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FOREWORD

This volume is part of the 12-volume report entitled "Hydrologic
Engineering Methods for Water Resources Development”, prepared by the
Hydrologic Engineering Center as part of the U. S. Army Corps of Engineers’
participation in the International Hydrological Decade. Volume 5 describes
methods and procedures for computing hypothetical floods from rainfall
and snowmelt for various purposes in flood control studies. Although
many of the methods and procedures described herein have been used
successfully in Corps of Engineers studies, the volume should not be
construed to represent official policy or criteria of the Corps.

This volume was written by Leo R. Beard, Technical Director, Center
for Research and Water Resources, University of Texas. Mr. Beard was
formerly the director of the Hydrologic Engineering Center, Much of the
material contained in this volume has been extracted from Corps manuals
and other publications. Review and ammendments have been made by various

members of the HEC staff, with final editing assigned to Dale R. Burnett.
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CHAPTER 1. NATURE OF HYPOTHETICAL FLOODS

Section 1.01., Definition

Hypothetical floods consist of hydrographs of artificial flood flows
at one or more locations that can be used as a basis for flood-control
planning, design and operation decisions or evaluations. These artificial
floods represent classes of floods of a specified or implied range of
severity. They can be used as a direct basis of design or as representa-
tive flood magnitudes for use in evaluating the over-all effectiveness of
a project or system of projects in preventing flood damages at one or
more locations at or downstream of projects.

Hypothetical floods are ordinarily derived from rainfall or snowmelt
or both, with ground conditions that are appropriate to the objectives of
the study, but they can also be derived from runoff data alone, usually on
the basis of runoff volume and peak-flow frequency studies and represen-
tative time sequences of runoff.

Section 1.02. Need

Hypothetical floods are needed in order to analyze the effect of floods
of a specific magnitude and sequence where gaged historical data are inade-
quate to define the event being considered. In addition, hypothetical floods
are needed for assessing the effects of changes in river basin conditions
(including project construction, urban development, deforestation, etc.)
on downstream flood potential.
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Large hypothetical floods that represent relatively extreme condi-
tions (such as the standard project or probable maximum floods described
in Chapters 3 and 4) are needed as a basis of design of projects whose
inadequacy would result in major property damage or loss of life. Such
extreme hypothetical floods can also be used as reference levels for
design floods that are smaller, thus permitting their indirect use in a
set of standards and guides for design of projects where potential pro-
perty damage and loss of life is not sufficient to warrant design for
the full flood magnitude.

The need for probable maximum floods that represent the upper
feasible 1imit of anticipated flood magnitudes is of particular impor-
tance. These are used to design spillways of major dams where failure
would cause a disaster far greater than would be caused by natural
flooding. Next in importance is the need for standard project floods
that are representative of maximum events that occur within entire
regions. These events rarely occur on individual drainage areas, but
their occurrence within a region demonstrates that they are a definite
threat at any specific location. Lastly, hypothetical floods that have
expected probabilities of occurrence at specific locations are needed
for economic and other planning and design purposes. This last cate-
gory of hypothetical floods must be representative of large ranges of
magnitude and of time and area distributions so that evaluations of
project effects can be made by simulating project operation using a
minimum number of hypothetical floods.

Section 1.03. Application

Hypothetical floods are used primarily to simulate the operation of
a project or system of projects in order to verify that facilities and
operation rules are adequate.
In the case of simple Timited channel improvement, floods of all
magnitudes are usually reduced in stage, and it is simple to compute the
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average annual damage with and without the improvement in order to deter-
mine project feasibility. In the case of extensive channel improvements
that might serve to accelerate flows in a significant portion of a river
system, the accelerating effect must be simulated for a large range of
flood magnitudes in order to determine the extent to which flow magnitudes
downstream are augmented,

In the case of levee protection, the freguency and severity of sudden
flooding from levee failures and the increased flooding of lands immedi-
ately upstream of a levee system must be evaluated, and the consequences
must be compared with the reduced flooding due to levee protection
against floods of design magnitude and smaller. As in the case of exten-
sive channel improvements, the accelerating effects of extensive levee
jmprovements can be substantial and should be evaluated for a large
range of flood magnitudes.

In the case of reservoir projects, it is usually necessary to simu-
late the effects of each reservoir on downstream flows for all relevant
magnitudes of peaks and volumes of inflows. Here it is particularly
important that each hypothetical flood has a peak flow and volumes for
all pertinent durations that are commensurate in severity, so that each
computed regulated flow will have a probability or frequency that is
comparable to that of the corresponding unregulated flow. This balance
between peak flow and volumes is of special importance when studies are
made to select alternative reservoir or channel improvement projects.

Where a number of reservoirs operate in a system or where one or more
reservoirs affect damages at remote downstream locations, it is important
that a proper balance is attained among inflows to the various reservoirs
and with runoff downstream of the reservoirs so that regulatory effects
can be accurately evaluated and so that the correct weight will be
assigned to each reservoir when determining its proportional effect in
reducing downstream flooding.
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CHAPTER 2. GENERAL PROCEDURES

Section 2.01. Storm magnitude

Most hypothetical floods are computed from storm rainfall, the
severity of which is a function of the depth-area-duration relationship
and the time sequence and areal distribution of rainfall conforming to
that relationship. An illustrative depth-area-duration relationship is
shown in figure 2.01. Because all storms are more severe for some area
sizes and durations than for others, it is virtually impossible to
assign an exceedence probability to any particular storm. Probability
estimates are confined to total precipitation amounts for specified
durations and areas, and such estimated probabilities do not necessarily
apply to resulting runoff, since the time and area distributions of
rainfall and the ground conditions will also affect runoff severity.

Section 2.02. Storm tynes

There is some merit in considering general storms separately from
local storms. Precipitation in both types is caused by 1ifting of
moist air to higher levels, causing the air to cool through expansion
and thus to reduce its capacity to retain water vapor.

General storms are associated with tropical or extra-tropical
cyclones, the latter generally associated with distinct frontal systems.
Precipitation in general storms is caused by convergence of air over
extensive areas through cyclonic or orographic action. Usually large
general storms are accompanied by high winds that persist for relatively
long durations over large areas.

Local storms are those that result from individual convection cells,
often accompanied by thunder and lightning. The horizontal extent of the
cells is limited by the height of vertical development. In the most
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severe cases, the single convective cell can extend from near sea level
to the tropopause, a vertical distance of 8 to 14 kilometers, depending
on latitude and season. The horizontal diameter of such cells is limi-
ted to 2 or 3 times the vertical dimension, so it can be seen that the
areal extent of local-storm cells ranges from a few square kilometers
up to about 1,000 square kilometers. Rapid overturning of the air mass
accompanied by a strong convergence of the falling rain can result in
extremely high intensities of rainfall over an area much smaller than
the total extent of the convective ceil. Uhen the air mass is completely
overturned, it becomes relatively stable, and precipitation essentially
ends. This usually takes 2 or 3 hours.

Both general and local storms move during the course of their life.
Thus, the pattern of storm-total precipitation does not necessarily
reflect the patterns of precipitation at various instants during the
storm's Tife time. Also, convective activity is often associated with
general-storm activity, and thus the irreqularity of the space-time
patterns of general storms can be extreme. However, heavy precipitation
over large areas for sustained durations requires high winds. The high
wind shear accompanying high winds usually effectively inhibits the
vertical development of convective cells. Thus, precipitation is some-
what uniform in time and area during large cyclonic and orographic
storms (except for topographic effects discussed below), although con-
vective precipitation often follows in the wake of a general storm.

These generalizations are based on experience in the northern hemi-
sphere and particularly in the United States, but are believed to apply
generally throughout the world.

Section 2.03. Geographic variations of storm potential

Storm potential at any specific location is a function of {(a) the
distance from sources of moisture and the characteristics of intervening
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terrain and (b) location in relation to the prevailing paths of storm
centers. Extratropical cyclones occur in the zone of prevailing westerly
winds, generally between 30 and 60 degrees of latitude and derive most

of their energy from temperature differences in the vicinity of the

polar front that separates polar and tropical air masses. Tropical
cyclones (hurricanes) occur in the zone of prevailing easterly winds,
generally between 10 and 20 degrees of latitude, and derive most of their
energy from moisture evaporation in tropical seas. They usually terminate
when they travel over land for any substantial distance, and, of course,
they frequently move into the zone of prevailing westerlies, where they
usually dissipate after a few days of intense activity.

The severity of storm activity, in the case of extra-tropical
cyclones can be great over the entire zone of prevailing westerlies, but
the amount of storm precipitation depends on the amount of moisture
available. This is usually greater nearer the equator and nearer the
oceanic sources of moisture in the warm air mass. Maximum moisture over
the ocean is that corresponding to the moist adiabat that intersects
sea~level pressure at ocean-surface temperatures, as indicated on an
adiabatic diagram. If the moisture must travel great overland distances,
it is subject to substantial depletion through precipitation on the way.
If mountain barriers intervene, only moisture that can be retained when
the air masses are lifted over the mountains can be carried beyond them.

In the case of tropical cyclones, storm potential is greatest along
the coasts in the general paths of the cyclones and as much as 1,000
kilometers or more inland. Again, rainfall amounts are diminished
substantially as the distance from the ocean increases. Since tropical
hurricanes originate in the zones of prevailing easterly winds, associ-
ated rainfall potential is greatest along the east coasts and coasts
toward the equator in latitude zones below 45 degrees.

In the case of convective rainfall, amounts are greatest where
precipitable moisture in the air masses is greatest. They occur under
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conditions where air warms at the surface or cools aloft and where
conditionally unstable air is 1ifted by orographic barriers, by cold
fronts, by convergence in low-pressure areas and by vertical divergence
where wind speeds are reduced as air enters land areas from the ocean.

Section 2.04 Topographic effects

Any oroaraphic barrier that causes air to be lifted or deflected
upward tends to initiate convective action and consequent precipitation.
Thus island and mountain peaks often are surrounded by clouds and rain.
As the air masses pass such a barrier, moisture precipitates on the
windward side of the barrier and as it subsides and warms on the Teeward
slope the remaining air mass becomes dry. Consequently, where wind
patterns are steady, the windward side of mountains received precipitation,
and the leeward side is desert.

Since most of the air's moisture is in the lTowest 2,000 meters,
heaviest precipitation usually occurs below 3,000 meters elevation.
Moisture condensed at lower elevations can be carried to elevations
of 3,000 meters by high winds., Because of irreqularities in mountain
surfaces, local wind patterns develop that can depend on wind direction
or that can be rather uniform from time to time. In either event, there
is a tendency for large variations in precipitation from place to place
within mountainous regions. This pattern cannot easily be related to
topographic features because of the extreme complexity of wind and
moisture condensation interactions. Nevertheless, there is a general
pattern of higher precipitation with higher ground elevations and with
the degree of windward exposure of the ground surface.

Section 2.05. Storm transposition

The fact that meteorological conditions vary only gradually within
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many large regions of the world suggests that recorded storms could have
pccurred with about squal severity at any of many locations in the region
where they actually occurred. Thus, if a large flood occurs on one river
in a region, it is possible to estimate floods that could have resulited
on other streams in that region assuming the storm was centered over the
drainage area tributary to any one of the other streams. This is done

by transposing the isohyetal pnattern of total storm rainfall o the
drainage area in such a position that maximum rainfall will occur over
the drainage area. Historical events having a large areal coverage
usually have several centers of high rainfall. Yhen transposing this
typa of storm to another river basin, it usually will require several
trials before the most critical centering can he determined., Fiqure

2.02 illustrates the centering of an ischyvetal pattern over the drainags
basin below a flood control reservoir and unstream of a local protection
nroject. This pattern is an hypothatical areal pattern but is reasonably
tynical of savere historical occurrences to be valid. The centering il-
lustrated is centerad to maximize the storm rainfall-runoff most adversely
for the local protection project. If the major concern wers the flood
control storage recuirement at the resarvoir, the storm could be recenter-
ad 50 as to result in maximizing rainfall and runoff upstream of the dam.
Either centering is ecually valid in most instances, and both centerings
would normally be investigated for nurpnses of sizing both the resarvoir
and the local protection works.

As storms occur, thev usually do not center over any particular
rivar basin. Consequently, even where maximum flood flows occur, some
transposition of the storm would ordinarily increass those flows. Thera
is some question as to whether the orientation of isohyvets, or their
genaral shape, can reasonably be changed, bacause mateorological factors
that result in major storm vrecipitation might be associated closely
with the isohyetal patterns. Each storm must be considered individually
to evaluate the extent it can be moved and rotated.

If storms are transposad over long distances, the rainfall amounts
should be modifiad in accordance with the maximum precipitable moisture
variations that are characteristic of the respective large regions. If
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storms are transposed in mountainous areas, account must be taken of the
intricate effects of irregular topography, barrier orientation, prevail-
ing wind direction and relative storm occurrence. Usually a base pattern
of normal orographic precipitation can be constructed from average sea-
sonal precipitation amounts computed from all available data, in con-
Jjunction with correlation studies relating such average precipitation to
orographic features. Then lines of storm precipitation expressed as a
ratio to the base-pattern amount can be transposed over a much wider
areal range than if expressed as direct rainfall depth. Such normali-
zation does not entirely remove orographic related patterns but is
generally acceptable when combined with other adjustment techniques.

It is not ordinarily possible to express in terms of probability or
frequency the flood that would result from a transposed storm. It does
not even necessarily follow that floods in different areas resulting
from transposition of the same storm to those areas would be equally
severe (equally probable), since an actual storm is not necessarily
balanced (equally severe) with respect to different areas and time
patterns that different river basins respond to most strongly. In the
chapters below, transposition of a balanced storm will be used in order
to approach equal flood severity as nearly as possible, but actual
probability evaluations will be based on observed flood frequencies
wherever adequate runoff data are available. In the case of very rare
events, some judgment or inference of extreme probabilities might be
made for standard project and probable maximum floods independent of
recorded runoff at the location.

Section 2.06., Rainfall frequency

The frequency or probability of occurrence of maximum rainfall amounts
for a specified location and duration can be astimated from recorded rain-
fall at that Tocation using methods described in Volume 2. Point rainfall
estimates thus obtained can be used to construct maps of precipitation
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amounts corresponding to specified frequencies and durations. Such maps
have been prepared by the U.S. National Weather Service for the United
States, and a portion of one of those maps is shown in figure 2.03.

Such point-rainfall estimates are often converted to area-rainfall
estimates by means of general relationships developed between point
rainfall and area rainfall. The proper method to do this is to perform
frequency studies of average rainfall recorded simultaneously at a
number of stations and to compare point-rainfall amounts with area-rain-
fall amounts for various specified frequencies. This should be done
for various station groupings and frequencies. In each case, the area
size represented by the stations whose amounts are averaged should
correspond to an area circumscribing the stations a distance beyond
outlying stations equal to about half of the average distance between
stations in the group. Relationships developed for this purpose are
illustrated in figure 2.04.

Depth-area-duration diagrams representing precipitation for a
specified frequency at a river basin can be determined by averaging map
values of point precipitation over the river basin for each of various
pertinent durations. Relationships similar to those illustrated in
figure 2.04 can then be applied to these point values in order to develop
the full depth-area-duration relationship. This relationship can be
illustrated as shown in figure 2.01, but the frequency relationship will
be different quantitatively from the relationship for a single storm,
particularly in that amounts will not decrease as rapidly with increasing
area size.

Section 2.07. Snowpack and snowmelt

In regions where snowmelt is a major contribution to flood runoff,
snow accumulates on the ground during the winter season and melts during
the spring. The primary parameter of snowpack of interest from a Snow~
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melt flood standpoint is the maximum accumulation before the start of
the snowmelt season. Maximum accumulation will not ordinarily occur at
all points simultaneously, as melt is greater in lower latitudes, lower
elevations and on the sunny slopes of the ground, but measurements at

a number of points in a basin can be used to estimate the maximum
simultaneous accumulation for the basin.

Frequency studies of maximum water equivalent of snowpack at a
point or for a basin can be constructed in the same manner as are
frequency curves of rainfall or runoff (as described in Volume 2).
These can be used to determine the snowpack corresponding to any speci-
fied frequency and to make some estimate of maximum snowpack potential.
Maximum snowpack potential is ordinarily not determined by inte-
grating maximum snowfall during a winter season, because of the great
uncertainties in estimating the frequency and sizes of storms that can
occur and the losses that occur through evaporation and intermittent
melt during the accumulation season.

Daily snowmelt can be estimated by use of a simple relationship to
daily temperatures as follows:

Moo= (T - TO) (1)

in which:
M = Daily melt in millimeters
c] = Calibration constant

T = Daily average (or daily maximum) temperature in
degrees centigrade
T, = Base temperature in degrees centigrade (usually

freezing temperature, 0° C).
In most river basins, such a simple relationship is most satisfactory,
because detailed information on other melt factors is usually inadequate
for successfully using more elaborate relationships.
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Where more detailed information is available, a number of energy-
budget relationships can be used. Particularly useful are the following
two simplified relationships:

M = 2.3c2 + C2 (1.33 + .51 + .013R) (T - TO) (2)

M = 0.5635(1 - A) + C3(.11W + 6.6) (T - TO) + .4OW(D-T0) (3)

in which:
Cz = Calibration constant
63 = Calibration constant
W = Wind speed in meters per second 15 meters above the
snow surface
R = Rainfall millimeters
S = Solar radiation in langleys
D = Dewpoint in degrees centigrade

Precipitation that occurs during the snowmelt season occurs as
snowfall and is added to the snowpack when and where temperatures are
below 1 or 2 degrees centigrade. Otherwise it occurs as rain and is
absorbed by the snowpack until saturation and melting temperatures are
reached and the excess is added to the snowmelt for that computation
interval.

Temperature sequences that might be used in the computation of
hypothetical snowmelt floods are very difficult to derive, because
critical conditions are not usually related to maximum temperatures
throughout the melt season. Often the most critical conditions are
those where early temperatures remain low in order to preserve the
snowpack until the season of higher temperature potential. Maximum
temperatures for various durations at any particular time of year can
be derived through frequency studies of temperatures recorded at that
time each year. These temperatures are a function of elevation.
Critical temperature sequences should not exceed maximum selected
amounts for any specified time of year, and can be derived through a
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process of successive approximations, computing flood runoff from
various trial sequences, using equation 1.

Selection of critical sequences of melt factors in equations 2
and 3 is much more complex than the selection of temperature sequences
alone, since variations of the different parameters must be consistent.
The process is largely a matter of judgment and of successive approxi-
mation of resulting runoff severity.

Complete snowpack and snowmelt computation techniques described
above are contained in the computer programs described in Appendix 1.

Section 2.08. Ground conditions

Different wetness of the ground and different vegetal cover can cause
large differences in runoff from storm rainfall and snowmelt. In very
porous soils particularly, loss rates can vary greatly with ground wet-
ness. In cold regions, freezing of the ground can reduce substantial
losses to practically zero. Since a major portion of the rainfall in
most storms is commonly lost to interception and infiltration into the
ground, it is apparent that selection of ground conditions is a major
consideration in deriving hypothetical floods.

For various reasons, loss rates in natural drainage basins average
much less than rates observed in controlled laboratory experiments with
similar soils--sometimes an order of magnitude smaller. Consequently,
loss rates used in the computation of hypothetical floods should be
derived from data on a watershed similar to the one under study. Rates
in nature range from less than 1 to more than 10 millimeters per hour
when expressed as average for an entire basin.

