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FOREWORD

This volume is part of the 12-volume report entit1éq "Hydrologic
Engineering Methods for Water Resources Development," prepared by The
Hydrologic Engineering Center (HEC) as part of the U. S. Army Corps
of Engineers' participation in the International Hydrological Decade.
This volume discusses the basic principles that are applied in reservoir
operation for flood control, and describes methods and procedures that
are consistent with these principles. Emphasis is placed on selected
practical methods and procedures for operating reservoirs for flood-
control rather than on the underlying theory. Although many of the
methods and procedures described herein have been used successfully
by the Corps of Engineers, the volume should not be construed to re-
present the official policy or criteria of the Corps.

This volume was prepared primarily by Leo R. Beard, HEC Director
until July 1972, Messrs. Bill S. Eichert (present HEC Director),
Edward F. Hawkins, James McHughes, John C. Peters, and Dale R. Burnett

reviewed and provided valuable assistance in preparing this volume.
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CHAPTER 1. INTRODUCTION

Section 1.01. Purpose

The purposes of this volume are to present basic principles of
reservoir operation for flood control and to describe procedures for
establishing operational criteria. Topics include determination of
reservoir release rates, regulation of the reservoir design flood,
considerations for determining outlet and spillway regulation, deter-
mination of rule curves, and procedures for analyzing multiple-
reservoir operation. The applicability of computer simulation for
establishing operational criteria is discussed, and several computer

programs are described in the appendixes.

Section 1.02., Basic Principles

Basic principles applied in reservoir operation for flood control
are summarized briefly as follows:

2. The reservoir storage reserved for flood control should be
utilized in such a manner as to maximize benefits over the life-time
of the reservoir. For completed projects reservoir space allocated to
flood control should be utilized to assure the protection for which the
project was designed and upon which downstream interests have based

their developments.
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b. Reduction in flood control space requirements can sometimes
be made on the basis of seasonal variation in flood potential or, if
long-term forecasts are dependable {as in the case of snowmelt floods
in some regions), space can be adjusted in relation to the forecast.

c. Reservoir space provided for flood control should be held
empty during times when full flood potential exists, except for tempo-
rary storage of flood waters to prevent downstream flooding.

d. Whenever water is stored in flood control space, releases
should be mnade at maximum rates that do not cause substantial damage
downstream, subject to limiting controls on the rate-of-change of release
and subject to unforeseen emergency conditions.

e. Reduction in target release rates when the flood hazard is low
is discouraged, because such intermittent protection encourages devel-
opment in low areas that can inhibit important flood releases in the
future.

f. Maintenance of channel capacities and proper management of
flood plains downstream of reservoirs is especially jmportant for main-
taining reservoir release capability.

g. The operation of very large outlet gates and particularly the
operation of spillway gates can be extremely hazardous and should be
strictly regulated by the use of emergency release rules.

The methods and guides presented in the following chapters are

jntended to be consistent with these principles.
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CHAPTER 2. CONTROLLED RESERVOIR RELEASES

Section 2.01. Release Considerations

As discused in Volume 1, it is generally most economical and
effective to make maximum releases to empty flood storage consistent
with downstream conditions in order to minimize the need for valuable
reservoir flood control space. Maximum feasible target flows at any
downstream location are usually those that do not produce serious
flood damage by inundation. The stage (elevation) at which serious
damage begins can be determined from topographic map studies and field
inspections. The flow corresponding to this stage is determined from
a rating curve that can be constructed from observed flood stages and
flows. The maximum nondamaging flow can vary seasonally, for example
where damages are primarily agricultural. Where flow measurements are
not available, water surface profiles for various flows may be computed,
using methods described in Volume 6, and a stage-discharge curve can
then be constructed. The best information on water surface profiles
and inundated areas is that obtained during and immediately following
actual floods where the peak flow is known and high-water marks are
obtained along the damage reach.

If good observational data are not available for estimating
maximum flows that are not seriously damaging, it can often be inferred
that the flow exceeded in half of the years (i.e., the 2-year flood as

determined from a flow frequency study) is approximately the maximum
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flow that is not seriously damaging. This is because those who are
damaged soon learn to avoid frequent damage if it is serious. It
should be noted, however, that reservoir control often reduces the
frequency of such flows, and the tendency to use flood-prone areas un-
wisely must be controlled by regulations, particularly when the flood-
control effectiveness of reservoirs depends on the availability of
downstream channel capacity.

In a planning study in which the storage and release capacity and
operation rules for a flood control reservoir are being determined,
allowance must be made for imperfection in operation as discussed in
Volume 1. Experience in the western United States has shown that for
design purposes, the target flow at damage locations should be about
80 percent of the actual flow above which significant damages occur.
Then, in actual operation, every effort should be made to utilize
effectively all of the flow capacity. If this is done, the effective-
ness of actual operation can reasonably approach the design objectives.

Where a reservoir is operated to regulate floods at locations a
considerable distance downstream, allowance must be made for local
runoff that will occur downstream of the dam and above the damage
area. The release from the reservoir is determined as the difference
between the target flow and the maximum local runoff forecasted to
occur during the times when a portion of the current releases will
reach the damage area. Maximum forecasted local runoff in the applica-
tion is the "best forecast” amount plus a contingency allowance. This
contingency allowance usually ranges from 25 to 100 percent of the

Tocal runoff during rain floods, because forecast accuracy for rapidly
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changing flow is rather poor. The amount of contingency depends on the
consequences of exceeding target flows. If these are serious, as where
levees exist, the contingency allowance should be high in order to
avoid a preventable disaster.

The importance of coordinating releases to forecasted local inflows
at a downstream damage Tocation depends to some extent on the relation
of flood control storage to release rate. Where storage is large and
the amount of water that can be released during the flood inflow period
is a small part of the design flood volume, it may not be worthwhile
to take an unnecessary chance of exceeding safe flows downstream. On
the other hand, where the release during floods is large and consti-
tutes a major part of the design flood volume, failure to make maximum

feasible releases during flood inflow periods could be disastrous.

Section 2.02. Use of Index Flows to Forecast Local Runoff

Experience has demonstrated that forecasts of runoff based on
measured rainfall are not highly dependable and that the use of fore-
casted rainfall for flood operations is subject to major uncertainty.
Where forecasts of local runoff downstream of a reservoir must be made
for release scheduling, it is usually best to use river-stage reports
from an index location within the local tributary area as an indicator
of the total runoff. If index-station flows at the time of a particular
reservoir release correlate with local runoff that reaches the damage
center as late or later than the reservoir release does, a relationship

between index flow and total local flow can be developed, along with
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reliability criteria, for use in directly establishing safe releases.
This approach is valid even if the index flows are only a small fraction
of the total local flows. A simple method is as follows:

a. Plot observed hydrographs for the index station and corre-
sponding hydrographs of local runoff at the damage center for as many
historical floods as possible. A schematic representation of a local
flow area and an index area is shown in fig. 2.01a.

b. Determine a time of flood wave travel, t, from the reservoir
to the damage center. Shift the local flow hydrographs a time period
t earlier. This is illustrated in fig. 2.01b.

c. Shift the index-flow hydrographs so that peaks are coincident
with the peaks of the translated local flow hydrographs. The length
of time an index hydrograph is shifted is the "time of advance warning,"
T, as illustrated in fig. 2.01b. If T is negative, the index. flow
occurs too Tate to provide a good warning, but index flow can still be
used to some advantage in the same manner. Adopt a "representative"
value of T for subsequent steps in the procedure.

d. For each flood, plot simultaneous values at frequent intervals,
of the two translated hydrographs from steps "b" and "c". The two
translated hydrographs are shown dashed in fig. 2.01b, and plotted
points are shown in fig. 2.07c. Draw a Tine enveloping the highest
values of damage-center local flows so that the 1line is smooth and passes
through the origin, as in fig. 2.01c.

e. Construct a "release curve" from this "envelope curve" by
plotting the difference between the target flow and the envelope value

of local flow against the index flow, as in fig. 2.01d. Fig. 2.01d can
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then be used to determine the flood control release to make a time

period T following a given index flow.

