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1. Introduction

Hydraulic engineers were always involved in complex planning problems which
required to match the demand for water over time and space by redistributing
the supply of water. The technical means by which this was done is known
since time immemorial. It is the reservoir with controlled release. But it has
been only recently that they learned to solve their planning problems by ana-
lytical methods: the methods of systems analysis. System analysis has been
accepted for reservoir planning by the academic water resources planner with
great enthusiasm, and over the years the water resources literature has become
a depository of sophisticated systems theoretical developments which in the
eyes of the practicioneer serve more the purpose of solving intricate mathe-
matical problems than real world tasks. It is indeed difficult for anyone to
understand or even master all the methods and techniques for analysing water
resources systems that are proposed, and often the frustrated student of the
literature finds after he has finally developed the background to understand the
papers of last year, that the problems that were treated had little to do with
the problem which he wants to solve, while the present trend in theory
involves new methods, mathematics and terminology which he does not under-
stand. In such a situation, which is typical of a newly evolving field, it is
extremely difficult to determine "the state of the art", which must be the
basis of engineering design, so that the engineers tend to stick to the old
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rules until the new ideas have been tested and found to yield better results



and better codes of practice than the old ones.

The transfer of knowledge from the realm of science to the real world of the
engineer is impaired not so much by the unwillingness of the engineer to
accept new and better methods, but by the failure of the scientist to communi-
cate in terms of a language which the engineer can understand without
needing to spend an excessive amount of time. The engineer usually works
under restrictions in time and money, and he has to worry about many other
problems which to him are of equal importance. On the other hand, it very
often is overlooked by the engineer what help he can get from the scientist,
who in turn is unaware of the need for help because the engineer does not

communicate it to him.

It is the role of the engineering educator and academic consultant to bridge
the gap between science and engineering: by filtering out from the theoretical
work that which is not of immediute use, by applying the useful methods to
actual problems in an exploratory manner through class room exercises and
thesis work, thus finding out advantages and limitations, and by feeding back
to the scientific community those problems that need fheon;etical treatment .

By assuming this role, the writers have been able to help develop a number
of techniques which have been found useful in the design of reservoirs, and
which will be described in this paper. The discussion shall concentrate on

single-purpose, single-unit reservoir systems.

2, Reservoir design as a simulation problem

In view of the general remarks made before, it seemed important fo solve
such reservoir problems by methods which can very easily be understood by
engineers, and where every step in the development is transparent and easily
checked. The method which fits these criteria is the method of simulation.

For this method, the reservoir is presented by the continuity equation:
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where the input function 9 denotes the amount of water entering, r the
amount of water release, li the losses of water through evaporation and in-
filtration, and s, the amount of water stored at time i during the unit time
interval . All units are in m3. The release r. consits of two parts, as is indi-
cated formally in Fig. 1. The first part is the release o which is controlled
by the demand di set by the decision maker. The second part Foi is uncon-
trolled, either because there is an opening in the reservoir without controllable

gates, or because a spill occurs over the spillway.

It is the purpose of the reservoir design problem to determine the size of the

reservoir S ax and the operating rule for the reservoir. The operating rule:
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is that rule by which gates are opened or closed, and which depend on

decision parameter T¢., which can be modified by the operator, and external
quantities, such as thie reservoir content ;e The parometers S ax and R are
to be found for the reservoir problem in such a way, that the demand is met
as well as possible. This condition is expressed through the objective function

Z:
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which depends on the difference between demand and release, as wellas on
other parameters, for example on seasonal weights. The vaguely expressed
condition "as wellas possible" must be expressed in terms of a minimization

or maximization of the objective function, i.e. one must find:
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through a suitable choice of parameters T = lrl*‘ Together with the constraints
|

of the system, for example such as the maximum possible reservoir size or the

maximum available water for a possible release, Eqs. 1 to 4 form the system

analytical formulation of the single purpose, single unit reservoir problem.

It is easily possible, in principle, to solve this problem by means of simulation.



Fig. 2 shows the principle. The input into the system is given by 9, which
can either be obtained through measurement, or by means of artificially gene-
rated data. The system is the reservoir whose equation is the continuity
equation which can be interpreted as a transformation equation from the

state s, to the state IR The decision variable is the release r which can
be modified systematically by varying the parameters ‘R,"l over the whole .
range of their possible values. For each set of parameters, the value of the
objective function is determined by running ail the input data through the
reservoir model and determining for each release the value of the difference

g = G and then for all the input data the value of Z. The set of, say,

1i
k parameters and the corresponding value of Z form a k+1 vector which is
stored in the computer. When all parameters have been varied over all their
values - for example, if each parameter is assumed to have m possible
numerical values, then m-k simulation runs must have been made - then the

optimum value of Z can be found by direct search of the set of all vectors.

The cofresponding set of parqmetersf must then be used for design.
|

The simulation scheme which was described above has great conceptual ad-
vantages over other types of operafions research models. It runs exactly as
the actual process does, and all the steps which are necessary to obtain
sclutions to the design problem are almost self evident and can be explained
very easily. Also, if there is a good reason to modify some of the parameters,
for example for the purpose of a sensitivity analysis, in which the effect of
possible parameter errors are evaluated, this can also be done readily, and
thus makes it a very flexible method. Detrimental is the use of direct search
when there are too many parameter variations to consider, or if the gene-
rated data input is too long. Other operations research methods may. then
become indicated in order to reduce the number of simulation runs which is

required.

