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As y increases. !Y reaches a steady-state. and the solution to (2)

becomes

lim X = f-1- .-!:-\ (3)
-:Y \r+f r+f}

y-Q:>

for O 5..1 rf/ 5..1. A deri vati on of thi s resul t may be found i n J ack son

(1975). Thus in the long run. the probabilities that the reservoir system

will be in the failure or regular state are f/(r+f) and r/(r+f)

respectively. regardless of the initial state of the reservoir system.
Hence r/(r+f) is the steady-state probability of regular operation or the

annual rel iabil ity Ra.

When the sequent peak algorithm is employed to determine the smallest

storage reservoir design capacity required to assure regular or failure-
free operation over an N-year planning period with probability P. then p

becomes a steady-state probability. This is due to the fact that the

sequent peak algorithm. as advocated by Thomas and Burden (1963). wraps the
streamflow record around which generates the steady-state solution to the

problem posed.

Now suppose we choose a reservoir capacity equal to Sp (the pth

quantile of the distribution of S) using the sequent peak algorithm. Then

the steady-state probability of regular (failure-free) operation over an

N-year planning period. P. "equals the probability of normal operation the
first year r/(r+f) times the probability that subsequent years remain free

of failures:

p = -k (l-f)(N-l) (4)

The critical parameters of this model which must be estimated are r and f

since p and N are usually taken as fixed values. Stedinger et al. (1983)

and Vogel (1985a) investigated equation (4) and concluded that knowledge
of p and N are not sufficient to determine r. f or Ra unless one knows

the values of r and f which is unlikely to be the case in practice. Vogel

(1985a) showed that the average return period of a reservoir system failure

does not depend upon the value of r in practice.

In this study (4) is simplified considerably by conditioning the analy-

sis upon the occurrence of regular or non-failure reservoir operations

during the first year. Now the steady-state probability of regular oper-

ation over an N-year planning period. P. conditioned upon regular reser-

voir operations in the first year equals the probability that all years.

subsequent to the first year. remain free of reservoir system failures:

( N-l )
p = (l-f) (5)
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Now due to this innovation p no longer depends upon r and (5) may be solved

directly for f without resorting to a numerical algorithm as is required

in the solution of (4).

(l/(N-l))
f = 1 -p (6)

Furthermore f is completely specified by our knowledge of p and N and does

not require assumptions regarding the value of r.

3. THE AVERAGE RETURN PERIOD OF A RESERVOIR SYSTEM FAILURE

In association with flood studies dealing with sequences of peak

annual strearoflows, Gurobel (1941) and Thomas (1948) defined the return

period as the interval between flood events, where a flood event is de-

fined as an annual peak flow above some threshold. Alternatively the

return period may be thought of as the number of years until the occur-

rence of the first flood event. Since Thomas (1948), the meaning of the

return period has changed. For example, Haan (1977, pg. 3) defines the

return period as the average elapsed time between occurrences of a flood

event. Thus, the return period was initially defined as the random time

to an event, yet its meaning has changed to become the expected value of

that random variable. This study distinguishes between these two

definitions by using the terms return period and average return period.

Drawing an analogy to the average return period of a flood, the

average return period of a reservoir system failure may be defined as the

expectation of the return period, which is the number of years before the

occurrence of the first reservoir system failure.

Let Z be the year in which the first reservoir system failure occurs.

Then the steady-state probability of the first failure occurring in the

Zth year, conditioned upon regular reservoir operation in the first

year, equals the probability of Z-2 years of regular operation followed by
a failure year. The probability mass function (prof) of the time to the

first fail ure is

[ O if z = 1
P[Z = zJ = (7)

f(1-f)Z-2 if z > 2

Then the average return period of a reservoir system failure is

T = .Uz = 1-T.! (8)
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where f is uniquely determined from (6) given values of p and N. Again

equation (121 yields a very simple expression for a percentile of the

distribution of return periods due in large part to having conditioned the

entire analysis upon regular (or non-failure) reservoir system operation

during the first year. Without resorting to this conditional analysis.

the resulting expression for Zq depends upon both r and f in addition to

p and N and must be solved using a numerical algorithm as shown in Vogel

(1985a).

5. SUMM.A.RY

In the design of hydraulic structures it has become standard practice

to employ the average return period of a flood discharge as the design
event. This study developed an analogous index for the design of a water

supply system: the average return period of a reservoir system failure.

The resulting expressions are simplified dramatically by conditioning the

entire analysis upon regular (or non-failure) reservoir operations during
the first year. Percentiles of the distribution of the return period of

reservoir system failures or simply the average return period of a

reservoir system failure are readily estimated from the simple expressions
developed here. These expressions are of particular value for the

following reasons:

(1) The return period concept is a widely accepted index of

reliability in the field of water resources engineering.

(2) The reliability indices developed here are simple to

understand and easy to apply.

(3) Use of these indices provides a measure of the likelihood

of future reservoir system failures which until now was

unavailable in such a simple form. For an example of the

use of the reliability indices developed here see Vogel

(1985a. 1985b).

In a recent national assessment of our nation's water resources. the

Water Resources Council (1978) concluded that 17 of the nation's 21 water

resource regions have or will have a serious problem of inadequate surface-

water supply by the year 2000. As increasingly marginal surface-water
supply sites are pressed into service. target yields at both existing and

proposed sites can only increase. In many instances. increased demands

are being met by more efficient management and utilization of existing
reservoir systems rather than by construction of new facilities (for an
example of this recent phenomenon see Sheer and Flynn. 1983). Whether new

facilities are envisaged or the existing reservoir system is to be operated

more efficiently. the storage-reliability-yield relationship is a funda-

mental ingredient. The use of stochastic streamflow models in conjunction

with the sequent peak algorithm may be used to develop the storage-relia-
bility-yield relationship. The .reliability indices developed here may

then be employed to develop explicit statements regarding the likelihood

of future reservoir system failures.
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Past and recent research has identified weaknesses and po ential

problems with the traditional techniques for estimating the s orage-

reliability-yield relationship. Fiering (1967) documents important

shortcomin9s associated with the strict use of the historic st eamflow

record. Stochastic streamflow models were developed to circum ent the

shortcomings of the use of the historical required storage alo e. Recent

research indicates that stochastic streamflow models can be us d to

significantly improve the precision of estimates of the stora9 -relia-

bility-yield relationship in comparison to the traditional app oach of

employin9 the historical streamflow record alone (Vogel, 1985a Vogel and

Stedinger, 1986) As is to be expected, the precision of estim tes of the

storage-reliability-yield relationship depends primarily upon he length
of the available historic streamflow record. The precision of these

estimates may be improved by employing streamflow record augme tation

and/or extension procedures (Vogel and Stedinger, 1985). Howe er, even

for relatively long records, Vogel (1985a) and Vogel and Stedi ger (1986)

document substantial sampling variability associated with esti ates of

Sp. Given the short streamflow records available in most prac ical

sltuations it has become evident that one should incorporate S ream-

flow model parameter uncertainty into reservoir design and ope ations

studies to obtain an honest account of the true likelihood of eservoir

system failures (see Stedinger and Taylor, 1982 and Stedinger t al. 1985).
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