In order to understand this procedure, it is important to remember
that:

a. There is a delay, t, between the time that releases are made
and the time that they reach the damage center. It is therefore neces-
sary to match current releases with local flows expected to occur at

the damage center at a time t later. A refinement to the procedure
would be to account for routing effects by obtaining the translated local
flows by a reverse routing process rather than pure lagging.

b. Maximum correlation between some index-station flows and local
flows is obtained if local flows are offset in time so that the peak
local and peak index flows coincide. If this offset time is greater
than t, there will be some advance warning time using index flows to
forecast local flows t time periods later. If this offset time is less
than t, maximum correlation between local and index flows must be sacri-
ficed in order to forecast early enough, so index flows are correlated
with local flows that occur t later, even though higher correlation
could be obtained with some different offset.

Where records are not available for the index station or for com-
puting tocal runoff, an approximate relation can be obtained in the
same manner if balanced hypothetical floods for the index station and
local runoff were computed for several sizes of floods using procedures
described in Volume 5. An error allowance for forecasting local flow

from index flow should be added to the local flow. The amount would
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depend on the suitability of the index station and the consequences of
exceeding target flows at the damage center, and would range typically
between 25 and 100 percent of the forecasted local flows.

Where more than one downstream damage center must be protected on
a forecast basis by a reservoir, this entire process is repeated for
each damage center, and the smallest current allowable release is

adopted.

Section 2.03. Computer-Aided Forecast Procedures

In the index approach just described, reservoir releases are based
on runoff that is occurring at an "index" station, and use is not made
of precipitation information. Computer-aided forecast procedures
currently (1975) available in the United States employ sophisticated
precipitation-runoff models that can utilize precipitation forecasts in
determining streamflow forecasts. Three computer programs that are
used on an operational basis for forecasting streamflows are described
in references 1, 4,and 11,

In order to determine reservoir releases for planning studies where
flows throughout the basin are known, or for real-time flood operations
where forecasted flows are developed by an external procedure, the pro-
cedures employed in computer program HEC-5C, Simulation of Flood Control
and Conservation Systems, have been found to be useful. Exhibit 2 of

Appendix 1 illustrates the procedure.
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CHAPTER 3. REGULATION OF RESERVOIR DESIGN FLOOD

In cases where a specific observed or hypothetical reservoir
design flood has beeﬁ_adopted as a basis for establishing flood control
space, the amount of space required is determined by performing a
routing (an operation study) of that flood. Routings can be performed
by manual methods or by using a computer program such as HEC-5C. The
initial storage in the reservoir used in such a routing should be the
maximum storage that could reasonably be anticipated at the start of a
major flood. In general, this would be storage at the top of the
conservation pool, which includes storage required for all purposes
other than flood control (including a reserve for sedimentation). No
storage should exist in the flood control space at the start of a reser-
voir design flood, because this flood should include all periods of
heavy runoff that would cause storage in the flood control space and
affect the maximum reservoir stage during that flood.

Releases made during the reservoir design flood are controlled by
outlet capacity and by target flows downstream of the reservoir. During
those periods when the controlling constraint is downstream of the
reservoir, the operation study is performed by adding the inflow volume
during any computation interval to the storage at the start of that
interval and subtracting the average release during that interval that
would be permitted by downstream controls. During times when releases
are controlled by outlet capacity or are otherwise a unique function of

storage, routing is performed by use of storage-indication curves,
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because outflow changes during the computation interval and must be
estimated at the start of the interval. The general routing procedure
is as follows:

a. Compute the average reservoir inflow, including rainfall on
the lake, for each computation interval of the flood.

b. If outflow is strictly a function of storage during any portion
of the flood, prepare a storage-indication curve by plotting outflow
against storage indication. Storage-indication is equal to half of
the outflow plus all of the storage, where storage is expressed in
volume units that represent one unit of outflow continuing for one
computation interval of time. This is illustrated in table 3.01 and
fig. 3.01.

c. Where outflow is strictly a function of storage, start with
the storage indication value corresponding to the specified initial
storage, subtract the corresponding outflow and add the average inflow
for the computation interval to obtain storage indication for the end
of the computation interval, A value of outflow for the end of the
interval is then read from the storage-indication curve. This step is
repeated for each interval, starting with the new storage-indication
value, as illustrated in table 3.02. Fig. 3.02 illustrates the routing
graphically.

d. Where outflow depends on conditions downstream, determine the
average outflow for each current interval in accordance with the regula-
tions, subtract from initial storage for the interval and add average
inflow for the interval to obtain storage at the end of the interval.

Storage must be expressed in volume units corresponding to one unit of
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outflow (and inflow) continuing for one interval. This step is repeated
for each interval of the flood.

€. The outflow hydrograph obtained in this manner should be routed
to downstream damage locations and combined with local runoff to evaluate
effects of design-flood regulation. Generally the outflow determination
for downstream conditions requires an iterative process of trial re-
leases and routing to determine the maximum release that can be made
without causing flooding. Examples of a hand computation and computer
solution for an operation study for a single reservoir operating for
two downstream control points is shown in Exhibit 2 of the HEC-5C Users

Manual (Appendix 1).

Table 3.01. Computation of storage indication

Elevation Storage Outflow Storage-Indication
(meters) (million m3) (cms=2hr) (ems) (ems=2hr)

128 778 108,000 0 108,000

130 864 120,000 2,000 121,000

132 950 132,000 8,000 136,000

134 1,037 144,000 18,000 153,000

136 1,123 156,000 30,000 171,000

138 1,210 168,000 44,000 190,000

If the results of the reservoir operation study for a given design
are not satisfactory, either because flows are too high or reservoir
storage is not fully utilized, the reservoir size, outlet capacity or

operation method should be changed, and a new routing performed. This
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Table 3.02.

