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ABSTRACT

Contemporary literature in hydrology usually contains the concepts of maximum probable precipitation and
maximum probable flood along with methods used to arrive at these limits. These limits signify some physical
upper limits for precipitation and flood, however it is difficult to find physical justification for existence
of these 1limits and wmore so the methods used to compute them. Also, the use of the word 'probable' is in-
correct because these 'probable limits' are not assigned any probabilities.

In view of the misconceptions that prevail in such existing concepts, this study attempts to develop a
practical methodology with a theoretical framework for estimating the probability of occurrence of floods in a
unit time interval, based on the random characteristics of storms. In general, many randem characteristics can
be defined for a storm, but as a first step only a three-dimensional random vector has been defined for the
random characteristics of storms. The random vector is comprised of the coordinates of storm center location
and storm orientation. The developed estimation methodology uses all information on historic storms observed
in a region that contains the river basin.
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PREFACE

Frequency distributions of various flood descrip-
tors have been studied for decades as random vari-
ables. Such variables are the flood volume, peak
level or discharge, duration, number of occurrences
in a given peried, and similar flood characteristics.
This long experience shows that there is always a risk
involved in flood decisions, which is the probability
of exceedance of any value(s) of a random variable(s)
describing the flood properties. In classifying all
the present or past treatments of flood problems two
basic groups of approaches can be distinguished: (1)
Each flood characteristic is studied as a random vari-
able, or a set of flood descriptors is studied as a
multivariate distribution of these random variables,
which represent the probabilistic approach to treat-
ment of flood problems; and (2) Particular flood cha-
racteristics are singled out such as the design flood,
standard project flood, maximum flood of a transposed
storm, probable maximum flood, maximum flood and other
characteristics, which represent the deterministic ap-
proach to treatment of flood problems.

In the deterministic treatment
the particular flood events is the extreme value of
any flood descriptor. This value would occur if the
most severe storm ever observed in a region were
transposed to that river basin position which repre-
sents the highest flood producing conditions. This
particular flood gives an estimate and/or an outloock
of what could have happened in the historic time of
storm observations if the largest storm had hit the
river basin and in that particular position. Two as-
pects are of interest in this concept of transposition
of a specific storm: (a) The historic largest storm
in a region has a very large sampling variation, may
be far from the representative largest storm for the
size of the historic sample, and much larger storms
are expected to occur in the future; and (b) The pro-
bability that a storm will be exactly in the position
over a river basin, which position produces the maxi-
mum flood for that storm location, is a possible event
but with the probability of zero, at least when the
axioms of probability theory are rigorously applied.
In other words, the probability density of a storm
being in such a position is finite, but the probabi-
lity of that exact storm position occurring is zero.

of floods, one of

Another concept in obtaining a particular extreme
flood event for a river basin, which is a further ex-
tension of the deterministic approach to floods, is to
maximize the meteorological parameters of the largest
historic storm by constructing a still larger storm.
The extreme flood produced by this maximized storm for
the position with the highest flood producing condi-
tions in a river basin is currently called the prob-
able maximum flood, while the storm precipitation is
called the probable maximum precipitation. An earlier
concept of locating that maximum storm over a river
basin, but with all other river basin factors which
influence floods being of the highest flood producing
conditions, gives another extreme flood value, namely
the maximum flood. This extreme event, as a particu-
lar flood characteristic, has been abandoned due to
lack of physical evidence for the existance of a de-
finite upper bound for any random variable.

Storms in a region and over a historical sample
occur randomly, with the storms described by several
characteristics. The probability densities that the
center of a storm (the center of the mass of fallen
precipitation) is located at any point in the region
are finite values. These probability densities can

then be expressed as a function of the point coordin-
ates. Similarly, the storm direction (defined as the
axis of the storm isohyetal lines, for which the stomm
depths have the minimum second mass moment) may have
different probability densities for various aximuth
angles at any point in the region. Other storm chara-
cteristics may be also conceived, when justified by
storm properties, as having the probability densities
of occurring at a point and/or in a direction over the
study area.