Loss rates can be related to ground conditions where data on rain-
fall and runoff are available for a large number of floods. Usually an
index of ground conditions such as total antecedent precipitation is
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used, although soil moisture indexes would be useful where such measurements

are available.
Selection of ground conditions for the various types of hypothetical

floods is discussed in the appropriate chapters below.

Section 2.09. Runoff computations

Runoff is computed at regular intervals that are short enough to de-
fine the shape of the flood hydrograph adequately. These intervals can
range from a few minutes in very small areas to a full day in very large
areas. A good guide is generally that the tabulation interval should be
about 1/5 to 1/3 of the time of concentration or of the unit-hydrograph
tag for the drainage area.

For each computation interval, rainfall that occurs is added to
snowmelt., Infiltration (and any other) loss is then subtracted. The
remaining quantity, designated as rainfall and snowmelt excess, is trans-
lated in time and transformed for storage detention effects by various
means. Most commonly, the unit hydrograph method, described in Volume
4, is used. Computation of rainfall and snowmelt losses and runoff in
accordance with these principles can be accomplished using the computer
program described in Appendix 1.

It is often necessary to divide a drainage basin into sub-basins in
order to compute runoff from units where the areal patterns of preci-
pitation and other factors are relatively constant for different flood
events. Also, design considerations may require subdivision of a drain-
age basin in order to obtain flood estimates for various specific loca-
tions. When this is necessary, runoff computed for each sub-basin is
routed through downstream channels and reservoirs, and combined with
other hydrographs at downstream locations of interest. Stream system
computation and routing techniques are discussed in the following sec-
tions.
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Section 2.10. Routing and combining operations

Computation of flood hydrographs from specified storm rainfall and
snowmelt for each sub-basin is accomplished first for the most upstream
areas in each tributary, and each succeeding sub-area runoff computation
is made as the routing and combining operation proceeds downstream.

This is a straightforward computation for cases where the storm rainfall
quantities do not vary with size of drainage area. In cases where lower
precipitation amounts are used for larger areas, some means of recompu-

ting upstream contributions for each successive downstream location must
be used. One technique for doing this is described in Chapter 7.

Routing computations in each stream reach between points where
determinations are required or at reservoirs must use a computation
interval equal to that used in subsequent sub-basin runoff computations
so that hydrographs can be combined in a digital computation (or sub-
sequent computation intervals can be an exact multiple of earlier com-
putation intervals).

Routing and combining operations for a stream system can be accom-
plished using the computer program described in Appendix 2.

Section 2.11. River routing of floods

Routing of floods through river reaches to account for the time of
travel and storage effects can be accomplished by a number of methods.
A few that are widely used in project studies are described in the
following paragraphs. )

The Muskingum or coefficient method of flood routing uses the
following function of the rate of change of inflow during the computa-
tion interval and difference between inflow and outflow at the start of
the computation interval to determine the rate of change of outflow
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during the computation interval:

in which:
O] = ogutflow at start of interval

0, = outflow at end of interval
I] = inflow at start of interval
12 = inflow at end of interval
C] = routing coefficient

Cz = routing coefficient

Coefficients in the above equation are expressed in terms of the Musk-
ingum coefficients, K and X as follows:
¢, = 2at / (2K - KX + At) (5)

C, = (at - 2KX) / (2K - KX + at) (6)

It can be seen that K must be expressed in the same time units as the
computation interval, At. Values of K and X should be derived by suc-
cessive approximations to reconstitute recorded flows of the downstream
hydrograph where data at 2 points on a stream are available. The value
of K should approximately equal the computation interval, and this can
be accomplished by dividing a reach into sub-reaches if necessary.
Routing for each successive sub-reach is then accomplished by applying
equation 4 during each successive computation interval (At), assuming
that outflow equals inflow at the start of the computation for each
sub-reach. The theory for this routing method is explained in the U.S.
Army Corps of Engineers manual, EM 1110-2-1408, “"Routing of Floods
Through River Channels,” 1 March 1960.

The working storage and discharge method of river routing is based
on the following equations:
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Ry = Ry + (I] +1)/2- D,at (7)

2

D, = f (Rz) (8)

0, =D, - X (I2 - DZ) / (1 -X) (9)
in which:

R1 = working storage index at start of interval

R2 = working storage index at end of interval

D1 = working discharge index at start of interval

D2 = working discharge index at end of interval

X = same as in the Muskingum routing method
A curve of D vs R can be established from the following equation:

R =D (K=KX + .5At) (10)

in which K is the variable used in the Muskingum method but need not
be constant for different discharges. Routing procedure consists of
applying equations 7 to 9 for each computation interval, usually assum-
ing that outflow equals inflow at the start of the computation.

The straddle-stagger method of flood routing is an artificial and
empirical technique that might be satisfactory in many applications and
js very simple in concept. This technique consists of averaging a fixed
number of successive inflows to obtain the outflow that would occur some
time after the mid-time of the inflows averaged. Straddle refers to the
number of inflows to be averaged. Stagger refers to the number of ordi-
nates of time delay between the mid-time of the inflows averaged and the
time that such average becomes the outflow. This method is also referred
to as the progressive average-lag method. In order that timing at the
downstream point coincides with timing at the upstream point, stagger
should be an integer if the straddle is an odd number. If straddle is
an even number, the stagger should be an odd multiple of .5 time intervals.
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For example, if straddle is 5 computation intervals, stagger can be an
integer of 2 or larger such as 2, 3, 4, etc. If straddle is 4, stagger
should have a value such as .5, 1.5, 2.5, etc. ]

The Tatum method, also known as the successive average lag method,
consists simply of a number of successive straddle-stagger routings
where straddle is 2 and stagger is .5. The number of successive routings
is usually taken as twice the time of travel through the reach divided by
the computation interval.

The multiple storage routing consists of a succession of reservoir-
type storage routings (where outflow is a direct and unique function of
storage) using a time-of-storage factor as an index of the linear storage-
outflow relationship. The equation used is:

(I] + Iz) /2 -0

T 01'°°2 + At /2

0, = At (11)

in which:

T = time of storage in the same time units as At.

The exponent in the denominator may vary somewhat from -0.2, but this
value usually gives satisfactory results if sufficient data in a stream
system are not available for empirical determination of this exponent.
The routing computation is accomplished by successively computing the
outflow at the end of each computation interval using equation 11, as-
suming that outflow equals infiow at the start of the computation. The
time of storage, T, is derived empirically through reconstitution of
recorded flood hydrographs for the stream. Usually 4 or 5 successive
storage computations are used per reach.

Routing techniques described in this section are contained in com-
puter programs described in Appendix 2 of this volume and Appendix 1 of
Volume 1. Automatic derivation of routing coefficients from recorded
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upstream and downstream data can be accomplished using the computer
program described in Appendix 4 of this Volume or Appendix 1 of Vol-

ume 1,

Section 2.12. Reservoir routing

Reservoir routings are made to determine the outflow that would
result from a specified hypothetical flood hydrograph, with a specified
reservoir stage at the start and specified operation rules. Hypothetical
flood computations described in this report are restricted to those
where operation rules are based on conditions at the reservoir and
not on conditions at remote locations downstream. Thus, outflow is
a unique function of reservoir storage in these circumstances. Rout-
ing of hypothetical floods through the reservoir and spillway is needed
to determine maximum pool elevation during the spillway design flood.
Freeboard requirements are added to establish the elevation of top of
dam. The spillway design flood may be based on the probable maximum
flood, standard project flood or a floud of lesser magnitude depend-
ing on the resulant loss in event of failure from overtopping.

The most simpie and satisfactory technique for performing a reser-
voir routing is a special form of the Modified Puls method. In order
to perform this routing, a curve or table of storage indication versus
outflow is first constructed from stage-storage-outflow data. Storage
indication is the sum of storage and one-half of the corresponding
outflow, when the storage is expressed in volume units equal to one
unit of outflow lasting for one computation interval. When these units
are used, inflow and outflow can be directly added to or subtracted
from storage without converting units each time. The routing equation
is based only on the law of continuity and the assumption that aver-

age outfliow for a computation interval is equal to the average of in-
stantaneous outflow quantities at the start and end of that interval,

The equation is derived as follows:
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273 = 1,-0 -% (12)

A 7 2

s, 0 s 0

G+ D -Gttt (13)
in which:

S, = storage at end of interval expressed in flow units for the
computation interval

S, = storage at start of interval expressed in same units
I,,= average inflow for interval
0] = outflow at start of interval

0, = outflow at end of interval

Quantities in parenthesis in equation 13 are storage indication at
the end and start of the interval. The routing is started by estab-
lishing an initial value of storage indication. If outflow equals
inflow at the start, an initial storage indication value is obtained
from the storage indication vs. outflow relation. If storage at the
start is known, storage indication is computed by converting units and
adding one-half of the corresponding outflow.

When storage indication at the start of each interval is known, it
can be computed for the end of that interval (the start of the next
interval) using equation 13 by simply subtracting the outflow at the
start of the interval and adding average inflow for the interval.
Outflow at the start of each interval is obtained from the storage
indication using the relationship established as discussed in the
preceding paragraph.

Reservoir routings by this method are performed in the computer
programs described in Appendix 2 of this volume and Appendix 1 of
Volume 1.
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CHAPTER 3. STANDARD PROJECT FLOODNS

Section 3.01., Definition

The standard project flood represents the flnod that can be ex-
pected from the most severe combination of meteorologic and hydrolo-
gic conditions that are considered reasonably characteristic of the
qeographic region involved, excluding extremely rare combinations.
1t is usually computed by examinipg all of the major storms that have
occurred in the region and selecting a storm magnitude and pattern that
is as severe as any of the transposed storms, with the possible excep-
tion of any storm or storms that are exceptionally larger than others
and are considered to be extremely rare events. In the case of snow-
malt floods, it is ordinarily the flood that would result from the most
reasonably severe combination of snowpack, rainfall and snowmelt factors.

Around conditions in either type of flood should be reasonably condu-
cive to high runoff, but not necessarily the most extreme observed,
Standard project flood estimated completed to date in the United States
indicate that SPF discharge on detailed studies usually are about 40

to 60 percent of the probable maximum flood for the same hasin., (See
Chapter 4,) The standard project flood is intended as a practigable
axpression of the degree of protection that should be sought as a gen-
eral rule in the design of flood control works for communities where
protection of human 1ife and unusua}ijy high-valued property is in-
volvad., The SPF procedure is used in ljeu of the discharge-frequency
approach because of the unreliability inherent in estimating large mag-
nitude infrequent events from short record, or sven regional, discharge

frequency analyses,

Section 3.02. Storm severity

Storm rainfall severity is not simply a function of the average
total rainfall for a drainage basin, but is a function of the area and
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time distribution within the storm. In general, the greater the degree
of concentration of rainfall in time and space, the greater is the
severity as measured by its flood-producing capability. In the case of
the space distribution, however, there are some areas within a basin
that are more conducive to flood production than others, and it is usual
practice to center the heavier storm rainfall over these areas. Loca-
tions of such storm centers may be different from computation of flood
flows at different points in the basin.

Storm rainfall severity is usually represented by depth-area-dura-
tion relationships such as illustrated in fiqure 2.01. In the case
of the standard project rainflood, maximum rainfall depths character-
istic of the region should be used for the durations and area sizes
that are critical to the study. Figure 3.01 illustrates an evaluation
of standard project rainstorm magnitude for a 24-hour duration and 200
square mile area in different zonal regions of the United States east
of the 105th meridian. Figure 3.01 indicates that the standard project
rainfall denth has been exceeded by approximately 5 to 16 percent of
the historical events studied. Based on all 400 storms, about 10 per-
cent of the events exceeded the SPS 200 square mile 24-hour index amount,
in some cases by as much as 80 percent. This illustrates that the stand-
ard project storm is not of unprecendented magnitude regionally, although
it is definitely of a major category. Amounts of precipitation should
normally be expressed as a ratio to a precipitation potential index
representing potential moisture or topographic effects discussed in
section 2.04 and 2.05.

After depth-area-duration criteria are derived, space and time
patterns for the standard project storm must be developed. These can be
taken from actual storm records, but it is not likely that a single re-
corded storm could produce a space or time pattern that is satisfactoy
for application to a variety of drainage basins. It may be desirable
to devise simplified space and time patterns that are sufficiently
balanced and representative of general storm characteristics. Such
patterns are illustrated in figures 3.02 and 3.03.
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In many computations, a space (isohyetal) pattern is not used, but
a transposition coefficient is used that accounts for the degree to
which the isohyetal pattern does not coincide with the basin boundary.
Unless the basin shape is very unusual, transposition coefficients for
actual storms on actual drainage basins usually are very high - in the
order of 0.95.

Derivation of storm rainfall for a particular drainage basin from
generalized criteria is illustrated for probable maximum storm criteria
in paragraph 4.03. Similar techniques can advantageously be used for
standard project storm determination.
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Section 3.03. Standard project loss rates

As discussed in Section 2.08, loss rates during major storms,
consisting principally of infiltration, can best be estimated from
records of observed storms and floods. Loss rates for use in computing
standard project floods should correspond to those considered reason-
ably likely to occur during storms of such magnitude, estimated on the
basis of rates observed in floods that have occurred in the basin or in
similar areas.

As discussed in Volume 4, some loss-rate functions are complex and
cannot be expressed in a single parameter. Loss rates change with
precipitation intensity and with changing ground conditions during the
storm. These rates of change can be different during different storms
in the same basin. Accordingly, selection of a severe loss rate func~
tion for standard project flood computation may require use of a sim-
plified index.

One index of loss-rate severity is the "infiltration index," which
is the uniform loss rate that would produce the same volume of runoff
as that which actually occurs with the complex function. Use of this
index ignores the variation of average loss with average precipitation
intensity over a drainage basin, but often produces adequate results.

A better index might be the initial value of loss coefficient in the
following formulas that relate loss to rainfall intensity and accumu-
lated loss during the storm:

in which:
L = loss rate
K = loss coefficient
R = rainfall rate
E = empirical constant between 0.0 and 1.0
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K0 = loss coefficient at start of storm
C = empirical constant

L = accumulated loss during storm

e = natural log base 2.718

‘Losses computed with this equation should be constrained between 0.0
and some reasonable upper limit such as 50 mm/hr. In order to compare
initial loss coefficients for different storms, it is necessary to
derive each one using the same empirical constants E and C. This loss
function is one of the methods used in the computer program described
in Appendix 1, A simpler function also contained in that program

may be preferable in some applications. This simply consists of an
initial loss such as 10 to 20 mm followed by a uniform loss rate rang-
ing from 2 to 10 mm/hr. Another procedure widely used by hydrologists
consists of an exponential decay of a starting loss rate until a spe-
cified minimum is reached and then continuing at a constant rate. Some
methods also include a specified recovery rate during periods of no
rainfall excess.

Section 3.04. Standard project snowpack

Where the standard project flood is primarily a snowmelt flood,
standard project snowpack should envelope maximum observed snowpack and
a percentage should be added as a safety factor, depending on the
length of snowpack record and history of snowmelt floods. If the
record is long or the greatest snowmelt flood in a long time occurred
during the period of snowpack record, a small or no factor may be added
to the largest observed snowpack. A better alternative procedure would
be to construct frequency curves of snowpack and select values of about
100 to 200-year exceedence interval. This would be the best procedure
where only short records are available., If no snowpack records are
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available, it is ordinarily best to select the most severe snowmelt
flood of record and add a factor for determining a standard project
flood, rather than to compute one from smowpack. However, it is pos-
sible, but highly questionable, to derive snowpack from precipitation
and temperature records. This is not recommended, because precipita-
tion records of snowfall are of poor quality, and losses during the
accumulation season are difficult to estimate.

Where the standard project flood is a rainflood with snowmelt
contribution, a moderate snowpack is ordinarily most critical, because
deeper packs tend to retain or retard runoff from rain and decrease
peak runoff rates. Depending on a number of factors such as rainfall
temperatures and storm duration, critical snowpack water equivalent at
the start of a standard project rainflood would be approximately 10
percent of the standard project storm rainfall.

In mountainous regions, deeper snowpack occurs at higher eleva-
tions where melt and storm temperatures are lower, and critical con-
ditions are best represented at intermediate levels where the greatest
proportion of the flood runoff originates. Snowpack at the lower
levels will then be depleted early in the storm or season, and some
snowpack at the higher levels will remain after the end of the flood.

Section 3.05. Standard project snowmelt

Temperatures and other melt factors during the snowmelt season
must be selected with care for standard project use, because, as
explained earlier, maximum melt factors throughout the melt season are
not necessarily the most critical. In many cases, it would be best to
retain very low temperatures (and other melt factors) during the first
quarter of the melt season and then to use maximum values during the
remainder of the season, but care should be exercised so that proba-
bilities of the components are not unreasonably compounded.
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Since the melt season usually lasts 2 to 4 months, and occurs
during the spring when normal temperatures are changing rapidly, a
curve of temperature vs. duration should be comstructed in terms of
temperatures above (or below) normal for each day. Fnvelope curves or
frequency curves of temperature for various durations can be constructed
and applied to the pattern of normal daily temperatures. Curves of
other melt factors can be established in the same manner. Envelope
values for a long period of record or values exceeded ¢nce in about 50
years should be satisfactory for standard project use. The time se-
quence of temperatures must be consistent with time sequences of pre-
cipitation and other factors during the melt season. Critical se=
quences may be different for different applications, and it is ordi-
narily necessary to make several runoff computation trials before a
critical sequence can be selected for any particular application.

In the case of rainfloods, the temperatures and other factors must
be maximum consistent with rainfall. Usually maximum surface dew
points and pseudo-adiabatic lapse rates will determine maximum rain-
storm temperatures.

Section 3.06. Standard project base flow

Base flow is the amount of runoff that occurs during a flood but
is not computed directly from rainfall and snowmelt. It is flow that
would occur if the current storm did not occur plus any return flow
that is not directly computed from the current rain and snowmelt. Some
hydrologists prefer to include an added amount to account for an in-
crease in subsurface flow resulting from the current storm and any
remaining water stored in the channel from an antecedent event.

Base flow to be used in standard project flood computations is
ordinarily obtained by enveloping the largest base flow amounts that
have occurred in past floods and applying this to the standard project
flood in the manner in which it occurred in past floods.
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Section 3.07. Standard project runoff computation

Where unit hydrographs have been derived from recorded rainfall or
snownmelt and runoff data, data inaccuracies and other factors usually
result in different unit hydrographs for different storms. Those
derived for the larger floods are considered to be the most reliable
for standard project use. If no large floods at the location are
available for study, some increase in the maximum ordinate and decrease
in time to peak of unit hydrographs derived from smaller floods would
normally be advisable to account for increase flow velocities in those
rivers where larger flood flows can be expected to be accompanied by
increased hydraulic efficiency. If future urbanization on channel
modifications are anticipated, adjustments should be made in the unit
hydrographs to reflect these changes also.

Where methods other than the unit hydrograph method are used in
runoff computation, adequate adjustments may likewise be necessary in
order to assure that severe rainfall-runoff relations are applied.

Care must be exercised, where new reservoirs eliminate the retarding
effects of channel storage, that such changes are properly accounted for
(by reducing the time of concentration or the routing effects).

Runoff computations are then straight-forward. Losses are sub-
tracted from rainfall and snowmelt for each computation interval,
direct runoff is computed from the resulting excess values by use of
the unit hydrograph or other method, and base flows are added.