Reservoir routing

End-of-Period
Storage
Indication

End-of-Period

End-of-Period

Average
Time Inflow
(hours) (cms)
0-2 20,000
2-4 30,000
4-6 50,000
6-8 45,000
8-10 30,000

(cms=2 hr)

108,000
128,000
153,500
185,000
190,000
176,000

Outfliow Storage
(cms) (million m°)
0 778
4,500 906
18,500 1,040
40,000 1,188
44,000 1,210
34,000 1,146
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process is repeated until a desfgn is obtained that will provide a
satisfactory degree of protection at minimum cost. In this procedure,
a graphical representation of pertinent flows such as is i1lustrated
in fig. 3.02 can be helpful in estimating how changes in release
schedules would change storage requirements or how changes in storage
capacity would change the capability to control releases. Changes in
downstream flow volumes must correspond to changes in the volume of

water stored or released from the reservoir,
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CHAPTER 4. REGULATION OF EXPECTED FLOODS

The degree of flood protection provided by a reservoir may vary
seasonally or stochastically with varying hydrologic conditions. For
example, when flood control requirements conflict seriously with other
project functions, it may be advisable to compromise and reduce the
degree of flood protection during certain periods of the year. As
another example, an extended period of drought could result in substan-
tial empty space within the conservation pool at the start of a major
flood, in which case a higher degree of protection than usual would be
provided. In order to evaluate any plan of operation,’it is necessary
to integrate the effects of all combinations of conditions and potential
flood magnitudes that can prevail.

A complete evaluation of a plan of operation could theoretically
be made if the operation of the reservoir were studied in detail under
conditions prevailing during hundreds of years, presuming that all of
the important combinations of initial conditions, downstream conditions
and inflow conditions would be adequately represented in such a long
period of time. However, it is not ordinarily feasible to perform such
extensive computations, and some means must therefore be employed for
approximating the results that would be obtained.

The most common method of evaluation is to route all major histori-
cal floods through the reservoir for one or more conditions of initial
storage. One assumed condition might be that the reservoir flood space

is empty at the beginning of the flood. Another procedure would be to
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base the starting storage on the results of monthly operation studies.

Where reservoir conditions at the start of each flood are not essen-
tially constant as in the case of a reservoir operated for flood control
only, it is sometimes satisfactory to select a typical flood pattern for
inflows and one for local flows downstream and to route eight or ten
sizes of floods (ratios of the typical flood hydrographs) through the
reservoir and downstream, using techniques described in the preceding
chapter. The frequency of occurrence of each regulated flood is consi-
dered to correspond to the frequency of occurrence of the corresponding
unregulated flood. This rule is satisfactory as long as the pattern
used is reasonably typical of the various flood patterns that occur at
the location. Where different types of floods occur, such as snowmelt,
general rain floods and cloudburst floods, it would be necessary to
perform this operation for each type of flood. Separate frequency curves
of unregulated flows would be required for each type of flood.

Where reservoir conditions at the start of each flood can be mater-
ially different, the above set or sets of flood routings should be
repeated for each of various starting conditions. This would give a
frequency curve of regulated flows for each starting condition. These
must then be combined into a single frequency curve of regulated flows
as follows:

a. Determine from a monthly multipurpose operation study the pro-
portion of time that each starting condition (range of initial storage)

will prevail during the flood season.
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b. For each of various specified magnitudes of }egulated flows,
multiply the frequency indicated for each starting condition by the pro-
portion of time that the starting condition prevails.

c. Add these products to obtain the frequency of the specified
flow magnitude.

This procedure for obtaining a frequency curve is illustrated in
Section 8.06 of Volume 3.

The computer program HEC-5C described in Appendix 1, can be used
to perform monthly multipurpose reservoir routings and short interval
flood routings during the same computer run. The program can also be
used for performing reservoir system flood operation studies for up to
nine ratios of.any number of flood patterns, and can compute regulated
frequency curves and expected average annual flood damage with and

without the reservoir systems.
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CHAPTER 5. OUTLET CAPACITIES

Outlets and gates provided at reservoirs should be adequate to
perform the services for which the reservoir is to be operated. These
should include routine operation requirements, potential changes in
operation functions and objectives, and requirements for project
servicing and safety. In the last category are emergency gates for
closing outlets for repairs to the main service gates, and gates which
provide outlet capacity near the bottom of the reservoir to drain the
reservoir to the extent necessary for emergency repairs.

The outlet capacity usable for functional operation purposes is
that which can reasonably be depended upon when needed. It must be
ascertained that gates can be operated safely at partial or full opening,
as might be necessary, under all hydraulic heads that can prevail. If
the discharge capacity of hydroelectric turbines is to be counted upon
for other purposes, it is necessary that they be operable when needed,
regardless of variations in power load.

The discharge capacity of outlets is computed in accordance with

the general equation:

Q = canl/?
where:
QQ = discharge rate
-C = coefficient of discharge and unit conversion
A = cross-sectional area
H = vertical distance from static water level to centroid

of A or to downstream tailwater, if higher
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Values for the coefficient C are obtainable from standard hydraulics
handbooks, but model tests for evaluating C should be made where unusual
conditions exist and discharge determinations are critical, particularly
for partial gate openings. Reference 8 provides information on calcu-
lation of rating curves for outlet works. Where possible, outlet
discharge rating curves should be checked by prototype measurements
downstream as soon after project construction as is feasible.

Where very large release capacities are required for flood control
it might not be economically feasible to follow the normal procedure of
providing outlet capacity for full flood-control releases when the reser-
voir stage is at the top of the conservation pool. If full release capa-
city is not provided, it should be remembered that reduced outlet capacity
must be accompanied by increased storage capacity, or else the flood
control effectiveness will be reduced. The proper balance among outlet
capacity, storage capacity, and degree of flood protection provided can
be obtained through studies of costs and benefits and consideration of
other factors such as safety and minimum protection standards. Such stud-
jes would include comprehensive flood routings as discussed in Chapter 4.

There are occasions where local inflows above downstream damage
locations are so large as to severely restrict the releases that can
safely be made from the reservoir during critical flood periods. In
such cases, outlet capacity substantially below downstream channel capa-
cities might be adequate. In order to select the best release capacity,
comprehensive flood routings discussed above should include typical
sequences of floods long enough to assure that expected sequences of

floods can be adequately regulated.
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In the case of a flood control reservoir emptying into a downstream
flood control reservoir, the outlet capacity of the upstream reservoir
should be sufficient to assure that its flood control space can be emptied
during the period when high tailwater exists due to water being stored
in the flood control space at the downstream reservoir, under any reason-
able distribution of inflows to the two reservoirs. This will assure
that the reservoir system can operate efficiently by making full required
releases from the downstream reservoir whenever water is stored in flood
control space at either reservoir.

In the case of two flood control reservoirs on separate tributaries
above the same damage center, the outlet capacity of each should be
large enough to supply target flows at the damage center with minimum
expected simultaneous release from the other reservoir. Again, this
provision is necessary to assure the capability of making full flood
control target flows at the damage location whenever water is in flood
control space at either reservoir. This is subject to provisions dis-
cussed above for cases where local runoff below the reservoirs and above

the damage center is so large as to warrant smaller outlet capacities.
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CHAPTER 6. SPILLWAY OPERATION

Section 6.01. Considerations for Spillway Operation

The primary purpose of a spillway is to prevent overtopping of
the dam by flood flows in excess of those which the project is designed
to regulate, up to the spillway design flood. There are other purposes
for which a spillway may be used, however. For example, gates may be
added to an existing spillway to permit storage of water above the spill-
way crest level during periods when it is safe to do so. It is sometimes
desirable to close gates on the outlet works to take advantage of the
Timited capacity of the spillway under low heads and thus prevent down-
stream damage. This is only feasible, of course, if the flood does not
greatly exceed project design magnitudes. Whenever the spillway is used
for such secondary purposes, however, every care must be exercised to
assure that the gates can and would be operated so as to make the full
capacity of the spillway and outlets available when needed for protection
of the structure.