Instead of producing only the extreme flood by
using the largest storm of the historical sample of
storms (with or without a maximization approach for
the storm) for only the position in the watershed of
highest flood producing conditions, it is feasible to

transpose all observed historical storms of a region
for various positions and storm directions to that
watershed. Instead of determining only a particular,

characteristic flood event, it is then possible to de-
termine the entire frequency distribution of each
flood descriptor, or the joint frequency distribution
of several descriptors wusing the historical storm
data, as estimates of the univariate or joint prob-
ability distribution of flood descriptors, as random
variables.

The thesis research for the Master of Science de-
gree by Vijay Kumar Gupta, with the original title
"Transposition of Storms", is presented as this hydro-
logy paper under the title '"Transposition of Storms
for Estimating Flood Probability Distributions.'" The
investigations and their results are an attempt to de-
velop a mathematical framework for transposing all ob-
served historical storms in a region to a river basin
inside it, and for estimating probability distribution
of any flood descriptor as a random variable or esti-
mating the joint distribution of several descriptors.
At the same time, an attempt is made to develop a pra-
ctical, computer-oriented methodology of transposing

storms of a region and a historical sample to any
river basin inside that region. In other words, a
historical sample is used to compute the frequency

distribution of any flood descriptor. This, then, re-
presents an extraction of information on a particular
flood random variable by using the historical informa-
tion on storm precipitation. However, a constraint is
imposed on the accuracy of the developed results by
any existing and approximate method which must be ap-
plied to transfer the rainfall data to flood hydro-
graphs.

Instead of using the historical sample of storms
and transposing each of these storms to different po-
sitions and directions over a river basin, another ap-
proach may become feasible in the future. The prob-
abilistic characteristics of occurrence of storms of
various properties, both in time and over a region,
may be developed in the form of mathematical models,
with their parameters estimated from data. When these
models are inferred, two approaches may be feasible
for deriving the probability distributions of flood
descriptors. First, the rainfall-runoff models may be
directly applied to the time-area probabilistic model
of storms, and second, the Monte Carlo method may be
used in generating a large number of storms over a re-
gion. Those generated storms which hit a givem river
basin in various flood producing positions and direc-
tions are used to estimate the probability distribu-
tions of flood descriptors by applying a rainfall-
runoff transfer model.



It becomes easily evident that the storm trans-
position method, as outlined in this paper, can be
only applied if a sufficient number of storms has al-
ready been observed in the study region. However,
there are few areas with a dense network of precipita-
tion stations and sufficiently long samples of storms.
This requirement of a large number of well observed
storms, which puts a limitation to extensive applica-
tion of the method developed, may be circumvented if a
condensation of information in the form of time-area
stochastic models of storms can be made and the Monte
Carlo method in generating new storm samples is ap-
plied.

The research on this thesis has been supported by
the U.S. National Science Foundation under the Grant

vi

GK-11444 on the research project '"Stochastic Pro-
cesses in Hydrology,' and Grant GK-31512X for the re-
search project "Stochastic Process in Water Resources,"
in the Hydrology and Water Resources Program of the
Department of Civil Engineering at Colorado State Uni-
versity.

Vujica Yevjevich

Professor of Civil Engineering and
Professor-in-Charge of

Hydrology and Water Resources Program

Department of Civil Engineering
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Chapter 1

INTRODUCTION

1.1 Contemporary Approach Used for Estimating the

st Critical" Flood Descriptor for a River

Basin

Contemporary approaches for estimating the ''most
critical" flood descriptor of a river basin involve
the study of the most severe historic storm occurring
in a region that contains the basin. The region is
selected on the basis of meteorological homogeneity.
Therefore, any storm that occurs somewhere in the
region could also occur anywhere else in the region,
including the river basin. In order to estimate the
most critical flood descriptor, the most severe
historic storm is transposed to the river basin. This
storm is placed in the most critical position in the
basin, after maximizing the precipitation yield in
some predetermined manner. "The most critical" posi-
tion, out of all other positions in the basin, is the
one that gives the maximum value of the preselected
flood descriptor. The precipitation yield is 'max-
imized" by maximizing the meteorological variables.
The maximum precipitation and flood descriptors com-
puted in such a way are called the "most probable
precipitation and flood."

