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FOREWGRD

This volume is part of the 12-volume report entitled “Hydrologic
Engineering Methods for Water Resources Development," prepared by The
Hydrologic Engineering Center (HEC) as a part of the U.S. Army Corps
of Engineers participation in the International Hydrological Decade.

Volume 8 represents various methods and techniques which can be used
to analyze the relationship between reservoir storage and yield. Although
some information is presented on simplified techniques, most of the manual
deals with the use of the sequential routing study, not only because it is
the most widely known technique, but also because it produces the best
results and is ideally suited for application with electronic computers.
Throughout the volume, it has been assumed that the reader has little or
no experience in the use of the techniques. Consequently, a great deal
of attention is given to guidance in selection of data, development of
criteria and assumptions and other elementary topics. While this may make
pérusal of the volume laborious for the more experienced reader, it is
believed that such information is essential for intelligent use of the
techniques described and is generally unavailable elsewhere.

The volume was written by Augustine J. Fredrich, with the exception
of Chapter 7 which was based largely upon information furnished by Gerald
E. Thomas and Jim Dalton when they were employed by the Little Rock District
of the Corps of Engineers. Much of the material in Chapter 6 was based on
studies by Bill S. Eichert and A. J. Fredrich previously reported in the
Hydrologic Engineering Center's "Reservoir Storage-Yield Procedures” dated
May 1967. Helpful suggestions were obtained from Leo R. Beard. Final
editing and review was performed by Kenneth N. Brooks.
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INTRODUCTION

Section 1.01 - Purpose

The purposes of this volume are: (1) to provide a descriptive
summary of the technical procedures used in the hydrologic studies
associated with the design of reservoirs for conservation purposes;

(2) to furnish background information concerning the data requirements,
advantages and limitations of the various procedures; (3) to describe
in detail several of the important procedures that are most useful in
areas of sparse data; and {4) to establish guidelines which will be
nhelpful in selecting a procedure, conducting the studies, and evaluat-

ing results.

Section 1.02 - Scope

The techniques described herein are, in general, limited to the
tecnnical procedures which are used to determine the relationship be-
tween reservoir storage capacity and reservoir yield (supply) for a
single reservoir. Although the discussions and examples are limited
to single reservoir.analysis, many of the principles are generally
applicable to multi-reservoir systems. Volume 9, entitled "Water
Resource System Analysis,” contains information regarding the applica-
tion of the principles described herein to the analysis of a multi-

reservoir system.
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The procedures described herein may be used to determine storage
requirements for water supply, water quality control, hydroelectric power,
irrigation and other conservation purposes. This volume does not, how-
ever, discuss the determination of demands (water requirements) for the
various purposes or the establishment of demand priorities. These as-
pects of water resources development are excluded because they are usu-
ally dependent upon political and economic objectives and physical con-
ditions which vary considerably from country to country and even among

regions within a country.

Section 1.03 - Description of the Problem

The determination of storage-yield relationships for a reservoir
project is one of the basic hydrologic analyses associated with the de-
sign of reservoirs. The problem of determining storage-yield relation-
ships might be briefly described as the application of various theoret-
ical and empirical methods to hydrologic data in order to determine the
regulating effects of a reservoir project. The step-by-step procedures
involved in storage-yield studies are illustrated in fig. 1.01.

Many of the methods described in other volumes of this report are
necessary to provide data to evaluate the hydrologic aspects of reser-
voir planning, design, and operation. In many cases, the methods re-
quired to provide data for a reservoir analysis are more complex than
the method for the reservoir study itself. However, since the useful-
ness and validity of the reservoir analysis are directly dependent upon

the accuracy and soundness of basic data, complex methods can often be
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justified to develop the data.

This volume contains information on techniques to estimate and
adjust basic data, a step-by-step description of sequential routing a-
nalysis for several types of studies, and a summary of methods to ana-
lyze the results of reservoir studies. Emphasis has been given to the
sequential routing type of analysis because (1) it is adaptable to any
study of a single reservoir or of multiple reservoir systems; (2) it
gives results that are easily understood and explained by engineers fa-
miliar with basic hydrologic principles; (3) the accuracy of the study
and the results can be:closely controlled by the engineers performing
and supervising the studies; and (4) it can be used with sparse basic

data.

Section 1.04.- Study Objectives

Before any meaningful storage-yield analysis can be made, it is
necessary to establish and consider the objectives of the hydrologic
study. The objectives of the study could range from a preliminary
study to a detailed analysis for coordinating reservoir operation for
several purposes. The objectives, together with the available data,
will control the degree of accuracy of the study.

Basically, there are two ways of viewing the storage~yield rela-
tionship. The most common viewpoint requires the determination of the
storage required at a given site to supply a given yield. This type
of problem is usually encountered in the planning and early design phases

of a water resources development study. Either simplified or detailed
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techniques may be used, however, due to the lack of precision generally
associated with preliminary studies, the simplified techniques are most
commonly used.

The second viewpoint requires the determination of yield from a
given amount of storage. This often occurs in the final design phases
or in re-evaluation of an existing project for a more comprehensive
analysis. Since a higher degree of accuracy is desirable in such studies,
detailed sequential routings are usually used.

Other objectives of a storage-yield analysis include the following:
determination of complementary or competitive aspects of multiple pro-
ject development; determination of complementary or competitve aspects
of multiple purpose development in a single project; and analysis of
alternative operation rules for a project or group of projects. Each
objective dictates implicitly the method which should be used in the

analysis.
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SELECTION OF TECHMICAL PROCEDURE

Section 2.01 - Types of Procedures

The procedures used to determine the storage-yield relationship
for a potential dam site may be divided into two general categories:

(1) simplified analysis, and (2) detailed sequential analysis. The
selection of the technical procedure may be governed by availability

of data, study objectives, or budgetary considerations. In general,

the simplified techniques are only satisfactory when the study objectives
are limited to preliminary or feasibility studies. Detailed methods

are usually required when the study objectives advance to the design
phase,

The detailed sequential methods may be subdivided into simulation
analyses and mathematical programming analyses. In simulation analysis,
the most common detailed method, the physical system is simulated by
performing a sequential reservoir routing (operation) study. In this
type of study, one usually attempts to reproduce, with a high degree
of fidelity, the temporal and spatial variation in streamflow and reservoir
storage in a reservoir-river system. This is accomplished by a rela-
tively complex type of bookkeeping which accounts for as many significant
accretions and depletions as possible. In mathematical programming
analysis, which has received increased emphasis in the past few years,
the objective is to develop a mathematical model which can be used to
analyze the physical system without necessarily reproducing exact se-

quential occurrences. The major limitation of this type of analysis
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is that the model is usually calibrated by use of historical data and,
unless care is exercised by the user, past events may unduly bias the
outcome.

A simplified method is often used to save time and money if demands
for water are relatively simple or if approximate results are sufficient,
as in the case of many preliminary studies. However, it should be empha-
sized that the objective of the simpiified methods is to obtain a good
estimate of the results which could be achieved by detailed sequential
analysis. Simplified methods consist generally of mass curve and depth-
duration analyses. Further discussion of these methods is contained in
Chapter 6.

The electronic computer has changed the role of the simplified
methods because of the relatively Tow cost of a detailed sequential rout-
ing utilizing computer programs such as The Hydrologic Engineering Center's
programs "Reservoir Yield" (723-G2-L2400) and "HEC=3:Reservoir System
Analysis" (723-X6-L2030). The increased feasibility of a detailed se-
quential routing study has not eliminated the need for simplified meth-
ods entirely, because these methods now become valuable tools to obtain
good estimates of input data for the sequential routings by electronic
computer.

in the past, detailed sequential routings have been used almost
exclusively for development of operating plans for existing reservoirs
and reservoir systems. Planning studies. on the other hand, have been
based almost entirely on simplified methods., However, the advent of
the comprehensive basin planning concept, the growing demand for more

efficient utilization of water resources, and the increasing competition
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for water among various project purposes indicate a need for detailed
sequential routings in planning studies. In a reservoir system, sim-
plified methods will usually be inadequate for even preliminary analy-
ses of individual projects because of the inability of the best sim-
plified methods to account for a hydrologically integrated system oper-
ation. In order to provide the optimum benefit from water resources
development, the planner and hydrologic engineer must work together in
the planning stage to produce a plan of operation which will provide
for intelligent management of a reservoir and efficient, economical
utilization of all available water. The use of detailed sequential
routings by electronic computer in hydrologic analyses for planning

will be of major significance in achieving these objectives.

Section 2.02 - Factors Affecting Selection of Method

Before initiating a storage-yield study, the study objectives and
data availability should be examined in order to ascertain: (1) the
method best suited for the study requirements; (2) the degree of accu-
racy required to produce results consistent with the study objectives;
and (3) the basic data required to obtain the desired accuracy using
the selected method. In preliminary studies, limitations in time and
funds might dictate the data and method to be used and the accuracy
obtainable. A technical study work plan is very useful in organization
of study objectives, inventory of available data, and the selection of

general procedures.
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The availability of basic physical and hydrologic data will quite
frequently be a controlling factor in determining which of the several
technical methods should be used. Obviously, the detailed methods re--
quire more data which are often not available. Recent advances in the
simulation and generalization of hydrologic and physical data, however,
have fostered hopes that adequate data can be developed from a knowl-
edge of the physical and climatological characteristics of a region.
The simplified methods require less data, but the reliability of the
results decreases rapidly as the length of hydrologic record decreases.
Therefore, it is often desirable to simulate additional hydrologic data
for use with simplified methods.

The relationship between study objectives and the type of technical
procedure to be used is straight-forward; the more detailed analyses
are needed when a high degree of accuracy is desired. Sometimes there
is a need to determine differences between alternatives in, say, a
screening study where a high degree of accuracy is not needed, but a
detailed method must be used. For example, if simplified methods do
not utilize data which could be expected to have major influences upon
differences between alternatives, it would be necessary to utilize a

more detailed method which accounts for variations in these data.
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ANALYSIS AND USE OF AVAILABLE DATA

Section 3.01 - Streamfiow Data

Since the availability of physical and hydrologic data is a signif-
icant factor in the selection of an appropriate technical method for
reservoir-yield studies, it is important to be cognizant of the nature,
source, reliability, and adequacy of available data. If estimates are
needed, the assumptions used should be documented, and the effect of
errors in the estimates on the technical procedure should be considered.

Streamflow data are often not satisfactory for direct use in pro-
ject studies. Usually streamflow information is required at locations
other than gaging stations and for conditions of upstream development
other than those under which flows occurred historically. At such loca-
tions where streamflow data are needed, estimates are usually made by
correlation with stations having records for the desired time or by ad-
Jjustment of such records on the basis of tributary area and other hydro-
logic factors. In deriving and applying the required relationships, it
is desirable to use unregulated, "natural® flows in order that correta-
tion procedures will apply. Where synthetic inflows are to be obtained,
as with a stochastic generation process, natural flows should be used
since general frequency functions characteristic of natural flows are
employed in this process.

It is not always feasible to convert flows to natural conditions.

Required data might not be available or the flow modification might be
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so complex as to require an unreasonable amount of computation. When
feasible, conversion is made by adding historical storage changes (plus
net evaporation) and upstream diversions (less return flows) to historical
flows at the gaging stations for each time interval in turn. Under some
conditions, it is necessary to account for differences in channel and
overbank infiltration losses, distributary flow diversions, travel times
and other factors. When it is not feasible to convert flows completely
to natural conditions, they should be adjusted, if only approximately, to
uniform conditions, such as present conditions. In such cases, every
reasonable effort should be made to remove special influences, such as
one major reservoir, that would cause unnatural variations of flow.

After recorded flows are converted to uniform conditions, flows
for missing periods of record at each pertinent location should be es-
timated by correlation with recorded flows at other locations in the
region. Usually only one other location is used and linear correlation
of flow logarithms is used. It is more satisfactory, however, to use
all other locations in the region that can contribute independent infor-
mation on the missing data. Although this would require a large amount
of computation, the computer program HEC-4 accomplishes this for monthly
streamflow and is available in Volume 2 of this report. Flow estimates
for locations where no record exists can be estimated satisfactorily on a
cubic meter per second (cumecs) per square kilometer basis in some cases,

particularly where a gage exists on the same stream. In most cases,
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however, it is necessary to correlate mean flow logarithms (and sometimes
standard deviation of flow logarithms) with loogarithm of drainage area size,
logarithm of normal seasonal precipitation, and other basin characteristics.
Correlation procedures and suggested basin characteristics are described

in Volume 2,

After project flows for a specified condition of upstream development
are obtained for all pertinent locations and periods, they must be con-
verted to pre-project {non-project) conditions. Non-project conditions
are those that would prevail during the lifetime of the proposed project
if the project was not constructed. This conversion is made by subtracting
projected upstream diversions and storage changes and by accounting for
evaporation, return flows, differences in channel {infiltration and timing
where appreciable. Where non-project conditions will vary during the
project lifetime, it is ordinarily necessary to convert to two or more
sets of conditions, such as those at the start and end of the proposed
project l1ife. Separate operation studies would then be made for each
condition. This conversion to future conditions can be made simultane-
ously with project operation studies, but a separate evaluation of non-

project flows is usually required for economic evaluation of the project.