In the following chapters, the simulation scheme of Figs. 1 and 2 and
Egs. 1 to 4 will be applied to some typical examples. They are taken from
practical experiences of the writers and consist of a water supply problem

and a flood protection research project in West Germany, and of a water



supply reservoir project for irrigation in an arid country. It is most important
to point out af the outset that although all three problems are solved by the
simulation scheme outlined above they require entirely different considerations.
These range from the large difference in the unit of time, - which for the
water supply reservoir is one month, for the flood protection reservoir is one
hour, and for the irrigation reservoir is one day, - to the entirely different
demand functions, - which for the supply reservoir is a periodic function with
period of one year, for the flood protection reservoir is an adaptive function
of minimum flood damage, and for the irrigation reservoir is a forecasted
water demand of irrigable crops. It may be concluded from these examples
and from our experience with similar cases that it is not useful to try to
develop a model which can be applied universally to any simulation problem
involving single-purpose, single unit reservoir systems, but instead one should
make dvailable building block type sub-models which for each problem are
selected to suit the special requirements, and which are assembled into a
problem - specific composite model. In this manner not only single purpose,
single unit reservoir problems can be solved, but also problems involving
large catchments with many different units. It has been shown that most
models for the water resources of large river basins which have been reported
in the literature can be decomposed into a number of well known building
blocks, which can be used in many different composite models (Cembrowicz

et al., 1978),

3. Design of a water supply reservoir

The classical method of designing a water supply reservoir is obtained by

using Eq. 1 with a release rule given to r,, = constant for all i, and by

. Ti
using a historical sequence of discharge data as input g - The problem that
is usually solved is to find that size S ax of the reservoir which is required
so that the reservoir never runs dry. The graphical method by which this

problem is solved is the well known Rippl - diagram (Chow, 1964).



There are several reasons why instead of wing this method one should work
with artificiol data. Thie first is the problem of the historical sequence:
because the historical sequence is of a duration determined alone by the time
of meusurement TD' the resulting reservoir size also becomes u function of T
It is found that the longer T

D
D’ the larger,. on the averaye, will S o become.
Thus, the longer we meuasure, the larger will be our reservoir. As a conse-
quence, the first thing to do is to specify a duration, for example the design
life of the reservoir, and to use a sequence of data of length equal to this
duration. Only in exeptional circumstances is this amound of data available,
and it is necessary to obtain additional artificially generated, data, and to

use them in simulation for the design of storage reservoirs for water supply

(Schultz, 1973).

The second reason is dictated by the fact that the maximum reservoir size
S ax determined in the above manner is a random variable: for each sequence
[e]

of artificial or historical data of the same duration T we can expect to

D
obtain a different value of Smax” It is therefore necessary to generate a large
number of input time series so that the statistical properties of Smax SO0 be
determined and used for design purposes. For example, from the probability
distribution of S max that value of Smax might be determined which in x out of

n cases suffices to fully satisfy the demand rule, or which in at most x out

of n months runs dry, on the average.

The third reason for using simulation by means of artificial data is that the
simulation model permits to use complicated and even time varying operation
rules. For example, in this manner the gradual decrease of the storage caused

by silting can be accounted for, as shall be described in section 5.

For these reasons we have used simulation methods with artificial data as o
routine method for reservoir design in many different water supply applications.
An example shall be given in this section, which apart from its general
applicability might also be interesting because of the important modification
of the Thomas-Fiering model which was employed.

The problem consisted of finding the probability of failure of a reservoir of



maximum storage capacity S ax’ whose stage-area and stage-volume curves
are shown in Fig. 3. The input into the reservoir is specified through
measured discharges, which have been recorded once daily over a period of
27 years. The release rule is dictated by the water demand of a nearby city,
which can be described by o seasonal demand rule with mostly periodic
components, but with a certain amount of on-line adaptation to exceptional

water demand during very hot seasons.

3.1 Defining the probability of failure

There are many ways of defining a probability of failure, among them the

probability of the reservoir failing in any one year, which is given to
PY = N’/N

where N’ is the number of years during which the reservoir could not meet
the demand and N is the total number of years of input data. Another
definition is given by the ratio of the number of months during which the
reservoir fails in the total number of months of the input data. This is de-
noted by PM. Other definitions are also conceivable, such as the ratio of
the amount of water which could not be delivered to the total amount of
water which was demanded, and other similar rules. The problem considered

has PY and PM as design criteria.

3.2 The input rule

The measured discharge data have been used to determine the parameters
for a model for generating artifical data. The model is a generalization of

that of Thomas and Fiering (Maass et al., 1962).
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Here Ui is the volume of water flowing into the reservoir during month i
I

and year m, and 'ch : is the average value of S for the year m which
r’ 7

is generated from the long term monthly mean value q; for the month i



through the relation:

T .= f -9 ©6)

where fm is a factor embodying the variability of the annual mean value,

as will be discussed below. The correlation coefficientsfH_],i are those

of adjacent months i and i+1.and are defined in the usual manner. Similarily,
€ . and & are the standard deviations of the monthly values qm,i and are

i+1
equal to the standard deviations of the measured data series.

The quantity t is a random variable with mean O and standard deviation

1. In the orig?:q,alr!\'homas—Fiering model, this quantity is distributed according
to a normal or gamma distribution. We have tried many different distributions
and find that the Weibull distribution, whose probability distribution is des-
cribed by:
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fits the data as good as any other distribution. It has the advantage that its

parameters are easily found from the relations:
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Here, Eq. 10 is a condition which arises from the requirement that I
I
and 9, j4] SO never be smaller than O. lt is obtained by inserting
’
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U, i - qm,i+1 = 0 and qm,i B well as O‘m,i+] = %4

solving for fm,i+] =r%+]. Egs. 8 and ? arise from the usual defintions of

into Eq. 5 and

mean value and standard deviation. They are solved for o(i and ’Ai by using
tables for the gamma disfribution, which are part of the program package for
most computers. They must be determined for the distribution of each month
from the experimental daota record. For the data of the present case they

are listed in table 1.