Section 3.08. Standard project flood series

In the design of storage facilities, it is occasionally necessary
to examine the operation of the facility over a long period of time.
In the case of rainfloods, it is ordinary to compute runoff only for a
period of 3 or 4 days, because uncertainties in the rainfall-runoff



relation become very serious as the longer durations (with lower rain-
fall rates and greater time and area variations) occur.

Where it is important to consider longer sequences of rainflood
runoff, as in studies to assure sufficient time between storms to empty
flood control space, flood perieds can be added before and after the
standard project computed runoff. These can be sequences that occurred
in relation to large recorded rainfloods or can be derived from flood
volume frequency curves. In the latter case, incremental runoff vol-
umes for incremental durations of about 3 days can be computed for an
exceedence interval of about 200 years. These volumes can be used with
a typical time pattern to develop hydrograph components, the larger of
which should ordinarily precede the main period of computed runoff.

Section 3.09. Summary of procedure--rainfloods

Standard project rainfloods are derived in the following steps:

a. Develop a map of the entire hydrologic region showing relative
values of storm precipitation potential. This map would not be necessary
if the storm precipitation potential is relatively uniform throughout
the region, as in some plains areas far removed from ocean sources of
moisture. This could be a map of normal annual precipitation or an
isohyetal map of 3-day precipitation having an exceedence frequency of
10 years per hundred years (3-day 10-year precipitation).

b. For each large recorded storm in the region, develop the depth-
area-duration relationship of maximum total precipitation expressed as a
ratio to the index of storm precipitation potential from step a.

c. Construct a standard project depth-area-duration relationship
that envelops all but any radically unusual values in the various storms.

d. For the drainage area for which the standard project flood is
to be derived, select a representative time distribution of precipita-
tion from recorded storms and adjust the guantities to correspond to
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standard project depths for the drainage area size and for each of a
representative set of durations.

e. By studies of rainfall-runoff relations in the basin or near-
by, develop for each subarea a unit hydrograph, loss rates and base
flow that are representative of those for the most severe floods of
record. Techniques are discussed in Volume 4. Reconstitution of a
major rainflood is illustrated in figure 3.04.

f. Determine routing characteristics and coefficients for reser-
voirs and river reaches pertinent to the study.

g. Using runoff computation techniques described in Volume 4 and
routing techniques described in Sections 2.11 and 2.12 herein, compute
the standard project flood hydrograph for the design location.

h. Computations described through step g are usually confined to
a duration of 3 or 4 days. Where appropriate, a series of floods can
be computed as described in Section 3.08. These are illustrated in
figures 3.05 and 3.06.

Section 3.10. Summary of procedure--snowmelt floods

The standard project snowmelt flood for a specified location can
be computed as follows:

a. From records of snowpack water equivalent or a combination of
winter snowfall and winter snowpack losses, determine the maximum snow-
pack water equivalent that would occur at the various points within the
drainage basin if the most severe snow accumulation conditions of the
entire region over a long period of time (40 or 50 years) should occur
over the specific basin. This may require some generalized estimates
of snowpack variations and an upward adjustment of snowpack quantities
if records are short.

b. Adopt either the degree-day or energy-budget melt computation
technique, depending on the adequacy of available meteorological data.
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FIGURE 3.06
STANDARD PROJECT FLOOD SERIES

Day Mean flow Day Mean flow Day Mean flow
and 1,000 and 1,000 and 1,000
Hour c.f.s. Hour c.f.s. Hour c.f.s.
1-6 1.8 11-6 1.2 21-6 2.0
12 7.1 12 1.1 12 2.0
18 11.2 18 1.1 18 2.0
24 15.2 24 1.1 24 2.3
2-6 22.4 12-6 1.0 22-6 9.3
12 22.4 12 1.0 12 14.6
18 15.4 18 3.1 18 19.8
24 9.7 24 19.1 24 29.3
3-6 6.5 13-6 44.2 23-6 29.3
12 5.0 12 32.9 12 20.0
18 4.0 18 16.1 18 12.4
24 3.2 24 11.0 24 8.6
4-6 2.5 14-6 14.5 24-6 6.5
12 1.9 12 49.2 12 5.1
18 1.3 18 76.8 18 4.0
24 0.9 24 104.3 24 3.2
5-6 0.6 15-6 153.5 25-6 2.5
12 0.4 12 153.2 12 1.9
18 0.3 18 105.8 18 1.6
24 0.3 24 65.8 24 1.5
6-6 4.3 16-6 44 .8
12 17.6 12 34.1
18 27.4 18 27.0
24 37.2 24 21.5 .
7-6 54.8 17-6 16.8 Reference:
12 54.7 12 12.6 See par. 3-08 and
18 37.7 18 8.9 Chapter 5.
24 23.5 24 6.0
8-6 16.1 18-6 4.1
12 12.2 12 3.0
18 9.7 18 2.6
24 7.7 24 2.4
9-6 6.0 19-6 2.4
12 4.5 12 2.3
18 3.3 18 2.3
24 2.3 24 2.2
10-6 1.7 20-6 2.2
12 1.4 12 2.1
18 1.3 18 2.1
24 1.2 24 2.1
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In most cases, the former technique will be used, because only temper-
ature and precipitation data are required, and the technique has proven
to be relatively satisfactory.

c. Develop a relationship of maximum temperature vs. duration
that envelops maximum values recorded during past snowmelt seasons.
Values of temperature should be expressed for this purpose in degrees
above normal for each calendar day, using a smooth curve of normal
temperature vs, time. If the energy-budget method of snowmelt compu-
tation is used, derive corresponding maximum values of other melt
variables such as wind and solar insolation.

d. In many cases, the most severe snowmelt runoff occurs if low
temperatures prevail during the early part of the snowmelt season when
normal temperatures are low and then extremely high temperatures fol-
low. By a series of approximations, derive a temperature sequence (and
corresponding sequences of other melt factors if the energy-budget
method is used) that results in the most severe runoff computed in
accordance with the following step. Determine also the maximum preci-
pitation that would occur in the melt season consistent with these melt
factors.

e. Taking account of different temperatures in different elevation
zones, compute snowmelt during each computation interval of the storm
period in accordance with techniques described in Section 2.07 and add
any precipitation that falls as rainfall. Develop unit hydrograph,
loss rate and base flow criteria as described in paragraph 3.09e and
apply to the snowmelt and rainfall totals for each period using tech-
niques described in Volume 4 in order to obtain the standard project
snowmelt hydrograph for each sub-area. Route and combine sub-area
hydrographs as described in paragraphs 3.09f and g.
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Section 3.11. Use of electronic computers

Computations described in this chapter can be readily performed
with existing computer programs such as those described in the appen-
dices of this chapter. When generalized criteria for a region are
formulated, they can be included in a computer program such as those
described in Appendix 1 of this Volume and Appendix 1 of Volume 1.
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CHAPTER 4. PROBABLE MAXIMUM FLOODS

Section 4.01. Definition

The probable maximum flood is that flood discharge which would
result from the most severe combination of critical meteorologic and
hydrologic conditions that are reasonably possible in the region. Since
there is great uncertainty in estimating potential hydrologic magnitudes,
extreme conservatism in estimating each variable would ordinarily result
in probably maximum floods that are unreasonable and of no practical
utility. Accordingly, a great amount of judgment is ordinarily required
in selecting rainfall, snowpack, loss rates, etc. A moderately conserva-
tive estimate of extreme values of each variable should be used, and
these should be consistent with the selected application as to be made.
The moderate, rather than extreme, degree of conservatism is the factor
that has led to the terminology probable maximum rather than maximum
possible. Nevertheless, the resulting flood must be one that the engineer
considers is virtually impossible of exceedence, because the flood is
ordinarily used to assure the integrity of a dam whose failure would
cause a great loss of life and major property damage that would not occur
under natural conditions. Probably maximum flood estimates are appli-
able to projects where consideration is to be given to virtually complete
security against potential floods.

Section 4.02. Storm maximization

There are two general factors that determine the severity of
precipitation during storms. One is the amount of moisture present in
the atmosphere and the second is the intensity of the precipitation-
forming mechanism.
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Moisture that exists in the atmosphere at the start or during a
storm can be measured by integrating the specific humidity measured in
radiosonde observations at locations in the storm area. Total moisture
in the atmosphere above the earth's surface can then be expressed in
millimeters as a depth. Amounts vary greatly, but the general order of
magnitude is about 50 millimeters. Maximum moisture that can occur
during a storm is usually considered to be that which would correspond
to saturated air at temperatures that would correspond to a pseudo-
adiabatic lapse rate curve passing through the pressure and temperature
point at the source of moisture. Since the source of moisture is
usually an ocean surface, the maximum ocean-surface water temperature
at the time of year would be used as the maximum surface temperature
(and dew point). Curves of temperature and moisture vs. surface tem-
perature for pseudo-adiabatic lapse rates are given in figures 4.01 and
4.02.

It is usual practice to assume that storm precipitation for the
same storm mechanism would be proportional to the precipitable water.
Thus, insofar as the influence of moisture in the air mass is concerned,
recorded storm precipitation can be maximized by multiplying by the
ratio of maximum probable precipitable water to recorded storm preci-
pitable water.

The factor of storm mechanism is more difficult to measure and
assess in relation to the effect on storm precipitation. In convective
type storms, it is usually assumed that such large numbers of these
storms occur that a near-maximum mechanism occurs someplace in the
region during a long period of observation. Thus a simple envelope of
rainfall amounts adjusted for maximum moisture might well represent
probable maximum convective-storm precipitation. In the case of cy-
clonic storms, wind velocity is a good index of storm-mechanism inten-
sity. Maximum probable winds can be estimated by an envelope procedure
using observed winds in a large number of cyclonic storms. Some mod-
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(From the U.S. National Weather Service Hydrometeorological Report No. 43)
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erate increase over the maximum observed might be warranted. In the
case of cyclonic-storm rainfall, amounts measured in observed storms
can be multiplied by the ratios of maximum probable precipitable mois-
ture and winds to values recorded in each storm.

Section 4.03. Probable maximum storm derivation

Probable maximum storm precipitation amounts expressed as a depth-
area-duration function are obtained generally by enveloping maximized
precipitation amounts in all observed storms for each duration and area
size. Where storm potential varies arealy or regionally, as discussed in
Sections 2.03 and 2,04, ratios of normal precipitation at the location
for which the estimate is being made to normal precipitation at the
location of each recorded storm should be applied to precipitation
amounts for that storm before the enveloping procedure.

Figures 4.03 and 4.04 illustrate generalized criteria developed by
the U.S. National Weather Service for the eastern United States. Deri-
vation of a probable maximum storm hyetograph based on these criteria is
illustrated in figure 4.05. Use of such generalized criteria facilitates
engineering evaluations and usually assures reliable results. The World
Meteorological Organization has published a document which gives consider-
able detail on the theory and techniques used by the meteorologist in
deriving probable maximum precipitation. It is WMO No. 332, World Meteor-
ological Organization, Operational Hydrology Report No. 1, "Manual for
Estimation of Probable Maximum Precipitation,” 1973.

4-04



/]
18 1, —_—\ l
A
ZgNE 3 ’ ‘
_% e
19 ! \&\
// A
-
24 4 4///)>\ AvAS > |
199% gir I
— A7 ~ o
—T — : ;
2; ?NI J//é/ T/}. . T =
A LT L : \
oL L |
//// ! l | \ ]
vels B -Zo N

Figure 4.03

Probable Maximum Precipitation.

24 hours { In inches)

4-05

For 200 square miles—
The All Season Envelope



ORAINAGe. AREA N SQUARE MILES

& 12 24 48 HOURS 1000" . 6 12 24 48 HOURS
1000 LT L vaunsuaL 1aai Y >t T = T T
800 : NN 800 ;
800 SHAE o 800
b T
400 X ¥ F 900 T
w T
200 NN £ 200 bbb NN
NITTNTTIN S U NN NG [T ZONE 2
NN EN ZONE | il NN
N N N Z 00 | NN
100 < 20
80 3 =
| 60 3 60
: ) w ap i N
a0 : g
LN L ] - N N
HUNG N z NN
20 i ! I & %= i ! N TN LN
| \ \ \r‘ NIt f ; NI N
‘OIO 20 30 40 350 80 w0 80 N0 100 “_0 120 13()' 140‘-:-50 1020 30 40 50 60 70 80 90 100 10 120 130 140 i50 160
PERGENT OF 200 SQUARE MILES -24 HOUR VALUES PERCENT OF 200 SQUARE MILES-24 HOUR VALUES
6 12 24 4& HOURS . 1000 & 12 24 48 HOURS
oo EEEE & N \ 800 A
@ 600 - ! @ 600 T
3 aco Z ac0 \
w w !
% 200 N \‘ 5 200 \ \
k=3
S | . \ NN { ZoNE 3 3 | NAN \\ M|l zowe &
Z 00 - L = 100 + -
a 80 a 80
¥ :
T 60 prt 4 60 :
g 0 > g @0 i
z } \ H : \
2 oMl N g 20 . A
s ‘ NETIN N | NJ N
; NG N ' | | NN
Sl i o it 1 i X
20 30 60 50 60 70 80 80 - 100 110 120 130 140 130 160 0 20 30 40 S0 60 70 80 90 100 #0120 130 K0 %0
PERCENT OF 200 SGUARE MILES-24 HOUR VALUES PERCENT OF 200 SQUARE MILES-24 HOUR VALUES
6 12 24 48 HOURS
1000 pomrpery A . W L2 2 1000 ey y NI
800 T H ¥ 80 mas S A W Aeam
@ 800 : n 690 : NG
3 400 P 2 acol ‘ X
w - +
I \ \ \ £ = N
< lono < 200
3 ; \ N q ‘ E N T N \ A
! \ N\ \ \ ZONE 7 ] | \ \1\ » IZ‘OINE ,
2100 Z 100 : e % : :
g eoF a4 8o = ek ;
Z . E0{ % 60 i 1Y i
4 acke st W 40 L 1 |
;\ il i S i
K : i NN 3 NN \
z 20 =T Y £ 20 NN
| i \ NN | NN
oLl il h \ih o ! N
10 %0 5 60 70 80 S0 100 10 120 130 180 150 Yo 20 30 40 50 60 70 80 90 100 u0 120 130 40 150
PERCENT OF 200 SQUARE MILES-24 HOUR VALUES PERCENT -OF 200 SOUARE MILES-24 HOUR VALUES
& 2 24 48 HOURS
1000 oy ‘ . & i 174 24 48 HOURS 1000 i !
200 5 > T 300 e h : N :
2 600 |+ < «» 600 - - - 1
< i 1 Y \ i \
3 ac0 . 2 @00 . K
| T H
H i W ! Al i \ Nl
:5, 200 0 1 \ \ § 2 T T T T +
H H i \ H h {
: i Sy NN LN 2owe 529 @ P NN ZONE 5
Z 00 : ] Z e : . . X i ]
4 80 a
o v, ol T T T
g sof E t T X T
wl & i w ; \ ]
F on o g s :
3 S \ AR H it \
5% : \ & [N \ ‘1\
o, H i ~
o Ll IR \ N A HHigh NN
0 20 30 40 50 60 70 80 90 100 WO 120 130 140 180 30 40 50 60 70 80 90 100 10 120 130 (40 I50

PERCENT OF 200 SQUARE MILES-24 MOUR. VALUES PERCENT OF 200 SQUARE MILES-24 HOUR VALUES

Figure 4.04 SEASONAL VARIATION
Depth— Area~- Duration Relationships

Percentage to be applied to 200 square miles 24 hour probabie maximum precipitation
values for . The All Season Envelope 4-06



Figure 4.05
EXAMPLE OF PROBABLE MAXIMUM STORM

1. BASIC DATA
a. DA =19.6 sq. mi.

b. Shape factor 81.2 percent (Imperfect fit of isohyetal pattern
to basin shape)

LAT 36° - 30°

LONG 97° - 40°

Index = 26.8" (figure 4.03)
Index with shape factor = 21.76"

- O Q O
« & & s

2. RAINFALL SUMMARY

Duration Total Rainfall  Rainfall Duration of
hrs % Index* (21.76x Index) Increment Increment
6 106 23.06 23.06 6 hr
12 118 25.68 2.62 6 hr
24 124.5 27.09 1.41 12 hr
48 134.0 29.15 2.06 24 hr

* From figure 4.04

3. SIX HOUR RAINFALL IN CRITICAL SEQUENCE
-HR % 24 HR RF ARF RF_TOTALS

6 2.07 0
12 9.67 20

18 85.12 ].76ijiiiitj::> 2.06
24 3.14 .06
30 2.07 56 -
36 9.67 2.62 -
42 85.12 23.06:jiijj::::’ 21.09
18 3.14 .85

e i

29.15
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Section 4.04. Probable maximum ground conditions

Ground conditions that affect losses during the probable maximum
storm should be the most severe that can reasonably exist in conjunction
with maximum probable precipitation. Lowest loss rates that have been
observed might be used if there is reasonable assurance that the entire
range of possible losses has been experienced. However, loss estimates
are subject to major uncertainties, and there are cases where negative
loss rates are computed simply because of inadequate precipitation data.
Accordingly, some allowance must be made for this uncertainty, and loss
rates that are conservatively low should be selected for probable maximum
flood computation.

Where it is possible for the ground to be frozen at the start of a
rainflood or snowmelt flood, it can be concluded that zero or near-zero
loss rates should be used for probable maximum flood computation.

There may exist a seasonal variation in minimum loss rates, in which
case, rates selected should be those representative of most extreme con-
ditions for the season for which probable maximum runoff is being com-
puted.

Section 4.05. Probable maximum snowpack

As in the case of standard project snowpack, it is not feasiblie to
compute maximum snowpack accumulation from winter precipitation, temper-
atures and snowpack losses. Probable maximum snowpack for floods that
are primarily snowmelt floods should be estimated from observed snowpack
data and should be considerably larger than standard project snowpack.
It may be satisfactory to add a factor such as 25 percent to standard
project snowpack in order to obtain probable maximum snowpack.

In the case of rainfloods that have some snowmelt contribution,
snowpack used for probable maximum rainflood computation should be the
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maximum that can contribute toward the peak flow and runoff volume of the
flood without inhibiting the direct runoff from rainfall. The most cri-
tical snowpack for probable maximum rainflood computations is substan-
tially larger than that for the standard project rainflood, because the
heavier rainfall and warmer temperatures will have a greater capability
to melt snow.

As discussed for standard project snowpack in Section 3.04, the
critical snowpack in mountainous regions will ordinarily be located at
elevations where most of the rainflood runoff originates. Snowpack is
ordinarily greater at higher elevations and less at lower elevations, and
hence critical snowpack will not exist at all elevations.

Section 4.06. Probable maximum Snowmelt

The discussion in Section 3.05 of factors to be considered in se-
lecting melt factors for the standard project flood also apply to the
selection of melt factors for the probable maximum flood. Temperatures
should be higher for both snowmelt floods and rain floods, and other melt
factors should be correspondingly higher. In the case of snowmelt floods,
temperature patterns may be different from standard project snowmelt
temperature patterns but the same principles for developing such patterns
apply. In the case of rainfloods, greater precipitation amounts are
usually accompanied by higher temperatures, but again the same principles
for developing temperature patterns apply as for the standard project
flood.