The size and characteristics of a spillway are based on economic
and operation studies of a spillway design flood. In the case of pro-
Jects where exceeding the spillway capacity would result in a major
disaster, it is important to provide a large enough spillway to pass the
probable maximum flood (described in Volume 5) without major structural
failure. In other cases, a smaller spillway design flood might be satis-

factory. The final design of the spillway should be such that it will

6-01



safely pass the spillway design flood occurring at a time when the
reservoir is as full as could occur in advance of such a flood, adhering
to the specific rules by which the project would be operated under such
conditions. The spillway operation must not be dependent on communi-
cations that are subject to failure or on expert analysis that might

not be available at the time.

During floods that make use of the spillway and result in down-
stream flows that are damaging, the following precautions are necessary:

a. Outlet and spillway gates should not be opened so rapidly that
damaging flows downstream will be larger than would occur without the
project.

b. Opening of gates must start early enough to allow an orderly
opening of the gates to their full capacity without storing water above
the maximum safe level in the reservoir.

c. DNamaging flows should not be released before it is certain
that the flood cannot be completely controlled, but should be released
at a specified rate as an emergency measure as early as is feasible
after it is certain the flows of that magnitude or larger are inevitable
and would have occurred by that time without the project.

Induced surcharge operation may be used to exercise partial con-
trol over outflow rates after the reservoir has filled to the static-
full-poo) level. Induced surcharge storage is storage above the static-
full-pool. Regulation is accomplished by raising all gates by small
increments, forcing into surcharge storage all inflow in excess of the
discharge capacity of the spillway with the gates at selected openings.

The elevation attained and volume of induced surcharge used will vary
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with the volume and rate of reservoir inflow in individual floods and
the exact schedule of gate operations in each case. The maximum eleva-
tion of induced surcharge that is practicable to provide for in the
design of projects involving gated spillways usually is limited to

approximately 1 to 3 meters.

Section 6.02. Development of Emergency Release Schedules

In order to assure that the project operation will be able to
comply with necessary precautions under extreme flood conditions, it is
advisable to provide an emergency release diagram that uses only infor-
mation on reservoir data immediately available to the operator. Such
an operation diagram is illustrated in fig. 6.04 and is developed as
follows:

a. Develop a set of spillway-rating curves which shows the dis-
charge that would occur as all spillway gates are raised collectively
by successive increments of about 1 foot (.3 meter) until fully opened.
A set of curves is shown in fig. 6.01,

b. Construct an "induced surcharge envelope curve" from a point
corresponding to the nondamaging flood control release at the static-
full-pool elevation to the free discharge capacity of the spillway
corresponding to the elevation at which all gates must be fully opened.
This is illustrated by curve E, fig. 6.01. A straight-line connection
would assure the minimum rate of increase in spillway discharge under
critical flood conditions, and may be the proper selection in some cases.

However, curvature as illustrated in fig. 6.01 permits a lower release
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rate in the lower surcharge ranges which would be the most frequently
utilized. The minimum permissible slope of the line at the higher eleva-
tions is governed by the rate of increase in spillway discharge that may
be considered acceptable during infrequent and extraordinary floods.

c. Analyze recession characteristics of inflow hydrographs to ob-
tain a recession constant that will be used in predicting a minimum in-
flow volume that can be expected when only reservoir elevation and the
rate of rise of reservoir elevation are known. For conservative results
the assumed recession curve should be somewhat steeper than the average
observed recession and normally can be patterned after the spillway-
design flood recession. The recession constant can be obtained by plot-
ting the recession curve as a straight line on semilog paper, with the
flow on a logarithmic scale and time on an arithmetic scale. The reces-
sion constant, T, is defined as the time required for the discharge to
decrease from any value, say QA’ to a value QB’ where QB equals QA/2'7‘

d. A relationship to compute the volume of water that must be
stored for a hydrograph receded from an initial flow to a constant out-

flow can be derived from continuity considerations. Consider fig. 6.02,

LA Q

Fig. 6.02, Schematic hydrograph
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which schematically i1lustrates terms to be used in solving for the
volumes to be stored, SA. In the fig. 6.02, Q] represents the inflow
and Q2 represents the constant outflow. The recession constant, TS s
may be defined as

S
A
co.oas Tz tht o Syt At
then,
_ _ Q) 9
t = T2 - T-! = _TS ]oge _Q_'-|— = TS 1oge Tz-— (5-2)
Substituting (6-2) into (6-1) and rearranging
O
Spo= 2T (Qy - Qg - 0y Tog, =
<21 [y - 0, (14 Tog, L) ] (6-3)
R B %e T,

For each of various inflow rates and for each of various outflow rates,
compute the volume of water that must be stored, SA’ using equation 6-3.
Then determine pool levels by subtracting SA from the storage value for
the given outflow as defined by the "induced surcharge envelope curve."
The computations are illustrated in table 6.01. The pool levels thus
determined represent the maximum pool levels that should be permitted
for the corresponding inflow and release rates.

e. Obtain a family of requlation curves by plotting the pool levels
corresponding to various outflows using inflow as a parameter. The

family of curves is shown in fig. 6.03.
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TABLE 6.0t

Computations for Spillway Gate Regulation Schedule

Spillway gates: 40 x 26 ft
Spillway crest elev: 835

Equation: S4=2T.[Q1-Qs(1 +log, Q:/Q.)], where at a given instant @,= Inflow
(c.f.8.), @:= Outflow (ef.s), S.= Available storage (aecre-ft.)= Limiting Sur-