The main advantage of using the Weibull distribution Eq. 7 is that it can be

solved explicitely for b through the relation:
4

tng = [- %}&‘{4 = F(t.,.,;)}_-l *:t*ta a

This is very convenient for the procedure of generating artificial data. Since
any variable x with probability distribution F(x) can be transformed into the
Weibull variable t through the relation F(x) = F(t), it is easy to generate
random data t from a set of uniformly distributed data between zero and 1 for

which y = F(x).

The original Thomas-Fiering model (Maass et al, 1962) differs from Eq. 5
through the condition Ui T Y that is, the original model has a monthly
average inflow which was considered the same for all years. It has the dis-
advantage that it does not preserve the autocorrelation of the annual mean
values. In fact, if a model is used based on the original Thomas-Fiering
model, one finds that the annual mean values are quite uncorrelated, the
correlation coefficient r, between adjacent years usually fall below 0.1. But
it has been known since the important investigations of Hurst (1951) and
Yevievich (1967) on the probability distribution of the range, that in order
to yield a reasonable estimate of the rate of failure of a reservoir, the
generation model for the discharges must preserve the "Hurst coefficient" h,

Hurst found the following relation:



where R is the range, & is the standard deviation, n the length of the serie

and h the Hurst coefficient with h 2 0.7.

The models which have been reproduced to preserve the Hurst coefficient,
such as the "broken line process" (see Garcia et al., 1972 orthe "fractional
Gaussian process" of Mandelbrot and Waliis (1969) have the advantage of
preserving the value of h, but are found to give severe difficulties in the
actual application, quite apart from not having enough flexibility to preserve
the annual cycle of the parameters of the distributions of monthly discharges
or flow volumes. The better solution in our opinion is to modify the Thomas-
Fiering model to make it preserve long range persistence, and it is this
reasoning that led to the introduction of the factor fm mentioned above
(Treiber, 1980, to be published). According to this modified Thomas-Fiering

model the annual mean values are described by a Markov-1 model:

77.n+4 = q”"f{(afm —"'i‘)+tm46_‘v4—g:' (13)

Whe’e.ﬁ is found from the experimental data record, S, standard deviation

of the annual mean values ‘c?m ,and f is a Weibull distributed random

1
variable whose parameters are found n;:-om applications of Eqgs. 8 to 10 to the
sample of mean onnual data. With this model, the autocorrelation for the
27 years record can be approximated, but one must realize that exact
equality is not required because of the sample variablility of h and the short

duration of the generated data series.

The generation procedure then is modified as compared to that for the
Thomas~Fiering model by first generating a sequence of mean annual values

qa, for each year m, by means of which the factor fm is calculated to:

f.o = 3/q (14)

where q is the long term mean value, i.e. the mean value of the data

record.

Typical results for generated data are shown in Figs. 4 to 6 for which the

Weibull parameters of the sample record table 1 are used. It is seen that a
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month X A o8

[ o - e——

] 0.813 0.926 1.172
2 0.287 0.548 1.762
3 0.487 0.671 1,465
4 0.308 0.562 1.723
5 0.944 0.961 1,040
6 0.694 0.798 1.245
7 0.950 0.965 1.036
8 0.714 0.810 1,227
9 0.331 0.576 1,634
10 0.899 0.930 1,074
1 0.108 0.418 2.246
12 1.020 1.014 0.986

Table 1: Parameters of WEIBULL-distribution

sequence of 100 records of 60 years duration which is patterned after an
observed stream flow record of 27 years preserves well the parameters of the
monthly moments. Also, the observed lag~one correlation coefficienf.ﬁ of
0.298 is in exellent agreement with the correlation coefficient of 0.296 cal-

culated from the data records.

3.3 The release rule

The release rule which was used required that ST di' where or is the
controlled release during month i, and di is the demand. If the demand cannot
be met, then the corresponding month is one where the reservoir failed. If

the release has to be larger than di during month i in order to prevent the
reservoir from overtopping, then the reservoir also fails in some other sense,
because the uncontrolled discharge cannot be utilized for the water supply

purpose. This latter effect is reflected in the ratioR defined to
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In principle, the demand function also is a random variable; however, for the
present problem it was sought to utilize the water of the reservoir as a sort of
base load and to supply the missing water for the water supply of the whole
city from other sources. Thus, a demand rule was used according to which

60 % of the average available annual water inflow § was used ‘during the
summer months, while 40 % was used for the winter months. In addition, an
increased release was required during exeptionally hot summer months, which
could occur in July or August. The historical record showed that 13 out of

a total of 54 months of July and August were extremely hot, thus for each

of these two months whenever it occured during the generation scheme a
random number between 0 and 1 was drawn. If it was below 13/54, the
month was considered an extrem month with an increase in demand by 40 %.
If it was above the ratio 13/54, the month was considered ordinary. As a
final condition on the demand it was required that the release be reduced

. . . - 3
whenever the content of the reservoir fell below a minimum of 14 million m™.

3.4 Results of the simulation runs

Typical results obtained with the rules described in sections 3.1 to 3.3 are
illustrated in Figs. 7a and 7b, and in table 2. Fig. 7a shows the results
obtained with the Thomas-Fiering model for o fypicoly sample record of 60
years. Fig. 7b is for the modified model. The top curve is a trace of the
generated inflows, noticeable is the persistence of the dry months around
month 450 for the modified Thomas-Fiering model, with the resultiﬁg emptying
of the reservoir, which persists for a prolonged time of almost 40 months.
Such dry spells cannot occur with a reasonable probability for a run according
to the Fiering model, while through the effect of]] it is not uncommon to
occur for the modified model. This is the reason for the different probabilities

of failure for the two cases which are listed in table 2.