Section 3.02 - Reservoir Losses

The non-project inflow to a proposed reservoir is determined by

making necessary adjustments to recorded flow data as previously discussed.
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This inflow represents the flow at the project site without the reservoir
and includes runoff from the entire effective drainage area above the dam,
including the reservoir area. Under non-project conditions, runoff from
the area to be inundated by the reservoir is ordinarily only a fraction

of the total precipitation which falls on that area. However, under
project conditions infiltration losses over the reservoir area are usually
minimal during a rainfall event; thus practically all of the precipitation
falling on the reservoir area will appear as runoff. Therefore, the inflow
will be greater under project conditions than under non-project conditions,
if inflow is defined as total contribution to the reservoir before evapor-
ation losses are considered. In order to determine the amount of water
available for use at the reservoir, evaporation must be subtracted from
project inflow. In operation studies, non-project inflow is ordinarily
converted to available water in one operation, without computing project
inflow as defined above. This is done in one of two ways: (1) by means of
a constant annual loss each year with seasonal variation, or (2) with a
different loss each period, expressed as a function of observed precipi-
tation and evaporation. These two methods are described in the following
paragraphs.

The constant annual loss procedure consists of estimating the evapo-
transpiration and infiltration losses over the reservoir area for condi-
tions without the project, and the evaporation and infiltration losses
over the reservoir area with the project. Non-project losses are usually

.estimated as the difference between average annual precipitation and
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average annual runoff at the location, distributed seasonally in accordance
with precipitation and temperature variations. These are expressed in
millimeters of depth. Under project conditions, infiltration Josses are
usually ignored, and losses are considered to consist of only direct eva-
poration from the lake area, expressed in millimeters for each period.

The difference between these losses is the net loss due to the project.
Fig. 3.01 illustrates the differences between non-project and project
losses.

The second method used to account for the change in losses due to a
reservoir project is based on historical records of long-term average
monthly precipitation and evaporation data. This is accomplished by es-
timating the average runoff coefficient (that is, the ratio of runoff to
rainfall) for the reservoir area under pre-project conditions and sub-
tracting this from the runoff coefficient for the reservoir area under
project conditions. The runoff coefficient for project conditions is
usually 1.0, but a lower coefficient may be used if substantial infiltration
or leakage from the reservoir is anticipated. The difference between pre-
and post-project runoff coefficients is the net gain expressed as a ratio
of precipitation falling on the reservoir (often estimated to be .7 for
semi-arid regions). This increase in runoff is subtracted from gross
reservoir evaporation (often estimated as .7 of pan evaporation) to obtain

a net loss, Table 3.01 illustrates the use of this method.
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Section 3.03 - Other Losses

In final project studies it is often necessary to consider other
types of project losses which may be of minor importance in preliminary
studies. Often, these losses cannot be estimated until a project de-
sign has been adopted. The importance of these losses is dependent
upon their relative magnitude. That is, losses of 5 m3/sec (cumecs)
might be considered unimportant on a stream which has a minimum average
annual flow of 1,500 cumecs; but such losses would be significant on a
stream with a minimum average annual flow of 25 cumecs. Various types
of losses are discussed in the following paragraphs.

The term "losses" may not actually denote a physical loss of water
from the system as a whole. Usually water which is unavailable for a
specific project purpose is called a "loss" for that purpose although
it may be used at some other point or for some other purpose. For ex-
ample, water which leaves the reservoir through a pipeline for purposes
of municipal water supply or fish hatchery requirements might be called
a loss to power, Likewise, leakages through turbines, dam, conduits,

and spillway gates are considered losses to power but they are ordinar-

ily not losses to flow requirements at a downstream station. Furthermore,

such losses that become available for use below the dam should be added
to inflow at points downstream from the project.
Leakage at a dam or in a reservoir area is considered as losses-

to purposes which are dependent upon availability of water at the dam
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or in the reservoir itself; i.e., power generation, pipelines from the
reservoir, and any purpose which utilizes pump intakes which are locat-
ed at or above the dam. As a rule, leakage through, around or under a
dam is relatively small and is difficult to quantify before a project
is actually constructed. In some cases, the measured leakage at a sim-
ilar type of dam or in a similar geologic area may be used as a basis
for estimating Tosses at a proposed project. The amount of leakage is
a function of the type and size of dam, the geologic conditions, and
the pressure caused by water in the reservoir.

Leakage from conduits and spillway gates is a function of gate
perimeter, type of seal, and head on the gate. The amount of leakage
may again be measured at existing projects with various types of seals,
and a leakage rate computed per foot of perimeter for a given head.
This rate may then be used to compute estimated leakage for a proposed
project by using the proposed size and number of gates and the pro-
posed head on the gates.

If a proposed project is to include power, and if the area demand
is such that the turbines will sometimes be idle, it is advisable to
estimate leakage through the turbines when closed. This leakage is a
function of the type of penstock gate, type of turbine wicket gate,
number of turbines, and head on the turbine. The actual leakage
through a turbine may be measured at the time of acceptance and during
annual maintenance inspections, or the measurements of similar exist-

ing projects may be used to estimate leakage for a proposed project.
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An estimate of the percent of time that a unit will be closed may be
obtained from actual operation records for existing units in the same
demand area. The measured or estimated leakage rate is then reduced by
multiplying by the proportion of time the unit will be closed. For ex-
ample, suppose that leakage through a turbine has been measured at 0.}
cumecs, and the operation records indicate that the unit is closed 60%
of the time. The average leakage rate would be estimated at 0.1 x 0.6
or 0.06 cumecs.

The inclusion of a navigation lock at a dam requires that locking
operations and leakages through the lock be considered. The leakage
is dependent upon the 1ift or head, the type and size of lock, and the
type of gates and seals. Again, estimates can be made from observed
leakage at similar structures. Water required for locking operations
should also be deducted from water available at the dam site. These
demands can be computed by multiplying the volume of water required
for a single locking operation times the number of operations antici=
pated in a given time period and converting the product to a flow rate
over the given period.

The use of water for purposes related to operation of a project
is often treated as a loss. Station use for sanitary and drinking
purposes, ceoling water for generators, and water for condensing op-
erations have been estimated to be about 0.06 cumecs per turbine at
some stations in the southwestern United States. Examination of op-

eration records for comparable projects in a given study area may also
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be useful in estimating these losses. If house units are included in
a project (to supply the project's power needs), data should be ob-
tained from the designer in order to estimate water used by the house
unit or units.

The competitive use of water should also be considered when evalu-
ating reservoir losses. In initially estimating yield rates for various
project purposes at a multiple-purpose project, competitive uses of
water are often treated as losses. For example, consider a proposed
project on a stream with an average minimum usable flow of 16 cumecs.
The reservoir of this project is to supply 1.5 cumecs by pipeline for
downstream water supply and 2.0 cumecs for a fish hatchery in addition
to providing for hydroelectric power production. The minimum average
flow available for power generation is thus, 16 - (1.5 + 2.0) = 12.5
cumecs. Care should be exercised in accounting for all such competitive

uses when making preliminary yield estimates.

Section 3.04 - Flow Demands

Seasonal variations in demands for water can substantially affect
the storage-yield relationship. If it is known or anticipated that
the demands for water from a reservoir will have significant seasonal
variations, every effort should be made to obtain an estimate of the
expected variation. Usually, these variations can best be estimated

by consultation with the consumer or by examination of the records of
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similar projects in comparable regions. Further discussions of the
variations inherent in demands for several purposes are contained in

Chapter 5.

Section 3,05 - Climatology

Climatological data are useful in estimating reservoir losses due
to evaporation and in estimating runoff from snowmelt. Furthermore, in
the absence of streamflow records, the importance of climatological data
is greatly increased because of its usefulness in simulating and gener-
alizing other hydrologic data. References 6 and 13 describe typical
examples of the simulation of hydrologic data from climatological data.
Additionally, climatological data may be used as a guide to estimate
missing streamflow data.

In recent years, several computer models have been developed which
attempt to simulate or synthesize streamflow data from climatological
information and physical watershed characteristics. Among the most
prominent of these are the Stanford Watershed Model and several sub-
sequent modified versions of that model (ref. 16), and the SSARR Mod-
el used by the Corps of Engineers in the Pacific Northwest of the
United States (ref. 21). In the hands of a knowledgable user, such
models can be very helpful in developing streamflow information where

only limited streamflow records exist, but where extended climatological

data are available. The use of these models, however, requires a sub-
stantial amount of hydrologic engineering experience, a thorough under-

standing of the model itself, and access to a relatively large computer.
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USE OF GENERALIZED AND SIMULATED DATA

Section 4.01 - Need for Generalized and Simulated Data

The use of generalized and simulated data has become more prevalent
in the past few years because of the increased use of detailed methods
which require large amounts of data. It is doubtful, however that even a
simplified analysis could be made in many regions without the use of
generalized data. In areas where very little data are available, the
need for generalized and simulated data is usually greatest.

For purposes of discussion in the subsequent paragraphs, generalized
data are defined as the physical or hydrologic data pertinent to a spe-
cific locale which have been developed by analysis of the data recorded
at other locations in the same region. Generalization may be accoms=
plished by simple inspection and judgment or by techniques such as
simple or multiple linear regression. The latter techniques are de-
scribed in Volume 2 entitled "Hydrologic Data Management". Usually,
generalization is most useful with data which are influenced by fac-
tors characteristic of relatively large regions and which are known
or can be estimated with a relatively high degree of accuracy. A ma-
Jjor problem associated with generalization of data is that the use of
an improper factor can cause large errors in the generalized data. For
this reason, care should be exercised in selecting factors for a re-
gional analysis to insure that they are, in fact, related to the data

being generalized.
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Simulated data are defined as the physical or hydrologic data pertinent
to a specific locale which have been developed by use of the statistical
characteristics of recorded or generalized data and an appropriate random
component. Volume 2 also contains detailed discussions of most aspects of
simulating hydrologic data. Such data are useful in studying long-term
effects of reservoir projects and in examining critical flood and drought
sequences. The value of simulated data, however, is highly dependent upon
the recorded data and also whether or not such recorded data are representa-

tive with respect to long-term averages and variations.

Section 4.02 - Types of Generalized and Simulated Data

In general, hydrologic data can be either generalized or simulated,
while physical data can only be generalized. Combinations of generalized
and simulated data are used in storage-yield studies, and recent studies
describe techniques for simulating hydrologic data from statistical measures
that are based upon regional analyses (references 6 and 13).

Hydrologic data are subject to random or quasi-random variations and
are often simulated when historical records are short or non-existent.
Evaporation, streamflow, precipitation, and water quality parameters such
as temperature and total dissolved solids are examples of data which might
be simulated. Generalized hydrologic data are usually related to either
physical or climatological factors representative of a region. For example,

evaporation for a particular reservoir site where no evaporation data exist
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might be generalized from analysis of evaporation data from other sta-
tions in the region.

Physical data are more frequently generalized than simulated. Sea~
sonal fluctuations in demands, channel capacity, seepage rates, and area-
capacity relationships are examples of physical data which might be gen-
eralized. Reference 11 describes a study in which generalized data were

used for a screening study in order to minimize data preparation.

Section 4.03 - Advantages and Limitations

The use of simulated and generalized data is essential in conducting
analysis of the storage-yield relationship in areas of sparse data. Al-
though there are dangers inherent in the use of such data, they can be
minimized by exercising reason and good judgment concerning the nature
of the hydrologic regime and the objectives of the study. The major
advantage of using simulated data is that the methods of analysis can
be improved. Other advantages include: (1) a better definition of
differences between alternatives; (2) the capability of comparing var-
ious schemes of development or plans of operation with respect to sen-
sitivity to variations in hydrologic data; (3) the capability to observe
and evaluate hydrologic extremes which may otherwise be unanticipated;
and (4) the opportunity to plan in advance, measures to minimize the
effects of extremes which might occur in the future. However, the

effect of using simulated or generalized data on study objectives must
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be evaluated with respect to the benefits obtained from this usage as
well as the errors which might be induced.

The lack of observed, basic data is the most significant limitation
in the application of simulated{and generalized data to a reservoir de-
sign problem. However, there is promise that the importance of this
limitation may be reduced by current investigations which could lead to
a reduction in data requirements without an attendant increase in errors
in the simulated or generalized data. A second limitation is the sen-
sitivity of the techniques to errors in judgment or non-representative
basic data. This may be overcome by limiting the use of such techniques
to experienced and knowledgable personnel. Finally, there is a tendency
to accept the simulated and generalized data without reservation and to
consider such data as being equivalent to historical data. The ac-
ceptance and yse of these data should be qualified by knowledge and

understanding of the observed basic data.
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ESTABLISHMENT OF STUDY CRITERIA

Section 5.01 - Selection of Time Interval

The selection of an appropriate time interval pertains primarily to
the sequential type of analysis; however, similar reasoning must be ap-
plied to selection of flow periods for non-sequential analysis. Time
intervals of one month are usually adequate for non-sequential and pre-
Timinary sequential analyses. For more detailed studies, shorter routing
intervals (generally ranging from a minimum interval of one week to a
maximum of one month) will ordinarily be required. Only in exceptional
cases will routing intervals of less than one week be practical for
entire periods of record. Considerable work is involved with shorter
intervals and the effects of time translation, which are usually ignored
in conservation routing studies, become important with intervals of less
than one week. Shorter intervals are necessary and should be used during
flood periods or during periods when daily power fluctuations occur.