T ~—0.67 charge storage (S,)-—Actual storage (S)),and T,= Adopted inflow recession
constant (days)
Col. 1 Col. 2 Col. 3 Col. ¢4 Col. § Col. 6 Col. 7 Col. 8
K= Sa= Sy=
Q: (3,000 cL5.) /Q: 1+leg. @i/ Q2 Q2 Xcol. 3 col. I—col. 4 2T, Xceol. 5 S,—col. 6 Pool
(1,000 c.f.5.) (L,000 c.f5.) (1,000 scre-ft.) | (1,000 acre-ft.) elevation
Q=0 8.=660. 5
0 0.0 660. 5 859. 5
0 || 0.0 10 i3. 4 647. 1 858. 8
20 e 20 26. 8 633. 7 858. 1
30 30 40. 2 620. 3 857. 3
9 40 53. 6 606, 9 856. 6
Q=10 8,=675.9
100 L ___.. 1. 60 1. 000 10. 0 0.0 0.0 675. 9 860. 3
20 _______ 2. 00 1. 693 16. 9 3.1 4.2 671. 7 860. 1
30. . ____. 3. 00 2. 099 21. 0 9.0 12.1 663. 8 859. 7
40. o ______.. 4. 00 2. 386 23.9 16. 1 21. 6 654, 3 859. 2
50 ____ 5. 00 2. 609 26. 1 23.9 32,0 643. 9 858. 6
Q=20 S,=687. 8
20 ol ___ 1. 00 1. 000 20. 0 0.0 0.0 687. 8 860, 9
30 . 1. 50 1. 405 28,1 1.9 2.5 685. 3 860, 8
40 .. 2. 00 1. 693 33.9 6.1 8 2 679. 6 860. 5
50 o _____ 2, 50 1.916 38 3 11. 7 15. 7 672. 1 860, 1
60 .. 3. 00 2. 099 42.0 18.0 241 663. 7 859. 7
70 _.__ 3. 50 2. 253 45. 1 249 -33. 4 654, 4 859, 2
Q,=30 S,=700. 3
30 o __ 1. 00 1. 000 30. 0 0.0 0.0 700. 3 861. 5
40 i __. 1. 33 1. 285 38.6 1.4 1.9 698. 4 861, 4
50 1. 67 1. 513 45. 4 4.7 6.3 694. 0 861, 2
60. o __. 2. 00 1. 693 50, 8 9 2 12, 3 688. G 860. 9
70 . 2.33 1. 846 55. 4 14. 6 19. 6 680. 7 860. 5
80, .. 2. 67 1. 982 59. 5 20. 6 27. 6 672.7 860. 1
90 .. 3. 00 2. 099 63. 0 27.0 36. 2 664. 1 850. 7
Q=140 8,=7154
40 .. 1. 00 1. 000 40. 0 0.0 0.0 715. 4 862. 2
50 ____ 1. 25 1. 223 48. 9 i1 1.5 715. 9 862. 1
60 o _______ 1. 50 1. 405 56. 2 3.8 5.1 710.3 862, 0
70 . 1.75 1. 560 62. 4 7.6 10. 2 705. 2 861. 7
80 ... 2. 00 1. 693 67.7 12. 3 16. 5 698. 9 861. 4
100 .. 2. 50 1. 916 76. 6 23. 3 31.2 684. 2 860. 7
120 ____. 3. 00 2. 099 84, 0 36.1 48, 4 667. 0 859, 8
140 L. 3. 50 2. 253 90. 1 49. 9 66. 9 648. 5 858. 9
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f. A family of curves such as those shown in fig. 6.03 are appro-
priate for use in a central office, but relationships to be used as an
emergency operation schedule for damtenders are more directly usable
if the rate of rise of reservoir level is substituted for the inflow.
This is readily accomplished by obtaining the difference between the
volume of inflow and outflow for a selected time interval and expressing
the volume as a rate of rise for any particular reservoir elevation. A
typical family of curves is shown in fig. 6.04., The time interval to
be used as a basis for determining rate of rise should be based on a
consideration of the reservoir and drainage basin characteristics, with
1 to 3 hours being typical. Adjustment in gate openings at 1- or 2-hour
intervals is adequate for most projects.

A computer program Spillway Gate Regulation Curve, described in
Appendix 5, has been developed for computing gate regqulation schedule
curves for a reservoir utilizing area-capacity curves, an induced sur-
charge envelope curve, and a constant recession constant, T_.

S

Section 6.03, Initial Reservoir Level

The spillway discharge capacity and peak reservoir level likely to
be attained during the spillway design flood will be governed by,
a. The spillway design flood inflow hydrograph.
b. The reservoir level at the beginning of the spillway design
flood inflow.

c. The plan of reservoir regulation.
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If the flood control space in the reservoir below the "normal full
pool elevation" (top of flood control pool) is relatively large in pro-
portion to the spiliway design flood volume, the initial pool level
assumed in flood routing studies can have a major influence on estimates
of spillway discharge requirements and surcharge heights. Some considera-
tions in selecting initial stages are quoted below from Corps 6f Engineers
manuals.

As a general rule there is no reliable rational way of estimating
the initial reservoir level that is likely to prevail at the beginning of
the spillway design flood, except when the storage space is so small as
to assure frequent filling. If a long period of streamflow records is
available, hypothetical reservoir regulation studies will provide some
index to reservoir elevation probabilities, but even these computed rela-
tions may be greatly altered in the future if changing conditions result
in substantial alterations in the reservoir regulation plan (as is often
the case). In addition, reallocations of flood control space to some
other use in the future may result in higher pool levels at the beginning
of the spillway design flood. In any case, an unusual sequence of floods
can result in filling all or a major portion of the flood control space
in a reservoir immediately before the beginning of the spillway design
flood. |

In view of the uncertainties involved in estimating initial reser-
voir levels that might reasonably be expected to prevail at the beginning
of the spillway design flood, it has been common practice in studies pre-
pared by the Corps of Engineers to assume the reservoir is initially

filled to the "normal full pool level" if routing of representative major
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floods of record, or the hypothetical Standard Project Flood (occurring

5 days in advance of the spillway design flood), shows that such a

level (or higher) might prevail at the time the spillway design flood
occurs. If the spillway design flood estimate is associated with a
particular season, the determination of initial pool level would consider
flood conditions on comparable dates.

In many instances the assumption of initial reservoir levels
corresponding to arbitrarily selected percentages of the flood control
capacity will serve to demonstrate the effects that alternative assump-
tions would have on maximum reservoir surcharge levels, and may eliminate
the need for more detailed studies of probable initial pool levels when
the effects are relatively small or moderate. In this connection, it is
usually desirable to assume, for one routing of the spillway design flood
that the design flood control capacity is 50 percent filled at the begin-
ning of inflow. There are several reasons for concluding that the flood
control design storage capacity of a reservoir is likely to be at least
50 percent filled at the beginning of the spillway design flood, regard-
less of the size of the capacity involved. ilormally there will be a
relatively large number of floods capable of filling at least one-half
the design flood control space, and most reservoir regulation plans call
for optimum control of these moderate floods. In some cases, reservoir
capacities originally assigned to flood control are reassigned in part
to conservation or similar uses, further increasing the likelihood that
at least 50 percent of the original design capacity will be filled at
the beginning of the spillway design flood. It is also probable that

hydrologic and meteorological conditions required for development of
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the maximum probable floods will be preceded by small or moderate flood
runoff that would partially deplete available flood control capacities.
A comparison of surcharge elevations computed under alternative
assumptions discussed in the previous paragraph usually will reveal
whether or not more detailed analysis should be made to establish the
most logical starting pool level to be assumed in routing the spillway
design flood. If the design flood control capacity is relatively small,
there will be little difference between estimated maximum surcharge
levels; on the other hand, if the flood control capacity is unusually
large in comparison with normal flood runoff quantities, the assumption
that the reservoir will be only half filled at the beginning of the
spillway design flood would be reasonable in most circumstances. The
apparent likelihood that either of these initial pool levels (full or
half full) would prevail at the beginning of the spillway design flood
can be taken into consideration when the final decisions are reached
regarding freeboard requirements for the dam, based on comparison of the

effects of alternative assumptions, and other pertinent information.

Section 6.04. Routing the Spillway Design Flood

In establishing the capacity for a spillway of a major dam, a spill-
way design flood routing should be made and operation rules for such a
routing must be adhered to strictly.