The other two fraces in Figs. 7a and 7b are the releases and the reservoir

content, respectively.
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alm’a s, R PM PY Model

33,43 -10°  -0.085 0.175  0.001  0.005 Fiering |
32.43-10°  0.296  0.193  0.022  0.070 modified Fiering
3. 6-10°  0.297 0200 0,000 0.000  origingl due

Table 2: Results of simulation runs

4. Reservoir operation for u flood protection reservoir

In the densily populated Federal Republic of Germany industrialization and
housing developments have moved the urbanized areas nearer to tHe river and
vp the valleys, so that floods in these rivers cause more damage than they
used to do, in particular since urbanization tends to increase flood peaks
(Wittenberyg, 1975). The engineering solution to the flood problem has been
more and more fo build flood retention reservoirs designed to keep down the
flood damage. However, very often the size of the available reservoir site

is not sufficient to retain, for example, the hundred year flood, and small
reservoirs come into existence which may not be very efficient unless the
releuses from them are controlled in such a way that they are fully effective
in controlling the outflow according to the desired objective function.
Obijective functions which are based on financial considerations are usually
not very well defined for flood protection reservoirs, it seems that better
objective functions are bused on rules on the desired modification of the
flood to be accomplished by the reservoir operation. How these could look

is indicated in Fig. 8 (from Plate and Schultz, 1972), according tc which
an operation rule for the reservoir either is designed to yield minimum flows
downstream of the reservoir, or to yield a flood of the shortest duration. The
former rule is the usual one for protecting riverside property, but the latter
may also be desireable in some cases, for example if there are agricultural
crops in the flood plain, which do not suffer so much from the flooding as
from the length of time during which the crop is under water. For both cases

it is evident that the release from the reservoir cannot be decided without
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advance knowledge of the flood to come, i.e. a method is required to fore-

cast the flood wave.

From this brief description |t is seen that the operation of a flood protection
reservoir of limited storage capacity involves the solution of two important
theoretical problems: the problem of real time forecasting of the flood, and
the problem of optimum operation of the reservoir once the flood to come

is known.

4.] Forecasting of the flood

The problem of forecasting the flood wave is one of the most difficult
problems in operational hydrology because of the large random components
involved in the runoff process, and because of the fact that the reservoir
is usually capable of proftecting against smaller floods. The fatter implies
that a good forecast is required only for extreme cases, such as the floods
whose recurrence interval is larger than, say, 30 years. For smaller floods
a release is not critical because the reservoir will not be filled by the end
of the event, so that a release according to some simple rule such as

according to a constant value of r is entirely adequate. It is clear

1 "id
that it is an expensive proposition to require all the equipment for on-line
forecasting and control which is used only once in a generation. Thus,
on-line operation based on forecasts of rainfall or runoff are useful only

in such cases where either the goods or property to be protected is so
valuable, or the protection accomplished through on-line operation is so
useful, that the long waiting times can be tolerated. Or where protection
of limited extent is desired, for example in sewage disposal systems, where

it is useful to protect against floods of high recurrence, while accepting the

damages due to the occasional extreme flood.

The other difficulty of on-line forecasting is caused by the randomness of
the rainfall - runoff process which depends on many factors which are time
varying in a manner which is almost impossible to predict. Forecasting thus
involves considerable uncertainties, which put in question the usefulness of
the forecast and the control of the reservoir which is based on it. For if

during the rare extreme flood event a forecast is made which yields too large
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a flood wave then it is conceivable that the release is increased to a level
which causes damage, while the reservoir remains part empty until the end
of the flood - one must imagine the consequences if this becomes known
to the people which suffered damages! The opposite occurs when the fore-
casted flood wave is too small: the reservoir is filled up too early, and
perhaps when the flood peak comes it must be released unchecked over the

spillway of the dam.

A problem-specific forecasting method for flood waves has been developed
by Anderl (1975). It is based on the theory of the unitgraph, according to
which the flood wave can be predicted from the known effective rainfall
distribution Ii by means of a convolution with the IUH (instantaneous unit
hydrograph) hi - where hi is the event-specific unit impulse response of the
best fitting linear system equivalent of the catchment, so that:
L
q; = .'Z:Ijh;__,j_,,‘-Af (15)
J=1
If the system function were a deterministic function and no deviations could
occur, then the forecasting problem would be reduced to a forecast of Ii'
which requires a forecast of both losses and actual rainfall. The methods
which can be employed for this forecasting are at present being developed:
it is anticipated that from past rainfall records and satellite pictures it will
eventually be possible to forecast future effective rainfalls for lorge storms.
However, some good forecasts of floods, which are suitable for developing
effective control strategies for short times, can already be obtained by using

the rainfall as input, which has fallen to the present.

Due to non-linearities and random errors, however, hi is not a deterministic
function but changes from event to event. The method of Anderl (1975) was
designed to minimize the effect of this randomness. It calculates for each
forecasting interval a correction to the mean IUH hi which is denoted by hi'
and which is determined as that correction which minimizes the error between

measured and calculated runoff. The method is based on the assumption that
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the effective rainfall is known for the past i & p, that the true discharge
9, is available up to time p "At, and that it has been possible to calculate
from previous floods the mean IUH hi' Then o calculated discharge q.; can
be found for t & p.At:
< -
Qe = ;Ijhi-j-i-i'At el
J=

and by subtracting the calculated discharge from the true value, an error
discharge Aqi can be found, which is sketched schematically into Fig. 9
This error discharge is continued into the future up to a time p-Af+]v,
which is that time during which runoff can be expected from the rainfall
which has fallen up to time p- &t. The continuation is performed by fitting

an exponential function to the function q, which over the time t = ]v

decreases from qu fo Aqe = 0.0Iqu. Thus one cbtains:
. At
t=p Y th K=ootlv (17)
A"P"- = K qu for L>p W =0. v

By means of the continuation of Aqi it is possible to solve the set of
equations for h; by the method of least squares, in the same monner as
solving the original data of the past records for the mean vclueT'\—i of the
IJUH. With these values of Fi and h‘i, the forecast % is obtained on the

assumption that there will be no more rain after time p.4t:

¢
9pr =‘iZ4Ijh£—j+4.At L>p (i8)

The accuracy of such a forecast can be determined by calculating a dimen-

sionl ess mean-square error:

%
G’c - {Z(Q;— qu) . 400 19)

Imax

With this goodness-of-fit criterium some forecast results are shown in Fig. 10.