Section 4.07. Probable maximum base flow

Base flow for the probable maximum flood is not such a critical item
as for the standard project flood (Section 3.06), because the peak flow,
which is not greatly affected by base flow, is the primary characteristic
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of interest in the probable maximum flood. Nevertheless, it is prudent
to adopt a base flow value that is more severe than that which would be
used for standard project flood derivation. There is no general guide
for this, but an additional 10 to 25 percent should suffice.

Section 4.08. Probable maximum flood computation

Many of the guides contained in Section 3.07 are relevant to the
computation of the probable maximum flood. Rainfall-runoff factors
should be selected in this case as the most severe that are reasonably
consistent with the storm and flood conditions, and should be consider-
ably more severe than those selected for the standard project flood. In
all cases where the unit hydrograph technique is used, the unit<hydro-
graph peak should be increased substantially to account for the more
rapid concentration of flood flows in the stream system. Channel routing
coefficients should likewise be modified toward greater translation speed
and less storage effects because of the more efficient hydraulic flow
conditions during larger floods.

In application of the probable maximum flood for spillway design,
allowance should be made for the accelerating effect of a reservoir in
relation to the stream reaches that are inundated, and the reservoir
level at the start of the flood should be the highest level reasonably
consistent with probable maximum flood conditions.

Section 4.09. Antecedent conditions

In many spillway design applications, flood conditions that precede
the probable maximum flood may have substantial influence on the regu-
latory effect that the reservoir has on the probable maximum flood. In
such cases, it is appropriate to precede the probable maximum flood with a
flood of major magnitude at a time interval that is minimum consistent
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with the causative meteorological conditions. While a special meteoro~
logical study is desirable where possible for this purpose, it is often
considered that the start of a probable maximum flood could reasonably,
as an extreme possibility, be preceded by the start of the standard
project flood 4 or 5 days earlier.

Section 4.10. Summary of procedure

Procedures used in the computation of probable maximum rainfloods
and snowmelt floods are similar to those described in Sections 3.09 and
3.10 for the standard project flood. The only significant differences
are that criteria used are as described in this chapter and an antecedent
flood is used as described in Section 4.09 in lieu of a standard project
rainflood series. Computation procedures are as illustrated for the
standard project flood in figures 3.04 to 3.06.

Section 4.11. Use of electronic computers

As in the case of standard project floods, computations of probable
maximum floods can be accomplished using any of a number of existing
computer programs such as those described in Appendix 1 of this Volume
and Appendix 1 of Volume 1. Generalized criteria for probable maximum
flood derivation can also be programmed for computer use, as has been
done in these two computer programs for criteria in the eastern USA,
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CHAPTER 5. BALANCED FLOODS

Section 5,01, Definition and need

A balanced flood is one that is of equal severity for all possible
critical durations of project design. Severity is expressed in terms of
exceedence probability or exceedence frequency.

In the planning of a flood control project involving storage or in
the development of reservoir operation rules, it is not ordinarily known
what the critical duration will be, because this depends on the amounts
of reservoir space and release in relation to flood magnitude. When
alternative types of projects are considered, critical durations will be
different, and a design flood should reflect a degree of protection that
is comparable for the various types of projects. Accordingly, balanced
hypothetical floods are useful for planning, design and operation pur-
poses.

Section 5.02. Varying volume-duration relationships of floods

Time patterns of floods that occur at any particular location are of
a great variety. Some floods have high peak flows and are of short dur-
ation. Others have the reverse characteristics, and, of course, short-
duration volumes can be small in relation to long-duration volumes in
some floods and large in others. No one historical flood would ordi-
narily be representative of the same severity of peak flow and runoff
volumes for all durations of interest.

If a project is designed to regulate all floods of record, it is
likely that one flood will dictate the type of project and its general
features, because the largest flood for peak flows is also usually the
largest-volume flood. Yet, there is information in the other floods that
can be used to obtain a better balance of the peak flow and volumes for
various durations of a design flood. It is important that this infor-
mation be used effectively.
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Section 5.03. Runoff volume frequency curves

The varying characteristics of runoff volume vs. duration at any
location can be effectively represented by a set of runoff peak and
volume frequency curves developed as described in Volume 3 and illus-
trated in figure 5.01. Floods that dominate the peak-flow and short-
duration-volume curves are not necessarily the same ones that dominate
the long-duration volume curves. Yet, a set of values for peak flow and
each duration that have the same exceedence probability would represent
the same degree of severity as defined in Section 5.01. Such a set of
values, possibly with interpolated values added, can be used as described
below for the construction of a balanced hypothetical flood.

Section 5.04. Representative hydrograph

Even though a balance is obtained among runoff peak flow and volumes
for various durations at a given location, the time sequences of flows
in a hypothetical flood that would make up this balance can be any of a
great variety of time sequences. For example, flows could rise rapidly
and recede gradually or vice versa, and still retain the same volume-vs.-
duration relationship. Although this item is of secondary importance, it
does have some influence on design and therefore should be considered
carefully. This can be done by studying the relative timing of maximum
volumes for specific durations in relation to the time of peak flows for
the largest floods of record. A representative discharge sequence can
then be selected from among recorded floods. This would be represen-
tative only with respect to flow sequences and not with respect to ab-
solute or relative magnitudes of flow for varijous durations.
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Section 5.05. Hydrograph balance routine

Runoff peak and volume frequency curves are used in conjunction with
a representative hydrograph to obtain a balanced hydrograph as follows:

a. Select an exceedence frequency suited to the needs of a par-
ticular problem. This may be a design frequency or a frequency that
represents a range of frequencies particularly pertinent to flood damage
evaluation.

b. Obtain target flow peak and volumes corresponding to the selec-
ted exceedence frequency, using a set of frequency curves such as that
illustrated in figure 5.01.

¢. Change the maximum ordinate of the representative hydrograph to
the target value for the duration equal to the hydrograph tabulation
interval. This is done ordinarily, because each ordinate of a hydrograph
is considered to represent a volume of flow lasting one computation
interval of time. In most cases, it may be desirable to use the target
peak flow for this and to ignore the small error in volume thus incurred.
This is because it is important to represent the maximum instantaneous
flow, and the computation interval should be short enough that instan-
taneous flows effectively represent the average of flows for a compu-
tation interval.

d. When some balanced hydrograph values have been adjusted for any
specific duration, the segment of the unadjusted representative hydro-
graph that has maximum volume for the next lTonger duration is determined.
A1l adjusted flows within this segment are expressed as a total runoff
volume, which is then subtracted from the target volume for the next
longer duration. All of the unadjusted flows within this duration are
then adjusted so that the total volume they represent will correspond to
the target value. This step is repeated until the last duration is
reached.
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e. It is possible, although a rare occurrence, that the repre-
sentative hydrogranh will not have maximum volumes for all durations
within the time period of maximum volumes for longer durations. It is
also possible that successive adjustments as described in step d will
substantially modify the shape of the representative hydrograph. Either
of these circumstances could result in a hydrograph whose volume-
duration characteristics do not conform to target values. Consequently,
it is necessary to check this at the end of each adjustment sequence
and, if substantial differences exist, steps ¢ and d should be repeated
using the adjusted hydrograph as the new representative hydrograph. A
number of such repetitions might be necessary in some cases.

A computer program that accomplishes the balancing routine as
described above is contained in Appendix 3. An example of a balanced
hydrograph is shown in fiqure 5.02.

Section 5.06. Application

A balanced flood can be used as a design flood to assure that the
project will provide protection against a flood having an exceedence
frequency equal to that selected for the balanced flood. If a nroject
design is sensitive to peak flows or short-duration volumes, it will not
be sensitive to long-duration volumes, and vice versa. Accordingly,
there is no significant escalation of severity by including maximum
volumes for all durations in the same design hydrograph.

Application of balanced floods for economic evaluations is
discussed in Chapter 6.
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CHAPTER 6. STREAM SYSTEM RUNOFF FREQUENCY COMPUTATION

Section 6.01. HNeed and basic concept

In evaluating a plan of water resource project development or
operation, it is ordinarily necessary to establish peak flow frequency
relations for conditions without the project (non-project conditions)
and conditions with the project (project conditions). When conditions
without the project are essentially the same as conditions that pre-
vailed when records of flood flows were taken, a frequency curve of
non-project conditions can be obtained at each record location from
recorded data as described in Volume 3. Otherwise the frequency curve
of recorded peak flows will represent a third condition that is not
directly used in project evaluations.

In order to evaluate the effects of reservoir, channel and other
improvements, at or upstream of any location, on flows at that location,
flood hydrographs must be routed through the improvements and down to
the Tocation of interest, which is usually a damage index point. In
order that alternative project development or operation plans be
comparably evaluated, hydrographs should be balanced in time, as dis-
cussed in Section 5.01, as well as balanced in space, so that projects
on some streams will be appropriately evaluated in relation to those on
other streams insofar as effects at a common downstream point are
concerned. This can be accomplished by computing runoff from rainfall
having the same exceedence freauency at all points in the river system
and for all pertinent durations, using loss functions that are of equal
severity at all locations. Various magnitudes of balanced floods com-
puted in this manner for non-project and project conditions can be used
to derive a freguency curve for project conditions from one of non-
project conditions. Routings can also be used to interpolate frequencies
for non-project as well as project conditions between locations where
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records are available. This is particularly useful in establishing an
Intermediate Regional Flood, which is a flood having an exceedence
frequency of about once in 100 years and is used for flood plain manage-
ment criteria.

Section 6.02. Flood computation procedure

One flood of intermediate magnitude is computed from rainfall amounts
that are consistent in time and area using procedures described in Sections
2.09 and 2.10. Since the rainfall patterns are consistently severe in
time and space, runoff should be reasonably balanced throughout the system.

A number of reasonably balanced floods for each sub-area can be
obtained by computing runoff from various ratios of the precipitations or
simply by multiplying all ordinates of the derived flood by a set of
coefficients smaller and larger than 1.0. These can be routed through
reservoirs and channels differently for each plan of development. The
sub-area computations themselves might be different for each plan if
changes such as urbanization or watershed management are involved.

The net result of the flood computations is a set of hydrographs for
each location and for each plan of development or operation. The re-
spective hydrographs for each plan have the same exceedence frequency,
because the floods are balanced and all larger floods in one plan will be
equal to or larger than the corresponding flood in any other plan. Thus,
the frequency with which the flood computed from a given ratio for one
plan is equaled or exceeded is also the frequency with which the flood
computed from the same ratio for another plan is equaled or exceeded.

6-02



Section 6.03. Flood frequency designation

The exceedence frequency of a flood computed from rainfall and snow-
melt is difficult to determine from exceedence frequencies of the caus-
ative factors because of the great variations that ordinarily occur in
loss and other runoff functions. Accordingly, the exceedence frequency
of floods computed as described in the preceding section is best deter-
mined from runoff records at locations where sufficient records exist,
using techniques described in Volume 3. Then the exceedence frequency of
each flood computed for the plan corresponding to conditions that pre-
vailed during the period of streamflow records can be directly deter-
mined. As stated above, exceedence frequencies at the same location for
all other plans will be the same. Frequencies of floods for locations
other than where records exist can be interpolated in relation to the
size of the contributing drainage area.

Section 6.04. Summary of procedure

Computation of peak flow frequencies for various plans of develop~
ment or operation at damage Jocations throughout a river basin is accom-
plished as follows:

a. Derive peak flow frequency curves for all locations where runoff
data exist using procedures described in Volume 3.

b. Establish a storm rainfall pattern for point rainfall of equal
exceedence frequency for all locations and pertinent durations. The
exceedence frequency should be representative of the frequency of dam-
aging floods. Background information for this computation is contained
in Section 2.06.

c. Using representative unit hydrographs and loss rates, compute
the flood runoff from this rainfall at all locations for conditions under
which runoff was recorded, using techniques described in Volume 4.
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d. Derive runoff from each sub-area for a number of ratios of the
precipitation pattern, or simply take a number of ratios of runoff com-
puted for each sub-area and route resulting hydrographs through the
basin, using procedures described earlier in this Volume. Each ratio
should be constant for the entire basin, and ratios should be selected
to represent the entire range of damaging floods at all locations.

e. Using the runoff frequency curves derived in step a, determine
the exceedence frequency for each ratio at each location from the com-
puted peak flow.

f. For each other plan, derive floods using the same rainfall
pattern and the same ratios, and assign the corresponding exceedence
frequencies to the new computed peak flows. These can then be used to
e§tab1ish frequency curves of modified flows for each plan and location.

Section 6.05. Use of electronic computers

Computations described in the individual steps of Section 6.04 can
be done using any number of existing computer programs. The entire pro-

cedure, except for runoff-frequency-curve derivations, has been programmed

as a unified operation in the computer program described in Appendix 1
of Volume 1.
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CHAPTER 7. STREAM SYSTEM DESIGN FLOOD COMPUTATION

Section 7.01. Need and general concepts

As discussed in Section 2.06, average storm rainfall corresponding
to a specified exceedence frequency decreases as the size of the tribu-
tary area increases. Likewise, as discussed in Sections 3.02 and 4.03,
standard project and probable maximum precipitation amounts decrease as
the size of the tributary area increases. Thus, if design rainfloods
computed for various tributaries of a stream system are routed and
combined at a downstream point, the resulting flood would represent a
higher level of severity than the severity of the components, because the
rainfall is not reduced for increased area size. One way to obtain a
comparable flood downstream is to recompute all of the upstream flood
hydrographs for each successive point downstream, using design rainfall
amounts for the larger area tributary to the downstream point. This
would be satisfactory, but if a large number of successive downstream
pbints require design values, there would be a great deal of repetition

in the computations. HMore important, probably, is the need to contin-
uously distinguish between the design flood for a given location and

the smaller floods at that location which contribute to the design floods
at downstream locations.

There is no simple technique for performing the comprehensive design

flood hydrograph computations for a stream system or a storm drain sys-
tem, but the technique described herein provides a systematic approach
that is easily computerized. It consists essentially of computing 4 or 5
base floods from rainfall of uniform severity over the entire river
basin. The rainfall severity would range from lowest amounts represent-
ing design rainfall for the largest areas of interest to highest amounts
representing design rainfall for the smallest areas of interest. The
size of area corresponding to each of the 4 or 5 base-storm rainfall
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amounts is related directly to that amount.

Four or five base floods are then computed for every pertinent
location in the river system, and the design flood for each location is
then interpolated on the basis of drainage area size between the base-
flood hydrographs that represent drainage-area sizes nearest the drainage
area size of that location.

Section 7.02. Base-storm rainfall patterns

If normal storm rainfall intensity or rainfall potential does not
vary appreciably over a river basin, depth-area-duration relationships
such as that illustrated in figure 2.01 would suffice as a basis for
obtaining rainfall patterns that are balanced in time for each of the 4
or 5 selected area sizes. If normal storm rainfall intensity varies
within the basin, the depth-area-duration curves should be expressed as a
ratio to a base areal pattern of rainfall intensity, as discussed in
Section 2.05. The depth-area-duration relationship and time pattern of
storm rainfall are derived for standard project rainfall, probable max-
imum rainfall or rainfall of any specified frequency as discussed in the
previous chapters on those subjeet areas.

It is usual that rainfall depth-duration relationships change with
area size. In small areas, very high short-time intensities can occur,
but these do not extend over large areas simultaneously. There is less
tendency for this disparity in long-time intensities. Accordingly,
rainfall time patterns of the same degree of severity usually have higher
proportions of the rain in short periods for small areas than for large
areas. As a consequence of this, the time distribution of total rainfall
should ordinarily be different for the 4 or 5 base storms, with the
larger storm-total amounts (representing rain over the smaller areas)
having a greater concentration of rainfall in short periods. This would
be a direct result of using the derived depth-duration relations for each
selected area size.
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Section 7.03. Rainfall-runoff relationships

Factors used in deriving runoff from rainfall should be selected in
accordance with guides given in the chapters corresponding to the type of
design flood being developed {Chapters 3 through 5).

Section 7.04. Flood interpolation

Runoff computations for stream system design floods proceed from an
upstream to a downstream direction. At each location where the 4 or 5
base floods are computed, two are selected whose precipitation amounts
correspond to drainage-area sizes nearest to the drainage area at that
location, one larger and one smaller. A direct interpolation on the
basis of the logarithms of the drainage areas is made between these two
base flood hydrographs in order to obtain the design hydrograph for that
Tocation.

It should be noted particularly that the sum of design floods on
streams immediately above a confluence would be larger than the design
flood immediately below the confluence. Of course, the sum could not be
considered as a design flood, since the maximum precipitation has been
centered on each upstream component and it could only physically center
over one of the components at any one time. When the runoff character-
istics differ greatly for the different tributaries, it is possible that
the interpolation process would cause the interpolated flood below the
confluence to be smaller in some respect than one of the tributary
floods, which is a physical impossibility. Accordingly, it is advisable
to check peak flows and volumes for various durations of the hydrograph
below the confluence with those on each tributary, and, if any one trib-
utary value is greater, the downstream hydrograph should be adjusted to
equal the tributary hydrograph with regard to that value.
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Section 7.05. Summary of procedure

Stream system design rainflood computations can advantageously be
accomplished in the following steps:

a. Develop a design storm rainfall depth-area-duration relationship
in accordance with procedures outlined in Chapter 3, 4, or 5, depending
on the nature of the design storm.

b. Select 4 or 5 area sizes that cover the range of sizes of
tributary areas above the various design locations. For each of these
area sizes, develop a time pattern of rainfall in accordance with pro-
cedures outlined for the particular type of design storm (Chapter 3, 4,
or 5).

c. For each sub-area select loss rates, unit hydrograph coeffi-
cients and base flow appropriate for the type of design flood, as de-
scribed in Chapters 3, 4, and 5. Determine reservoir and channel
characteristics and routing coefficients for all routing operations.

d. Progressing in an upstream to downstream direction on all
tributaries and the main stream, compute runoff hydrographs for each of
the 4 or 5 base floods.

e. At each location for which a design flood is required, inter-
polate on the basis of drainage area sizes between the two base floods
corresponding to area sizes nearest that of the design location in order
to obtain the design flood hydrograph for that location.

f. Check consistency of hydrographs at combining points and make
any adjustments required.

Section 7.06. Use of electronic computers

Procedures described in this chapter have been programmed for auto-
matic stream system computation and routing and for flood interpolation.
Routines are contained in Appendix 1 to Volume 1.
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UNIT GRAPH AND HYDROGRAPH COMPUTATION

HYDROLOGIC ENGINEERING CENTER
COMPUTER PROGRAM 23-J2-1228

1. ORIGIN OF PROGRAM

This program was prepared in the Hydrologic Engineering Center,
Corps of Engineers, principally by Leo R. Beard. Up-to-date informa-
tion and copies of source statement cards for various types of comput-
ers can be obtained from the Center upon request by Government and
cooperating organizations.

2. DPURPOSE OF PROGRAM

a. This program written in Fortran II computes a unit graph,
unless unit graph is supplied, given unit rain duration, size of
drainage area, time of concentration (TC) and Clark's routing
constant, R. Time-area curve should be supplied, if available. If
desired, TC and R will be modified so that the unit hydrograph will
attain specified values of Snyder's Cp and ths each within 1
1 percent.

b. Program will compute standard project rain amounts from EB
52-8 criteria, probable maximum precipitation amounts from HMS 33
criteria, or accept rain amounts in inches or as ratios of a specified
storm total. SPS or PMS amounts will be multiplied by a specific
basin shape factor or by the "Hop Brook" shape factor, if a shape fac-
tor is not specified (can be 1.00). Use of this "shape factor" as an
artificial coefficient can permit rapid computation of floods from a
number of ratios of given storm rain.

