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TECHNIQUES FOR EVALUATING
LONG~-TERM RESERVOIR YIELDS (1)

by AUGUSTINE J. FREDRICH (2)

INTRODUCTION

The ever-increasing demand for water from reservoirs for municipal
and industriel requirements, for water quality comtrol and for agricul-
tural uses has caused increased emphasis upon the development of maximum
feasible yield at each new reservoir site. Furthermore, because humen
nature and economic necessity have caused utilization of water in this
country to consistently press upon the upper bounds of the available
supply, the dependability of existing and future water supplies
becomes an increasingly important factor in reservoir yield studies.

The need for maximum feasible development and the need to determine
dependability are two reasons that the techniques used to evaluate water
yield should allow consideration of all factors which significantly
influence the yield from the project. The purpose of this paper is to
compare the results of reservoir storage-yield analyses under several
different assumptions in order to demonstrate the effects of the assump-

tions on the analyses.

(1) For presentation at the ASCE Netional Meeting on Water Resources
Engineering in New Orleans, 8 February 1969.
(2) Engineer-in~-Charge, International Hydrological Decade Project, The
?ﬁ%lagifc Engineering Center, US Army Corps of Engineers, Sacramento,
ormla.



PURPOSE OF THE STUDY

Previous work by individuals and agencies concerned with planning,
design, and operation of reservoirs and reservoir systems indicates
that there are numerous instances where so-called "short-cut™ methods
do not provide reliable estimates of the water yield available from
a reservoir., Likewise, advocates of the "short-cut" methods have
demonstrated that, under certain conditions, their techniques do pro-
vide reliable estimates at a significant saving of both time and money.
VWhat has not been shown, however, are the results of some of the
assumptions which are implicit in many of the simplified techniques.
The subject study has not been conducted for the purpose of degrading
the simplified methods but rather +o clearly demonstrate the effects
of some basic assumptions so that one may more readily identify instances
where these assumptions are significant and thus choose techniques
which will produce the desired results with the expenditure of minimum
time, funds, and manpower.

The techniques for evaluating long~term reservoir yield may be
divided into two general categories: (1) non-sequential methods
which generally consider only the gquantity of water available; and
(2) sequential methods which consider both the quantity of water avail-
able and its time distribution. Within each of these two categories
there are two subdivisions: (1) deterministiec methods which produce

yield estimates based upon the streamflow as it actually occurred;



and (2) stochastic methods which provide yield estimates based upon
the statistical characteristics of the streamflow data. The intent
of this study is to compare techniques from each of the two general
categories under a representative variety of hydrologic conditions.

The three factors about which assumptions are frequently made in
the simplified techniques are evaporation, seasonal variation in demand,
and drought duration, Consequently, this study places emphasis upon
the relationship among these three factors, various hydrologic condi-

tions, and the techniques used to determine the yield,

BASIC ASSUMPTIONS

Seven streamflow stations in the United States were selected for
this study. Each of the seven locations had a relatively long continuous
record of streamflow data, and at each of the seven stations the
streamflow data used were essentially unregulated. Furthermore, the
seven locations were selected so as to be representative of the wide
variety of hydrologic conditions which exist in the United States.
Table 1 shows some pertinent physical and statistical data for the
selected stations. An area-capacity relationship was developed for
each gite from examination of topographic characteristics of the site
and from analysis of area=-capacity data for existing reservoirs nearby.
Monthly net evaporation rates were then computed from long-term evapora-
tion and precipitation data at climatological stations near to the

streamflow stations. These data were used in the sequential routing



studies to simulate evaporation losses reasonably characteristic of
each particular region.

A single seasonally varying demand schedule was adopted for use
in all aspects of the study relating to the effect of seasonal variations
in water demands. It was recognized that the seasonal variations in
demand would differ from region to region but, since the purpose of
the study is the demonstration of the effect rather than the establish-
ment of quantitative values for use in design studies, the adoption of
a gingle schedule which is reasonably characteristic of several water
uses throughout the country is consistent with the study objectives.
In the adopted schedule the maximum demand occurred in the three summer
months and the maximum monthly demand was 1,92 times the average annuval
demand. The minimum demands occurred in the months of November,
December, Janvary, and February and in each of these months thel demand
was O.48 times the average annual demand.

Several other factors which may be important in yield analyses
but which are obvicusly beyond the scope of simplified techniqgues
were not considered in the study. Examples of these factors include
multiple demands with different priorities, unusual starting or ending

conditions, and complex operating rules.,

STUDY PROCEDURE
The procedure used for the study was to determine by monthly
sequential routing for the selected period of record the yield (with

no shortage) corresponding to each of at least fifteen different storages



at each site. The storages were selected so as to produce yields rang-
ing from 10 to 90 percent of the average ammual flow.' Since the deter-
mination of yield by sequential routing techniques is not a direct
solution, successive approximations - each approximation consisting of
a complete monthly sequential routing for the entire period of historical
record - were used to determine the yields. A generalized computer
program developed in The Hydrologic Engineering Center, "Reservoir
Yield" [l}, was modified to perform the suceessive routings necessary
to determine the yield from each storage.