A computer program has been developed which will compute a spillway
rating curve for an assumed design head and then make a flood routing of

the spillway design flood to determine the maximum water surface. A
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concrete ogee spillway with vertical walls or a broad-crested weir can
be accomodated. The routing can be for a gated or an uncontrolled
spillway, and discharge from a conduit or sluice can be included. The
program, Spillway Rating and Flood Routing, is described in Appendix 4.
Routing a spillway design flood through a reservoir controlled by
a gated spillway is achieved by determining the change in storage during
each time period as the difference between inflow and outflow volumes,
and adding this change of storage to the total stoarge at the end of the
preceding time period. Outflow for a period is determined with a rela-
tionship such as that shown in fig. 6.03, using the reservoir elevation
at the end of the previous period and the average inflow for the previous
period. When a free spillway discharge is reached, the Modified Puls

method can be used to continue the routing.
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CHAPTER 7. SEASONAL OPERATION VARIATIONS

Section 7.01. General

At almost all locations, floods of any specific type are seasonal
in nature and it may not be necessary to provide all of the flood control
space for that type of flood during part of the year. In formulating
regulations, the seasonal variation in potential of each type of flood
that is important to the design should be examined, and criteria should
be adopted for the use of flood control space for other purposes when

appropriate and desirable,

Section 7.02. Seasonal Rain-Storm Variations

Since rain floods usually occur within a few hours or few days of
the rain storms that cause them, the seasonal distribution of rain floods
can be ascertained by a study of the seasonal distribution of rain storms,
with due consideration given to seasonal variations in ground conditions.
As an example, the results of a study of rainfall frequencies and maxi-
mum recorded rainfall amounts are summarized in fig. 7.01, and data on
outstanding early-season and late-season storms are summarized in
table 7.01 for central and northern California, USA. It is apparent
that storms in this region are most frequent in the months of December,
January, and February, but major storms and floods have occurred in

November and March, and moderate to large storms and floods have occurred
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Table 7.01,

Maximum observed 3-day precipitation

early-season and late-season storms in California

10=-yr 100-yr 3-day precipitation
Station Lat. Long. precip. precip. % of
(in.) (in.) (in.)  100-yr
Storm of 26 May 1906
Magalia 39-48 121-35 15.5 22.8 8.77 38
Emigrant Gap 39-18 120-40 12.8 18.6 6.70 36
Summerdale 37-29 119-39 13.0 19.8 7.42 37
Storm of 11 May 1915
Kennett 40-44 122-24 16.4 26.3 13.81 52
Magalia 39-48 121-35 15.8 23.2 12,53 54
Emigrant Gap 39-18 120-40 12.8 18.6 9.90 53
Kentfield 37-57 122-33 8.0 11.4 6.62 58
Storm of 13 Sept. 1918
Red Bluff 40-10 122-14 4.6 6.51 7.12 109
Blue Canyon 39-17 120-42 14.5 15.0 5.55 37
Antioch 38-00 121-47 3.3 4,88 6.59 135
San Jose 37-21 121-54 4.0 6.16 6.22 101
Storm of 6 April 1926
Dry Canyon Res 34-28 118-32 6.4 11.9 8.5 71
Colbys 34-18 118-07 15.6 30.8 18.3 59
Hoegee's Camp 34-13 118-02 20.9 40.6 25.6 63
Raywood Flats 34-03 116-49 13.8 23.4 14,1 60
Storm of 25 Sept. 1939
Squirrel Inn #2 34-14 117-14 15.5 26.6 9.02 34
Mt. Wilson 34-13 118-04 16.0 30.6 11.60 38
Los Angeles 34-03 118-15 6.3 11.2 5.62 50
Fullerton 33-51 117-55 6.0 10.6 5.97 56
Storm of 30 Oct. 1945
McCloud 41-15 122-08 9.3 13.6 9.20 68
Shasta Dam 40-43 122-25 14.8 23.7 10.30 43
Upper Mattole 40-15 124-12 12.6 17.2 10.29 60
L. Spaulding 39-19 120-39 12.2 17.7 8.96 51
, Storm of 27 Oct. 1950
Elk Valley 42-00 123-43 13.5 19.6 15,95 81
Gasquet R. S. 41-52 123-58 13.4 19.0 22.09 116
Orick 41-20 124-02 9.9 14.8 17.79 120
Lakeshore 40-53 122-23 15.8 23.2 14,02 60
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Table 7.01.

Maximum observed 3-day precipitation
early-season and late-season storms in California (cont.)

10-yr 100-yr 3-day precipitation
Station Lat. Long. precip. precip. % of
(in.) (in.) (in.) 100-yr
Storm of 19 May 1957
Brush Cr. R. S. 39-41 121-22 15.0 23.9 8.15 34
Bullards Bar P.H. 39-25 121-09 10.9 16.3 7.81 48
Gold Run 39-10 120-52 9.4 14.2 7.32 52
Giant Forest 36-34 118-46 12.8 20.1 7.45 37
Storm of 2 April 1958
Lehman Ranch 38-36 121-01 5.3 7.58 5.65 75
Drytown 38-26 120-52 5.5 8.19 6.20 76
Hogan Dam 38-08 120-48 6.0 8.59 5.65 66
Oakdale 37-52 120-52 3.5 5.01 7.25 145
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as early as September and as late as May. Weather maps indicate that
these last events can be associated generally with the same type of
extra-tropical cyclonic disturbances that cause the general winter storms,
except that the September 1939 storm is known to be of tropical origin.
Important rain floods are unknown in the months of June, July, and August
in this region, except for small-area floods resulting from cloudbursts.
These, of course, must also be considered in design and operation, but
are usually important only in very small basins. Seasonal-variation
criteria for central and northern California, based on the information
contained in fig. 7.01 and table 7.01, are summarized in fig. 7.02.

These criteria are useful as a general guide, but are subject to modi-
fication where special conditions warrant. Application methods are de-

scribed in the next section.

Section 7.03. Seasonal Rain-Flood Variations

The seasonal variation of rain floods can be computed, by hydro-
graph analysis, from the seasonal variation of rain storms. If a
particular flood has been used as a primary basis of project design,
loss-rate curves used in deriving that project design flood from the
project design storm can be applied to various percentages of the pro-
Ject design storm to delineate the seasonal variation of flood potential.
If an official project design flood does not exist, a hypothetical flood
could be developed for this specific purpose. Loss rates used in the
early part of the rain-flood season should ordinarily be higher than

those used in the middle and late parts of the season. Each alternative
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flood would be routed through the reservoir under contemplated operation
conditions to determine the amount of reservoir space required. Typical
routings are illustrated in fig. 7.03.
The reservoir space requirements thus obtained should be provided
on the various dates shown by fig. 7.02 to correspond to the percentage
of the design storm used. In this example, based on a latitude of 40°
and a 1N-year basin-mean storm precipitation of 10 inches in 3 days,
fig. 7.02 indicates that the basin can experience full storm potential
as early as 15 October and as late as 1 April. Fig. 7.02 also indicates
that as much as 80 percent of the full storm potential can be experienced
as early as 2 October and as late as 27 April, and as much as 60 percent
as early as 18 September and as late as 23 May. Space requirements deter-
mined in fig. 7.03 are plotted against these corresponding dates in fig.
7.04 in order to determine maximum space requirements shown in fig. 7.05.
In cases where flood control space is reduced because of dry ground,
as discussed in Chapter 6, the required flood-control space for dry ground
conditions on these various dates can be established in the same manner,
as illustrated in fig. 7.03, except that different loss-rate curves are

used, as described in Chanter 8.