¢. Program will compute rain excess by use of initial loss and
uniform loss rate or from loss as a function of some power of rain
intensity, decreasing exponentially with accumulated loss.

d. Using the computed or supplied unit graph, program will com-
pute flood runoff for any number of basins and any number of storms
for each basin. Time, rain, loss, excess, recession and total flow
are printed in convenient format. Also, cards are punched for input
to the basin routing program (23-J2-1L232).

e. A listing of the source program and test input and output are
given at the end of this report.

f. An interactive version of this program (UHCOMP) is available
for MS DOS microcomputers (PC) and the Harris minicomputer.



3. DESCRIPTION IF EQUIPMENT

a. This program was prepared for use in the IBM 1620 computer
with 40,000 digit, variable word length memory, card input and output,
and is usable in the GE 225 and RCA 301 computer having comparable
memory, if any necessary input and output statement changes are made.

b. An executable interactive version of this program for the PC
is available from the Hydrologic Engineering Center.

4. METHODS OF COMPUTATION

a. The Clark unit graph is computed by linear interpolation of
time-area ordinates, after they are converted to cfs, in order to
obtain ordinates at the end of each TR interval. These, with the
exception of reservoir area at the concentration point, are routed
through basin storage by use of the standard Clark formulas:

0y = C1(Iy) + C2 (07) (1)
Cl = TRHR/(R+.5TRHR) (2)
c2 = 1-c1 (3)

The unit graph is terminated when its flow recedes to 1 percent of its
peak flow, except that not more than 60 ordinates are computed. The
volume of the truncated unit graph is printed out along with the vol-
ume of 1 inch of excess for comparison. The unit hydrograph thus com-
puted includes return base flow, so associated losses represent perma-
nent losses, and only recession from antecedent runoff is added to
flows computed from the unit hydrograph and rain excess amounts.

b. Loss rates can be computed in the usual mamner of satisfying a
given initial loss and then applying a uniform loss rate for the
remainder of the storm period. As an alternative procedure, the pro-
gram can compute losses in the manner described in the September 1958
Sacramento District report, "Standard Project Rainflood Criteria,™
where loss coefficient AK is expressed as decreasing with accumulated
loss and used in the following formula:

ALOSS = AK(RAIN)E (&)
where ALOSS and RAIN are expressed in inches per hour and the expo-

nent, E, can vary from zero (loss independent of intensity) to one (loss
directly proportional to intensity of rain). The coefficient, AK, is



expressed as an exponential depletion funection, with additional
initial increment if desired. It is entered as BASEL at the
start of the storm, and the exponential component is defined
by the following equations:

AK = BaSHL/(rrTor) (ACUMEL/10) (5)

ACUML = = (ALOSS~RCVRY) (6)
The initial increment (TEMP) is defined as:
TEMP = DLTAK (1-(ACUNL/DLTAL)2) (1)
Terms are defined at the end of the text and illustrated in exhibit 5.

c. In applying EB 52-8 and HMS 33 eriteria, 24-hour rain
amounts and 6-hour amounts within each 2k-hour period are arranged
in the following order, numbers representing decreasing rain amounts:

L, 2,1, 3
For storms shorter than 96 hours, 2k-hour amounts are arranged
2, 1, 3
2,1
or 1

The largest 6-hour amount for each day is subdivided in accordance
with Plate 11 of 52-8 for both SPS and PMS application. The transposi-
tion coefficient supplied by the program only if one is not specified
is computed by the following equation designed to fit the "Hop Brook"
formula:

TRSEC = 1-.3008/(pa) 17718 (8)

d. Most runoff hydrographs show an approximately uniform
exponential recession rate after flows recede below a given value
and rain has stopped. This portion of the runoff cannot satisfactorily
be computed by unit hydrograph methods using the same rainfall excess
that causes the main flood. This program computes the recession
below a specified rate (QRCSN) by use of the following formula, but
accepts a higher flow computed by unit hydrograph.

Q, = /(RTIOR) -1 (9)



5. INPUT

a., Input is summsrized at the end of the text. Items A
through ¥ are basin or job characteristices and given only once
per basin. Remaining items sre given for each storm.

b. All deta are entered consecutively on each card, using 8
colums {(digits, including decimel point, if used) per variable
and 10 variables ver card unless fewer varisbles are cslled for,
except that the first column on each card is reserved for identifica-

tion and not read by computer. Thus, the first field on every card
is restricted to 7 columms.

6, OUTPUT
a, All input date except time-ares table,

b. Tabulation of time, rain, loss, excess, unit graph, recession
and total flow, with totals of all columns.

¢. When CP and TP specified, successive spproximations of these
end associated values of Clark's TC and R.

d. Hydrograph specification card and punched tabulation for direct
input to basin routing program.

T. OPERATING INSTRUCTIONS

Standsrd Fortran II operating instructions. No sense switches used.
8., DEFINITION OF TERMS

Terms used in this program are defined in Exhibit 3.
9. EXAMPLES

Examples illustrating various methods of using this program are
shown on Exhibits 1 and 2,

10. PROPOSED FUTURE DEVELOPMENT

a. The content of this program has been limited by the LO-K memory
capacity of the IBM 1620 computer. However, it is anticipated that addi-
tions snd improvements will be made from time to time. A modified version
of this program containing generalized SPS criteria for the Southern Califor-
nis area has been made for the Los Angeles District,

b. It is requested that any user of this program who finds an inadequacy
desirasble addition or modification notify the Hydrologic Engineering Center.
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EXHIBIT 3

DEFINITIONS = 23~J2-1.228

ACUML - Accumulated loss in inches less NP(RCVRY)

AT - Conversion of I

AJ = Conversion of J B

AK - Loss coefficient in formula L = AK(P)

ATAG - Snyder's t_ (end intermediate computation constant)
ALCSS = Loss in in@hes

BASEL - Initial value of AK on exponential recession curve
(see RTTOL) or uniform loss in inches ver TR period
if RTIOL is not positive
Cl - Interpolation constant or Clark routing coefficient
ca = 1-C1
CONST - Temporary varisble
CP - Snyder's C_(given)
CPIMP - Snyder's c®(computed)
DA - Drainage area in square miles
DLTAK - Initisl increment of AK above exponential recession curve
(see RTIOL)
DLTAL - Value of ACUML up to which some increment of AK is added
to the exponential recession curve value
E - Exponent for loss computation {see AK)
*EXCES - Rainfall excess in incheg
EXTA = Exponent for synthetic time-area curve
I - Various index values, serial number of rain period
IDTHR - Number of whole hours in TRHR
IDTMN - Number of minutes left over when IDTHR is subtracted from
TRHR
IJER - Hour at end of any tabulation interval
IMIN » Minute at end of any tabulation interval
IPNCH -~ Positive value causes puanch-out for input to routing program
23=-J2-1232
ISTA = Station identification number
Ic ~ Time of concentration in TR intervals

J - Various index values
J1 - Index valve
K - Various index values, temporary fixed-point variable, or

index to leave 100 do=-loop.
KRATN -~ Dimension limit for RAIN
KUHGQ ~ Dimension limit for QUNGR

L - Tteration index (100 do-loop)
LAG = Serial number of largest unit graph ordinate
M -~ Nunber of hydrographs already computed

N2LUHR - Number of 2hi-hour periods in storm
NCLRK = Nunber of time-ares ordinates

NHT « Number of hydrographs to be computed
¥ Subscripted variable

EXHIBIT 3



NINTV - Number of TR intervals in 6 hours

NP
NPR
NQ

-

Number of rain intervals
Hour serial number
Number of hydrograph ordinates to be computed

NUHGQ - Number of unit graph ordinates

NX

PMS
*Q

QB

=

Nugber of TR intervals in 1 hour

Probable maximum storm precipitation in inches
Flow in cfs or temporary subscripted varisble
Recession flow in cfs

QMAX - Maximum ordinate of unit graph in cfs

QRCSN

*QUNGR
R6
R12
R2L
RLE
R72
RO6

*R6HR

*¥R2UHR

*RATN
RATR1
RCLRK
RCVRY

RINTV
RNX

RTIMP
RTIOL

RTIOR
RTIOT
SPFE

STORM
STRTQ
SUME
SUML
SUMQ
SUMQB

Flow in cfs below which maximum rate of recession is controlled
by RTIOR
Unit graph ordinate in cfs
Maximum 6-hour rain in percent of PMF
1t 12 114 1 8t 11 A 1!

3t " 1t n " i1 1
2k

1 1!’8 " " " 1" 1 14

" 72 1 " 1" ] u 31

114 96 " 11 1 31 i1 b ]

Successive ratios of 6-hour rain to 2h=hour rain
Successive ratios of 2h-hour rain to storm total in percent
Rain in inches or temporary value of ratio to storm total
Retio of recession flow to preceding flow
Clark's R storage routing constant
Decrement in inches applied to ACUML each period to account
for loss=rate recovery
Reciprocal of NINTV
Reciprocal of NX
Ratio of contributing area that is impervious
Ratio of AK on exponential recession curve to that at 10
jnches more ACUML, Thus, AK component from exponential
recession curve is BASEL divided by the quantity RTIOL
raised to the power of ACUML/10.

Ratio of recession flow to that 10 TR units later

Number of time-ares intervals per TR interval

Standard project storm index for eastern U.S8., 200 sqg.mi.,
2h<hr, from EB 52«8 ‘

Basin-mean storm rain in inches

Flow in cfs at start of storm

Total excess in inches

Total loss in inches for storm

Total flow in cfs~TR units

Total recession from STRTQ in efs~TR units

% Subscripted variable

EXHIBIT 3



SUMQU

TRSDA

TRSEC
VOL

Total unit graph flov in cfs=TR units

Total rain in inches

Temporary varisble

Time of concentration of drainage basin runoff, hours
Temporary constant

Temporary constant

Snyderts t., in hours

Tebulation interval and rain interval in minutes

TR expressed in hours

Half of TRHR

Drainage area in square miles on which transposition
is based

Storm transposition coefficient

One inch of runoff from basin expressed in cfs~TR units

EXHIBIT 3






e S . e AT OBAQSECQASZOQAC/ANTIDY A A¥ADY. T

__QLS*0EI1S0ET (DIHAN)I_ A1 o
*0 = (TINIVY e
TOA%(VLX3%%6*/5*)=LSNOD et
e HHYL/ *GY9%VA="10A_

g *#dHYL=2dHYL
*09/¥1 = ¥HYl

EXHIB

lolly  ¥0Il¥ DL dd dl ¥l va HO8)LVWNO4 0TI
HUTIOUC TS AYADYS TOT LU YOI LU DL dDSdLe¥LVA*OTT LNId¥d
(/E°L462°L460°TT14¢91¢8I%/dWIly 1

¥iIX3  NSDHD HONdI S¥TION  OOHAN  LHN ViS1 HE9/)}1VWEO4 001
JWILHCVLIXTENSOUD CHONGT ¢ HHIDNCDOHNNS LHNSVLISTIS 00T LNI¥d
Lex#301L8/°T = THIVY 06

*1 = ¥0IlY o8
06¢08¢08 (¥OILl¥) 4dI
e AR D O QGAM. _LINA. QINS SAOOAL 1SHId HI1A4V D

(02I1¢T=rs{riv)«os iNldd
(THT }LVWHOd4 09
S 09 iNJdd 0%

(CVGTeZVQIeIVESIVeXT) LVIWHOL 09
(0*8d4650%Ld4¢XT) LVWHOd 0F

— (8165 LIeX1) 1VHWNOL 0fZ

9901 d401s o1
(d3d330X3 NOISNIWIG H6T) LVWY0d #I1
T INTYd eT

OYSOuSET (DOHAN-DOHMN) 41 21
06°T=V1X3 6
21¢6%6 (ViX3) 41 Tl

TT¢gleal (d1) 4l
VIX3¢UOT LY NSOUDCdWT LY T AYADETIOT LU dLedDeDLe UYWMDY uL VA 0E AYIY
HONAICAYTIONCDOHNNCIHNEVISTC0Z av3y

(0ZT¢L=r¢(r)or¢pa AQvay
S@YVO. JTL1L 3FMHL >
0 = W 01

0ZI=NIVEN
0P=DOHNN
621 ‘  ViVa NOILVIS 2.

(H)HHO NS (Y ) YHHZH (OZTFSIDXI¢ (6LT10¢ (0ZTINIVHS (0¥ ) 4ONND NOISNIWIG
029 ON LVIS LY d3sn 4907 ¥9nS A¥vVHE1’ o)

9961 ATNC dWOD HAVIOOYGAH ANV HJ4VYD LINN  82211-EF~€Z WYH90ud )
7LOSO*




IANTINDGD 0d<
VIXIwnbtdWIZ IV~ T ) #LSNOD-T0A=(1)ID 0OTL
082 0L 02
<»xw*$“azh\~<y*hmzeu = £1)® 00l
0I2¢002%008 (9*nadWl~IV)dI
1= _1¥
DLIsT=1 0ZZ 04
aEHzUHR
} R o HHELE/OL = dWl 061
m>m:v wmdtmzmh am&bainu
oeZ QL 09
. o ToA = 424100
1+211 = 211
ID%tT4+r) NIVY +-Zo%i0) NIVY = (1)0 o8l
1J~*1 = &2
dW3dl~-rv = 1D
SINVESHOD NOTFLYIOdHIAINT
.= _daW3i .
IWILl O¥37Z 1V SI VIYY LSYI3 3ONIS daddv SI *1+
- e - *T+i0I 8%V = [V
IVAYIINT NOILVIRGYL YRV~ 3WIL 40 SWadl NI IWIL ¥9H LINA ST 1V
I = ¥
D1I¢1=1.081 .00
¥HML#D L8l = 10ILY
TIYAEILINT HdVED LINM ¥3d STIVAYILNT ¥IEV-IWIL JO HIHWAN
T-MYA0N = 61
dHYL/oL = 241 041
GILVONAAL ¢SLINN ¥L NI DL ST 211
JAYND. VIAYV~IWIL 3LV TI0dMIINI
0LT¢061%061 (HYIDN) uH
0T¢I="1T 029 04 0921
o O (AETION) NIVY=(I+3YTION) NIVY
dNZLl#(I1)0 = (1) NIVY 06l
(INEVIHYA AWKWRGY S42 0L L¥3ANOD
AAINeI=]1 041 0d
S AYADONID/TIOA=dWI L
Azmauz.ﬁam.,mvaw.om m<mm 0%1
{3TBYVTHYA AWWNG) SILVN
HdVE90daAH LING NY¥V7ID B
oI «09T «09T (JAYIIN) 41 o¢el e

i



06€ 0l 09

S % (1) YONND/ ((Z)YONAD-(T)YONAD)~G*T  =9OV¥1V
09€¢0SE406E (T—-9VT) 41
- OV I=2V 1V

04k

O%e

@3141D3dS J1 ¢SINIIDIA430D ¥IQANS 0L LNIWLSArav
CAILYONAYL HO Hel)lVWIOd
0ee LNIdd

0EtE

09 = OOHNAN
IANILNOD
1=9¥%1

0dle

EXHIBIT 4

1) UONAD = XVWD
oze OL 09
I = DOHNN

olLe

0ot

OZESOZESDOE (XVHOXTO®~(I)YONND) 41
OLESQOIEC06Z (XVWO—{1)HONAD) 31
= BT HONADFADKAS =N DWAS

06c

A=(1)IHONAD
g+ (I-1)D+EI)D =3
. 09%2=1 0<E 0OQ

3NANILINOD
Eoxt1~-1)0 = 10

S — 0LC QL 69

_08<

0L
09<

e

CZo#(I-T)D + ID=(1)¥ONAD = (I1)DO
09240624062 (DLI-1) 41
. 0%9se=1 0L 04d

(63°%'4

(1)8ONND=N0NAS
dWl+(T)0=(T)4ONND

ID%LdWNI-(T)¥ONAD)=(T1) D
$T) NIVi=dWl
NOIIQGIMLINGD VIMV MIOCAYISIY ST dWil

(110 = XVRAD_

G*%10=1D

T + 082 NI ONIGIAIQ GIOAV Ol SMOTL 47¥H NIVIE0O Ol QIONVHD 1D

I2=21 = 22

L2YHYL + WYY/ ¥HEL = 1D
(T=-1)0~¢1)D = €1)HONND
e o 211¢¢=1 0% 0d

owZ

(T)O=01)4ONAD

ONIOVYIAV OGNV SINVISNOD ONIENOH

I0A=(011)0

0el

T+2L1I=211




09 LWly¥d
{osTl=Celr)0) €09 QVIAY 089
_ NOILVIAGWOD IANVANIVE

o)

{OOHNAN¢ T=1¢ (1) H4ONND) €0t adwm 0L
ol 01 09
 ADOHANS T=T1¢ () HONAD Y ¢0E LNI¥d 09%

0T3=T10A

{o*1

HO¢Q*0T4=NDWAS SNIW HET¢Z*Bd4=¥l HGCEI=0ON JONN H6)ILVWIOL 0S8

S : - 086¢095409S (1HN) 41

TOACNIDWAS YL ¢ DOHANCQGs LNIY¥d 0%%
¢@314S1LVS LON ABISSOd dl ¥O dD HZEILVWHOd 0€G
L0ES. INI¥d

AANILNOD 0269
0Z&eowGeOws (M) 41 0lsg

APADY DL S didldD OV TIVEO0Ee LNIYd 06V
0 = A 08Y
— cuH¥l = DL 0oLy

o tzZrowdegeg4ec 8402 *HT ) LVIWNOL 008

06440654 0LY (ZUHEL-DL) 41
I =3
~d3dlxdl = 01 Q9%

o®4.09€s0w¢ aﬁmciazwkv 41 0%%
09neoavre ey (L1O0*T—diW3dl) 4dI
ONTIV/AdL = dh3dl oYy

ZoHYl =Ad3008 oy
Oy e oYUy ey (Z2¥HYL ~A¥I0Y) 41
I=3.