Ordinarily, when the use of short time intervals (one day or less)
is necessary to obtain adequate definition of the conditions under study,
the periods selected for analysis should exhibit critical combinations of
hydrologic conditions and demand characteristics. For example, analysis
of hourly power generation at a hydroelectric plant under peaking conditions

might be studies for a one-week period where extremely low flows could be
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assumed to coincide with extremely high power demands. As a rule, studies
involving short time intervals are supplementary to one or more studies of
longer periods using longer time intervals. The results of the long-
period study are often used to establish initial conditions such as initial
reservoir storage for the selected periods of short-interval analysis.

In sequential conservation routing studies, the selection of a routing
interval is dependent upon four major factors: (1) the demand schedule that
will be utilized in determining the yield; (2) the accuracy required by the
study objectives; (3) the data available for use in the study; and (4) the
phase relationship between periods of high and low demands and high and
low flow. If the water demand schedule is relatively uniform, it is ordi-
narily possible to estimate the amount of storage required for a specified
yield by graphical analysis using the Rippl diagram or the non-sequential
analysis discussed in Chapter 6. Demand schedules which show marked sea-
sonal variations usually preclude the use of graphical techniques alone
in determining storage requirements. This is especially true when the
demand is a function which cannot be described in terms of a specific
amount of water, as in the cases of hydroelectric power and water quality.
In order to obtain accurate estimates of storage requirements when the
demand schedule is variable, it is necessary to make sequential routing
studies with routing intervals short enough to delineate important vari-
ations in the demand schedule. Graphical techniques may be utilized in
obtaining a first estimate of storage requirements for the detailed sequen-

tial routing.
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Errors may be introduced in storage determination by graphical
téchniques when an equivalent uniform demand schedule is assumed instead
of using a known variable demand schedule. Such errors are illustrated
in fig. 5.01. The variable demand schedule shown is relatively simple
and thus does not accentuate the errors brought about by improper selec~
tion of routing interval. The uniform rate shown is equivalent to the
selection of a one-year routing interval; the difference in storage re-
quirements is the error that would result from selection of a one-year
routing interval rather than a shorter interval that reflects the demand
schedule variation.

As a general rule, if increased accuracy is desired, shorter rout-
ing intervals must be used. This is due to many factors, such as better
definition of relationships between inflow and releases, and better
estimates of average reservoir levels for evaporation and power-head
calculations. Longer routing intervals tend to reduce the characteristic
variations of streamflows, thus producing a "dampened" storage require-
ment. Ordinarily a monthly or seasonal routing interval is adequate
for basic studies. However, when fluctuations in streamflows or de-
mands have a significant effect on storage requirements, computations
should be refined for critical portions of the studies, or shorter
routing intervals should be used.

In general, the routing interval should not be shorter than the
shortest period for which flow and demand data are available. Attempts

to "manufacture" flow or demand data are usually time consuming and
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may create errors or give a false impression of accuracy unless reliable
information is available for subdivision of basic data.

The selection of the flow interval for analysis by non-sequential
methods is usually not as critical as for a sequential analysis. Since
the non-sequential analysis is restricted to uniform demands, it does not
produce results as accurate as those obtained by sequential methods;
therefore, there is very little gain in accuracy with short intervals.
Flow intervals of one month are usually suitable for non-sequential meth-

ods,

Section 5.02 - Physical Constraints

Physical constraints which should be considered in storage-yield
studies include: (1) maximum conservation storage available, (2) outlet
capacities, and (3) channel capacities. If flood control is to be in-
cluded as a project purpose, the maximum conservation storage feasible
at a given site will be affected by the flood control analysis. Gener-
ally, the net storage available for conservation uses will be reduced

if flood control is included as a project purpose.

Section 5.03 - Priorities

In order to determine optimum yield in a multiple-purpose project,

some type of priority system for the various purposes must be estab-
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lished., This is necessary when the competitive aspects of water use
require a firm basis for an operating decision. Flood control usually
has highest priority in a multiple-purpose project during actual opera-
tion; hence, during periods of flood control operations, conservation
requirements might be reduced in order to provide the best flood-control
operation. Although this volume is not concerned directly with flood-
control operation or criteria, it is necessary to integrate flood con-
trol constraints with the conservation study to insure that operating
conditions and reservoir levels for conservation purposes do not inter-
fere with flood control operation. Priorities among the various con-
servation purposes vary with locale, water rights, and with the need
for various types of water utilization. In multipurpose projects,
every effort should be made to develop operation criteria which maximize
the complementary uses for the various conservation purposes. Unless
allocation of space to specific purposes is directed, specific alloca-
tions of space should be avoided in favor of operation rules based on

total remaining storage.

Section 5.04 - Storage Limitations

One of the reasons for making sequential conservation routing stud-
ies is to determine the effect of storage 1imitations on yield rates.
Simplified yield methods cannot account for operational restrictions

imposed by storage limitations in a multiple-purpose project. There
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are three primary storage zones, any or all of which may exist in a
given reservoir project. The three zones may generally be described
as: (1) flood control space, which is usually the uppermost storage
space in the reservoir; (2) conservation storage, which is immediately
below the flood control storage; and (3) reserve or dead storage, which
is the Towest storage space in the reservoir. An additional space, called
surcharge, exists between the top of the flood control space and the
top of the dam and is reserved for storage of flood waters which the spill-
way is unable to pass. The boundaries between the storage zones and
operational boundaries within the zones may be fixed throughout the
year or they may vary from season to season as shown on fig. 5.02.
The varying boundaries usually offer a more flexible operation plan
which may result in higher yields for all purposes, although an addi-
tional element of chance is often introduced when the boundaries are
allowed to vary. The purpose of detailed sequential routing studies
is to produce an operating scheme and boundary arrangement which min-
imizes the chance of failure to satisfy any project purpose while op-
timizing the yield for each purpose. The three storage zones and the
effect of varying their boundaries are discussed in the following para-
graphs.

Flood Control Storage

The inclusion of flood-control storage in a multiple-purpose pro-

ject may adversely affect conservation purposes in two ways. First,
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storage space which might otherwise be utilized for conservation purposes
is reserved for flood-control usage, and second, flood control operation
criteria may override conservation criteria with a resultant reduction
or loss of conservation benefits. However, detailed planning and analy=-
sis of criteria for flood control and conservation operations can mini-
mize such adverse effects.

Where competition between flood control and conservation require-
ments exists, but these Péquiﬁementg do not coincide time wise, the
use of a seasonally varying boundary between flood control storage and
conservation storage may be used to minimize the competition. The gener-
al procedure is to hold the top of conservation pool at a low level
when conservation demands are not critical in order to reserve more
storage space for flood control regulation. Then, as the likelihood
of flood occurrence decreases, the top of conservation pool is raised
to increase the storage available for conservation purposes. Operation
criteria are then tested by detailed sequential routing for the period
of recorded streamflow. Several alternative patterns and magnitudes
of seasonal variations should be evaluated to determine the response
of the storage-yield relationship and the flood control efficiency to
the seasonal variation of the boundary. A properly designed seasonally:
varying storage boundary should not reduce the effectiveness of flood
control storage to increase the conservation yield.

Flood control operation is generally simplified in conservation
studies because the routing interval for such studies is frequently

too long to adequately define the flood control operation. Nevertheless,
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flood control constraints should be observed insofar as possible. For
example, channel capacities below the reservoir are considered for flood
control release purposes, and storage above the top of flood control

pool is not permitted.
Conservation Storage

The conservation storage may be used to regulate minor floods in
some multipurpose projects, as well as to supply water for conservation
purposes. For this reason, a seasonally varying boundary between flood
control storage and conservation storage is often advantageous to both
flood control and conservation. In addition to seasonal variations in
its upper boundary, the lower conservation storage boundary may also
vary seasonally. If several conservation purposes of different priorit-
ies exist, there may be need for a buffer zone in the conservation stor-
age. The seasonal variation in the boundary between conservation storage
and buffer zone would be determined by the relationship between seasonal
demands for the various purposes. Buffer storage may be required for
one of two reasons. First, it may be used in the multipurpose projects
to continue releases for a high priority purpose when normal conservation
storage has been exhausted by supplying water for both high and Tow
priority purposes; and, second, it may be used in a single-purpose pro-
ject to continue releases at a reduced rate after normal conservation
storage has been exhausted by supplying water at a higher rate. In

either case, the boundary between the normal conservation storage and
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buffer storage is used to change the operation criteria. The proper
location of this boundary and its seasonal variation are important
factors in detailed sequential routing because of this change in opera-
tion criteria. The amount of buffer storage and consequently, the loca-
tion of the seasonally varying boundary between the buffer zone and the
remainder of the conservation storage must usually be determined by
successive: approximation in sequential routing studies. However,:a
simplified procedure which produces a satisfactory estimate in cases

without seasonally varying boundaries is described in Chapter 6.

Reserve or Dead Storage

Reserve or dead storage is the storage which is maintained in the
reservoir for several purposes, such as providing for a recreation pool,
head for power, a reserve for sedimentation, and sustenance of fish and
wildlife, As a rule, the reservoir may not be drawn below the top of
the reserve or dead storage. However, the top of the reserve may be
allowed to vary seasonally in some instances. For example, if reserve
storage is provided only to maintain a recreation pool, it might be
permissible to withdraw water from the reserve storage for other conser-
vation purposes during the season when there is little or no use of the
reservoir for recreation. Should such a condition exist, it would be
beneficial to examine the possible increase in yield for other purposes

by means of detailed sequential routing.
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Section 5.05 - Effects of Conservation and Other Purposes

As previously indicated, the seasonal variation of demand schedules
may assume an important role in the determination of required yield.
The effect of seasonal variation is most pronounced when the varying
demand is large with respect to other demands as is often the case when
hydroelectric power or irrigation is a large demand item. The quantity
of yield from a specified storage may be over-estimated by as much as
30% when a uniform yield rate is used in lieu of a known variable yield
rate. Since detailed sequential routing is particularly adaptable to
the use of variable demand schedules, every effort should be made to
incorporate all known demand data into the criteria for routing. It
should be emphasized that variable demand schedules often complicate
the analysis of reservoir yield to the extent that it is impossible to
accurately estimate the maximum yield or the optimum operation by ap-
proximate methods. Thus, successive trials using detailed sequential
analysis must often be used to determine maximum yield. Computer pro-
grams such as those discussed in Chapter 6 are most useful for successive
sequential routings. The project purposes which often require analysis
of seasonal variations in demand are discussed in more detail in the
following subparagraphs.

Low-Flow Regulation

The operation of a reservoir for low flow reguliation at a downstream

control point is difficult to evaluate without a detailed sequential
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routing, because the operation is highly dependent upon the flows which
occur between the reservoir and the control point (herein called the
"intervening flow"). Since these flows can vary significantly, a yield
based on long-period average intervening flows can be subject to con-
siderable error. A detailed sequential routing, in which allowance is
made for variations of intervening flows within the routing interval,
produces a more reliable estimate of storage requirements for a specified
yield, and reduces the chance of over-estimating a firm yield. Firm yield
is the amount of water available for a specific use on a dependable basis
during the life of a project. Ordinarily the yield and the corresponding
operation of a reservoir for low-flow regulation is determined by de-
tailed sequential routing of the critical period and several other per-
jods of low flow. The entire period of recorded streamflow is usually

not evaluated unless summary-type information is needed for functions
such as power,

Diversion and Return Flows

The analysis of yield for diversions is complicated by the fact
that diversion requirements may vary from year to year as well as from
season to season. Furthermore, the diversion requirements may be stated
as a function of the natural flow and water rights rather than as a fixed
amount. In addition, diversion amounts may often be reduced or elimi-
nated when storage in the reservoir reaches a certain critical low val-

ue. When any one of these three items is important to a given reservoir
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analysis, the use of simplified methods must be abandoned in favor of
the more detailed sequential techniques. These complications often re-
quire that a detailed sequential analysis for the entire period of flow
record be made in order to determine accurately the yield and the reser-
voir operation criteria. Coordination of the operation criteria for
other purposes with the diversion requirements may also be achieved with
the detailed sequential analysis results.

Many of the considerations described in the previous paragraph also
pertain to imports and exports of water among river basins. However, the
import or export of water can also affect other purposes. In the case of
hydroelectric power, there may also be imports and exports of energy
which would affect the analysis. Usually imports and exports will vary
annually as well as seasonally so that period-of-record sequential rout-

ings are necessary.