The main results of this figure is that a forecast with an error of less than
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5 % is obtained only if the flood wave has developed past the inflection
point - a result which is confirmed by numerous other examples. On the
other hand, if the forecast has not to extend over the whole duration of

the flood event, then better agreement can be found, with accuracies which
are quite comparable to those obtained by more refined methods, such as the
use of the Kalman-Bucy filter (Hino, 1973; Wood, 1978) for the forecast

of the unit hydrograph of future runoffs. ‘

In conclusion it should be pointed out that the forecasting procedure used
here is only part of the necessary calculations. The adaptation of the losses
(i .e. the calculation of on event-specific effective rainfall) is of equal or
larger importance, but it goes beyond the scope of this short survey to go
into methods for the forecasting of losses, exept for stating that the methods
are similarly structured as the one described, because it is possible to formu-

late the loss function in a similar manner as the rainfall~runoff hydrograph.

4.2 Optimum control for known input functions

Once the input into the reservoir is known from the forecast it is easy to
calculate the optimum release. Let us briefly consider the operation of the
flood protection reservoir for the objective of minimizing the maximum dis-
charge P o It can be shown for example by means of the method of
Dynamic Programming, that among all possible curves f(t) with f(t) > 0 for
all t, and with a constant area A over a constant base length T, the
curve f(t) = ¢ = constant = rox is the one with the minimum peak value.
Thus, it is desireable to operate the reservoir in such a fashion that the
release from the reservoir over the time of maximum flood level is kept

constant and as fow as possible.

There are two methods which we have used to solve this problem of finding
the minimum value of Foax” The first involves simulation. Starting with a
large value of ax’ the reservoir content was determined for the flood wave
using the continuity equation, Eq. 1. If S ax calculated by this method was

smaller than the actual available reservoir storage, then r was gradually
max
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decreased until calculated and actually available storage were equal. This
method is easy to apply and uncomplicated, but it does not work if more
than one reservoir is operated simultaneously, and the purpose of the system
of reservoirs is to controfl flood damage at a point downstream of all reser-
voirs. For such a system, it is possible to use dynomic programming (Plate
and Schultz, 1972), Examples of reservoir operation determined in this
manner have been described by Schultz and Plate, (1976), Mayer- Zurwelle
(1973).

4.3 Further developments

As has been described above, it is very unlikely that the implementation of
an adaptive control system for the purpose of flood control for rare floods ever
becomes economically feasible, unless it is possible to set up an extreme flood
prediction center which serves a very large area, in which extreme events
occur somewhere a few times during o year. In West Germany, it is

not very likely that the money which is required for setting up such a center
becomes available very soon. It is therefore very useful to ask the question

of how an automatically controlled system of reservoirs, which have either
fixed size openings or gates which can be controlled automatically, must be
operated so that the operation of the system approximates most closely that

of the optimum system with adaptive control.

Another problem is the unswering of the question of which of the reservoirs

in o system of many must be constructed first in order to minimize expected
damage due to floods over the life of the reservoir system. This problem has
been approached by Bogardi (1979), who used a single extreme flood as
indicator of the performance of the system and optimized the sequence of the
reservoir construction by a branch and bound algorithm. The system was
severely constrained by the fact dictated by fiscal considerations that only
one reservoir at a time could be built, that construction of a new reservoir
could only be started once every year, and that the amount of money available
for construction was constrained. For the details of this program, reference is

made to the work of Bogardi (1979). Recently we have amplified this problem
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by including not only one flood wave into the model, but by using simulation
with artificially generated multi site runoffs determined from a multi site rain-
fall generation model (Binark, 1979) as input into local unit hydrographs for
each reservoir. 1t is not possible to optimize such o model, nevertheless, it
was possible to check the performance of some simple operation rules (for
example of keeping the reservoir fully open until o certain flood level is
reached, then close it completely until the-end of the flood wave), and to

find an optimum sequence of constructing the reservoirs.

5. Reservoir design for irrigation in an arid country

Irrigation in arid countries usually is limited by the water which is available
for irrigation, and the problem is to find that area which can be irrigated
with the available water, We have investigated such a problem for an area
located in the Southern part of Saudi Arabia on the coast of the Red Sea.
Here, the available water is largely runoff which results from strong convec-
tive, seabreeze induced precipitation in the foothills of the Azir mounta'ns,
which runs off as flash floods towards the sea in wadis which carry usually
no or very little discharge, but which during exeptionally heavy rainfalls may
grow info streams with discharges of hundreds to thousands of m3/s. Because
of the barren structure of the land, the flash floods carry very large amounts
of sediment, so that a system for improving irrigation of the area requires

a reservoir which has the double function of breaking the flood wave and of
storing the water for redistribution. The time of storage must be held as short
as possible in order to prevent exessive losses due to evaporation, but it must
be long enough to supply water for the crops during the time of need. Such
a reservoir in which water is retained for some time will have a high trap
efficiency for the sediment and it is necessary to have a reservoir size which
is large enough to function properly for a long enough time before it is silted

up to uselessness.