GWIL/AWIDY = AWIDY 0Ty
O e OUNe0ZY (66%~dWIL) d1 0T
0ZH¢01H¢0TY (10 T—adiW3 L) 41

0=3
dWldd/dD = dW3l 00%
00v€08%¥*08Y (dD) dI

EQx® G299 ¥/ ONTTVRXVHD. = dildD
SO *T#UHEL % { SL*~D¥IV ) =9NTIV 06%
a*x1

{4 T+ON 1) 4ONAD-{ OV 1) HONAD Y/ (( T~ e<J¢mez:asaa<4,mwz:e.+m.no<4< = 9y1V 08E

06€ 0L 09
g% (1

T (1-9¥ 1 )V HONND - 19V 1) HONAD Y/ (L T+OV T) HONND—- (OV ) HONAD ) ~G *+ OVIV = ODWIV 0LE

08E¢06E¢0LE (LT+OVT)YOMAD~(T-DV ) JONND) 41 09¢

VAN



9ce=(1) O

oﬂb.eﬁﬁ.OOF (9-ALNIN)Y 21
0cL QL 09
L90=(Z2)0
mm. (110
0Zi Ol 09
*T=(1)D

004
069

mw@£

0L9

T

.
i

Y gigg‘

sy
et %

ol

06940894049 (Z~ALNIN) I
AVG HOV3 NIVY WH-9 XVW 40 NOISIAIQEAS
o%%1 QL 09

099

;

{IVA¥3INT 378VIdIDDYNA HZZ)LVWNOI
069 LNI¥d

YlaugWl—G209€=2A
ALHIN = dil
.= 1

. 099¢099%0%9 (A) dI

0s9
owe

*09e/81L = AINIY
Ge9¢6e9¢el (dN-NIVHA) 4l

. . HHYZNEb*ALNIN = dN

a£9

L/ °09€ = ALNIN
10*%#0dS¥Li %3445 = dW3l

0e9

L

€£00. ~ (W)dHY = (T)dHY
$910° + mo*aﬁmvmzowlﬂmva@Mloﬁv = (%) dH9d
(T9%#{*9-34d5) ) %550° = (Z)YHIY
£6%x (*TI+IddSy/ER%ETl= (£} UHIY

SINAOWY ¥H~-%Z 40 SOILYY HNOH-9
b= uHEZN
3 %90 = (H)uHBZY

g*al = (2)dH®ZY
mcmo iaagmzcmm
(208+¥0SYL) 4D0T%LEGE*HT~-GT 2281 = (€ )YHHRIY--

SIMVINIDHId UNOH~2E rO¥d dALS
029408L%08L (3d4dS) 4l
e ABTLLT *xVASYLI/BO0E® ~ °T = 2dS¥lL
019¢009¢009 (2dS¥L) Il
0650884088 (SWd+3IddS) dJi

T+l = W

029...

019

009

065

G889

GQGGRSSET (dN-NIVYMN) A1
diLl=dN

VOASHI$DdSHLSSHd IIdSWHO LS DIYLIS W ITATASVE WL <0E AV

(o%¢T=C¢{r10) €08 INI¥d



(gyy-2L¥)= (€)YHPZ Y
€ = ¥HYZN 0Z8

. 0Z8%0eB*0L8 (2L¥) 41 018

oL8 QL 09
{ZLY¥-96d)= (T1)UH®ZY

(89d~-Z L) = (B)yH2ZY

(92d—-8%Y)= (Z)yH¥TY
BZY¥ = (€)¥HWZY

e - R — o= MHREN 008

0084018018 (926d) 4l
(Z2*84951NIADYId SWd HET)LVWHOL 064
- 9644 2L BNHEHZYHCTTHC QY 064 INI¥d

QO ZLYUS YL Y21 Y9y 0e AYEY 08L
IN3DH3d *NIVY H-96%2L g7 HZ*2T¢9 XVYW 40 S341Q FLNIWOD
01601 09

ARGNILNGD 0Ll
Y%t 3dN YO g l=¢] ) NIVH
TAXN/AT-"1)=8dN._ 091

o

oLL OL 09
(10 wdWl=(IINIVY 06
Q9L %064 °0GL (9-ALNIN) dI O%L

0LL OL 09
ALNIYwedWl = (I)NIVY 0tL

0EL¢0%L0EL (E— H) 41

T+1=1
ALNIN¢T = 7 0LL ©d
() YHO U A L ) UHIC HedWIL = dil

wel= N QLL QA
dH2ZNST=  0LL 04 024
AN/ *T=XNy

XN=XNY
FLALNIN=XN
e EX*=(9)

B1%=(9)
ge*=(v)

Zre=42)
oT*=(1)
02,01 09

roocoeOo0

R R

TZ*=(¢g) O
€g*=(c) O




(MO

NSD3IY

94 LINA SS3

- 9€Z

Wd

JX3 §s01

NOILVIAdIWOD SSO7

2

4

NIVY NIK ¥4 HZS/3LVWY0J
0L6 INI¥d
TYLId#Z2%*0 = VY1714

0L6

0id15=80
*0 = JWAS
*0=H0OKWNS

*0 = ¥WAS
*0=NOWAS
*0 = DWAS

EXHIBIT

34dS

WHOLS

(Z°8J¢E*84$2°84€60°8162°84Z¢81/VASHL
OLEVES IVL3A  13sve

2dsyl St

dN HZL/)1Y W04

 VASHISDASHICSWAS JAd4SYWHOLS DLIMISS VL IC13SVE* dN*0G6 LiNI¥d

096

dW3l % *09 ~ ¥l = NW1IQI
YH1GI = dW3dl
_dHYL = dH14l

0 = NIWI
0 = ¥HI
o%%I Q1 09

o%é6

398V 001 oN HET)LVWEO
0€6 LNIdd
0264064086 (00C~dN) A1

0e6
0<6

*0 = TWAIV

LCINIVE % WHOLS = (FINIVYH
R dNs1= 006 04
068¢01L6%0%6 (WIOLS) 4d1
(dN¢I = ¢ “(rINIVYE)S0E Qv
0e9 01 09

068

0T6

006

088

G*T#(T)UHOY = (%) yHIY
9Zu/ v xl21y~42y) = (1)yH9¥
#2u/(98~21d) = (Z)dHoY

2Z¥/94 = (€)YH9Y
10*#2dS¥ixShd = dWW3L

HZY¥ = (1)dHY%cy

oLB

T = dH%IN
0l8 0Ol 09

o Awgd-8hd) = (L)dHWCY

098

BZY = (Z)YHHZY

¢ = dH%EN

0e8 0L 09

0¥8°098¢098 (8¥%Y) 41 0¢8

068
o%g




(1)¥ONAD % (M)SIOXI + (FID = (r)0 o%lLl
I -~ 1T %0 = %

CeI=] O0%E1l. 04 O&II

OSTI“QETIT“0ETT (DOHAN-r) 41 0ZIT
OLTIS0ZIT¢02ZIT (gN~r) 41

.80 = ()0
H0+80WNS =d0WAS
Td1vVdxdD=80 0LL1

. NOILVIADWOD dJd40NNY

(F)S3DX3 + 3IWAS = IWAS
(CINIVY + 8WNS = BWAS

TO®%dW3l=()SIIXT

A= L
9*+*00T#(rs3dXI=A
LSS0V — ArINIVY = (ris3Dx3

(diILld—°*T )1 %SSOIV=SSQTIV
AYADY - SSOTV + TTWADY = HAADYV QOT1

%)

00TT€00TT*0601 (SSOTAV~(rINIVY) 41 0801
dWLl+A(MINIVE/ dWl~*T) #713SVE=S50TV 0L01
- . 08010409

13sVE = SSOAV 0901

0L01¢0901¢0901 (dWLi) 31 040l
0801406010601 (dWIl-(CINIVH) dI

IWASY -V LId=dWl 0701
owOM 0L 09

e B CAHYLZ(CINIVY) % ¥MHMLx AV = SSOTV 0fol

AV +,&{mh = AV
diWladiWl % AVLITIQ = dW3lL
W ITNA/ NNV - T=dW) 0201

~ 0€0T¢0€0I%020T (VLA - TWADY) 41

(T*2TWAOV ) 2T0L LY / 13SVE = AV 0101
*0="TNODY 0001

0TOT*0T0T*¢000T (TMWADY) 41 066
066+0%0140%01 AJOHkmy 41
LIOo*#(CINIVE = (CINIVH

A = (FINIVY
G+ 00T (M)NIVY=A 086
.. 0OTI1*08B6%086 (dN—-() Ji

ON¢T=r ol#l 0d
T ~ DOHAN + oN = ON



R (0%64C%0°L24¢912)iVHE0Ld 08BEI

(rIDSHOS (r)UONNDSNINICYHI*0BET LNIdd OLEL
06ETSOLEISOLET (DOHAN-r) 31 09l
0%l 0L 09

(0*6490°81492°94€6%12) LYWHOS 0GEL
(F)10%EDS (L)ISIDOXISSSOIVS (FINIVEENIWI SHHI $0SET INI¥d O%EIL
0I%l 0l 09

(0°64E$Z*94£6 912 )LV NEOL 0EET
(FI09GDS () YONNDS (L ISIDIXISSSOTVS (FINIVUSNINISUHI®0EET LNI¥d 0ZEI
O7ETS 0ZETC0ZEL (DOHAN-I) 41 OLETL

EXHIBIT 4

09el¢olele0lel (aN~r) JI 00el
10C INI1dd D
dHLIGI+ ¥HI = dHI 061

00€ET 0L 09
T + ¥HLGI+ ¥HI = ¥HI
09 =~ NIWI = NIWI 0821

0821¢0821%0621 (09 ~ NIWIL) dI
NWLGI+ NIWI = NIWI
() + DWAS = DWAS 0421

LivEx (I~ )0=(r)D 09&1
0L2T1¢0L2T¢092T (TWiVHxl{l-r)0—(rid) 31 06l
- , - 06C1¢0L21%0LET (I-C) 41 Oo%Zll

0LZI%0LZTI “0%2T (NSDHO~(r)D) 41 o€zl
(M)YONND = (1)S3ADXI + (LID = (LID 0221
I-1+0 =

dNSTIr=1 0¢2l 04 o012l
0EZI*0IZLQTZI (aN~Ir) 31
I + DOHAN — £ = I 002l

0ecl Ol 09
() YONAD+NDWAS=NONWAS

AAIHONND . (1)SADXI + (LD = (F)D 0611

I-1+F =
dN¢T=1 0611 04 08LI

002T1¢08IT1¢081IT (DOHAN~C) dI OLLI

0el Ol 09
(AIEONAD = (1)SIOXI + AL)D = ()0 09T
I- T + 1 = 3

relr=1 0911 04
T + DOHAN~C = 1 0611
0ell 0L 09

() YONND+NDWNS=NDWAS




OT*01¢08% (LHN~W) dI
(0°846¢0°LJ*AHT) LVWEO

aN3

Ohd

(ON¢TI=r¢()D) sgenl HONAG

genl

{0*84¢8ISLISDHT) LVWHOS SE#T

HLSONSVISI ‘GEYT HONAd SZ%1
GZHTeoRuTe0uT (HONJI) 41

(//0°64€62°942¢2°64 TVLOL H9/) LVWHOd 02#l
,,,,, OWNS ¢ QOWNS S NOWNS ¢ IWNS ¢ TWNS S YWNS  $02%1 LNI¥d
AWNS —YWNS =TWAS

AANTLNOD OTRI

{0%64%0%9€d4¢%]12) 1VWHOS

aonl .

(FIOCHOSNIWISHHI*00%1 LNIdd
ot#1l Ol 09

06e1



EXHIBIT 5

INPUT DATA# - 23-J2-1228

A, Three output title cards

B, Station data card

1.
2.
3.
h,

5.

ISTA =
m{T L
NUHGQ -

NCIRK -

IFNCH =

Station identification number, needed only

if output to be used in routing program
Number of hydrographs to be computed, excluding
unit hydrograph.

Number of unit gravh ordinates given. Should
be zero if unit hydrograph to be computed
Number of time-ares ordinates to be read
starting with area at zero time. Cannot
exceed 21 unless dimension is changed., Can
be in any units of area equally spaced in
time. If zero, ordinates will be computed
using EXTA(D3). Omit if NUHGQ is positive.
Positive value calls for punched output for
input to routing program 23=-J2-L232, s

C. Station data card

1.

26
3.

L,
56

6.

Te

9.

DA -
TR -
RCLEK -
m -
cPp -
TP -
RTIOL -
RCVRY =
E -

Drainage area in square miles used for unit
hydrograph computation '

Reinfall and runoff interval in minutes

Routing constant, R, for Clark unit graph in

hours. Needed only if unit graph to be computed.
Time of concentration in hours. Needed only if
unit graph to be computed

Snyder®s C_. OSupplied only if unit graph is to

be camputeg and adjusted to conform with given

TP and CP

Snyder's in hours reguired if unit graph is

to be computed and adjusted to conform with given
TP and CP

Ratio of AK on exponential recession AK curve to
that at 10 more inches of asccumulated loss. Zero
value causes fixed initial loss (DLTAL) and uni=
form loss rate (BASEL) to be used (H3, H2).
Quantity in inches to be subtracted from accumulated
loss each interval to account for loss rate recovery
between storms. Should be value used in deriving
AK curve., Omit if RTIOL (CT) is zero.

Exponent of rain, when rain is expressed in_inches
per hour, in loss computation, Loss = AK(P)E, oOmit
if RTIOL {(CT) is zero.

# Data entered on cards in 10 fields of 8 columns each per card,
except that column 1 is reserved for identification, leaving T
columns for first field.

EXHIBIT 5



10. RTIMP - Ratio of imperviousness of drainage ares.
D. Station data card

1., QRCSN = Flow in cfs below which specified recession
will control when flow computed from rain
recedes Taster, Needed only if hydrograph
to be computed, in which case it can be zero,
if desired, :

2. RTIOR - Rabio of recession flow to that 10 TR units
later. Needed if STARTQ or QRCSN is positive
(uk4, p1).

3, EXTA - Exponent (1 or larger) of time-area curve.

Used only when NCLRK (BL) is zero. If not
supplied, program will adopt 1.5, Omit if NUHGQ
or NCLRK (B3 and B4) is positive.
E. Time-ares ordinates, Number must correspond with NCLRK (Bk),
so this item is omitted if NCLRK is zero. Supplied only once
for each station for all storms.

4] = Accumulated areas in any units at equal travel
time intervals from station, starting with
value at zero time. This first value would be
zero unless the station is a reservoir in which
case it would be the reservoir area., FProgram
assumes no rainfall losses in reserveir arez.

F, Given unit graph ordinates

QUNGR - Consecubive ordinates in cfs of unit graph starting
with that st end of first period, Number must
correspond with NUHGQ (B3), so this item is omitted
when NUHGG is zero. Supplied only once for each
station for all storms.

G¥, One flood title card
H*, TFlood data card ;

1. NP = Number of rain periods to be supplied. Will be
ignored if SPFE or PMS are positive (H6, HT).

2. BASEL - If RTIOL (CT) is vositive, this is initial value
of AK on exponential recession k curve., Otherwise,
?hii is wniform loss rate in inches per TR peried
C2)e.

% Ttems G through J repeated in sequence for each of NHT(B2) floods.

EXHIBIT 5
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9.

DLTAL - If RTIOL (CT) is positive, this calls for

STRTQ =
STORM =

SPFE

TRSPC =

TRSDA =

an initial increment of AK equal to .2(DLTAL)
above the exponentisl recession AK curve.
Otherwise, this is initial loss in inches.

Flow in efs at start of storm.

Total storm rain in inches. Given only when
SPFE and SPS are zero and ratios for each TR
(c2) period are to be supplied (J).

Standard project storm index for eastern U.S.
from Engineer Bulletin 52-8 (2h~hr., 200 sq.mi.).
If a positive value is given, SPS and STORM
will be disregarded (H7, HS5).

Probsble meximum storm index in inches from HMS
Report 33. Indicator to call for depth-duration
ratios (I) and probable maximum storm computation
Storm transposition coefficient by which rain:
amounts will be multiplied. If not given, the
coefficient using the "Hop Brook" formuls will
be supplied by program, using following item for
drainage area.

Drainage ares in square miles for which storm is
transposed, used in computing SPS amount and Hop
Brook shape factor, when needed.

T%, Depth-durstion rain dsta. Supplied only if PMS (HT) is

positive.
10 R6
2., Ri2
3. R2k4
L, RL8
5. RT2
6. R96

J*, Rain

(H1.).

L)

At lesst first 3 values must be given.

Maximum 6-hour rain in percent of PMS
\11 21 &4 3t 1] i 111
12«
1 1t
1t 2’_{’- 3 M &4 #1
1% 24'8 = 111 1t i £ 11 3
1 72@ 131 1 L H it 1 1

1 96_ " " 1 " 1 it

or rain ratio values for each period. Must number NP

Thig item is omitted if SFFE or PMS is positive.

RAIN - Rain in inches per TR pericd or, if STORM

(H5) is positive, as ratio to STORM (not in
vercent).

* Ttems G through J repeated in sequence for each of NHT(B2) floods.
Six blank cards following job input data will cause computer to
stop. Otherwise computer will branch back to read cards A for

new job.
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EXHIBIT 6
SUMMARY OF REQUIRED CARDS
23-J2-1228

8-column fields* 1 2 3 L 5 ) 7 8 9 10

L | I I | l I I I
I I | | I I | I |

Six blank cards after job input data call stop. ™)

| otherjrise chrd A jill be read| for next jop. |

(L) J INI RAINI RAINl. . .I. . Nf valnrs (HlR | |
(3) I R6| Rlzl Rehl RhBI R‘?Zl 396l | [ { h
a) NP zauasm.l DLTALI STRTQ[ STORMI sms'zs1 PMSI t’ﬁas?cl TRS:DAI )

NHT (B2)
sets end
each job

o I E F‘lood tlitle clard O ! h )

(2) F ﬁNGRIQﬁNGBIQUNGRl. e NUHGQ vrlues fB3) | | ) y
(1) E Q' Q,l Q,[ EE .NCILRK va.llues (’Bh) I I ) Y,
p ARCSN RTIOR EXTA ) )

DA | TR Iacmx | TC | cP | TP Imox, IRCVRY | E IRTIM? y
smll KHTI IiUHGQl Ivcmxl 'IEPNCH'I I l l I L y

Output title card ) b
A Il II | Ou‘ltlput t]iI:,le clalrd | I | h y
A Output title card | | ) )
Three| title| cards| A start each job /
|/
J
y
/
\ ),
Notes:

1. Supplied only if NUHGQ is zero and NCLRK is positive (B3, BM).
2. Supplied only if NCIRK is zero and NUHGQ is positive (B4, B3).
3. Supplied only if PMS is positive and SFFE is zero (HT, H6).

4., Supplied only if SPFE and PMS are both zero (H6, H7).

% Column 1 on each card is reserved for identification and not read by
computer. Consequently first field is limited to 7 columns.
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This program is furished by the Government and is accepted
and used by the recipient upon the express understanding that
the United States Government makes no warranties, express
or imptied, concerning the accuracy, completeness, reliability,
usability, or suitability for any particular purpose of the in-
formation and data contained in this program or furnished in
connection therewith, and the United States shall be under no
fliability whatsoever to any person by reason of any use made
thereof.

The program herein belongs to the Government. Therefore,
therecipient further agrees not to assertany proprietary rights
therein or to represent this program to anyone as other than a
Government program.
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HYDROGRAPH COMBINING AND ROUTING

HYDROLOGIC ENGINEERING CENTER
COMPUTER PROGRAM 23=J2-I232

1. ORIGIN OF PROGRAM

This program was prepared in the Hydrologic Engineering Center,
Corps of Engineers, 650 Capitol Mall, Sacramento, California,
principslly by Ieo R. Beard. Up-to-date information and copies
of' source statement cards for various types of computers can be
obtained from the Center upon request by Government and cooperating

organizations.
2. PUPPOSE OF PROGRAM

a. This program written in Fortran II will route hydrographs
through river channels, given routing coefficients, and through
reservoirs, given a table of fixed storage-outflow relation, for
a river basin of any size and complexity to accomplish any one of
the following:

(1) Given reservoir hold-outs and cbserved hydrographs
downstream, compute unregulated flows

(2) Given observed or unregulated flows, compute local
inflows

(3) Given hydrographs for all sub-areas (and local flows
at combining points, if any), compute routed and combined hydrographs.

b. The program is also practical for single routings. Specified
ratios of input hydrographs can be routed, and any combination of
uniform and coefficient channel losses can be used.