Water Quality Control

Inclusion of water quality control and management as a project
purpose almost always dictates that sequential routing studies be used to
evaluate project performance. Practically every variable under con-
sideration in a water quality study will vary seasonally. Among the
variables which must be considered in a water quality study are: (a)
the variation in quality of the inflow; (b) the subsequent change in
quality of the reservoir waters due to inflow quality and evaporation;

(c) the variation in quality of natural streamflow entering the stream
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between the reservoir and the control station; (d) the variation in
effluents from treatment plants and storm drainage outflow between the
reservoir and the control station; and (e) the variation in quality
requirements at the control station. Accurate evaluation of project
performance must consider all of these variations which are pertinent
to water quality control.

There are several quality parameters which may require study, and
each parameter introduces additional variations which should be evaluat-
ed. For example, if temperature is an important parameter, the level
of the reservoir from which water is released should be considered in
addition to the above variables. Likewise, if oxygen content is im-
portant, the effects of release through power units versus release

through conduits must be evaluated,

Hydroelectric Power Generation

If hydroelectric power is included as a project purpose, detailed
sequential routings are necessary to develop operation criteria, to co-
ordinate power production with other project purposes, and to determine
the project's power potential. As a rule, simplified methods are us=-
able for power projects only for preliminary or screening studies or
when there is Tittle likelihood of justifying power as a project pur-
pose. Since power production is a function of both head and flow, a
detailed sequential study is usually required when the conservation

storage is relatively large and the head can be expected to fluctuate
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erratically over a wide range.

Determination of firm power or firm energy is usually based on
sequential routings over the critical period. Various operational
plans are used in an attempt to maximize power output while meeting
necessary commitments for other project purposes. When the optimum
output is achieved, a rule curve for operation can be developed. The
rule curve is based upon the power output itself and upon the plan of
operation followed to obtain the maximum output. Critical period analy-
sis and rule curve development are described in Chapter 7. Additional
sequential routings for the entire period of flow record are then made
using the rule curve developed in the critical period studies. These
routings are used to coordinate power production with flood control
operation and to determine the average annual potential energy avail-
able from the project.

In areas where hydroelectric power is used primarily for peaking
purposes, it is extremely important that storage requirements be de-
fined as accurately as possible, since the available head during a
period of peak demand is required to determine the peaking capability
of the project. An error in storage requirements, on the other hand,
can adversely affect the head with a resultant loss of peaking capa-
bility.

Tailwater elevations are also of considerable importance in power
studies because of the effect of head on power output. Several factors

which may adversely affect the tailwater elevation at a reservoir are:
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(a) construction of a re-regulation reservoir below the project under
consideration; (b) high pool elevations at a project immediately down-
stream from the project under consideration; and (c) backwater effects
from another stream if the project is near the confluence of two streams.
If any of these conditions exist, the resultant tailwater conditions
should be carefully evaluated. For projects in which peaking operation
is anticipated, an assumed "block-loading" tailwater should be used to
determine reservoir releases for the sequential reservoir routing. The
"block-1oading” tailwater elevation is defined as the tailwater eleva-
tion resulting from sustained generation at or near the plant's rated
capacity which represents the condition under which the project is
expected to operate most of the time. Although in reality the peaking
operation tailwater would fluctuate considerably, the use of "block~-
loading" tailwater elevation insures a conservative estimate of storage
requirements and available head.

The advent of reversible pump-turbines has enhanced the feasibility
of the pumped storage type of hydroelectric development. In a develop-
ment of this type, reversible pump-turbines are included in the power-
house along with conventional generating units, and an afterbay is
constructed below the main dam to retain water for pumping during non-
generating periods. Sequential routing studies are required in analy-
ses of this type because of the need to define: (a) storage require-
ments in the afterbay; (b) pumping requirements and characteristics;
and (c) the extent to which such a plan should be developed. Many of

the existing and proposed pumped storage projects in the United States,
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however, are single purpose projects whch do not have conventional units

and often utilize off channel forebays.

Section 5.06 - Shortage Tolerances

The shortage tolerances for various project purposes can greatly
influence the amount of storage required to produce a "firm" yield.
These tolerances differ considerably for different project purposes
throughout the world. The relative importance of shortage tolerances
for various purposes can be seen by reviewing design criteria for indi-
vidual project purposes.

Hydroelectric power facilities are usually designed for the most
adverse observed streamflow conditions., However, as discussed by Beard
(reference 5), the most critical period observed in a historical stream-
flow record can be far different from conditions that might occur in
the future. For a system analysis of hydroelectric power projects,
shortages for individual reservoir projects can be tolerated as long as
the overall system power production is not diminished. Hydroelectric
power requirements can thus be generated from reservoirs that are not
experiencing a severe drawdown, thereby taking advantage of the hydro-
logic diversity which exists in the system.

Municipal and industrial (M & I) shortages fall into the same
general category as hydroelectric power since shortages are generally

intolerable for purposes such as drinking water. However, some reduc-
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tion in the quantity of water required for M&I purposes can be tolerated
without serious economic effects by reducing some of the less important
uses of water such as lawn watering. These reductions may be in the
order of 10 percent. Most designs for M&I storage are based on supplying
the firm yield during the most critical period of the flow record, with
some reserve storage for use in the event of unprecedented droughts.
Another approach to shortage tolerances for M&I is to design on a short-
age probability basis, for example, providing the storage required to
supply the full demand with a 1 percent or 2 percent chance of shortage
in any given year.

Shortages for irrigation are acceptable under certain conditions.
Some designers may accept one 50 percent annual shortage during the
economic life of a proposed project, while others may accept 5 or 10
shortages of as much as 10 percent or 20 percent without adversely
affecting the economics of the project.

Water quality shortage tolerances are usually expressed in terms
of shortage probability. A 10 percent or a 20 percent probability of
shortage during any year is often considered reasonable in determining

the storage requirements for water quality purposes.

Section 5.07 - Shortage Index

A general approach to shortage definition is to use some sort of a
shortage index. The shortage index, as defined in reference 27, is

equal to the sum of the squares of the annual shortages over a 100-year
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period, when each annual shortage is expressed as a ratio to the annual

requirements, as shown below:

i =N S 2
100 2 A
SI = i=N DA
N
where: SI = Shortage Index
SA = Annual Shortage (annual demand volume minus
annual volume supplied)
DA = Annual Demand VYolume
N = Number of years in routing study

This shortage index reflects the observation that economic and social
effects of shortages are about proportional to the square of the degree
of shortage. For example, a shortage of 40 percent is assumed to be four
times as severe as a shortage of 20 percent. Similarly, as illustrated in
Table 5.01, shortages of 50 percent during 4 out of 100 years are assumed

four times as severe as shortages of 10 percent during 25 out of 100 years.

Table 5.01 Illustration of shortage index

No. of Annual Annual
Shortage Shortages Per Shortage (SA/DA)
Index 100 Years In %
1.00 100 10
1.00 25 20
1.00 4 50
.25 25 10
.25 1 50
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The shortage index has considerable merit over shortage frequency alone
as a measure of severity, since shortage frequency considers neither
magnitude nor duration. Reference 11 describes a screening study in
which the shortage index was used in analysis of storage requirements.
The shortage index can be multiplied by a constant to obtain a rough
estimate of associated damages.

There is a definite need for additional criteria delineating short-
age acceptability for various services under different conditions.
These criteria should be based on social and economic costs of shortages
in each individual project study, or certain standards could be estab-
lished for the various services and conditions. Such criteria should
account for degree of shortage as well as expected frequency of short-

age.
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TECHNICAL PROCEDURES

Section 6.01 - Simplified Methods

Many simplified methods have been proposed and are being used for
preliminary type analyses; however, these methods often sacrifice ac-
curacy in the interest of saving time and funds. Although some of the
more recent simplified methods rely upon the use of computers to pro-
duce more reliable results than usually obtained manually, it would
probably be advantageous to devote that computer time to detailed se-
quential analysis when adequate data are available.

The use of simplified techniques which do not consider sequential
variations in streamfiow or demand is usually discouraged since rela-
tively large errors can result. However, if it can be determined that
a nonsequential analysis is appropriate, the procedures described herein
will generally produce satisfactory results. These procedures can also
be used to determine first estimates of storage requirements or yield
rates for a more detailed analysis.

The most commonly used simplified sequential method is the se-
quential mass curve analysis, often referred to as the Rippl Method.
This method produces a graphical estimate of the storage required to
produce a given yield, assuming that the seasonal variations in demand
are not significant enough to prohibit the use of a uniform draft

(demand) rate.
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The sequential mass curve is constructed by accumulating inflows
to a reservoir site throughout the period of record and plotting these
accumulated inflows versus the sequential time period as illustrated in
fig. 6.01. The desired yield rate, in this example 38 million mglyear,
is represented by the slope of a straight line. Straight lines are

then constructed parallel to the desired yield rate and tangent to the

mass curve at each low point (1ine ABC) and at the preceding high point
that gives the highest tangent (1ine DEF). The vertical distance be-
tween these two lines (line BE) represents the storage required to pro-
vide the desired yield during the time period between the two tangent
points (points D and B). The maximum vertical difference in the per-

jod is usually adopted as the required storage.
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Fig. 6.01 Storage determination using sequential mass curve
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Section 6.02 - Non-Sequential Mass Curve Analysis

The Sequential Mass Curve method does not directly indicate the
relative frequency of a shortage. However, by using non-sequential
methods similar to those described in reference 20, a curve of yield vs.
shortage frequency can be determined. The simplified method presented
in this manual differs from the method presented in reference 20 in three
ways:

1. The median plotting positions are used as outlined in reference
4, These correspond to sample size equal to the number of continuous
years of record less the duration of drought considered.

2. Streamflow records are sometimes supplemented by the use of
simulated streamflow.

3. The non-sequential mass curves are smoothed graphically to insure
mutual consistency.

The historical flows, supplemented by simulated flows where needed,
are used to determine frequency tables of independent low-flow events for
several durations. The Hydrologic Engineering Center's program entitled
"Partial-Duration-Independent Low Flow Events" (723-G1-L2290) has been
developed for this purpose. The program is included as Appendix I of this
volume. A series of low-flow events for a particular duration is selected
by computing and arranging in order of magnitude, the independent minimum-
flow rates for that duration for the period of record. The procedure
utilized in the program can also be used for manual computation, but the

time required for complete analysis is often prohibitive. Table 6.01
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Table 6.01 - Sample computation
partial duration-6

of independent low-flow events,
-month volumes

YEAR
1958

1yoY

19060

1901

MOuTiE

Jan
Feb
Far
Apr
May
Jun
Jul
Aug
Sep
uct
Hov
vec
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Uct
NOV
bec
Jan
Feb
iar
Apr
ilay
Jun
Jul
Aug
Sep
uct
Hov
vec
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
uct
Wov
bec

HONTHLY
FLOW
VOLUME

72.8
138.1
248.2
164.

6~HONTH
VOLUME

(m3x108)  (mx10°)

725.
969.

309

b
4
8
4
3
5
9
4

.3

518.8
9
1
9
7
)
6
3
2
7

151.
370.
560,
751.
874.
909.
833.
610.
424.
241.
121
90.1

0
o
9
8
9
9
1
9
3
8
.5
74.0
7
9
4
4
1
U
9
3
9
4
.7

RAIK

*%
*k
*%k
*%
*%

*%
*k
*%
*%k
*%

YEAR
1962

1964

1965

MONTH

Jan
Feb
Har
Apr
Hay
Jun
Jul
Aug
Sep
Oct
Hov
bec
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Hov
vec
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
fov
Dec

MONTHLY
FLOW 6-MONTH
VOLUME VOLUME
(m3x108) (m3x108)
117.6 182.7
207.5 374.9
230.2 591.0
176.7 755.8
123.5 869.8
52.6 903.1
19.1 809.6
14.9 617.0
10.9 397.7
8.4 229.4
6.6 112.5
9.8 69.7
130.6 181.2
166.6 332.9
235.1 557.1
194.0 742.7
92.3 828.4
41.2 859.8
16.1 745.3
12.0 590.7
12.3 367.9
11.9 185.8
13.4 106.9
23.5 89.2
166.0 239.1
159.8 386.9
178.5 553.1
193.6 734.8
91.0 812.4
34.8 823.7
16.3 674.0
10.0 524 .2
9.6 355.3
8.2 169.9
8.9 87.8
14.1 67.1
90.5 141.3
269.9 401.2
199.6 591.2
187.0 770.0
107.6 868.7
36.5 891.1
17.3 817.9
10.7 558.7
9.5 368.6
8.4 190.0
8.0 90.4
18.2 72.1

*%
*k
%k
*%
*k

**
*%
*%
*k
Kk

ke
k%
* K
*k
*k

*k
*%
*%
*k
*%

k%
*k
*%
*%
*%

*x*\ot considered after sel

to assure in

ection of the numbered volume in order
dependence of subsequent selections.
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shows the tabulation and ranking procedure for manual analysis of a set of
6-month duration low-flow volumes.

In this case, the four lowest, independent 6-month volumes are given
their respective rankings, and plotting positions are then determined.
The plotting position (in percent) is calculated for the lowest volume

(described in reference 4) as follows:

p=1- (5N (6-1)
where:

P = plotting position of lowest 6-month volume

N = number of years.