The problem which had to be solved was to find the area which should be
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developed for irrigation. It was not possible to give an objective criterium
for a design decision, so it was assumed that a good design is to develop
that area which in 80 % of all years .is large enough for the available water,
which means that in almost 80 % of all years the area cannot be irrigated
completely, while in 20 % of all years some of the water had to be carried
over from one year to the next. Losses of water occured through evaporation
and spill due to overflow of the reservoir whose size was limited by the

storage volume which could be accommodated at the best suired site.

5.1 The simulation model

The best method for solving this problem is simulation. Due fo the special
situation it was found best to write the continuity equation Eq. 1 for daily
time steps. The time unit of one day permitted to account for the flash flood
character of the discharges, and also for the sediment transport, for which
two additional equations are required. The first is a rating curve, by means
of which a relationship between water inflow q, and corresponding sediment

load a9 is established:

Qs¢ = Ati 20

There exists at present no reliable method by which the coefficients of Eq. 20
can be found from first principles, and it is customary to find these coeei-
cients empirically from {ocal measurements. Typical exponents P lie between
1.5 and 3 (Garde and Ranga-Raju, 1977) while the coefficient

A depends on catchment properties as well as on the characteristics of the
rainfall. Some experiments conducted at the future site of the dam yielded

a function for the total sediment load a9
1.5
. . 21
qs¢ = 14eco q 1)

where qg; is in to and g, in 106 m3, both for daily values.

The second equation describes the continuity of the volume of the reservoir:

Smex (+4 = Smax ( — ‘Fr?si-m/r; (22)
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where f.r is the trap efficiency of :;he reservoir, and P4 the specific weight
of -the deposited sediment (in to/m~). By means of considerations which go
beyond the scope of this paper the trap efficiency was determined to 0.8,
while the specific density was taken from experience with reservoirs in the

some arec to be 1.4 'ro/m3.

The third equation to be used is the continuity equation for the water, Eq. 1.
For the present case, a double index is used, with i describing the time,

and j the season. This is necessary because the loss due to evaporation depends
on the climatological variables temperature and average humidity, as well

as on the radiation budget, as described by the well known method of Penman
(1948). By this method, monthly evaporation rated Ej for the j-th month were
calculated on the basis of long term averages of the climatological data,
where Ej is the height of the column of evaporated water in m/month, from

which for a month with n. days the daily loss I,i is found to be
&y
Lo = & Ar (23)
where A . is the surface area of the reservoir for the volume s, on day i,

in m", which is found from the usual storage-height and area-height

relations for the reservoir in question.

With this expression one can formulate the continuity equation to read:
o
Sjcea = Sji + Qera — Gira ~ €jiaaq (24)
where s?i is an auxiliary variable which is determined by the constraints
of the problem:
] . .
SJ'( = sji 'f Sf‘: 4 Smax( 25)
(26)
° °
where Fo; i the spill. In order to solve the set of Egs. 23 to 26 it is

necessary to know the inflow function CH and the release function Ml
}

where the latter depends on the demand function dii.
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5.2 The inflow model

The inflow function must be a time series of daily flows which has all the
characteristics of the historical time series observed at a gage. The observed
time series was very short, and it represents a very incomplete sample of the
ensemble of possible inflows. |t was therefore decided to generate artificial
time series of inflows, each of a duration of 100 years, and each with the
statistical characteristics of the historical short duration sample. The method
of data generation employed was based on a model developed by Treiber
(Plate and Treiber, 1979) which had been adapted to the particular data and
flow characteristics of flash flood type inflows (Schmidt and Treiber, 1980).
This model is not elementary, because it is based on a combination of two
different processes from which the inflow at day i is determined to:

9L = & ;¢ (27)
where (g: is the result of an on-off process by means of which it is decided
whether the day is wet (‘|-= 1) or dry (JI_ = 0), and fii is the result of a
Marcov - 1 process with parameters which vary from month to month:

tJ': = g.j. tji-q + zjl: (28)
From Eq. 28, with z. @ random, Weibull-distributed number, a continuous
record of data is generated, which becomes intermittent through the factor d

|
which is found from the original data on the basis of transitional prohabilities.

Results of this generation procedure are shown in Fig. 11-15. From Fig. 11

a comparison can be seen of the original data record with a sample of the
artificially generated data, which indicate the visually satisfactory agreement
of the two data sets. This agreement is further exemplified by comparing
statistics, such as the monthly mean Em of the inflows, the standard deviation
o of the monthly mean, as well as similar characteristics for the daily
statistics (with index i) indicated in Fig. 12-15. All generated parameters are
seen to compare favorably with the statistics of the original record, which
permits one to have considerable confidence in the validity of the model for
matching the observed data record. What the method cannot supply, of

course, is an improvement in the sample uncertainty: the short length of the
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original record makes this uncertainty very large, and it is necessary to
continue oberservations of the flow data and to improve the parameter of the
model until the very last possible moment before a final decision must be

made on the structures or the size of the area to be developed.

5.3 The release model

.. from the reservoir is the decision variable, which

1ji
must be oriented towards satisfying the demand d'i' In reality, the demand

The release function r

is a random variable which depends on the growth history of the crops which
are to be irrigated and on climatological factors, as well as on biological
conditions, soil moisture conditions, and on the conditions of fertilization.
Of these the most important variable which directly offects the need for
irrigation water is the soil moisture content, and more sophisticated modals
(Norero, 1972), Minhas, 1974 ) of demand functions are based on this
quantity. Here, only a simple demand function will be given, which is based
on the assumption that enough water will be applied to all irrigated areas
to replenish the soil moisture to field capacity. In that case, the water
demand can be expressed by the relation:

fim B A ) @

) (3

where Aci is the area to be irrigated during day i, (ﬁ: is the irrigation

efficiency, which was taken as constant and equal to 0.35, and Ec' is the
plant evapotranspiration during the month j. Again for simplicity sake a

single crop is considered which is grain sorghum, for which experimentally
observed water requirement coefficients K, are used to calculate the water
requirement of the four sorghum crops lis'lred in table 3 . Thus, the water
demand is a function of fixed parameters with the exception of Aci’ and it

is the purpose of the irrigation model to optimize this area.