¢. Choices of metheds for each routing are:

(1) Puls method for reservoir routings, where outflow is
a function of storage only.

(2) Successive Puls method for channel routing, which is
similar to that used in Columbia River Basin studies Program
24-J3=HOO1.

(3) Puls-lag method for channel routing, which uses storage-
outflow table, and lag of an exact multiple of routing interval.

(4) Muskingum method for channel routing with K, X and
number of identical reaches given.



(5) Tatum method for channel routing with aumber of
steps designated as NTATM.

(6) Straddle-stagger method for channel routing.

d. Routing through reservoirs with downstream control and
intermediste uncontrolled runcff is not possible with this program

as written,

~ e. A listing of the source program and test input and output
data are given at the end of this report.

3. DESCRIPTION OF EQUIFMENT

a., This program was prepared for use on the IBM 1620 computer
with 40,000 digit, variable word length memory, card input and output,
and is usable in the GE 225 and RCA 301 computers having comparsble

memory.

b. Source decks for these and other types of computers are
available in the Hydrologic Engineering Center.

4, METHODS OF CCMPUTATIOR

a. Procedures for routing are described in EM 1110~-2-1408,
"Routing of Floods Through River Channels”, in ES<171 Technical
Bulletin No. 22 (Multiple Storasge), and in Handbook of Applied
Hydrology, by Ven Te Chow. These are briefly described as follows:

(1) Puls: Outflow is a function of storage and the refore
of storage indication (S+Q/2), which is determined from equation 1.

(sg+-02/2) = (51‘*01/2)*11,2‘01 (1)

(2) Muskingum: Outflow 1s a function of prism and wedge
storsge, which are functions of inflow and outflow, determined as

follows:

0, = (cl-cz) I+C, (I2+ol) (2)
¢ = 2(zt)/(2x(1-x)et) (3)
€y = (rt-2Kx)/(2K(1X)+ t) (&)




(3) Tatum: Instantaneous flows & routing interval
apart are averaged to obtain new instantaneous flow at end of
interval. This procedure is repeated until the number of steps
(NPATM) times the routing interval is equal to twice the travel
itime for the reach. The routing interval can be longer (an
exact multiple) than the inflow interval, to cause greater

storage effect.

(4) Straddle-stagger: Successive inflows numbering
NSTRL (at least 2) are averaged and the average is lagged LAG
intervals beyond middle of range over which flows were averaged.
In order to have outflows on correct timing, 1/2 time interval is
added by program to specified value of LAG if straddle (NSTRL)
is an even number. Thus, Tatum routing can be effected (but
less efficiently) by specifying NRCHS (number of reaches) instead
of NTATM as number of Tatum steps and 2 for NSTRL and zero for

LAG.

b. Hydrographs can be routed and combined downstream at any
interval that is an exact multiple of the input interval. All
hydrographs must be read and must begin at the same time, but may
be tabulated at different intervals that are exact multiples of
each other. All routings (except Tatum, where it is not necessary
can be repeated any number of times, using previous outflow for
new inflow, without intermediate primt-out. Hydrograph output
from program 23-J2-L228, Unit Hydrograph and Hydrograph Computation,
can be used directly for inmput to this program. All routing proce-
dures include the assumption that flow has been uniform prior to the
beginning of each hydrograph at the flow rate of its first ordinate.

5. INPUT

g. Input for hydrograph reading and routing and combining
operations are summarized at the end of the text. All dats are
entered consecutively on each card, using 8 columns (digits,
including decimal, if used) per varisble and 10 variables per
card, unless fewer variables are called for, except column 1 of
each card is reserved for identification of the card series (A-F)
and not read by the computer. Thus, the first field on each card
is limited to 7 columns.

* b. Each hydrograph (C, D) to be routed (local inflow is not
routed) must be followed by routing cards (E, F). Whenever a hydro-
graph card contains a non-negative value or routing card contains a
positive value for NHGT (which calls for a combining operation) the
operation must be followed by the routing cards, unless it is the
last operation for the run (positive value for FIN). If the hydro-
graph specification card contains a negative value of NHGT, the
operation must be followed by another set of hydrograph cards.
Accordingly, NHGT should be left blank except as follows:



{1) NHGT should be the number of hydrographs to be combined
immediately following the operation in which it is located.

(2) NHGT should be -1 if one hydrograph operation is to be
followed by another without an intermediate routing operation.

c. Hydrographs are stored automatically in the lowest aveilable
computer locations, and the highest locations used for hydrograph
storage are released as soon as hydrographs are combined at a combining
point. ' Hydrographs combined are those in the highest computer locations,
g0 once a hydrograph above any ccmbining point is read, all remaining
hydrographs above that combining point must be read before any others,
80 that they will be in the highest computer locations. Local inflow
or observed flow, if any, should be read last, since it calls for a
cambining operation. Since only a limited number of hydrographs can
be retained in memory at any one time, the first hydrograph read sbove
any combining point should be one of those having the most combining
points to pass through in order to reach the final combining point of
the system, so that hydrographs are not stored before they are needed.
All routings to the same cambining point must have the same outflow
interval, but local inflow can have a shorter tabulation interval (exact
fraction). Ordinates are normally in cfs at end of each interval (ITQI).
However, average values in cfs can be entered if a positive value of

IQAVG is given.

d. All values of ITQI (C3) ITQR (El) and ITQO (E2) should for
purposes of standardization be 5, 15 or 30 minutes or 1, 2, 6, 12 or
2h hours expressed in minutes. No routing or outflow interval (ITQO
or ITQR) can be shorter than the longest upstream hydrograph interval
(ITQI) or upstream outflow interval (ITQO).

e. LNGTH is length of flood in hours and cannot exceed KQ (see
Fortran listing) times shortest interval used for any ITQI, ITQR or

ITQ0.

f. At the end of each run (complete basin routing for one flood)
data for the next run will be accepted.

6. OUTRUT
a. Input (including hydrograph tabulations, if IPNCH is positive)
b. Routed hydrograph in cfs at end of each reach

c. Combined hydrograph (or derived local flow) in cfs at each
combining point

d. Reservoir inflow and cutflow in cfs and storage in acre-feet,



7. OPERATING INSTRUCTIORNS

Standard Fortran II operating instructions. No sense switches
used.

8. DEFINITION OF TERMS

Terms used in this program are defined at the end of the text.

9. EXAMPLE

An example of each of the 3 basic program applications is given
as Exhibits 1, 2 and 3.

10. PROPOSED FUTURE DEVELOPMENT

a. It is anticipated that additions to this program will be
made from time to time. Alternative methods of routing and inclusion
of remote downsiream controls on reservoir releases are contemplated.

b. It is requested that any user of this program who finds an
inadequacy or desirable addition or modification notify the Hydrologic

Engineering Center.






TEST DATA SEQUENCE

23-J2-1232
1o Tatum
30— e 2‘j b Kuskingum 5
orage-
Local
6 o Straddle-stagger
Inflowr Outflow Cambine End of
Type of lcocation location hydrographs run
Input LOCI LOCO NHGT FIN

COMPUTING UNREGUIATED FLOWS ROUTTIHE

Three output titlie cards
Basin data card

Holdouts (C,D) b
Routing () 't 5
Hydrograph (C,D) 5 2

CCMPUTING LOCAL FLOWS ROUTINE

Three output title cards
Basin data card

Hydrograph (C,D)
Routing E5
Hydrograph (C,D)
Routing (35
Hydrograph (C,D)

it ONON £ &

3 1
HYDROGRAPH COMBINING ROUTINE

Three output title carda
Besin data card
Hydrograph (C,D)
Routing ()
Hydrograph (C,D)
Routing (,F)
Routing (,F)
Rousing (Es
Hydrograph (C,D)
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AMSKK
Cl

c2
CORF
CQLOS

DISCH(K)
FIN

I

IX

TDAY
IMNTH
IPNCH
IQAVG
ITIME

NOI
NPULS

NQIl
NQOL

DEFIRITIONS - 23-J2-L232

Muskingum K

Routing coefficient

Routing coefficient

Channel loss coefficient

Channel loss as ratio of flow remeining after uniform loss
(QLOSS) is subtracted

Outflow in storage-outflow table

Indicator ends run where positive

Temporary index

Temporary index

Day of flood beginning

Month number of flood beginning

Indicator to punch input hydrograph when positive
Indicator that inflows are average for period when positive
Time on 2k-hour scale at start of first flood period

- Inflow interval in minutes

Outflow interval in minutes

Routing interval in minutes

Indicator to compute unregulated flows when positive
Year of flood beginning

Temporary index

Temporary index

Temporary index

- Dimension limit, number of hydrographs

Dimension limit, number of flows

- Dimension limit, storage-discharge table

L

6§ 8 & @

Hydrograph number in computer

Lag (translation) time of hydrograph as & multiple of ITQI
Duration in hours of desired outflow tabulations

Indicator for routing to compute local flow fram observed
flows when positive

Identification number of imflow location

Identification number of outflow location

Flow index

Temporary index

Temporary index

Indicator calling for hydrograph combining, number of hydro-
graphs to be cambined

Retioc of outflow to inflow interval

Indicator calling for Puls (storage-lag) routing, number of
points to be read on storage-outflow table

Kumber of inflows to be read

KQI-1

Temporary variable

KNumber of cutflows
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NRCHS
NRI
NSTRL

NTATM
Q{M,L)

RATIO
RTIO

RESQ
RSTRL
STRD
STORA

STR(K) -

STRDL
STRMN

Number of identical routings to be repeated

Ratio of routing to inflow interval

Number of successive flows to be averaged in straddle-stagger
routing

Number of steps in Tatum routing

Flow in cfs

Uniform loss in cfs

- Initial outflow in Puls routing
- Ratio by which all hydrographs are multiplied before routing

Ratio by which individual hydrographs are multiplied before
routing

Indicator for reservoir routing

Reciprocal of NSTRL

Storage indication (storage + % outflow)

-~ Storage in thousand ac-ft.

Storage and subsequently storage indication in table of SIR

versus outflow

NSTRL

Minimum storage in reservoir routing
Routing interval in hours

Muskingum X

2 EXHIBIT L
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INFUT DATA 23-J2-1232

A. 3 Cards - Output title cards

B. Basin data card - (Ko decimal points for first 7 items)

1.

2.

W

o ﬁl?‘\\.ﬂ#"

TUNRG -
LOCAL -
LRGTH -
IMRTH -
DAY -
YR -
ITIME -

RATIO -

Pogitive if job is for computing unregulated flows,
leave blank normally

Positive if job is for computing local flows, leave
blank normslly

Duration of flood output desired, hours, cannot exceed
240 times shortest inflow interval without dimension

change

Month when flood started, if historical

Dab' 1] "% [ 1] "

Yeﬂ.l‘ w " " % 5%

Time " " " » " ,» on 2400 time

scale

Ratio by which all input hydrographs will be multiplied
(in addition to any value of RTIO, item C3) before
routing. Assumes 1.0 if left blank.

C*. Hydrograph specification card (No decimal points for items 1, 2,

8.

10CT -~
NI -

Il
RTIO

IQAVG -

IPNCH -
NHGT -

FIRN -

and 4-7)

Inflow location number (any positive integer)

Kumber of inflow values, cannot exceed LNGTH*(60)/ITQI
(B3, Ck)

Inflow interval in minutes

Ratio by which individual hydrograph will be multiplied
{in addition to any value of RATIO, item B8) befaore
routing

Positive if inflows are average for period, otherwise
inflows must be instantaneous at end of periocd
Positive if input hydrograph is to be printed

Number of hydrographs to be cambined (or used to cam-
pute unregulated or locsal flows if item Bl or B2 is
positive). Leave blank (or zero) if this hydrograph
is to be routed bvefore combining. Use -1 if another
hydrograph is to be read before routing or combining.
Use 1 if this is last input for job, otherwise leave
blank

*These hydrograph cards (C and D) to bes followed by next set of hydro-
graph cards (C and D) if NHGT on the current hydrograph cards is
negative, otherwise by next set of routing cards (E and F).

EXHIBIT 6



D#*, Hydrogreph cards -~ Flows or reservoir holdouts in cfs at end of

period unless IQAVG, item CS5 is positive, in which
case these are average flows or holdouts for period,
enough cards to contain NQI flows, item C2, 10 per
card.

E#. Two data cards for each routing (No decimal points for items 1-8

and 15)
1.

2.

9.

10.

11.

ITQR
ITQ0

NRCHS

LOCL
NTATM

LAG

NSTRL

NPULS

STORA

RES
AMSKK

Routing interval (at) in minutes (can equal or be an
exact multiple of inflow interval)

Outflow interval in minutes, must be same for sll
routings to same combining location, can equal or be

an exact multiple of inflow interval. Must equal or
exceed ITQR for straddle-stagger and Puls-lag routings.
Number of successive reaches to be routed with identi-
cal routing specification without intermediate print-
out (one for Tatum method and 1 or more for any other
method )

Outflow location number

Number of routing steps for Tatum method (zero if

Tatum method is not used).

Lag (stagger) as number of routing intervals (ITQR,

item E1) for reach

Number of routing (ITQR) values (straddle) to be
averaged (zero if straddle-stagger method not used),
must be 2 or greater but cannot exceed 2% LAG + 2.
Number of points to be read for outflow-vs-storage
table (cards F) for modified Puls routing (zero if
storage-lag method or reservoir routing not used).
Limited to 20 points (4 cards) unless dimension changed.
Starting storage in acre-feet for reservoir routing, -1
if starting storage to be determined from tables (cards F)
based on starting inflow, &s in channel routings.
Positive value indicates reservoir routing (by modified
Puls method)

K ccefficient for Muskingum routing (zero if Muskingum
method not used)

#These hydrograph cards (C and D) to be followed by next set of hydro-
graph cards (C and D) if KHGT on the current hydrograph cards is
negative, otherwise by next set of routing cards (E and F).

#These routing cards (E and F) to be followed by mext set of routing
cards (E and F) if NHOT on the currenmt routing cards is positive,
otherwise by next set of hydrograph cards (C and D).




13. QLOSS
4. cQLos
15. KNHGT

16 L4 FIN

¥#. Remaining
20 values

(E8).

X coefficient for Muskingum routing

Constant losg in cfs

Losg as ratio of remaining outflow

Kumber of hydrographs to be combined lmmediately
after this routing operation {zero if other hydro-
graph to be read before routing or cambining, one

if routed hydrograph is to be immediately routed
further)

Use 1 4f thie is last input for run, otherwise leave
blank

routing cards - Storage and outflow alternstely up to
each (1 to 4 cards), omit if WPULS is zero or negative

STR, DISCH -~ Storage in acre-feet and corresponding outflow

in efs. In case of reservoir routing, minisnm
gtorage can be set by making first two items of
STR equal, the first DISCH equal to zero and the
second DISCH egual to the desired value for that
storage.

#These routing cards (E and F) to be followed by next set of routing
cards (E and F) if NHGT on the current routing cards is positive,
otherwise by next set of hydrograph cards (C and D)

Note: A combining operation can be performed ocnly one time at a
station, therefore all required routings to a station must
be performed before combining.
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23-J2-1232
SUMMARY OF REQUIRED CARDS

8-column fields 1 2 3 k 5 6 7 8 9

! | l 1 [ ! | I
Four blank cards after job datas will call stop. Otherwis

compliter will brhnch back to read fkards A for hext jpb.
(3) (1) F Sfl'Rl DISCH S!l.'Rl DISCH , . .l .« o .J DE'PUIS»l pa,irsl | )
]
E KK X QLOSS CQLOS NHGT FIN A
{ | [ 1 ] | l | 1 l
E IT;Q'RI Imol rmcns' LOCOL mm? LAGl- NSTRL NPULS STORA RES)
_..,_5 Q Qee.o.o NUIvalues
(2) 1 | | | J
c Loc1l NQIi ITQI' RTIOlIQAVﬁ IPNCﬁ Nmaﬂ Fxﬁ l ) J
B Gl IDCAL‘ INGT}E IHNTH! IDAY, IYRl ITIME} RM'IOl | ) ¥
A Output title card ) y
| ] l B [ I [ | {
A Output title card ) )
| | | | ! | | | 1
A Output title card ™\ )
L/
Y
. L/
Eachh job starts Tbuth Hitle gards. J
Col 1 ¢n all jcards will Ye ignared by computer. )
Oth se these ,a.re 14 fie: of & col\l%ns eagh.
_ »
(1) Omit if NPULS (E8) is zero or negative.
(2) Hydrograph cards to be followed by next set of hydrograph

(3)

cards if NHGT (C7 on this set) is negative, otherwise by
next set of routing cards (E and F).

Routing cards to be followed by next set of routing cards
if NHOT (E15 on this set) is positive, otherwise by next
set of hydrograph cards (C and D).

EXHIBIT 7







Balanced Hydrograph



This program is furished by the Government and is accepted
and used by the recipient upon the express understanding that
the United States Government makes no warranties, express
or imptied, concerning the accuracy, completeness, reliability,
usability, or suitability for any particular purpose of the in-
formation and data contained in this program or furnished in
connection therewith, and the United States shall be under no
fliability whatsoever to any person by reason of any use made
thereof.

The program herein belongs to the Government. Therefore,
therecipient further agrees not to assertany proprietary rights
therein or to represent this program to anyone as other than a
Government program.
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BALANCED HYDROGRAPH

HYDROLOGIC ENGINEERING CENTER
COMPUTER PROGRAM 23=J2~1237

1. ORIGIN OF PROGRAM

This program, written in Fortran II, was prepared in the
Hydrologic Engineering Center, Corps of Engineers, 650 Capitol Mall,
Sacramente, California, principally by ILeo R. Beard. Up-to-date
information and copies of source statement cards for various tyves
of computers can be obtained from the Center upon request by
Government and cooperating agencies.

2. PURPOSE OF PROGRAM

a. A "balanced hydrograph” is defined herein as one that
conforms to a specified set of volume~duration values. Given
a specified set of durations and a pattern hydrograph whose
durstion equals or exceeds the longest specified duration, the
vrogram will compute any number of balanced hydrographs for
specified sets of average flows corresponding to the set of durations.
Each time such a job is completed, the computer will be ready to
accept data for another job.

b. If several pattern hydrographs for the same basin are to
be used for future routing and combining, their relative timing
can be preserved by entering the same period of flows for all
hydrographs, and the duration of that period must correspond to
the longest specified duration, which must be uniform for all
locations.

3. DESCRIPTION OF EQUIFPMENT

8. This program was prepared for use in the IBM 1620 computer
with 40,000 digit, variable word length memory, card input and out-
put, and is usable in the GE 225 and RCA 301 computers having
comparable memory, 1f any necessary input and output statement
changes are made.

b. BSource decks for these and other types of computers are
available in the Hydrologic Engineering Center.



L, METHODS

a. Two arrays of flows are carried. The first (Q) consists
of the pattern hydrograph and the second (Q2) of the adjusted
hydrograph. Starting with the shortest duration specified,
the period of maximum flow of the pattern hydrograph is determined,
and the sum of all flows within each period that have not already
been used in shorter-duration computation is designated SUMQ.
Adjusted flows (QE) within that period are subtracted from the
specified volume for that duration to obtain VOL. Then all
unadjusted flows within that duration are multiplied by the ratio,
VOL/SUMQ..

b. When each period of maximum flows is within all such periods
for longer durations, this solution should be exact. Otherwise, it
is possible that non-coincidence will substantially change the hydro-
graph shape. Consequently, if any flow adjustment has exceeded 5
percent, the adjusted hydrograph is re-adjusted using the same procedure,
and this process is repeated unbil no adjusitment grater than 5 percent
is made.