Although 8 years of monthly volumes are tabulated, the effective record
for 6-month volume analysis is 7 years, 7 months (e.g., 8 years minus 5

months equals 7.58 years). Therefore, P is calculated as:

P

1 - (.9128)

.0872 or 8.72 percent.
Plotting positions (PP) for volumes other than the lowest are then

calculated by:

PP = .0872 + (aR) (-7 (6-2)
where:
AR = Rank number -1
= (5N
= ,9128 - ,0872
= ,8256
Al = 7.58 -1 = 6.58



The number of events to be ranked is limited to the smaller of the

following two limits:
(1) Limit 1 = N/n,

number of months in record

i

where: N

number of months in duration

n
(in this example = 96/6 = 16).
(2) Limit 2 = R,
where R is the rank of the last event with a plotting position
less than 50% (in this example, R = 4, as shown below).

The 6-month volumes and their respective rankings are tabulated as follows:

6-Month Plotting

Rank Volume Position
§m3X1062 gggrcentQ

1 67.1 8.72

2 69.1 21.27

3 69.9 33.82

4 72.1 46,37

After the frequency tables of independent low-flow events are computed
for various durations, low-flow frequency curves are obtained by plotting
the average flow in cumecs on log probability paper. Curves are then
carefully drawn for various durations. An example of such low-flow fre-
quency curves for 35 years of data is illustrated in fig. 6.02.

Minimum runoff-duration curves (fig. 6.03) for various frequencies are
obtained by plotting points from the low-flow frequency curves on logarithmic

paper. The flow rates in cumecs, illustrated in fig. 6.02 are converted to
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volumes for fig. 6.03 {(millions of cubic meters in this example). The
logarithmic scales simply permit more accurate interpolation between
durations represented by the frequency curves. The nonsequential mass
curve (fig.6.04) is developed by selecting the desired volume-duration
curve (fig. 6.03) and plotting this curve on arithmetic grid. The
desired yield is then used to determine the storage requirement for the
reservoir, The storage requirement is determined by drawing a straight
line, with slope equivalent to the required gross yield, and by plotting
this line tangent to the mass curve. The absolute value of the negative
vertical intercept represents the storage requirement. The application
of this procedure is severely limited in the case of seasonal variations
in runoff and yield requirements, because the nonsequential mass curve
does not reflect the seasonal variation in streamflows, and the tangent
line does not reflect seasonal variations in demand. Hence, storage
requirements determined by this method can be erroneous.

The low-flow frequency curves can be constructed with much less ad-
justment and with more reliability when simulated streamflows are used.
The effects of using simulated flows are illustrated in the comparison
between fig. 6.05, in which 500 years of simulated flow data were used
to construct the low-flow frequency curves, and fig. 6.02 in which 35
years of historical data were used. Care must be exercised in the inter-
pretation of fig. 6.02 and 6.05 since the abscissa in both figures is
"non-exceedence frequency per 100-years," or the number of events within

100-years that have a flow equal to or less than the indicated flow.
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Thus, when low-flow durations in excess of one year are evaluated, the
above terminology cannot be used interchangeably with probability. For
instance, during a 100-year period, the maximum number of independent
events of 120 months (10-years) duration is 10. Therefore, the 120-month
duration curve cannot cross the value of 10 on the "non-exceedence fre-
quency per 100-year" scale.

Since computation of reservoir yield by this simplified method
for various reservoir storages and various frequencies may be required,
a computer program has been developed using a procedure described in ref-
erence 14. Several storage-yield curves from this program for various

non-exceedence frequencies are illustrated in fig. 6.06.

Section 6.03 - Detailed Sequential Analysis

Sequential analysis is currently the most accepted method of deter-
mining reservoir storage requirements in the United States. Many simpli-
fied methods have been proposed and are being used for preliminary type
analysis; however, these methods are giving way to the more sophisticated
computer approaches. In many instances, the computer provides more ac-
curate answers at a cost equal to or below the cost of preliminary es-
timates.

A computer program entitled “Reservoir Yield" (723-G2-1.2400) has been
developed by The Hydrologic Engineering Center (reference 24). This pro-

gram performs multipurpose reservoir routings for a single reservoir op-
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erating for services at the reservoir and at one downstream control point.
The releases from the reservoir are determined by the individual require-
ments for many purposes. Reservoir releases may be controlled at the dam
site by hydroelectric power requirements, downstream control for flow, di-
version, water rights or quality. Additional releases may be made to a
pipeline directly from the reservoir. The downstream flow requirement
determines the reservoir releases needed to supplement runoff from the
intervening area.

A computer program for conservation multi-reservoir routings (HEC-3)
has also been developed by the Center to determine yields for reservoir
projects that are not independent (discussed in IHD Volume 9, "Water
Resource System Analysis"). Another program, HEC-5C has also been devel-
oped to operate for both flood control and conservation requirements (IHD
Yolume 7, “"Reservoir Operation for Flood Control").

An example of manual sequential routings is shown in table 6.02.

The routing computations illustrate the general procedures used in the
computer program "Reservoir Yield" (single reservoir operation only), and
generally reflect the detailed step-by-step procedures required by hand
methods. The example probiem is for a single reservoir which serves
several requirements at the dam and at one downstream point. Some of the
columns shown would not be used in normal hand computations, but are in?
cluded to facilitate a comparison with printout from the Reservoir Yield
program,

It is desirable to show operations for each period on a single sheet

6.14



so that each controlling factor may be readily examined., Therefore, a
suitable form for the particular operation, such as table 6.02, should
be developed. Basic data and reservoir operational requirements are
listed in the appropriate columns. Each column is described in detail

in pages 2 through 4 of table 6.02. Routing computations for each period
progress from left to right on the example form. Al1 columns through

17 must be determined for each period. Except for basic data, determina-
tion of columns 18 through 31 are optional depending on controlling
requirements. Columns 32 through 34 are the accomplishments for which
the reservoir is operating.

Unless the controlling factor is obvious, required releases are
determined for each operational requirement and the largest required
release up to outlet or channel capacities is used. The downstream
accomplishments for the selected release for that period are then com-
puted.

Although the detailed sequential routing procedure appears quite
complex, the technique is based on the principle of conservation of

mass. The fundamental relationship used in sequential routing is:

I ~-0=AS - {6=3)
where:

I = total inflow to the reservoir during a
specified time period, in units of volume (m ),

0 = total outflow from the reservoir during the
same specified time period, in units of volume

(m3), and

change in storage during the specified time period,

AS
in units of volume (m3).

i
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The inflow and outflow terms in the above equations must include all types
of inflow and outflow. Among the inflows to be included are natural
streamflow, releases from upstream reservoirs, local inflow to the reservoir,
precipitation falling on the reservoir surface {unless included in the
computation of net evaporation), and diversions into the reservoir from
other streams or reservoirs., Outflows which must be included are releases
for all purposes, evaporation losses, leakage, and diversions out of the
reservoir,

Equation 6-3 can be transformed into a more usable form for practical

applications as follows:

AS, =S, - S, 4 (6-4)
where:
4S, = change in storage (m3) during the time
period between t-1 and t,
St = storage in volume (m3) at the end of time
t, and
St-l = storage in volume (m3) at the end of time
t"].
By substituting this relationship, equation 6~3 becomes:
It - Gt = St - St-l (6-5)
Rearranging terms produces the useful form:
+1, -0 (6-6)

S¢ =3 v -0



Table 6.02
Clinton reservoir, example of multiple purpose routing

ROUTING PERIOD DATA RESERVOIR REGULATION
Col. 1 2 3 4 9 ] 1 8 9
N DAYS Qi
Max.
E.O.P. Consv.
flow stor. stor. stor. Stor.
conv. Res. Res. 4 -5 (6)(3) (P8 Allow
vate (No. of factgr inflnw) I(Ze'lease} -]7-]8l (mx105) ( ; 7)6) .
Mo/Yr days x10 cumecs cumecs {cumecs m3x10 m3x10 (m3x108)
aT '
9/50 222.031
10/50 3 2.6784 3.0 11.5 - 9.2 -24.670 197.361 197.361
11/50 30 2.5920 0.4 1.4 - 1.7 - 4.406 192.955 197.361
12/50 31 2.6784 0.3 0.7 - 1.1 - 2.946 190.009 197.361
1/51 31 2.6784 0.4 0.7 - 1.0 - 2.678 187.331 209.700
2/51 28 2.4192 0.7 0.4 - 0.4 - .968 186.363 221.580
3/51 31 2.6784 1.3 0.4 + 0.2 + .536 186,899 221.580
4/51 30 2.5920 2.4 0.4 + 1.2 + 3.110 190.009 221.580
5/51 31 2.6784 11.5 2.2 + 8.4 +22.499 212.508 221.580
6/51 30 2.5920 45.6 40.8 + 3.5 + 9.072 221.580 221.580
7/51 3 2.6784 89.0 56.6 + 31.1 +83.298 304,878  221.580
8/51 31 2.6784 1.7 31.5 - 314 -83.298 221.580 221,580
9/51 33U 2.5920 17.3 16.1 0 0 221,580 221,580 |
INPUT refers to data determined prior to routing
Installed gapacity = 500 KW Channel Loss = 0.05
Uverload = 1.15 Tailwater Elevation = 256.0 m
Efficiency = 0.86 -

Outlet Capacity 56.6 cumecs



Table 6.02
Clinton reservoir, example of multiple purpose routing
(continued)

RESERVOIR
QUALITY APPROXIMATIONS EVAPORATION
10 11 12 13 14 15 16 17
(3223' Est. Elev. Area Net (15???&) (1%?3?é)
(Qual. Incl. Ave. Evap. =10
Inflow Release Stor.
in PPM)  in PPM) (m3x108) m (Hectare) (mm) (m3x108)  (cumecs)
INPUT INPUT
100
129 102 209.696 268.53 3241 50 1.621 0.6
197 103 195.157 268.07 3129 50 1.564 0.6
199 104 191.148 267.92 3092 50 1.546 0.6
198 105 188.669 267.83 3070 50 1.535 0.6
186 106 186.725 267 .62 3063 50 1.533 0.7
171 108 186.388 267.62 3063 50 1.532 0.6
142 110 187.175  267.89 3085 50 1.535 0.6
96 109 198.943  267.92 3114 50 1.570 0.6
28 81 214.728 268.87 3322 75 2.492 1.0
24 52 260.913  270.06 3630 75 2.723 1.0
160 54 260.913  270.06 3630 75 2.723 1.0
73 58 219.264 268.87 3322 75 2.504 1.0

Maximum Downstream Channel Capacity
Oct. = April

ifay - Sept.

2550 cumecs

2410 cumecs



Table 6.02

Clinton reservoir, example of multiple purpose routing

WATER REQUIRED

(continued)

AT DAM POWER REQUIREMENT QUALITY REQUIRED DOWNSTREAM
18 19 20 21 22 23 24 20 26
EFLNT
QL
Req'd Qual. Max.
Req'd Req'd Req'd Head Release Local of Effluent Allow
Pipe River Power (13 - for flow local at D.S. D.S.
Release Release (X103 TLMEL) Power flow pt. Qual.
(cumecs) (cumecs ) Kw=Hr) (m) (cumecs) (cumecs) (ppm) (Kgm/day) (PPM)
INPUT INPUT INPUT INPUT INPUT INPUT INPUT
0.1 0.7 26 12.53 0.3 1.4 300 1815 250
u.1 0.7 25 12.07 0.3 1.3 356 1815 250
0.1 0.7 45 11.92 0.6 8.8 200 1815 250
0.1 0.7 45 11.83 0.6 7.5 200 1815 250
0.1 0.3 24 11.73 0.4 8.5 200 1815 250
0.1 0.3 26 11.62 0.4 16.0 200 1815 250
u.2 0.4 25 11.81 0.3 21.4 200 3630 250
0.3 0.4 45 12.26 0.6 2.8 200 3630 250
0.3 0.4 43 12.87 0.5 22.3 200 3630 200
u.3 0.4 89 14.06 1.0 3.8 200 3630 200
0.3 0.4 89 14.06 1.0 6.6 200 3630 200
0.2 0.3 43 12.99 0.5 12.6 200 3630 200




Table 6

.02

Clinton reservoir, example of multiple purpose routing
(continued)

FLOW REQUIREU DOWHSTREAM

ACCOMPLISHMENTS

21 28 29 30 3 32 33 34 39 36
ALOS
Req'd Req'd Req'd Act. Act. Act.

Req'd Wtr. Add. Const. Release D.s. D.s. Gen.

Release RTS. D.S. Chan. for D.S. flow Qual. PWR.

for D.S. flow loss flow (*103 Remarks
Qual. Kw-Hr) Case

(cumecs) (cumecs)  (cumecs)  (cumecs)  (cumecs) | (cumecs) _ (PPH)

INPUT INPUT INPUT

0.9 0.3 1.1 0.3 0.3 12.0 127 428* 1
1.4 0.3 1.4 0.3 0.7 2,3 255% 101 7
0 0.3 1.4 0.3 1] 8.9 198 51 5
0 0.3 1.4 0.3 0 7.9 198 51 5
0 0.3 2.0 0.3 0 8.6 201 26 6
0 0.3 2.3 0.3 0 16.1 201 29 6
0 1.4 2.5 0.4 0 21.4 202 28 5
0 1.4 3.1 0.4 2.2 4.5 175 166 4
0 1.4 6.2 0.4 0 60.7 125 414> 1
0 1.4 4.5 0.4 2.7 57.2 63 428* 1
0 1.4 2.3 0.4 0 36.1 82 428* 1
0 1.4 1.7 0.4 0 27.5 125 414* 11

*Maximum Allowable
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TABLE 6.02 - CLINTOH RESERVOIR, EXAMPLE OF MULTIPLE PURPOSE ROUTING

vol. 1
Col. 2
Col 3
** Col. 4
col. b
Lol. ©
col., 7
Col. 8
*% (ol., 9
** Col. 10
Col. 11
Col. 12
Col. 13

Col.