A crucial problem in the determination of the area Aci is the amount of
water which can be expected throughout the growing season. Because of the
stochastic nature of the inflows, it connot be expected that the same amount

of inflow occurs during each year or month, thus one does not know at the
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Table 3: Demand function of irrigated area

Eci (in m3/ha) for month |
i = month crop 1 crop 2 crop 3 crop 4

Aug. 1370
Sept. 2200
Okt. 1740

' Nov. 100 1410
Dez. 1960
Jan. 430 890
Febr. 1910
Marz 440 1290
Apr. 1490

beginning of the irrigation season how much water will become available.

But one must make a decision at the beginning of the irrigation season on

how much of the available area should be planted, and this must be based

on a forecast of the actual inflows. If this estimate is too large, one will

find that there is not enough water in the reservoir at a later part of the

growing season, and a part of the irrigated area will have to be abandoned

without yielding a crop,

estimate of the expected inflows is too low, water will be wasted, either by

in order to irrigate the reminder of the crop. If the

spills or by keeping it in the reservoir for the next growing season, thus

subjecting it to too much evaporation. For the operation of such a reservoir

it is therefore of great importance to find an adequate forecasting rule, and

some effort has been spent on finding such a rule (Schmidt and Plate, 1980).

At present, the best model that we have is based on a regression analysis of

the total amount of water available during the growing season with the

reservoir content at the beginning of the season, but some improvement can

be expected from a more detailed analysis, which is at present underway.

Another decision rule is based on the monthly inflows and on the reservoir

content at the beginning of the season, in the form:
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h h
JZ"J- == .S’j + Sj .S; = f:qu. (30)

which has been used by Plate and Treiber (]‘929). In this equation, Si is the
total amount of water which is inflowing during the remainder of the growing
season, i.e. from the beginning of month |, at which the decision of irrigating
o certain area has to be made, to the time of the harvest h. It is a random
variable, which is found to be gamma-distributed. A decision was made to use
that value of Si for the design which was available in 80% of all cases.

These values as found from the data are listed in table 4.

Results obtained with the decision rule for the area Aci which was described
above are shown in Fig. 16 . The calculations were based on the crop evapo-
ration rates of table 3 the forecasting rule Eq. 30 with the forecasted values

of table 4 and with the rule that the area Aci was reduced to the area

which could be fully irrigated whenever the available water was less than

R water available to month k2
k=] 1 2 3 4 5 6 7 8 9 10 n 12
1] 22 42 6.2 69 7.6 7.9 8.1 8.5 9.8 12.3 13.4 17.2
12 1.0 2.9 3.6 4.3 4.5 4.6 5.1 6.2 8.8 9.7 13.9
; 3 1.2 1.8 2.5 2.6 2.8 3.2 4.1 6.4 7.2 1.3
514 3 .8 .9 L1 14 21 44 52 9.
B 3 4 .5 .8 1.5 3.7 45 8.4
e 0 .1 .2 .8 3.0 3.8 7.7
E 7 0 1 .7 2.8 3.6 7.6
g 8 0 5 2.6 3.4 7.4
5|9 2 2.1 2.9 6.8
2o , 1.2 1.9 5.6
M 13.2
b2 2.4

Table 4: Sum of inflows from month k] to month k2 during the growing

season which can be met in 80 % of all years (in 10<S m3)
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the required amouni. The growing season for sorghum was assumed to extend
over four possible crops, the second of which had the highest priority because
it pro;iuced the highest yield per m3 of available water, and the third and
fourth of which were produced only if some water was left for them. The calcu-
lations were performed twice, once with no limitations on the area which

could be irrigated with the results shown in Fig. 16, from which the design

area was found to Ac = 1500 ha, and once with a limit set by the design

d

area Ac on the maximum area which could be irrigated, with results shown

d
in Fig. 17. The calculations were made by Hiessl (1979) from whose un-

published thesis the figures and tables of this section are taken.

6. Reservoirs as part of project planning

The simulation models which were described in the examples are all well posed
problems with all the inputs and constraints known as far as they could be
known. However, it is hardly ever possible to approach a reservoir planning
problem in such a straight forward manner. Usually, the reservoir problem
arises in the context of a much wider planning task, during which it is
formulated and revised and reformulated many timss. In particular, the single
purpose single unit reservoir, although very frequently used, is hardly ever
the centre of a project, which much more commonly consists of many units,
and serves many different purposes. Usually it is formulated during a latter
stage of the planning process for a project. The first stage consists of an
ordering of the project alternatives on the basis of fairly broad information,
and of the selection of that alternative which is best suited for the purpose
at hand. In practice, this selection process is the "feasibility study". It can
be approached 5y operations research methods (Haimes, 1977) but it usually
is not, because the primary feature of the selection of the most desirable
alternative is that it takes place in an intensive dialog of many different
types of experts, of representatives of the customer, and, if all is planned
well, of the beneficiary which is, in most cases of water resources projects,

the people.
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A general scheme of the planning process as it takes place, or should take
place, in the planning of an irrigation project is shown in Fig.18 . There
are a total of six stages of the process which must be seen together, and
within these the optimum choice of the reservoir is only one, and usually a
comparatively small problem. The first stage is the response to the political
decision to build a project involving irrigation - very often as part of a
more general resources development project, which has to be formulated in

a dialog among experts, administrators, and decision makers or politicians.
The decision to do a project should then be followed by a program of
collecting data on the basis of a very crude initial concept on how the
project may look. This process of collecting data unfortunately is almost
always not taken too seriously, usually the collection of data is part of a
fixed bid feasibility study and if there is not enough time allowed for it,
then the collection of data must suffer. The types of data that must be
collected range from information on the construction materials available in
the project area to sweeping evaluations of the sociological and economic
changes which might result from the project. Of these data, the hydrolo-
gical and agricultural data are especially important for the reservoir problem,
but as a rule these data are usually very incomplete in a project area. It is
therefore necessary that agricultural and hydrological field work be started
as one of the very first sections of the project planning process, preferrably
right after the tentative decision to build a project has been made. Agricul-
tural field work should perhaps include the establishment of an Agricultural
Research Station, while hydrological field work consists of the evaluation and
upgrading of the existing network of raingages and discharge measuring

stations, and the calibration of the latter.

