0.648 0.513

17 90.52 91.23 6.732 0.350 0.383 0.053 1.035 0.594 0.511

4 STUDY OF UNCERTAINTY EFFECTS ON THE PRECISION OF DFCS BY
MONTE-CARLO METHODS

4.1.  DFCS calculated by stochastic simulation method

Flood control-storage (FCS) for a year in which the annual flood process is known depends only on
the reservoir flood regulation model. For convenience, a simplified flood regulation mode, the
constant releasing discharge method, is used in this paper. It is obvious that there is a FCS value for
each year through calculation using the above flood regulation method, so there are N FCS values for
N years of annual flood processes. When N is large enough, it is easy to calculate DFCS for different
given probabilities. The value of N is 10,000 for calculating the population DFCS.

Concerning the simplified flood regulation, the procedure of FCS calculation for one year is
explained as follows:
1. A constant safety releasing discharge Qs for downstream of the reservoir is assumed (according to

experience,Qs=6000 3m /s in the paper);
2. A flood regulation is considered for which Qs is constant;
3. An accumulative water volume after the flood regulation in the reservoir is calculated and denoted

with V(t);
4. FCS=Max(V(t)) (t takes values from the beginning to the end of a one-year flood process).

Figures 1 and 2 are examples which show the above procedure.



4.2. Design schemes of the Monte-Carlo experiment

4.2.1 Design schemes of the experiments.

1. Population simulation model: seasonal AR(1), and DIS;
2. Model fitted to the data generated by the population simulation model given the model parameter

estimation methods.

For each population model, there are four simulation models to simulate:

(a) Seasonal AR(1) with MOM; (b) Seasonal AR(1) with PWM; (c) DIS with MOM; (d) DIS with
PWM.

The sample size n of each sample:  n=30,100.
There are in all (4×4=) 16 design schemes.

4.2.2 Evaluation measures

Bias and efficiency of the design flood-control storage are considered as the standard for evaluating
the performance of the precision calculation of DFCS.  Let 0

PiV  represent the population value of

DFCS (i=1,2,3,4, 1p =1/500, 2p =1/400, 3p =1/200, 4p =1/100), j
PiV  represents DFCS estimated by

the thj  generating sample.

For clarity, bias and efficiency of DFCS are indicated by PiEV , PiSV  respectively.
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Where K is the number of generated samples by Monte-Carlo experiments. When PiEV  is more than

0, it means that DFCS is positively biased. The more the value of | PiEV | is, the more biased the

estimation for DFCS. PiSV  indicates the index of efficiency. The larger PiSV  is, the worse the

efficiency of DFCS is.

5. RESULTS AND ANALYSIS

The calculation results of all 16 design schemes are listed in Table 2. Some primary conclusions from
Table 2 are expressed as follows:

• When the structure of the simulation model is the same as the population one, no matter which
estimation method of the model parameters is used, the relationship between the precision of
DFCS and n is in direct proportion.

• When MOM is used to estimate the parameters of the simulation model, the precision of DFCS
and n is also in direct proportion.

• When PWM is used to estimate the parameters of the simulation model, the precision of DFCS
and n is not always in direct proportion. See in Table 2 the schemes 15, and 16.



Summarising, the precision of DFCS increases generally as the sample size n increases, but not
always.

Table 2  Results of  bias and efficiency of design flood-control storage
No of

schemes
Popul-
ation

model

Simul-
ation

model

Estim-
ation

method

sample
size (n)

EVp1 EVp2 EVp3 EVp4 SVP1 SVp2 SVp3 SVp4

1 AR(1) AR(1) MOM 30 5.8 5.0 3.0 -0.2 28.3 27.7 24.4 21.8
2 AR(1) AR(1) MOM 100 2.3 1.6 1.8 -0.6 17.0 16.0 14.6 12.7
3 AR(1) AR(1) PWM 30 6.8 6.2 5.2 2.0 26.1 25.7 23.7 20.7
4 AR(1) AR(1) PWM 100 -2.9 -2.9 -2.1 -3.0 13.1 12.8 12.1 11.8
5 AR(1) DIS MOM 30 -5.2 -3.9 -2.4 -3.2 26.1 26.4 24.5 23.1
6 AR(1) DIS MOM 100 -5.1 -3.6 -2.6 -3.3 16.4 16.2 14.6 14.0
7 AR(1) DIS PWM 30 -1.5 -0.2 0.6 -0.4 28.1 28.5 26.3 24.7
8 AR(1) DIS PWM 100 -4.3 -2.8 -2.1 -2.7 15.5 15.3 14.0 13.6
9 DIS DIS MOM 30 -5.1 -4.4 -0.7 -0.5 31.8 32.0 31.6 30.1
10 DIS DIS MOM 100 -4.6 -3.8 -0.7 -0.5 17.9 17.6 17.0 16.0
11 DIS DIS PWM 30 1.9 2.4 5.7 5.4 31.5 31.9 31.9 31.1
12 DIS DIS PWM 100 -3.7 -2.8 -0.2 -0.1 16.4 16.1 15.4 14.7
13 DIS AR(1) MOM 30 -6.4 -8.0 -4.6 -4.7 22.9 22.9 22.5 21.6
14 DIS AR(1) MOM 100 -7.4 -9.0 -5.9 -5.9 15.4 15.8 13.3 12.1
15 DIS AR(1) PWM 30 -7.8 -8.9 -4.2 -4.4 22.9 22.5 21.9 21.4
16 DIS AR(1) PWM 100 -17.5 -18.1 -12.5 -10.2 20.3 20.6 15.7 14.1

When the structure of the simulation model and population model is the same, the precision of
DFCS by using PWM as the estimation method of model parameters is better than by using MOM.
However, when the structure of the simulation model and population model is different, the above
conclusion is not always correct.

When the population model is seasonal AR(1), it is better to use the seasonal AR(1) model to
simulate data than to use DIS for calculating DFCS.

When the population model is a DIS model, and the estimation method of the simulation model
parameters is MOM, it is better to use the seasonal AR(1) model than to use DIS model. Especially
when n is relatively small (n=30), the precision of DFCS by using the seasonal AR(1) is much better
than that by using the DIS model. The results show that it is not always better to use a simulation
model which is the same as the population model rather than using a different model to the population
model.

The sampling error of DFCS may be calculated by the stochastic simulation method.
Assuming that a reservoir is constructed near the Wulong hydrological station, and the flood

regulation mode is the same as the mode used in this paper, the sampling error of DFCS at different
design frequencies may be obtained from Table 2. It may be seen from Table 2 that the values of  SVp
of DFCS with a design frequency p=1% are usually less than 30% if n=30, and for n=100, the values
of SVp (p=1%) usually are less than 15%. It is very useful to determine the dimension of the reservoir
concerned.

5. CONCLUSION

The paper has attempted to contribute to decreasing the effect of uncertainties regarding model
structure and the parameter estimation methods on the determination of DFCS. A model that may well
reflect real flood process characteristics has relatively few model parameters, and a rather robust
model parameter estimation method should be selected. It is also very important to use reliable flood
records (including historical and paleo-historical floods) which are as long as possible when a
simulation model is needed.

The paper has shown a framework (considering 16 design schemes) in which future extensions
can be implemented. Different flood regulation modes and multi-stations flood generation will be the
subject of future investigation.
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