Four sets of routings were made for each of the seven sites.
Each set was intended to produce the yields which would be obbtained
from a reservoir at the site under typically assumed conditions. The
four conditions are: 1) no evaporation and no seasonal variation in
demand - the traditional mass curve analysis; 2) with evaporation,
but without seasonal variation in demand; 3) witﬁout evaporation,
but with seasonal variation in demand; and 4) with both evaporation and
seasonal variations in demand. All other variables such as starting
conditions, operating rules, and outlet capacities were the same for all
four sets of routings.

The first set of routings produced for each of the seven sites,
the yields which one might obtain using a simple mass curve analysis
for each of the assumed storages. The time of occurrence and the
duration of the eritical period were tabulated for each of the

assumed storages.



The second set of roubings provided the yields and critical periods
for the same storages used in the first set but with evaporation
included in the analysis. Consequently the results of this set of
routings, when compared with the results of the first set, would give
an indication of the effect of evaporation on the yield and on the
duration of the critical period.

The third set of routings produced the same type of data as
the two previous sets and, thus, by comparing the results of this set
with the first set,one could assess the effect of seasonal variation
in demand; and by comparing the resulis of this set with the second
set a comparison of the relative magnitude of these two effects could
be obtained.

The final set produced, for purposes of this study, the yields
which would actually be obtained if the assumed projects were constructed.
When compared with the results of the first set, these results would
indicate the consequences of ignoring evaporation and seasonal variation
in demand. Furthermore, comparison of these resulis with the combined
results of the second and third sets would indicate whether the effects
of evaporation and seasonal variation are independent or whether there
is an interrelationship between the two which would accentuate or

diminish the conbined effects.,

OPTIMIZATION ROUTINE
The key to development of analytical techniques for comparison
of many sites at many levels of utilization and under several alterna-

tive assumptions is a completely computerized optimization routine for
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use in the storage~yield analysis. In the past, storage~yield studies
by computer have been hampered by the necessity for either human
intervention in the successive approximation procedure or uwnwieldly
nunbers of trials based on a systematic search scheme, Since the
subject study required almost 600 separate yield determinations -
each based on more than 40 years of hydrologic record for each trial -
it was apparent that the work could not be accomplished at a reasonable
cost or in a reasonable amount of time uwnless a very efficient scheme
could be developed to utilize the results of the first sequential
routing to estimate the yield available from the specified storage.

Since the objective of the studies was to find the yield, with
no shortage, from a given storage, it was not possible to use effi-
client techniques based upon the shortage index éé} or other similar
mathematical indices of shortage frequency or magnitude, because avail-
able methods {SE require a target index that is non-zero - a condition
which is violated when the objective is to have no shortages. Further-
more, since about 600 initial estimates of yield were required - a
number which prohibited preliminary studies to obtain good first esti-
mates in each case, it was desirable that the optimization scheme be
rapidly converging irrespective of the accuracy of the initial estimate
of the yield available from a given storage.

Because there is no way of pre-determining whether an estimated
yield is too large or too small, the routine would have to be efficient

in either case and would also have to be developed in a way which allows



collection of data necessary for subsequent estimates without prior
knowledge of which conditions would prevail. Furthermore, since each
trial consists of a sequential monthly routing at least 40 years long,
it was apparent that the routine should not be dependent upon having
the complete results of prior trials available for subsequent estimates.
In other words, the routine should provide for condensation of all
important aspects of a trial into as few significant parameters as
possible.

The method used was proposed by Mr. Leo R, Beard and was based
uwpon his belief that the most efficient optimization scheme would,
of necessity, involve examination of the internal sequential analysis
rather than a mathematical technigue which used only the final results
of the initial analysis to predict the yield. The methp@ c9nsi§ts
of coﬁpu%ingrtwo ratiés at appropriate times during a sequential routing.
The first ratio, used to estimate yield in a subsequent trial when the
current estimates proves to be too small, is the ratioc of the remaining
storage at the end of a given month to the accumulated demand since the
last time the reservoir was full. This ratio is computed each month during
the sequential routing if the end-of-month storage is greater than the
minimum storage. As soon as the ratic is calculated it is checked to see
if it is smaller than any value previously obtained. If so, it becomes
the stored wvalue, and the corresponding month end year are also stored.
Thus, at the end of a sequential routing this ratio is an indicator of the

point at which an increase in yield will have the greatest effect on the
storage and, also, it is an indicator of the magnitude of the change

necessary to completely utilize the storage in terms of the trisl demand.
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Obviously, the ratio described above would be zero for one or
more months if the trial yield is too large for the available storage.
Consequently, a second ratio is computed for all months when the demand
cannot be met. This ratio, used to estimate the yield in subsequent
trials when the current estimated yield is too large, is the ratio of
the accumulated shortage to the accumulated demand - both accumulations
beginning at the time the reservoir was last full. In this case it
is necessary to store the largest value obtained. Again, at the end of
the sequential routing this ratio indicates, in terms of the estimated
yield, the magnitude of reduction in yield necessary to keep from
exceeding the ecapability of the available storage and also indicates
the time when the maximum drawdown will occur.