Section 7.04. Snowmelt-Season Limitations

Where snow accumulates during the winter and melts mostly during the
spring, the use of reservoir space for the control of snowmelt floods can
almost always be based on forecasts of runoff volume expected by the end

of the snowmelt season. The operation is designed to control the

7-07



ONNOHS AMO NO WHOLS 1O3M0¥d QUVANVLS 40 1N3JW3d 08 AONNOYD AN NO WHOLS 1D3rO¥d QUVONVLS

shop Ul Busg shop w) swy
s ¥ [ 2 i 5 ¥ [ 2 1
sbuianod poo(y |edrjayioddy g0/ B4 T T P 0 T
- - s {001 m =< Cooriing _..l_... 00l
..,, A...._ / 5 | /] ! i
N sonng i z !
v / g s 002
Wi0)E - 98 40} Y 7 002 N 7 0
(urur) o1ios 9801 eBossny N m A i
vl 2 OF 80 %0 ¥0 D o |~ o
R 2 o / wd g oy
w o1 g mojuy m s i
L 001 001 o
oz 5 W /,
wouboip 04 = OO
o 80 pupmis 000l e s paidopy| m 3 ooz ooz stosis sansmnd— 1\, oor
ofow 141 BAS {1 e 8 -
1o UoBIOdUED EMOUS oI 10 enu) Zoe) 0901 e £ ooe g oo : .
Wiy §pE| BULNp PEAISGD PEOY) W0 4 or 5 m L ab0u0is BqIEHWRg m = W
PRUP 90 SUCIIIPUSS punoab Kig €661 uop 2 S oob aob
. H] - 5 7 Wboi0)s (043000
T310N - = 0% 3 / = -pooy) y
_.__._-..“ w 005 g oos BRI
2061 90 - £ oos i i NN £ 008 \:H.,
* | oL a APz sbounig T~ 8 [~ - 860i0ig
2 nos L 7 2 ooz —
3 T 1L_. (ruBupia) |10y 52 048 3 r.
' oos |ood §504g 1044U03 - pOCH #|QI8E|WIAY g oogl 1999 $8049
s
ANNO™Y L3M (@NNO¥9 L3IM NO WHOLS 123rOdd QMVANVLS)
NO WHOLS L03rQHd GHVONYLS 40 IN3D¥3d 09 QNNOYY L3M NO WHOLS 103rOdd QHVONVLS 40 IN3DH3d 08 Q0074 123rodd QHVANVLS
skop ut ey shop u) swiy $Aop uy duwiy
s 3 < 2 ' s ¥ < 2 [ L s s v < 2 [
] =
i 7 L P | : T EE N e I
L omoting |5 - 2 T -Wol3ing TP E ~d ‘ﬂ PN
. L _ 5 oy yd ! o m . f }
A € h b
| / § M, / g woing}” . 4 ~ 00z
/ ooz - ooz * 1156809 jajine
,., m?r.,g.s . 1 ; o ,, /| #q peway moying
" - i .__.f_i.s...: * \ 5
[+] 00E = 0 L A — | ~loos o i oos
i i i LT
2 001 - " ool h §
oot E £ s {17 | e 1o wion
002 g ooz g 0oz S oot
-] o “ v /
oo 1 g ooe % = m % ooe .
P k] 0ob aboacis amsiuagr” A m o0 |
oor 5 120 b = OF
sbouoys s m. / :.ﬂﬂnﬁwv_meh Sassusng z _ /
oos 0os 7 F oos
I e \l.\
1 = = H 7 _ § ~ atosoig
009 b N 2 009 S oo9 N -
A |iuBrupi) ko €2 ebosois a L _1 A ~Mesowas a ~
- 104103 - POOH) SIS 2 a ~ /
0oL = 2 oo & 004
[T F d _ s 004 3 1=
con sg) _ O ) _ 3 g L1004t
Qo8 - b i L3

198y -8u00 puosnoyl Ul BBOJOYE 10JJU0D-PODIS

$39 PUOSNOU) Ul MOl4

BYD PUDSNOY} U1 MOj4



unp

juawaualnbad adeds [043U03 POOL4 |RUOSRES *$0°¢ °bi4

SUOHIPUOd punoib Kip sapun juswainbay
SUOI{Ipu0d punoib jom sapun juswannboy o
N39S 3 1

Aoy idy i) qa4 uon 23 AON

R0

dag

40} uolDAlaSda pajdopy

73
Su01}1puod punosb-jam |/ /

008

00L

/

SUOI}IPUOd uc:o;au?ﬁ\
10} UOL}DAIISAL pajdopy

009

00¢

o]0} 4

oot

002

ole |

$}-9D PUDSNOY} Ul UOI{DAIBS®S [04}U0D -POO| 4

7-09



KR
iR

Minimum reservation
/ 375,000 acre-feet

)
i

i

N
N
R

e
2
]
g
a
-}
[
2
£ 300
£ \ ( 21.25 // ?/
p 2l.c or less—r—, /
g 400 5 22 /
° 24
= 26 I
® 500 " 28

30
g V 32
§ 600 1y
-4 36
8 700 \ 38
u 250 \ 40 or more——t—s_

L)
Sep Oct Nov Dec Jan Feb Mar Apr May Jun

USE OF DIAGRAM

1. Parameters are preceding 60-day basin-mean precipitation expressed
as a percentage of normal annual precipation.

2, Except when releases are governed by the emergency release diagram,
all storage in excess of that indicated by this diagram shall be released as
rapidly as possible, subject to the following conditions:

a. That releases do not exceed 50,000 cfs or maximum rate of inflow
for the flood, whichever is greater.

b, That releases do not exceed 150,000 cfs at any time,

¢, That flows in a downstream damage reach do not exceed
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any given parameter decreases
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Fig. 7.05. Flood-control diagram




forecasted flood, with appropriate contingency allowances, and yet com-
pletely fill the reservoir whenever possible.

The 1imiting amount of space dedicated to the control of snowmelt
floods can ordinarily be determined by routings of design and maximum
recorded floods. It is usually found that full snowmelt space may be
utilized during the early months of the snowmelt season but that it is
ordinarily safe to reduce the maximum space during the later months,
because the full space could never be effectively utilized at these
Tater dates. Important exceptions to this rule occur in cases where
reservoir capacity is small relative to runoff volume or where a reser-
voir is located at high elevations where melting occurs later. The
standard project snow-melt flood usually involves early high melt rates,
and does not ordinarily require large amounts of reservoir space late in
the season, because snow pack conducive to high melt rates is not great
enough to sustain high runoff late in the season. Accordingly, some

major observed flood will ordinarily govern during the later months.