Misconceptions in the Contemporary Approach.
According to Yevjevich [18]*, ™the general philosophy
behind these concepts is that there must be an upper
limit in the storm intensity or in the total amount
of precipitation, that atmospheric circulation could
produce at a given place in a given time interval".
He [18] also emphasizes that there is no physical
justification for upper boundaries in any meteorologi-
cal factor used in the method of storm maximization.
If there is mno physical justification for the exis-
tence of an upper boundary in precipitation yield from
storms, then there is no justification for the result-
ing floods. Yevjevich further states, 'however, if
there is a physical boundary to the amount of precipi-
tation, this boundary quite likely is much greater
than any maximum precipitation computed by any proce-
dure of maximization used at present'. In any event,
it is reasonable to assume that at least theoretically
the flood phenomenon is an unbounded stochastic pro-
cess at the upper tail. Also flood descriptors, i.e.,
flood peak, flood volume, time of occurrence of a
flood peak with respect to some origin, etc., assoc-
iated with the flood phenomenon are continuous or dis-
crete (as the case may be) positive random variables.

1.2 General Description of the Theoretical Base of

the Present Study

This study is an attempt to develop a praciical
methodology, with a theoretical framework, for esti-
mating the probability of occurrence of floods in some
unit time interval, say one year. The developed
approach uses all information on historic storms
observed in a region that contains the selected river

one or more points over an area exceed some constant.
The information is then used in a theoretical frame-
work to estimate the probability of occurrence of

floods in the unit time interval that has been
selected.
The theoretical formulation defines the sample

space to be the collection of all conceivable storms.
Each elementary event in the sample space is con-
sidered a generic or abstract representation of a
storm. An arbitrary subset of the sample space is de-
fined as being comprised of certain types of storms,
e.g., all conceivable storms whose total rainfall
yield at one or mere points over an area that exceeds
some constant can form a subset. Associated with a
storm are, for instance, k random characteristics,
for which a k dimensional random vector can be de-
fined. Each component of the random vector is a random
variable, defined as a positive valued function of the
storm (the elementary event). The probability distri-
bution of the flood descriptor V , with V also a
random variable defined as a function of the storm,
can then be theoretically computed from the Tandom
variable defined for a storm on the arbitrary subset.
The probability of occurrence of floods is computed
by using the probability distribution of V , and the
probability distribution of the occurrence of storms
in the subset, as a function of time. The occurrence
of floods is defined as: exceeding V above a cer-
tain preselected constant, in some unit time (0,t) ,
from the occurrence of any storm in the arbitrary sub-
set in unit time (0,t).

The computation of the probability distribution
function of the flaod descriptor, V , requires the
identification of the k random variables and the
associated joint probability distribution function,de-
fined for storms in the subset. In order to simplify
the problem and to demonstrate the concepts underlying
the approach, a three dimensional random vector is
selected. The random variables as elements of the
subset random vector are storm orientation © , and
the two coordinates (X,Y) of the storm center

location. The probability distribution of these ran-
dom variables are studied from observed regional
storms. The probability distribution of V is esti-

mated by the inferred variation of the storm center
location and the storm orientation of historic storms.
The storms are selected on the basis that rainfall
yvield from each storm at one or more points over an
area exceeds a constant. Such a selection is assumed
to be a sample of the arbitrary subset. Once criterion
for selecting storms is formulated, the subset is
automatically defined, and no longer remains an arbi-,
trary subset. Therefore, the selection of an arbi-
trary subset gives wide flexibility in formulating a
criterion for selecting storms. The probability dis-
tribution of occurrence of a number of storms in time
is not studied here, but is hypothesized based on cer-

basin. The selected storms are based on a predefined tain assumptions. Using this hypothesized distribu-
criterion, i.e., all storms whose total rainfall at tion and the estimated probability distribution of
*[ ] Designates the reference found in the list of references.