*% (o],

*

(Con't.) .

vate of routing period (month number/year).

Humber of days in routing period. If routing is performed
with flows and demands in volume units, this column is not
needed.

Factor used to convert average flow in cumecs to cubic meters
(m3) for the period {Col. 2 times 86400).

Average inflow to reservoir in cubic meters per second. Volume
units can also be used.

Average reservoir release to channel in cumecs. The controlling
requirement is the larger of columns 19, 22, 27, or 31 unless
reservoir evacuation for flood control is greater.

Average change in storage for period (+) in cumecs (Col. 4 minus
Col. b, 17, and 18).

Change in storage in cubic meters (Col. 6 times Col. 3).

knd of period storage in cubic meters (Col. 8* + Col. 7).
HMaximum allowable conservation storage for the period in cubic
meters. This column can be omitted if storage is constant for
all periods during the year.

Quality of reservoir inflow (normally in parts per million).

The quality of the reservoir contents in ppm is normally de-
termined by assuming complete mixing as follows:

(Col. 8&*)(Col. 11*%) + (Col. 4)(Col. 10)(Col. 3)
(Col. 8%) + (Col. 4)(Col. 3) - (Col. T6)

Estimated average storage for period (used to compute evapo-
ration and power head). Sometimes the end of previous period
storage is used, although this introduces a cumulative error.

Pool elevation in meters corresponding to estimated storage
of Col. 12.

14 - Reservoir area in hectares corresponding to estimated storage.

15 - ilet reservoir evaporation in mm.

Uenotes use of previous period value

** Furnished from basic data

Table ©.02
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col. 1o
Col. 17
*% (0}1. 18
% Col, 19
*% Lol. 20
Lol. 21
{ol. 22
*% Col, 23
*% Col. 24
*% Col. 25
*% Col. 26
Col. 27
** [ol. 28
Table 6.02

Total reservoir evaporation in (m3x108), determined as follows:

(Col. 14)(Col. 15)

u.1
Total reservoir evaporation in cumecs (Col. 16:Col. 3).

Reservoir release to pipeline in cumecs to draw water directly
out of reservoir and bypass the power penstock.

Required release to channel below the dam in cumeecs which
can pass through penstock.

Power requirement in 1,000 kw-hr.

Power head in feet [(Col. 13) - (tailwater elevation) - (head
Toss)]. In this example, head loss was not considered.

Required reservoir release (Q) in cumecs, to satisfy the power
requirement, determined as follows:

Q = (Col. 20)
9.817(Col. 21)(Hrs)(Effcy)

Number of hours in the period
Power plant efficiency

where: Hrs
Effcy

"o

Tributary flow below the dam and above the downstream control
point in cumecs.

Quality of tributary flow in units corresponding to Col. 10 units.
Effluent at downstream control point in Kgm per day.

Maximum allowable quality concentration at the downstream control
point in units corresponding to Col. 10 units.

Required reservoir release to maintain quality standards at the
downstream control point, determined as follows:

(Col. 30)(Col. 26 - Col. 11)(1 - Channel Loss) +
(Col. 23)(Col. 24 - Col. 26) + (.0116)(Col. 25)
(Col. 26 - Col. 11)(1 - Channel Loss)

Required flow at downstream control point in cumecs to satisfy
water rights.
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** (o],

** Col.

Col.

Lol.

Col.

29

30

. 31

. 32

. 33

34

36

Table .02

Flow, in cumecs, required at downstream control points in
addition to water rignts.

Constant cnannel loss in cumecs below reservoir.

Required reservoir release in cumecs to satisfy total down-
stream flow requirements, determined as follows:

(1 - Channel Loss)(Col. 30) + Col. 28 + Col. 29 - Col. 23
(1 - Channel Loss)

Resulting flow in cumecs at downstream control point, determined
as follows:

Col. 23 + (Col. 5 - Col. 30)(1 - Channel Loss)

Actual resulting quality in units corresponding to Col. 10 at
downstream control point, determined as follows:

(Col. 17)[(Col. 5) - (Col. 30)] (1 - Channel Loss) +
(Col. 23)(Col. 24) + (0.0116) [Col. 25)
(Col. 32)

- Actual resulting power generated in thousands of kw-hrs,

determined as follows:

(Col. 5)(Col. 21)(Efficiency)(.2311)(Col. 2)

up to the maximum power. Where maximum power in kw-hrs. is:
(Installed Capacity)(Overload)(24)(Col. 2)

Any special remarks.

Controlling case defined as follows:

Release restricted by reservoir outlet capacity.
Release restricted by damsite channel capacity.
Release restricted by downstream channel capacity.
Release to satisfy downstream water requirement.
Release to satisfy water requirements at dam.
Release to satisfy power requirements.

Release required to satisfy downstream water quality
requirements.

Release required to prevent over-filling flood
control storage.

9. Release controlled by declared shortage.

10. Release restricted by bottom conservation pool.
11. Release to empty flood control storage.

SNO O P W N et

o
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A sequential routing study essentially consists of a repetitive
solution of equation 6-6 together with an examination of pertinent phys-
jcal constraints, storage boundaries, and service priorities to determine
outflows for each time period.

The solution of equation 6-6 is straight forward if the water demands
can be completely prespecified as unique quantities on a period-by-period
basis. A form such as table 6.02 can be used and the inflow and demands
entered in appropriate columns for each period of the study. A starting
value of reservoir storage should then be assumed (usually the storage at
the top of the conservation pool). Next, the inflow for the first period
js added, and the various demands for the period are examined to deter-
mine the total outflow needed to supply all pertinent demands. The
required outflow must be checked to insure that none of the physical con-
straints are violated. The outflow is then subtracted from the previously
obtained sum of inflow and initial storage to determine the storage at
the end of the first period. This computational sequence is repeated for
each period in turn, using the end-of-period storage of the previous per-
jod as the initial storage.

A common difficulty with the preceding technique is to maintain con-
sistent units throughout the study. Streamflow data and demand data are
usually in rate units (cumecs or c.f.s.) rather than volume units. Con-
sequently, either these data must be converted to volume units by multiply-
ing the rates by a factor which accounts for the time interval in each

period, or to units which will permit direct addition and subtraction of



rate units. This latter procedure is more frequently used with English
units because of the inconsistency of volume units such as acre-feet with
rate units such as cubic feet per second. Under any circumstances, all
conversions from rate to volume units or vice versa, should be accomplishe
ed prior to the beginning of the study so that all data entered onto the
form are in the same units.

Unfortunately, not all purposes can be considered through the use of
period-by-period prespecified water demands. For example, power demands
are usually specified in terms of energy requirements in kilowatt-hours
per period. The conversion of this demand to a water quantity is depen-
dent upon the head available during the period and the length of the per-
iod. Similarly, the demands for water quality augmentation may be spec~
ified in terms of desired quality of outflow or in terms of the desired
quality of the combined outflow and intervening flow between the reser-
voir and some downstream quality control location. In the latter case,
the quality of the intervening flow must be known or estimated in addi-
tion to the quality of the water stored in the reservoir.

An additional complication arises in the case of detailed sequential
studies involving hydroelectric power generation. Since power generation
is dependent on head, which may vary significantly during a single rout-
ing period, power computations should usually be based on average head
during the routing period rather than on the head at the beginning of the
period. The average head during a period is a function of the average
storage which, in turn, is the average of the beginning and ending value

for the period.
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The ending storage, however, is dependent upon total outflow during the
period which is determined by the head. The computation for each per-

iod, therefore, requires successive approximations.

Water required for power generation is computed by the following

equation:
Q= —— (6-7)
9.817hte
where:
Q = required release in cumecs
E = energy required in kilowatt-hours
h = average head in meters
t = number of hours in the period

e = power plant efficiency expressed as a ratio

In the solution of equation 6=7 both Q and h are unknown. The normal pro-
cedure is to assume a value of h, usually based on the ending storage for
the previous period, and compute a value for Q. The ending storage for the
current period is calculated, and a new value of h is then determined from
the average of the ending storage for the previous period and the computed
ending storage for the current period. The value of Q is then re-calculated
and the process is repeated until the values of h on two successive trials

do not differ significantly. Although the procedure is tedious, good initial
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estimates of h based on experience can significantly reduce the number of
trials needed.

A similar computation is usually necessary when evaporation is an
important factor in the sequential analysis. Initially, evaporation rates
in millimeters (or inches) per period for the area must be converted to
volumes for the analysis. The volume of evaporated water depends upon the
surface area of the reservoir which is a function of storage. Again, the
average storage during the period must be computed in order to determine

the average surface area. The volume of evaporation loss is determined

by:
Byt = E%%?i (6-8)
where:
Evt = evaporation volume (m3) in period t
Ert = net evaporation rate {mm/time unit) in period t
At = average reservoir area (hectares) in period t

The head and surface area values used in either power or evaporation
computations, should not be based on the ending storage of the previous
period. By consistent use of the ending storage values, a cumulative
error is produced by the power and evaporation calculations. For example,
when storage is decreasing, the use of such values causes a consistent
overestimate of the head and a resultant underestimate of the water required
to meet the power needs. Because of this underestimate of water require-
ments, the storage does not decrease as rapidly as it actually would, and

the effect is thereby compounded. The effect of this error can be serious,



especially for long dry periods {two years or more) at large reservoirs.
Similarly, the use of end of period values in evaporation computations
causes a cumulative effect in the opposite direction. The assumption
should not be made, however, that since evaporation and power computations
produce opposite effects, these effects cancel each other.

As previously mentioned, the purpose of using a form such as table
6.02 is not only to provide a logical format for manual computations,
but also to allow the user to ascertain the controlling factors with as
much ease as possible. In most cases, the controlling factor can be
located from inspection. During period 10/50 in table 6.02, the inflow
is sufficiently high to more than satisfy all other requirements, which
makes it obvious that evacuation of flood control storage will control.
It is then unnecessary to compute releases required for power, quality
and downstream flow requirements for that period. However, these were
determined in the example problem only to show that the minimum releases
required to satisfy each particular requirement were met. The underlined
value for each period is the required controlling release for that period.

Computer programs which perform sequential routing studies must
incorporate the logic necessary to automatically perform the successive
approximations, make the necessary unit conversions, and examine all
demands and constraints to select the appropriate controlling factors
that govern reservoir operation in each time period. Projects with unique
characteristics often dictate that a special computer program be written.

In any case, computer programs for such studies should be carefully checked,
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perhaps with a few manual computations, to insure that the logic in the

program is correct.

Section 6.04 - Evaluation of Storage Requirements for
Simultaneous Supplies of Different Dependabilities

When storage requirements for two or more project purposes are
determined for different probabilities of shortage (such as 2% and 10%),
the total storage requirement for two project purposes is required along
with the reservoir level below which the lower-priority purpose will not
be served. Simplified procedures are illustrated in the following para-
graphs. These procedures are sufficiently accurate for preliminary
studies, but final studies require detailed reservoir routings according
to the plan of operation throughout the length of the available flow
record. Determination of total storage requirement and a cut-off storage
level is most accurately made by successive approximations based on
detailed sequential analysis, with first approximations based on a
simplified procedure.

One simplified method for solving the problem of two simultaneous

supplies at different shortage frequencies is based on the following

equations:
TRY = YRA + YRB (6-9)
CY = CYB + (CYA - CYB) (YRA/TRY) (6-10)
CS = CYRAA - CYRAB (6-11)



where:

TRY = Total required yield
CY = Storage required for simultaneous supply at different
frequencies
€S = Cutoff storage below which water will not be supplied for
less severe criteria
YRA = Yield required for the more severe shortage criteria
YRB = Yield required for the less severe shortage criteria
CYR = Storage required to supply total required yield (TRY)

at the less severe shortage criteria

CYA= Storage required to supply total required yield (TRY)
at the more severe shortage criteria

CYRAA = Storage required for yield YRA at more severe shortage
criteria
CYRAB = Storage required for yield YRA at less severe shortage

criteria
The use of equations 6-9, 6-10, and 6-11 is illustrated in the following
example:
Problem: Find the storage required to yield 1.4 cumecs at a 1% chance of
shortage and 0.4 cumecs at a 10% chance of shortage. Use storage-
yield curves for 1% and 10% chance of shortage as shown on fig. 6.07.
Solution: More severe shortage criterion = 1% chance of shortage per year

Less severe shortage criterion = 10% chance of shortage per year

H

YRA = 1.4 cumecs

YRB = 0.4 cumecs
From equation 6-9:

TRY = 1.4 + 0.4 = 1.8 cumecs

6,24
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From fig. 6.07:

CYA = 90 million cubic meters (curve a @ 1.8 cumecs)
CYB = 36 million cubic meters (curve b @ 1.8 cumecs)
CYRAA = 60 million cubic meters (curve a @ 1.4 cumecs)
CYRAB = 24 million cubic meters (curve b @ 1.4 cumecs)

From equation 6-10:

36 + (90 - 36) (1.4/1.8)

cy

78 million cubic meters
From equation 6=11:
CS =60 - 24 = 36 million cubic meters

The simplified method indicates that storage of 78 million cubic
meters will be required to supply both demands at the given shortage
criteria and that releases for the lower-priority purpose (10% chance of
shortage) should be stopped when the storage is reduced to 36 million
cubic meters in order to maintain releases for the higher-priority

purpose (1% chance of shortage).