it should be self understood, but it is not, that the data collection is not
considered a purpose in itself, but is oriented toward the solution of the
project planning problem. Very often it is found that the scientists who do
for example the sociological or agricultural field work do not know what
purpose their data serve in the general planning process. And here lies one

of the advantages of a system concept such as the scheme of Fig.18 : that
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it can serve as a framework for organizing the data collection process. If
experts of every field know what is the information needed from them. for the
system concept to be applied, then data collection and evaluation can become
very efficieni. Bul this is easier said than done, because it is very difficult
to communicate properly between experts of many different specialities. Each
of them has been "brain washed' by the traditions of his field into believing
that he knows exactly what should be done, and it is difficult for the system
expert, who often knows very little about what is going on in the field to
convince his colleagues that he should tell how the needed information must

be prepared for his purposes.

The best way of overcoming the communication barriere is by letting every
expert participate in the next stags of the planning process, stage 2,in which
all data are entered into a system concept with the purpose of selecting
the best overall solution among the alternatives which are available. It is

of importance that this selection process must not be done by the water
resources expert alone, but that it is to be carried out by all experts and
has to be worked out in all its consequences and with due consideration to
all constraints, where the water resources expert only formulates the probiems
and asks the questions on details which the other experts must answer. Some-
times the selection of the bast alternative is done by operations research
methods, by solving an optimization problem, but usvally it is not. We find
it very useful to determine by operations research techniques that solution
which is most economical. This solution then serves as a measure against
which other soluiions can be tested, so that the economic consequences of
making a non-optimal solution can be quantified. The decision maker then
will know what the additional cost for meeting a political demand, or an
ecological postulate will be, and it is left to his political conscience to
decide if there are more important uses for the money which can be saved

if such demands are not met.

The third stage is the detailed planning of the selected alternative, which
is the project design. This is the solution of the problem formulated, for a

single purpose and single unit reservoir in section 5 of this paper. But in
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a wider context, this stage must yield much more information than just the
operation rules for obtaining maximum yield. It must provide information on
the cost of the structures and their types, on the crops which should be grown
and the irrigation methods which should be employed, ond if possible it should
yield a benefit-cost ratio which is high enough to make the project feasible -
with all the consequences of the changes introduced by the project assessed

and properly evaluated.

In stage 4 the completed project evaluation by the systems engineer is once
more subjected to close scrutiny by experts and decision maker, o final
design is completed on which all experts agree and of which the decision
maker approves, and then in stages 5 and 6 the system is constructed and put
in operation. And here the water resources expert will usually find to his
disappointment that the operation rules used and the crops planted etc. do
not agree well with his recommendations. It would be very useful if the
reasons for this can be determined from a detailed post factum evaluation.
Unfortunately, there usually is no money available for such studies, so that
the experience with existing projects does not often enter into the planning
of new projects. It is one of the fragedies of the well meant effort of the
industrial nations of providing help to developing countries that so much of
the development projects suffer from too short planning, and not enough effort

in considering local factors.

And so | come to the conclusion that water resources systems planning is a
process which requires all the powers of the planner: his power of grasping
complicated processes and formulating them into a tractable model, his powers
of persuasion and leadership in guiding o team of exper;fs to successfully
contribute toa common goa!, and his humanity and compassion in understanding
and considering the impacts of his projects on the people which benefit and

suffer from the changes which he inflicts upon their natural environment.
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ST~ T qlt) input hydrograph.

Ppb— —— — — _~maximum storage objective function:

_ _lowest possible flood peak

design:rg _

|

Qp = lnax]

objective function:
shortest possible flood
duration T{or T')

design:ng _ _

7

- t

Fig. 8: Flood control policies for o single reservoir with limited storage capacity
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Fig. 9: Definition sketch for on-line forecasting method of Anderl (1975)
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precipitation
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q [m7s] ROTT RAISTING 28.7 -30.7.72
4
3 observed flood wave
2
1
0 + + y + + - +———
0 5 10 15 20 25 30 t[h]
S o7l dimensionless standard deviation of forecasted-
max 77 % observed wave for forecasting time based on
20474 "% known IUH of flood at time to
15 —— adaptation of loss function only
0 —— adaptation of loss function and IUH
1
5
0+ + + el i " — -
0 5 10 15 20 25 30 t,

Fig. 10: Example of forecasted wave by method of Ander! (1975):
- The estimated IUH is based on the same flood. Loss
parameter is determined by adaptation. Forecast assumption

attime t :fort >+t : 1 =0,
o o
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Fig. 12: Means of daily flows
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Fig. 15 Standard deviations of monthly flows
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Relative frequency
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Fig. 16: Relative frequency distribution of irregeable areas
for unrestricted area (divided by ¥ )
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Relative frequency
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Fig. 17 . Relative frequency distribution of irregeable areas
for restricted area to 1500 ha (devided by ¥ )
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Fig. 18: General scheme of the planning process for an irrigation project
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