5. INPUT

Input is summarized in exhibits 5 and 6. All data are entered
consecutively on each card, using 8 columns (digits, including decimal,
if used) per varisble and 10 variables per card, unless fewer varisbles
are called for. The first column of each card is not read.
6. OUTFUT

a. JIoput volume-duration data and specification

b. Comparison of specified and derived average flows for each
duration

c. Adjusted flows
7. OPERATING INSTRUCTIONS

Standard Fortran II operating instructions. No sense switches used.
8. DEFINITION OF TERMS

Terms used in this program are defined in exhibit 3.
9., EXAMPLE

An example of program input and output is given in exhibits 1 and 2.



10. PROPOSED FUTURE DEVELOPMENT

It is requested that any user of this program who
Tinds an inadequacy or desirable addition or modification
notify the Hydrologic Engineering Center.

LU
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DEFINITIONS - 23-J2-8237

DUR - Duration in hours

FLOWS - Number of flow ordinates in hydrographs

I = Various index values, flow sequence number

IADd - Positive value calls for new iterabion to adjust
flow magnitudes

IDUR « Durgtion in TR units

J1 - Flow serial number at start of period of maximum flow
for each duration

J11 - Flow serisl nuwber at start of period of maximum flovw
for maximmm duration

Je = Flow serial number at end of period of maximum flow
for each duration

K1 = Flow serial nuwber at start of sny period of flow for
each duration

K2 = Flow serial number at end of any period of flow for
each duration

L = Serial nuber of durations

NDUR - Number of durstions

NHG = Number of hydrographs balanced thus far

NHGT - Total punber of hydrographs to be balanced

NQ - Number of flows in hydrograph

NSTPS - Number of pericds in hydrograph to be examined for
each duration

Al - Flow ordinate of given and subsequently of adjusted
hydrograph

92 - Flow ordinate of adjusted hydrograph

AV = Average Tlow in cfs for each duration

QMAX = Maximum of flow averages for given duration

RATIO - Ratio of desired flow to given flow

SUMQ =~ Sum of given ordinates within a given duration that have
not already been adjusted for shorter duration

TR = Tabulation interval in minutes

VOL - Sum of desired ordinates within s given duration that have
not already been adjusted for sherter duration

EXHIBIT 3
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*

INFUT DATA 23-J2-I237

Three output title cards for Jjob
Specification card

e TR = Tabulation interval in minutes
. NQ =~ Number of flows in given hydrograph {(up to
480, unless dimension increased)
» NDUR = Number of durations specified
NHGT « Number of balanced hydrographs to be obtained
from same given hydrograph

N =t

2l
°

Hydrograph cards
Q = Consecutive flows of given hydrograph, NQ values
Durations card

DUR = Respective durations in hours for which average flows
are to be given. HNumber must equal NDUR

Flood output title card
Average flows

QAV - Respective glven average flows corresponding to durations
in IV, NDUR values

EXHIBIT 5






23=J2-L237
SUMMARY OF REQUIRED CARDS
Four blank cards at end »f job stop computer.
Otherwise, computer will read cards A for next job.

8-column fields Lot 3 i 5 6 ' s 9 10

Note:

Al data 3% read using 10 £itlds of 8 columns each,
except that col 1 of each card is reserved for card identification,
so first field is restricted to 7 columns.

EXHIBIT 6
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This program is furished by the Government and is accepted
and used by the recipient upon the express understanding that
the United States Government makes no warranties, express
or imptied, concerning the accuracy, completeness, reliability,
usability, or suitability for any particular purpose of the in-
formation and data contained in this program or furnished in
connection therewith, and the United States shall be under no
fliability whatsoever to any person by reason of any use made
thereof.

The program herein belongs to the Government. Therefore,
therecipient further agrees not to assertany proprietary rights
therein or to represent this program to anyone as other than a
Government program.
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STREAMFLOW ROUTING OPTIMIZATION

HYDROLOGIC ENGINEERING CENTER
COMPUTER PROGRAM 23«J2=L231

1. ORIGIN OF PROGRAM

This program was prepared in the Hydrologic Engineering Center,
Corps of Engineers, 650 Capitol Mall, Sacramento, California, by
Leo R. Beard., Up=to=date information and copies of source statement
cards for various types of computers can be obtained from the Center
upen request by Govermment and cooperating orgenizations.

2, PURPOSE OF PROGRAM

3. This program written in Fortran II will solve by successive
approximations for any number of cases, in turn, for the optimum
Muskingum routing coefficients, K and X, to reproduce observed outflow
hydrographs for a nunber of floods, given the observed outflow hydro-
graphs and observed infleow hydrogrephs at one point on the main stem
and hydrographs at each of any number of streams that are tributary
below that point on the main stem, and given the number of combination
points and relative travel times from each point to the next downstream
combining points. Local (intermediate) runoff may be given or computed
as a ratio to a given hydrograph so that it will equal in volume the
difference between observed outflow and inflows, if positive, or it may
be ignored. The program is not effective where local runoff is large
in comparison to measured inflows or where one measured inflow is small
in comparisen to the outfleow.

b. A listing of the source program is given in Exhibit 4.
3. DESCRIPTION OF EQUIPMENT

This program was prepared for use in the IBM 1620 computer with
40,000 digit, variable word length memory, card input and output, and
is usgble in the GE 225 and RCA 301 computers having comparable memory,
if any necessary input or output statement changes are made., For
complex problems, the run time is so long that it is advisable to use
s high speed computer of the T0S0 class.

L, METHODS OF COMPUTATION

a. The Muskingum routing method is deseribed in EM 1110%2-1408
and many hydrology texts and handbooks. This program estimates the
average translagbtion time in hours, time, between the inflow and outflow
hydrographs. The reach is then divided into a muber of subreaches
equal to the nearest integer to TIME/TRHR, so that the travel time in
each subweach is sbout equal to the routing interval in hours (TRHR).
The initial estimate of AK (Muskingum K) for each subreach is TRHR
and the initial estimate of each Muskingum X is 0.2. Routings are
then accomplished by use of the following standard equations:



Cl = 2 (TRHR)/(2AK(1-X) + TRHR) (1)
C2 = (TRHR - 28K(X))/(28K(1-X) + TRHR} (2)
0p =03 +CL (I3 -03) +C2(1p -13) (3)

b. If local inflow is not specified, its volume for eech flood is
made equal to the difference between outflow and total given inflow for
that flood, and it is determined by multiplying a specified hydrograph by
1a constant to obtain that volume. Since the volume determination ignores
travel time and storage effects, it is importent to encompass all
important flows in selecting the flood period, if local inflow is appre-
ciable.

¢. Successive approximations of X and AKX in turn for each inflow
station in turn are made with the objective of minimizing the sum of
squares of the differences between each successive observed outflow and
the corresponding total of local inflow and routed flows for that period.
This is accomplished by computing the increments in standard error result-
ing from increasing a variable by one percent in each of 2 successive
steps. If the second increment is algebraically smaller then the first,
divergence is indicated, and a maximum adjustment of the variable (factor
of 1.5) is made in the direction that reduces the standard error. It
the second increment is algebraically larger, convergence is indicated,
and the optimum adjustment is made (by use of Newton-Raphson technique)
as follows:

X' = X (1.005 - .01 DSER1/DIF2) (%)

Where X stands for any routing constant and DSERL is the standard error
increment for the first 1 percent increase and DIF2 is the difference
between the second and first increment. The adjustment is limited to a
factor of 1.5 in each step, and values of AK and X are limited as follows
in order that C2 in equation 2 will not be negative:

X X TRHER/28K (5)
AK < TRHR/2X (6)

d. Every change is checked before it is accepted to make sure that
it does decrease the standard error. If not, the change is reduced 70
percent. This is repeated once if divergence still exists. If the
standard error is still larger than the test value after two adjustments
of the change, the variable is set back to its value before the change,
and the next varigble is considered.



e. Optimization is declared after six spproximations of all routing
constants (6 cycles). During the first 3 cycles, standard error is based
on the differences between combined snd observed flows, but during the
last 3 cycles, combined flows are multiplied by a constant to meke their
volume equal the observed volume. This is done only for the standard
error computation (not for output) so that positive errors and negative
errors will balence. It is not done during the first 3 cyecles, because
the procedure might impede convergence. The ratio used is printed out.

5. INPUT

8. Input is summarized in Exhibits 5 and 6. Items C to F of
Exhibit 1 must be consecutive for each flood. Input for each new
optimization problem will be read as soon as the preceding computation is
completed.

b. All data are entered consecutively on each card, using 8 columns
(digits, including decimal point, if used) per varisable and 10 variables
Per card, unless fewer are called for.

6. OUTPUT

8. Input data except flows and number of flows for each inflow
station.

b. Standard error of each flood and of all floods for each iter~
ation.

c. Each change of coefficient.

d. Sum of routed flows, local flow, total of routed and local flow,
and observed flow.

€. Optimized coefficients, K, X, C, and Coe

f. Ratio of routed plus local volume to observed outflow volume
for each flood.

T. OPERATING INSTRUCTIONS
Standard Fortran II operating instructions. No sense switches used.
8. DEFINITION OF TERMS

Terms used in this program are defined in Exhibit 3.



9. EXAMPLE

Bxamples of two spplicabions of the mrogram sre shown in Bhibits
1 and 2.

10. PROPOSED FUTURE DEVELOPMENT

3. It is anticipated that additions to this program will be made
from time to time. Use of alternative routing methods is contemplzted.

e It is reguested that any user of this program vho finds an in-
adequacy or desirsble addition or modification notify the Hydrologic
Engineering Center.
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A

AL
AK

C1
cz2
CORR
cPL

CP2
CcP3
CPL

CPI

DENOM
DIF2

DSER1
DSER2
FIN

I

IDAY
IFLAG

IFLG

IMNTH
INDEX

IPNCH
IROUT

ISTA

ITIME

DEFINITIONS - 23-J2-L231

= Ratio greater than 1.0 representing a control on the variastion

-

of routing coefficients throughout the system

Serial number of flow for each flood

Muskingum K, initially assigned a value of flow tabulation
(routing) interval in hours

Muskingum Cq

Muskingum Co

Pactor for adjusting C1l to optimum

Muskingum Cy. CPl, CP2, CP3, CP4 and CPI are alternative
routing coefficilents used to compute the outflow entirely
in terms of inflow. See EM 1110-2-1408,

Muskingum C), .
Muskingum ~ CjC3 5
Muskingum ch(c3)

Muskingum cL(c§)3 + ci(cé)“ + evas cL(c
1 - (CP1+CP2+CP3+CP4)., The sum of remaining coefficients
beyond CPk,

Temporary variable

Second difference of standard errors of three successive
computations

Difference between standard errors of second and first compu=-.
tation (NC2 and NC1)

Difference between standard errors of third and second
computation

Indicator to declare optimizgtion, terminate computations and
print results

Serial number of flow for all floods in succession (job serial
number)

Day of start of flood

Indicator when positive that tests have been completed on

the original and 2 adjusted sets of routing coefficients.
Indicator when positive that station is contributing to
downstream location

Month number for start of flood

Indicator when positive that an X coefficient is considered
and when zero that a K coefficient is considered

Indicator when positive causes diagnostic printout

Indicator when zerc that associated flows are not be be
routed before adding to other flows

Identification number of upstream stgtion, corresponds to
order nusber of reading inflows

Temporary fixed-point variable

t\n=2
b

- Time of start of fleod

Temporary fixed-peint varisble
Year of start of flood
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JA

KCOMB
KFLOD

KQ
KSTA

LSTA

NADY

NC
NCOMB

NCYCL

NFLDS
NHGT
NISTA
NQ
NQ1l

NQN
NRCH
NRCHS

Serial number of inflow station

Varistion of J

Varigtion of J

Serial number of reach in routing for a given station
Dimensioned number of combinstion points

Dimensioned number of floods

Dimensioned number of inflow locations

Dimensioned number of streamflow intervals

Dimensioned number of stations (inflow locations plus
combination points)

Index number for upstream staticn

Station number of local inflow or of station used as an
index of local inflow

Serial number of station whose value of Cl is currently
being adjusted ,

Serial number of previous station whose value of Cl was
adJusted

Serial nmumber of flood

Nunber of adjustments mede that resulted in increased standard
error {divergence).

Computation number (complete computation for all floods)
Nunber of combination points exclusive of outflow combining
point

Number of cycles completed (complete computation and adjust-
ment for all stations)

Nunber of floods used

- NMumber of hydrographs to be combined at a conbining point

Number of inflow stations whose flows are to be routed
Number of flows (including zerocs) in a given flood

Job serial number (I) of first flow of a given flood {one
greater than last flow of previous flood)

~ Job serial number of last flow of a given flood
- Nunber of reaches of each station routing

Nunber of routing reaches between inflow or combining point
10 next downstream cotbining point

Total number of routing reaches in system

NISTA + NCOMB

Flow to be routed, cfs

Inflow in cfs

Moment of all inflows to be routed (QI times AT)

Local flow in cfs

Observed outflow in cfs

Moment of all observed outflows

~ Routed flow in cfs

Routed flow at beginning of period

- Total routed flow for all stations for one period

Total routed and local flow for one period
Ratio of total routed and local flow to totsl observed outflow
for each flood
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RNQ
RTIO

RTIOL

SMQ

SMQIT
SMaL

SMeOT
SMQRT
SMsQT
STDER
STDR

SUMQY
SUMQI
SUMQO
SUMQR
SUMSQ

TAVG

Reciprocal of number of flows for cne flood

Ratio of observed travel time to arbitrarily selected
values of T

Ratio of excess of (a) overflow volume over inflow volume
for stations to be routed, to (b) volume of flow at local
inflow index station

Grand total flow in all reaches used for computing a
weighted average of k coefficients

Sum of inflew for all stations to be routed for sll floods
Sum of flows for local inflow index station for all floods
Total observed outflow for all floods

Sum of routed and local flows for 21l floods

Sum of squares of errors for all floods

Standard error for ome computation (2ll floods)

Standard error for one flood

Sum of inflows to be routed for first period of one flood
Sum of inflows to be routed for all periods of one flood
Sum of observed outflows for one flood

- Sum of routed flows for one flood

Sum of squares of errors for one flood

Relative travel time for each station

Average of relative travel times weighted by inflow volumes
for stations

Lowest value of standard error attained so far

Average travel time determined from observed inflows and
outflows

Temporary constant

Successive approximation of k coefficient

Successive approximation of x coefficient

Tabulation and routing interval in minutes.

- Same in hours

Sum of products of T and volume for all inflows to be routed
Weighted average of k value for all reaches
Muskingum routing coefficient, x
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INPUT DATA DESCRIPTION
23=J2-L231

Three output title cards
Job specification card or cards

l. TR =~ Flow tabulation interval in minutes

2, NISTA - Number of inflow stations (exclusive of local
flow not to be routed)

3. LSTA = Stabtion nunber of local inflow or of station used
85 an index of local inflow. Blank if no loecal
inflow to be added; NISTA + 1 if not one of the
stations to be routed

ke NFLDS - Number of floods used

5. NCOMB = Number of conmbining points bebween inflow stabions
and outflow station, excluding outflow combining
point

6. IPNCH = Indicator, vhen positive, calls for diagnostic
outpute Leave blank normally.

Te A = Moximum permissible ratio bebtween individual
reach K and average K for all reaches. Must
considersbly exceed 1.0. If blank, program
will supply 10.

T = Relative travel time for each routing from each
inflow station to next combining point, must be
equal in number to snd in same order as station
dats are read, must be expressed in same units
for all stations.

Combining point data (NCOMB sets)

1. T = Relagtive travel time from canbining point to next
downstream combining point, ssame units as Item C.

2, N - Nunber of hydrographs to be combined gt this conbining
loestion before routing.

3+, ISTA - Identificabtion number of each station whose flows will
be combined at this conbining point.

Hydrograph specification card

1. IMNTH - Month number for-start of flood

2. IDAY - Day of start of flood

3¢ IYR = Year of start of flood

L, ITIME - Time of start of flood on 2400 scale. Since flows
are tabulated at end of period, this represents one
interval eariier than time of first flow.

EXHIBIT 5
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5. NQ = Number of flows tabulated for each station.

6. RTIOL - Ratio of local inflow to index station flow.
If not specified, will be computed from volume
difference of hydrograsphs to be routed and outilow
hydrograyh, but set to zero if this difference is
negative.

Tebulation cards of inflows (for one flood) to be routed

Qr - NG flows in cfs for each stabion in same order as
T values (items C), A1l sets must start at
same time and include zero flows, if any.

Tabulation cards of local inflow index stabion for same flood,
if not one of the stations in item F.

QI = Same definition as item F.
Tabulation cards of observed oubflow for same flood.

Q0 = Same definition as item F.
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23~J2-L231
SUMMARY OF REQUIRED CARDS

F@u:lc blan}c ca.rdls at elnd of Ian dalte. | l | )

Iy
T H QO QO Qoeaoou ONQ '
/ S Ty Tl I RN IO N
NFLDS /(1) @ QI QI QL o o o o up to NQ {Sta 1LSTA)
sots | L e ool Stalgm) .
F QII QIl QII © ooy up ito NQr NEISS‘.‘A se'ts |
j I
- E ,IMNTH IDAY IYR ITIME  NQ RTTIOL
Up ey TIRTIRE OMeRMOL
D T N ISTA ISTA (0 velues, NCOUS sets) A
| | I l l | |
c N (N‘IIS’TA Values) I l e YU
[
TR NISTA ISTA NFLDS NCOMB IPNCH A ) y,
R [IESTA | LOTA WLOS NCOMB TRNOR, AL 1
A Output title card ) y
| | I | l l l l l
A Output title card h y
| | I ] | | | l |
A Output title card ) )
/
11V
|/
|/
Y
Y .

Note:
(1) Omit if ISTA does not exceed WISTA

s 6







Hydrologic Engineering Methods
for Water Resources Development

Volume 1 Requirements and General Procedures, 1971
Volume 2 Hydrologic Data Management, 1972
Volume 3 Hydrologic Frequency Analysis, 1975
Volume 4 Hydrograph Analysis, 1973

Volume 5 Hypothetical Floods, 1975

Volume 6 Water Surface Profiles, 1975

Volume 7 Flood Control by Reservoir, 1976

Volume 8 Reservoir Yield, 1975

Volume 9 Reservoir System Analysis for Conservation, 1977
Volume 10 Principles of Groundwater Hydrology, 1972
Volume 11 Water Quality Determinations, 1972

Volume 12 Sediment Transport, 1977






	Front Cover
	Foreword
	Table of Contents
	Chapter 1 - Nature of Hypothetical Floods
	Chapter 2 - General Procedures
	Chapter 3 - Standard Project Floods
	Chapter 4 - Probable Maximum Floods
	Chapter 5 - Balanced Floods
	Chapter 6 - Stream System Runoff Frequency Computation
	Chapter 7 - Stream System Design Flood Computation
	Selected Bibliography
	Appendix 1 - Unit Hydrograph and Hydrograph Computation
	Appendix 2 - Hydrograph Combining and Routing
	Appendix 3 - Balanced Hydrograph
	Appendix 4 - Streamflow Routing Optimization