Section 6.05 - Computation Aids

It is necessary to exercise ingenuity in developing computation aids
which will significantly decrease the time required to perform a manual
routing study, particularly if the proposed study is lengthy or if a series
of studies is to be made and electronic computer facilities cannot be

employed.
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An example of a useful computation aid is the KW/CUMEC or KW/CFS
nomograph for use in power routing studies. This nomograph is prepared
prior to beginning a power routing study and it incorporates all of the
physical data required to determine a power release for a given amount of
power generation. Table 6.03 shows the computations necessary to develop
a KW/CUMEC curve and the method for constructing the nomograph. The
resultant KW/CUMEC curve is illustrated in fig. 6.08.

Some frequently used conversion constants are given in Appendix II,



TABLE 6.03 COMPUTATIONS NECESSARY TO CONSTRUCT A
KILOWATTS/CUBIC METER PER SECOND NOMOGRAPH

KILOWATTS/CUMEC COMPUTATION - RESERVOIR AAA

Pool Elevation Storage Net Head!)  Efficiency!®  wuscumec)

(M abv m.s.T.) (thousand ") () (%)
475.6 145.2 175.6 83.2 1434
472.1 136.0 172.1 84.0 1419
468.7 127.3 168.7 84.6 1401
465.2 119.0 165.2 85.1 1380
461.8 111.0 161.8 85.5 1358
458.3 103.5 158.3 85.9 1335
454.9 96.3 154.9 86.1 1309
451.4 89.5 151.4 86.3 1283
448.0 83.0 148.0 86.1 1251
444.6 76.9 144.6 85.9 1219

Based on constant avg. tailwater € elev. 299.8 meters above
m.s.1. with assumed constant penstock losses of 0.2 meters

(1) et head = Pool elev. - penstock losses - avg. tailwater
(Both penstock loss and avg. tailwater may be varied with
pool elevation if relationship is known)
(2) Overall station efficiency (may be assumed constant at all pool elev)

(3) Ku/CUMEC = (Head) x (eff) x (9.817)

§®gg



STORAGE IN THOUSAND M3
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Fig. 6.08 Sample KW/CUMEC nemograph for power routing study
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DEVELOPMENT AND USE OF RULE CURVES

Section 7.01 - Introduction

Among the most useful devices in the operation of reservoir projects
is the rule curve. A rule curve is a guideline for reservoir operation,
and is generally based on a detailed sequential analysis of various critical
combinations of hydrologic conditions and demands. Frequently, the develop~
ment of a rule curve is delayed until after the project is completed. This
is unfortunate because it is difficult to accurately assess the true ac-
complishments of a project in the planning stage without knowing the rules
which govern the operation of the project.

Rule curves, sometimes called guide curves, have commonly been used in
conjunction with the operation of projects with hydroelectric installations.
Such curves developed for use in flood control operations have been called
flood control diagrams. By whatever name, such curves are intended to pro-
vide guides for the operation of reservoir projects during periods of critical
hydrologic conditions.

A1l authorized purposes in multiple-purpose development must be consider-
ed in the operation of projects. To best serve flood control, power produc-
tion, and other uses, an operating procedure must be established which
minimizes conflicts between the purposes. The objective of multiple purpose
projects with power is to provide a balanced operation for the generation of
firm and secondary energy through high-, median-, and low-flow periods while

maintaining optimum storage capacity in the reservoirs for the regulation of
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floods. Thus, reservoir levels at all times should be only as high as are
necessary to assure the availability of firm capacity and energy. This ob-
jective can be accomplished by proper use of power operating rule curves
based on sound engineering criteria and routing studies.

The power operating rule curve is defined by the United States Inter-
Agency Committee on YWater Resources (reference 17) as "a curve, or family
of curves, indicating how a reservoir is to be operated under specific
conditions to obtain best or predetermined results." Actually, the rule
curve need not be applicable to a single reservoir as is stated in the pre-
ceding definition. There may be instances where a single rule curve for a
hydraulically integrated system of storage plants would better serve the
needs of the system operation. Obviously, rule curves may assume many forms,
depending upon the background and experience of the planning engineer and

the operating constraints associated with the storage plants involved.

Section 7.02 - Typical Single-Plant Rule Curve for Power Operation

A rule curve for power operation for an isolated storage plant is
shown in fig. 7.01. The curve illustrates the reservoir elevation {and
consequently the storage) required to assure generation of firm power at
any time of the year. The general shape of the rule curve is logical if
it is realized that the power storage during the middle of the calendar
year must be a maximum in certain localities in anticipation of high summer
power demands coincident with low inflows, and that droughts usually begin

during the late spring and early summer. A low pool elevation is also
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acceptable in the fall and winter season if there is an accompanying
lower power demand and prospects of high winter and spring inflows. Firm
energy is usually defined as that generation which would exactly draw the
reservoir level to the bottom of the power pool during the most severe
drought of record. Therefore, if all potential droughts begin with the
reservoir level on or above the rule curve elevation, if generation is
limited to firm energy production, and if the generation pattern is in
general agreement with the assumed monthly distribution used in the studies,
the pool should not fall below rated pool unless a drought more severe
than any of record is experienced. This is because the vule curve is an
approximate enveloping curve of all severe low-flow periods of record.

On the other hand, if high flows occur and the pool level rises above the
rule curve, secondary energy should be generated to bring the pool back
to the rule curve so that optimum storage capacity is provided for the

regulation of potential floods.

4———TOP OF POWER POOL

POWER OPERATING RULE CURVE

POOL ELEVATION

~RATED POOL
JUNIJUL DEC

C

]
D l€«————POWER STORAGE —

Fig. 7.01 Example of a rule curve for power operation
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The power operating rule curve can be described as a guide for

scheduling firm and secondary energy and providing optimum storage capacity

for the regulation of floods.

Its proper use minimizes dump energy

generation and spillage because many small floods can be regqulated within

the power pool with releases through the turbines.

Section 7.03 - Construction of a Typical Rule Curve for

Single-Plant Power Operation

Data are readily available from sequential routings for the plotting

of reservoir hydrographs covering the period of maximum drawdown.

Fig.7.02

illustrates a pool elevation hydrograph of a typical project during a drought

from 1962 to 1965.

from May 1962

to February 1965.

The period of maximum drawdown in this example extends
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Fig. 7;6érrﬁé§éfvair pool elevation hydrographs during
a period of maximum drawdown
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In addition to the most critical period, several other periods of
lesser severity should be analyzed to determine whether combinations of
demand and hydrologic conditions other than those experienced in the
critical period might affect the location of the rule curve. It is
reasonable to assume that the power storage could have been depleted at
the ends of these lesser periods in determining whether they control the
construction of the curve, because the power operating rule curve is a
guide to avoid a drawdown below the lower 1imit of the power storage.
Consequently, the reservoir hydrographs shown in fig. 7.03 for three other
significant low-flow periods, are the results of reverse routings utilizing
the scheduled firm power developed in the period of maximum drawdown routing
beginning with the reservoirs at the bottom of the power pool at the end of

their respective periods.
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The reservoir hydrographs of all significant low-flow periods are
plotted on a single-year time base, as shown in fig. 7.04. Since an
envelope of these hydrographs represents the pool levels required to
provide adequate storage at the beginning of the four significant low-
flow periods of record, a curve which envalops all hydrograph plots
represents the pool elevations required at all times of the year to assure
firm energy generation through all droughts of the period of record. The
power operating rule curve (the enveloping curve) is also shown on fig.
7.04. In assuring firm energy, the rule curve also assures that the
project's installed capacity is protected because the firm energy selected
will result in a drawdown only to the bottom of the power pool if no

drought more severe than the critical period drought occurs during the

project life.
280.00

POOL ELEVATION

270.50—

Fig. 7.04 Historical low-flow critical periods
with the enveloping rule curve
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Section 7.04 - Significance of a Rule Curve for
Power Operation

In order to understand the concept of the power operating rule curve,
it is necessary to accept the idea that a drought is in progress whenever
the water stored in the power pool is less than that indicated by the
curve. The severity of a drought will not be known until the water in
storage reaches a minimum level and is subsequently replenished to the
amount shown by the rule curve. It is for this reason that only scheduled
firm power should be generated when the reservoir level is on or below

the curve.

Section 7.05 - Use of Rule Curves for Power Operation

In order for power operating rule curves to be meaningful in the
operation of a system of hydroelectric plants, procedures for their use
in estimating power generation and monitoring power production need to be
established under a set of definite operating rules. Such procedures, if
understood and followed, can give vital assistance to a balanced operation,
particularly between power and flood control. They can be the backbone for
estimating available power and for the necessary monitoring of power
generation.

The problem in estimating the power potential of a system, is to deter-
mine if system reservoir conditions require (a) firm energy production, (b)
firm energy plus some secondary, or (c) round-the-clock capacity generation.

Round-the-clock capacity generation is usually associated with the flood
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control operation and permissible releases to the downstream channel and is
not considered part of the rule-curve solution.

It should not be assumed that actual generation will follow exactly
the generation scheduled. The load demands on a hydroelectric system cannot
be precisely determined in advance. For this reason, it is the responsibility
of the operating agency to monitor actual generation at its hydroelectric
stations to make certain that it follows generation potentials and yet is not
detrimental to subsequent power generation or to other project purposes.

As mentioned previously, the power operating rule.curve. indicates the.
power storage or energy in storage required at all times during the year to
assure firm energy generation through all recorded low-flow periods. Con-
sequently, it should be assumed that when the subsystem power storage or
energy in storage is reduced below the level indicated by the rule curve, a
drought has begun and its extent and severity cannot be determined until
the water in storage reaches a low point, is replenished, and again reaches
that shown by the rule curve. It is in such a situation of drought that
monitoring should determine whether the cumulative total of kilowatt-hours
generated is in agreement with firm energy as established in the sequential
routing studies.

It is also important to monitor the actual generation during those
periods when high inflows tend to place more water in storage than is required
to sustain firm power generation. Holding subsystem storage in excess of
that required for firm-power generation will increase the frequency of spills
and downstream damage. It is necessary, therefore, to keep a close watch on
the actual generation and offer suggested changes, when required, if an

optimum balance between the power and flood control operation is desired.
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ANALYSIS OF STUDY RESULTS

One of the most frequently overlooked aspects of a storage-yield
study is the preparation of a summary which presents the assumptions
embodied within the study, the sources of data, the results of the study
and an explanation of the significance of results. There are at least
two important reasons for providing such a summary. First, the summary
stands as a permanent record of the basis for the analysis, which is often
needed in future analyses. The second reason, usually of more immediate
concern, is to provide a basis for rapid evaluation of a study so that its
results may be fully utilized in subsequent studies. 1In many cases, a
successive-approximations approach is necessary to determine storage
requirements, and judicious use of the results of each trial can greatly
reduce the total number of trials required.

There are many cases where a simple average of the project yield
during either the entire study period or the critical period will suffice
as a summary of the project accomplishments. This is particularly true in
the case of a single-purpose project. Table 5.02 illustrated provisions for
obtaining data needed to summarize project accomplishments. If the project
provides water for more than one purpose, it may be necessary to obtain
more information than needed to summarize a single-purpose study. Additional
information such as the length of critical period for each purpose, the

storage capacity of the reservoir at the time of critical demand for each
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purpose, and the concurrent demands for other purposes are the types of
data that are useful to evaluate results of a multiple-purpose project
analysis.

tvaluation of study results requires knowledge of the critical aspects
of the study and the conditions which produced the critical situation.
Minimum storage, time of minimum storage, length of critical period, and
duration of low-flow conditions at a downstream control point are examples
of critical situations which should be examined. Furthermore, conditions
prior to the critical occurrence should be examined with regard to possible
changes in operating rules or storage designations which might alleviate

the critical condition.
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PARTTAL DURATION - INDEPENDENT LCOW FLOW EVENTS

HYDROLOGIC ENGINEERING CEWTER

1. ORIGIN CF PROGRAM

This program was prepared in the Hydrologic Engineering Center, Corps
of Engineers, 650 Capitol Mall, Sacramento, California, by Warren L. Sharp.
Up~to~date information and coples of source statement cards for wvarious
types of computers can be obtained from the Cemater upon request by Government
and cooperating organizations.