V' , the probability of the occurrence of floods in
a unit time (one year in this study) is computed.

1.3 Storm Transposition (Estimation Methodology)

The methodology used to estimate the probability
distribution of the flood descriptor V , developed
here, considers only rain storms; snowmelt floods are
not taken into account. For snow storms additional
stochastic properties and the corresponding random
variables associated with snow accumulation and melt
must be included, which is beyond the scope of this
study. However, concepts underlying the estimation
methodology given here are general, so estimation con-

cepts can be extended by incorporating more random
variables associated with a storm and by studying
their dependence functions (if applicable) and the

corresponding probability distributions. The presented
methodology can be applied to any small river basin,
say up to a thousand square miles or so. For very
large basins, the technique may not be useful because
the random vector comprised of storm center location
and storm orientation may not adequately represent the
influence of the random characteristics of storms on
the resulting flood. It seems that additional random
variables would need to be defined for large basins.
Also, the storm characteristics may have large varia-
tion, so that the assumptions regarding the probabil-
ity distribution of random variables associated with a
storm may not hold over the entire basin.

Application of the methodology developed in this
study is demonstrated by wusing a simple rainfall to

runoff model. No attempt is made here to study or im-
prove the modeling of rainfall to runoff relation-
ships. The development of the estimation methodology
is based on the assumption that a flood descriptor is
a function of only selected random variables. There-
fore, the randomness in the computed values of the
flood descriptor is due to the variation in the values
assumed by the selected random variables; the in-
fluences of the remaining stochastic characteristics
of storms are taken into account in a ''lumped" form.
The flood descriptor used is the total flood volume
V ; the technique is general, however, and any flood
descriptor can be selected.

Application of the methodology is demonstrated on
the Goose Creek basin in East Central Illinois. The
basin is about 50 square miles in size and the
I1linois raingage network surrounding the basin is
fairly dense.

Summary. The concepts involved in the developed
methodology are only first approximations toward esti-
mating the probability of exceeding a flood descriptor
magnitude in a unit time interval, by using random
characteristics of storms. The estimated probability
value is limited by the sampling variations in the
data. Predictions of flood frequencies is less relia-
ble for a return period longer than the period of data
on historic storms. The reliability of the estimates
of probability of "eccurrence of floods' would depend
on the length of the historic storm records, relia-
bility of the data, and the validity of the assump-
tions made regarding the probability distributions of
random variables defined for a storm.



Chapter 11

REVIEW OF PRESENT METHODS OF STORM
TRANSPOSITION AND RELATED SUBJECTS

2.1 Introduction

The need for a reliable estimation of floods
plays an important role in planning and designing
hydraulic structures and water resources systems.
Over the past few decades there has been substantial
development of methods that can be used to predict
future flows (prediction is generally understood as
the use of deterministic methods for flood estimates
from storm data) and forecasts of future flows by
using stochastic analysis of time series. Much effort
also has been made in the area of improving rainfall
to runoff models.

Basically two approaches exist in literature that
are used to estimate critical flood descriptors. The
first 1is comprised of statistical flood frequency
analysis, carried out on the historic flood records.
For ungaged sites, the regional flood frequency anal-
ysis is in use [1]. The regional analysis consists of

evaluating certain regional parameters from past
records, which are then used for forecasting future
floods. Such an approach is not based on any theory

of stochastic process; therefore,
records can result in unreliable forecasts or in high
uncertainties. The regional floed frequency analysis
is not discussed at length, since it is outside the
domain of the present investigation.

the paucity of long

The second approach is the physical approach to
the estimation of future floods. This approach is
based on evaluating what is called ''the design storm",
which is then applied to a river basin, along with the
infiltration and unit hydrograph theory, to obtain a
design flood [4]. The unit hydrograph theory and
other rainfall to runoff models are not reviewed here
since they are neither critical nor relevant to the
present investigation. On the other hand, the methods
in use for computing the design flood producing storms
are discussed, since the misconceptions that prevail

in such methods show the need for a study such as this.