Since both ratios contain accumulated demands, the routine is
equally adaptable to both uniform and seasonally varying yields.
Furthermore, since the routine does account for the state of the
reservoir with respect to the demand at any point in time it was
found to be sensitive to the effect of evaporation also. A few initial
runs quickly indicated that the routine was capable of identifying,
mafter f£éﬂfiié;ﬁtriéi routing, the ultimate critical period evén though
the first estimate of the yield was off by more than 100 percent and
despite the fact that the critical period under the first estimate

of the yield was not in the same decade as the ultimate critical period



and was not of the same duration. Additional testing of the routine in-
dicated that in most cases the correct yield could be computed without
human intervention in three trials, irrespective of the error in the
first estimate. Where there was no evaporation, the technique gave

the correct result in two trials and, in cases where the evaporation
had a major influence on the results, the routine could require as

many as five trials. An example of the convergence of the routine is

shown by the computer output inecluded as Figure 1.

RESULTS

The results of this study are tabulated in Tables 2 to 8 and are
illustrated in Figures 2 to 8. Although detailed analysis of the data
in the tables would point out many interesting facets of the study to
the engineer who is familiar with storage-yield analyses, it is more
useful to point out only some of the more apparent results that are
discernible to those who are not as familiar with this type of hydro-
logic engineering study.

First, it is apparent that seasonal variation in demand is an
extremely important factor in yield analysis. At these seven sites,
the analysis indicated that the seasonal variation in demand could
reduce yields from 10 to 33 percent. In effect, this indicates that
the assumption of uniform yield for simplified studies can result in
serious over-estimates of yield when the demand is actually seasonally

varying. Furthermore, it appears that the duration of the eritical
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period is influenced by the seasonal variation in some cases. Finally,
examination of the graphical data indicates that the influence of
seasonal variation is not always predictable for the full range of
development at a site. For this reason it would seem advisable to
caution against applying a "factor" to account for this influence
unless the exact nature of the influence is well-understood in the
particular case.

Second, it appears from these studies that the influence of eva=-
poration upon the yield may not be as significant as the influence
of seasonal variation. Consequently, one might reason that assuming
zero evaporation would be less serious than assuming no seasonal
variation, However, it should be noted that the influence of such
an assumption would tend to favor larger projects over small projects,
because the influence of evaporation appears to be proportional to the
size of the reservoir whereas the influence of seasonal variation
appears to be dependent primarily upon factors such as the length of
the critical period and the variations in time distribution of stream-
flow.

Finally, as shown on Figure 3, the combined effects of evaporation
and seasonal variation in demand are apparently not always what one
would expect from observing the effects of each alone. Therefore, it
would appear to be advisable to ecarefully investigate the interrela-
tionship between these two factors before attempting to deduce their

combined effect,



CONCLUSIONS

The factors investigated in this study (as well as those described
-initially as being beyond the scope of this study) are of major
importance in the analysis of the storage-yield relationship. This
study indicates that storage requirements to meet a given yield may
be underestimated by more than 40 percent if evaporation and seasonal
variation are ignored when they are actually significant., Furthermore,
the effects of multiple demands and complex operating rules are known
to significantly alter the storage~yield relationship. However, it is
difficult to devise a study to illustrate these effects because of the
number of variables involved.

None of the simplified techniques knéwn torthe writer are capsble
of accounting Tor all of the Tactors which affect the yield in a complex
multiple purpose project. Since present conditions in some areas and
foreseeable future conditions in many other areas are such that these
factors cannot be ignored and since multiple demands with varying priorities
and attendant complex operating rules are becoming an inseparable part of
even the smallest water resources developments, it appears that there is
a real and ever-increasing need to emphasize the sequential routing study
as the primary tool in hydrologic analyses of the storage-yield relation-
ship.

The study described herein has demonstrated that the capability now
exists to perform these sequential routings by electronic computer, even

in the initial planning phases of a study. Furthermore, these routings
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may be used with generated stresmflow dats as shown by Young and Pisano
{1;3 to establish estimates of the statistical sspects of the storage-yield
relationship. Hopefully, this type of approach will gain increased accept-
ance as electronic computers become more widely availsble and as engineers
become more conversant with the capabilities of the various techniques.
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