2. PURPOSE OF PROGRAM

This program written in Fortran II and IV will compute the data
necessary to plot a partial duration curve depicting independent low flow
events for a given pericd of monthly stream flows. Up to twenty durations
may be specified in one computer run with partial duration plotting data
being determined for each. Storage-yleld relations can subsequently be
determined from the output of this program.

3. DESCRIPTION OF EQUIPMENT

This program was prepared for use in the IBM 1620 (Fortran II) and IBM
7090 (Fortran IV) classes. Due to memory limitations of the IBM 1620 (40,000
digit, vaeriable ward length, card input and output) a much longer record of
flows can be analyzed using the larger computer. Limitations of the Fortran II
program are explained in the following paragraphs.

L, METHODS

a. The method used in determining a partial duration series is similar
to that described in the "Handbook of Applied Hydrology', 1964 edition, by
V. T. Chow, pages 18-11 to 18«15 and in ASCE Sanitary Engineering Division
publication 3283, September 1962, "Reservoir Mass Analysis by A Low-Flow
Seriesg" by John B. Stall.

b. Flow volumes are accumulated each month in accordance with a given
duration for the entire period of record. That is, each cumilative value
represents the flow for the current month plus the summation of previous
flows for a number of months equal to the duration minus one. In the
Fortran IV program this volume is converted to an average rate of flow in
cfs regardless of the dnput units. This array is then successively scanned
to locate low-flow events in an ascending menner. These events are selected
without regard to the calendar year and in such a manner as to assure their
chronological independence. To avoid overlapping of data, say for a 12 month

Bedt |



duration, the prior and subsequent 11 cumulative volumes/average rates are
excluded from further consideration. The initial 11 volumes at the be-
ginning of the record (for a 12 month duration) are also excluded since they
do not represent full 12 month volumes. The latter exclusion is used in
determining the effective number of years of record which is subsequently
used in computing the exceedence frequency (plotting positions). Equation
(1) in "Statistical Methods" by Leo R. Beard is used to compute the plotting
positions. The number of events to be considered is limited to the smaller
of the following two-conditions: (1) a recurrence interval no smaller than
2 years or, (2) the total number of monthly periods divided by the months

of duration. Neither condition will be reached when the ratio of total
months of record to months of duration is small due to the non-overlapping
stipulation.

5. INPUT

Input is summarized in exhibit 5 and illustrated in exhibit 6. All data
are entered consecutively on each card, using 8 colums (digits, including
decimal point if used) per variable and 10 variables per cards, unless fewer
are called for. Recorded or simulated monthly stream flows in the form of
acre-feet, cubic feel per second or inches of runoff may be supplied (up to
1000 years of record) the Fortran IV program. Flows in cubic feet per-second
are not acceptable in the Fortran IT program and the record is limited to 75
years.,

6. OUTPUT

a. IExamples of output are included among the exhibits using various
durations for both the Fortran II and Fortran IV programs.

b. As previously stated, input flow data is always converted to an average
rate in efs in the Fortran IV program using 30.4375 days/month. For each
event this average rate is converted to a volume in acre-feet (also using 30.4375
days/month) and depth in inches for the given drainage area. The volume,
depth and rate are printed for each event.

¢. No conversion of the input flow data is made in the Fortran IT pro-
gram. Units of the output volume will be the same as input.

. OPERATING INSTRUCTIONS

Standard operating instructions foryboth the Fortran II and Fortran IV
programs. No sense switches used in either program.

8. DEFINTTION OF TERMS

Terms used Iin this program are defined in exhibit 3.



9. EXAMPLES

Examples of the Fortran II and Fortran IV programs are shown in exhibits
4 and 5, respectively.

10. FPROPOSED FUTURE DEVELOPMENT
It is anticipated that additions to or revisions of this program may
be desirable from time to time. It is requested that any user who finds

an inadequacy, desirable addition or modification notify the Hydrologic
Engineering Center.
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ACCUM

BPP

- DA

¥% DEPTH

EFFYRS

FLOW

IL

12

ICYCLE

ID

INUNTT

IYEAR

IYRL

¥R

IMON

Lvp

IYR

ML

MOE

DEFINITIONS 23-J2-L24T

Summation of flow volumes for MD months in the Fortran IT
program. Average rate of flow in cfs for current duration in
the Fortran IV program.

Beards plotting position (exceedence frequency).

Drainage area in square miles.

Depth in inches for given drainage area.

Effective years of record used in determining plotting positions.
Based on the total number of months for which full duration
volumes can be determined.

Array of monthly flows.

Number of non-applicable months read at beginning of flow record.
Number of non-applicable months read at end of flow record.
Number of durations.

Tdentification number on flow data cards.

Units of input flow data.

Flow Unit: Supply to INUNIT:
acre-feet 1
cf's 2
inches runoff 3

Year of event.

Starting year of flow record.

Year on flow cards.

Last calendar month of flow record.

Period of low volume plus MONL.

last year of flow record.

Calendar month of first monthly flow on flow data cards.

Month of event.
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DEFINITIONS {cont'd)

MD

MON

MONL1

MONDUR

NLFP

Fl

P2

RATE

- Rl

VOL

VOLUME

Current duration in months.

Month on flow cards.

Starting calendar month of flow record.
Array of durations in months.

Maximum number of low-flow events 4o be selected from the recoxrd
for a given duration.

Total number of monthly flow periods. Starting with M1 of the
first year and ending with IMON of the last year.

Beards plotting position for lowest volume event.
1-P =.5 %T

Beards plotting position for highest volume event. Complement of Pl.

Average rate of flow in cfs.

Recurrence interval in years.

Same as MD.

Volume of an event for current duration.

Volume of an event for current duration in the Fortran II program.

Average rate of flow in cfs during an event in the Fortran IV
program.

#* Not applicable to the Fortran II program.
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INPUT 23=J2-124T

A Three output title cards
B Job data card

1. M = Calendar month of first monthly flow on flow data
cards. Not necessarily the starting month.

2. MON1L =~ Starting calendar month of flow record. Can be any
calendar month.

3. I¥Rl = Starting calendar year of flow record coinciding with
M.

h, IMON =~ Last calendar month of flow record. Can be any calendar
nmonth.

5 LYR = Last calendar year of flow record, must coincide with
beginning month of last year's flow,

¥ 6, INUNIT - Units of input flow data.

Flow Unit: Supply to INUNIT:
acre~feet 1
ef's 2
inches runoff 3

*C  Job data card
DA = Drainage area in square miles.
D qob data cards
MONDUR (1) thru (20) - Number of months within a duration.
Limited to 20 durations. Always furnish

. 2 cards. Cannot speeify a one month
duration.

B Flow dsta cards. Two cards per year.

l. ID - Station identification number.
2, IIR = Year., Can be a water year,

3, FLOW (1) thru (6) on first card, (7) thru (12) on second card., -
Monthly flows. Both cards contain ID and IYR, Suggest
the anausl flow be included on the second card of each
year in columms 65-T2 for identification,

* Omit when using the Fortran II progranm.
BEXHIBIT 5






SUMMARY OF REQUIRED CARDS

23 =J2-L2kT

~

Con"cinue iche sulpply OF :t‘lcmrl dats Jthru U[VION gfl LYR |
ID IYR FLOW . Annual A
L Ll @l (9l ol (i) (a2) fiow !
_ /ID I¥R FLOW
E B ROIROTRCOIROINGOINGOY |
Do UR Always supply 2 cards})
(W @) )= =thru] (20) | I I
ain. 21 IR U NRR RN R N DU l
ML MON1 IYR1 IMON TLYR INUNIT )
B~ | | | | [ = | I I |
| | ' | Oul'tpu"b Tlitle Clard. | l ) y
Output Title Card h
L e peed L ’
Aw Output, Title Card h J
| )
)
Y,
L/
_ _J
Notes:

1.
2.

3e

* = omit in Fortran II program.
Multiple runs may be performed.
each successive run).

(Include title cards for

Furnish four blank cards at end of dats for normsl exit,
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APPENDIX II

CONVERSION CONSTANTS

1 cubic meter = 35.314 cubic feet

1 acre-foot = 1233.505 cubic meters

1 gallon = 3.785 liters

1 cubic foot = 28.317 liters

1 Hectare = 2.471 acres

1 Hectare = 10,000 square meters

1 square meter = 10.76365 square feet

1 acre = 4046.95 square meters

1 square mile = 2.59 square kilometers

1 Inch = 2.b4 centimeters

1 Meter = 3.28083 feet

1 Kilometer = 3280.83 feet

1 Mile = 1.609 kilometers

24 hour-cfs = 1.9835 acre-feet

28 day-cfs = 55,538 acre-feet

30 day-cfs = 59,505 acre-feet

31 day-cfs = £1.489 acre-feet

30.475 day-cfs = 60.373 acre-feet

1 week-cfs = 13.8843 acre-feet

1 inch square mile = 53.3333 acre-feet

1 cfs = 724 acre-feet/year

1.00 ¢fs = 1 mgd

1 cfs = 448.83 U.S. gallons per minute

.167 inches/week = ¢fs/1000 acres

.067 inches/28 day = ¢fs/1000 acres

.714 1inches/30 day = ¢fs/1000 acres

724 1inches/30.47 days = c¢fs/1000 acres

.737 inches/31 days = ¢fs/1000 acres
8.688 inches/year = ¢fs/1000 acres
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GLOSSARY

Base-load plant. A hydroelectric plant which is designed to supply

power to meet the base load and operates essentially at a constant load,
thus having a high plant factor.

Critical duration. The length of time during which the largest volume

must be released from storage in order to provide a specified yield.

Critical period. The actual period in a sequential record, either

historical or simulated, which requires the largest volume from storage

to provide a specified yield. The critical period is often taken as time
from beginning of storage utilization to the time that the conservation
pool refills during the period when the reservoir is drawn down to its
lowest level. The period from beginning of storage utilization to minimum

pool level is referred to as the critical drawgpwnrpgriod,

Cutoff storage. The remaining active conservation storage volume at

which it is desirable to discontinue releases from a reservoir for one
purpose in order to assure future releases for a higher priority purpose.

Independent events. Statistically, independent events are events

which do not affect the probability of occurrence of one another in a
given series. The specialized case of this definition used in this
manual refers to successive flow volumes for a given duration. A degree
of independence is assured by selecting volume events so that no flow
data is used in more than one volume event.

Natural flow. The flow resulting from natural hydrologic conditions.

(Unaffected by man-made structures which would alter the natural regime),

II1-1



Non-project conditions. The conditions that would be expected to

exist in the future if a project were not built, also called pre-project
conditions.

Non-sequential mass curve. A curve showing the relationship between

various durations and minimum recorded flow volumes or minimum flow volumes
with specified probabilities. The curve is developed without regard to
sequential occurrences of flows and therefore the critical duration can

be obtained from the curve, but the critical period cannot.

Peaking plant. A hydroelectric plant which is designed to supply

power during maximum load periods. Peaking plants ordinarily have low
plant factors.

Plant factor. The ratio of the average hydroelectric load on the

plant for a stated period, to the aggregate rating of all the generating
equipment installed in the plant.

Probability of shortage. The likelihood or chance that a shortage

will occur in any given year based on sample data. (Sometimes expressed
as a percentage, i.e., 10% probability of shortage indicates that there
is one chance in ten that a shortage will occur in any given year.)

Project conditions. The conditions that would be expected to exist

in the future if a project were built.

Recurrence frequency. The frequency per year with which an event

of a given magnitude can be expected to be surpassed. For example, an
event with a recurrence frequency of .01 will be surpassed, on the average,
once in a hundred years.

Recurrence interval. The average interval of time between values more

extreme than a specified magnitude. Reciprocal of the recurrence frequency

I11-2



(may also be called the return period or exceedence interval or non-

exceedence interval).

Routing interval. The basic time interval involved in a sequential

routing (i.e., a weekly routing interval indicates that the routing will
be composed of sequential periods one week in length).

Runoff. The portion of rainfall and snowmelt which runs off a
drainage area and appears in surface streams.

Sequential mass curve. A curve showing the relationship between

accumulated sequential flow volumes and time. The curve is developed
by accumulating sequential flows and plotting the accumulated flow
volume versus the actual time when that accumulation occurred. A
sequential mass curve may be used in analysis of both historical and
synthesized flow records.

Sequential routing study. A study which simulates the operation

of a reservoir or system of reservoirs using historical or synthesized
flow data in sequence.

Serial correlation. The correlation of an event with a preceding

event.

Shortage. A deficit in supply, often expressed as a ratio to or
percentage of a specified demand or target yield for a given period such
as one year, (i.e., a 20% shortage indicates that there is a deficit in
supply equivalent to 20% of the demand or target yield).

Shortage index. As defined in this text, the sum of the squares

of the annual shortages over a 100-year period, each shortage expressed

as a ratio to the annual target yield.
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Simulated (or synthesized) flows. Flow values which have been sequen-

tially synthesized using the statistical characteristics of actual flow

records.
Storage. The volume of water in a reservoir.
Yield. The amount or schedule of supply at one or more specified

locations (usually expressed in terms of a draft rate, i.e., a yield

of 120 cubic meters per second).
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