Section 7.05. Drawdown Limitations

The multiple use of reservoir space will require drawdown of reser-
voir stages at the beginning of the flood season or when any flood-
potential index values used might result in increased space requirement.
In formulating flood control regulations for the multiple use of reser-
voir space, consideration should be given to the effects of necessary
drawdown of reservoir stages when inflows are below flood stage. If

some damages are caused by releases during the drawdown periods, a claim
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might be made that they have been caused unnecessarily, and consequences
might result that would seriously impair future operation. Accordingly,
drawdown rates should be maintained at nondamaging rates insofar as
possible, and the regulations should make full allowances for the time
required to evacuate space at these safe rates, with 1iberal allowance
for possible inflow rates at the time. Drawdown requirements are usually
determined by routing the design flood preceded by maximum observed

runoff considered to be reasonably consistent with design-flood conditions.



i

£

.

| Rain-Flood

Reservation

Itiona

Cond






CHAPTER 8. CONDITIONAL RAIN-FLOOD RESERVATION

Section 8.01. Nature and Limitations

Experience has indicated that rain storms and rain floods in many
cases cannot be forecasted accurately enough nor sufficiently in advance
for firm use of forecasts in reservoir operation criteria. While contin-
uous efforts should ordinarily be made to forecast rain floods whenever
and wherever appropriate in connection with reservoir operation, it is
often considered to be unsafe to depend on the evacuation of reservoir
space on the basis of a rainstorm or rain-flood forecast. However, there
are times when ground conditions are such that the rain-flood potential
is materially below normal and others when the potential is materially
above normal, and it is often possible to increase overall project accom-
plishments by varying the required flood-control space with the condftions
of the ground. If the ground is dry at the beginning of a storm, loss
rates will in most cases be high, and the resulting flood will be less
severe than otherwise, even though the ground becomes progressively wetter
during the storm. However, as soon as a storm occurring on dry ground
is over, the ground is wet, and provision should be made immediately to
evacuate such additional space as is considered necessary to control a
flood resulting from the project design storm occurring on the wetter
ground.

When it is proposed, in formulating regulations, to reduce the space

requirement because of dry ground, it must be ascertained that space can
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be subsequently evacuated in time to provide the additional space
required when the ground becomes wet. This is possible only in cases
where release rates are adequate to evacuate space during a series of
moderate floods that might precede the main design flood period. Whether
this is possible can be determined roughly by estimating the critical
duration of design runoff, which is defined herein as the time between
the beginning of storage of flows in excess of flood releases and the
time of maximum reservoir stage. If the critical duration of runoff is

a few days or less, the reservoir is most 1ikely to be filled by a single
rain flood of a few days duration, and since ground conditions at the
beginning of that flood would ordinarily influence the flood magnitude,
space requirement could be a function of ground conditions. On the other
hand, if the critical duration of runoff is greater than a few days, the
reservoir is most likely to be filled by a sequence of floods, and al-
though the ground may be dry at the beginning of the sequence, it becomes
wet after the first storm or two, and the remaining storms occur on wet
ground. Consequently, ground conditions probably would not greatly
influence space requirements where critical durations are long. If the
critical duration exceeds 5 days, it is ordinarily not wise to permit

conditional storage in the rain-flood space.

Section 8.02. Selection of Index

A practical index of ground conditions is the preceding 60-day
basin-mean precipitation. Although this index is not the most accurate

measure of ground wetness and has theoretical weaknesses, practical
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operation advantages discussed below normally override these handicaps.
Nonetheless, since each basin has its own peculiarities, it may be
desirable to select alternative indexes in some cases. The 60-day preci-
pitation index for each reservoir area is computed from daily reports
provided by the network of precipitation stations covering that area.
Since the number of stations usable is limited, this computation is only
approximate, and efforts should be made to obtain reports from as many
well-distributed stations as feasible. Where precipitation is primarily
orographic, precipitation amounts vary systematically with the topography
of each basin. Consequently a simple arithmetic mean of all reporting
stations may differ significantly from the true basin mean. A more satis-
factory system is to use the ratio of the normal annual precipitation at
each station to the normal annual basin-mean precipitation. Under this
system, the sum of the short-term precipitation values at all reporting
stations is divided by the sum of the normal annual precipitation values
for the same stations to obtain the average proportion of normal annual
precipitation that fell on the basin during the period, and this average
proportion is multiplied by the normal annual basin-mean precipitation to
estimate the short-term basin-mean value. Under this system, temporary
failure of some of the stations to report or permanent changes in the
location of stations which make up the network will not significantly
affect the computation of basin-mean precipitation. Volume 4 of this
report contains a more complete discussion on the computation of basin-
mean precipitation.

Studies have been made of various other indexes such as preceding

runoff for various durations, preceding precipitation since the beginning
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of the season or for various durations, preceding precipitation with

greater weight given to the more recent amounts, and various other more
complex indexes. A typical correlation study relating runoff to storm
precipitation and ground-wetness index resulted in the following corre-

lation coefficients:

Correlation

Ground-Wetness Index Coefficient
Preceding 15-day precipitation .53
Preceding 30-dav pnrecipitation .55
Preceding 60-day precipitation .64
Weiqhted 15-, 30-, 60-day precipitation .62
Preceding precipitation since 1 October .62
Preceding 15-dav runoff .62
Preceding 30-day runoff .66
Preceding Af-day runoff .65
lleighted 15-, 32-, 60-day runoff .04
Preceding runoff since 1 October .61
Precipitation ninus runoff depth since 1 Oct. .59

In general, preceding runoff appears to be the most accurate index,
hut preceding precipitation is almost as accurate. It is considered that
the precipitation index is more generally satisfactory, because its
influence is registered earlier. The duration of preceding precipitation
used for the index should be sufficiently long so that fluctuations of
the index will not cause excessive operational hardships such as forcing
release of valuable water at frequent intervals., While it may be theore-
tically desirable, it is not satisfactory to give greater weight to the
most recent quantities, because this would result in unnecessarily rapid

fluctuations of the index and consequent difficulty in operation.
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Considering all aspects of this problem, 60-day precipitation has been

found to be a generally satisfactory index.

Section 8.03. Variation of Space Requirement

When including provisions in the operation regulations to use flood
control space for conservation purposes during periods of dry ground
conditions, it is necessary to select some measure of the effect of
ground conditions on space requirements. The selected index (for example,
preceding 60-day precipitation as discussed in the preceding paragraph)
must be related to loss-rate criteria, and these criteria in turn must
be applied to a design or other hypothetical storm in order to determine
the space required to control the resulting flood. This is accomplished
by plotting infiltration index or some other measure of loss rates against
an observed ground wetness index for historical floods as illustrated in
fig. 7.03. A line enveloping loss rates on the Tower side would then be
selected for project design, as shown in fig. 7.03, because project oper-
ation must be adequate to control floods when the more adverse observed
ground conditions occur.

An index value for dry ground conditions should then be se]ecteq,
and a corresponding loss-rate curve derived, usually from hydrograph
analysis of a specific recorded flood. These loss rates could then be
applied to the design storm and to various percentages of the design
storm to determine space requirements under dry ground conditions for

various times of the year.



Space requirements for intermediate conditions between dry and wet
ground can be interpolated linearly for all practical purposes. It is
best to select a firm minimum space for dry ground conditions equal to
at least half of the maximum space required for wet ground conditions
during the main part of the rain-flood season. An illustration of the
construction of a diagram using these principles, based on data in figs.
7.03 and 7.04, is shown in fig. 7.05.

Before adopting a flood-control 