2.2 Physical Approach to Estimation of Design Flood

The methods of deriving storm rainfall estimates
for computing hypothetical flood hydrographs repre-
senting major or design flood runoff essentially con-
sider the size, configuration, and runoff character-
isties of the basin, as well as the meteorological
characteristics of the major storms in the region.
Such estimates, when used to compute a flood hydro-
graph for fixing the design capacity of specific pro-
jects, are referred to as '"rainfall criteria" or as
""design storm rainfall" by the U.S. Corps of Engineers
[14]. The steps used to carry out comprehensive design
storm investigations are outlined in the U.S5. Corps of
Engineers manual [14], and summarized as follows:

(1) Analyze the precipitation data and the
synoptic situations of major recorded storms in a
region surrounding the river basin to determine the

characteristic combinations of meteorological condi-
tions that result in various rainfall patterns and
duration-depth-area relations. The duration-depth-area
relation gives the maximum average depths of rainfall
for given areas and given durations of the storm.

(2) On the basis of an analysis of air-mass pro-
perties and the synoptic situations prevailing during
the recorded storms, estimate the amount of increase
in rainfall quantities that would have resulted if
conditions during the actual storm had been as criti-
cal as those considered probable to occur in the
region.

(3) Estimate the modifications in the meteoro-
logical conditions that would have been required for
each of the recorded storms to have occurred over the
drainage basin under study, considering the topo-
graphic features and locations of the respective areas
involved.

(4) Take into account the increase in rainfall
quantities that might have resulted from more severe
meteorological conditions during the recorded storms,
with the adjustments necessary to transpose the re-
spective storms to the river basins. Then select the
estimates that would represent the design rainfall
duration-depth-area relations for the particular
drainage area during the various flood seasons of the
year. Taking into account an estimate of the maximum
quantity and the rate of contribution to flood runoff
that might result from snow melt in conjunction with
the design storm rainfall, and the minimum infiltra-
tion capacities that are likely to prevail during var-
ious seasons, the design runoff hydrograph is computed.

The '"design rainfall storms" so computed have
been called "probable maximum storms" by both hydrol-
ogists and meteorologists. The essence of such an
approach is to find a physical upper limit of storm
rainfall over the basin [4] which perhaps is why the
term "most probable'" is used; indeed the term '"pro-
bable'" signifies some probability of occurrence of 'de-
sign storms," which has bypassed the attention of
hydrologists. Therefore, in the first case the use of
most probable is incorrect, and secondly, as Yevjevich
states [18], there is no known physical evidence of
existence of an upper limit of rainfall over a basin.
Such prevailing misconceptions in existing techniques
are briefly discussed subsequently.

2.3 Design Storm and Storm Transposition

The practices of the U.S. Corps of Engineers
[14] are most prevailing in developing quantitative
estimates of design storms (critical storm adopted for
purposes of design). There are three general methods
in common use: (I) maximum rainfall depth-duration
data and rainfall-excess estimates;(II) transposition
of recorded storms and the rainfall-excess estimates,



and (II1) the modified storm transpositions and the
rainfall-excess estimates.

Briefly, the first method involves the computa-
tion of maximum rainfall depth-duration relations for
the size of area involved, based on rainfall data of
storms that are considered possible to occur in a
region. A hyetograph is then computed to represent
the critical or design sequence of rainfall quantities
corresponding to the adopted depth-duration curve.
This method is directly applicable to small basins of
less than a few thousand square miles. The other two
methods that involve the transposition of storms are
discussed in the ensuing text.

Transposition of Record Storm and Rainfall-Excess

Estimate. The second method is particularly useful in
studies of river basins having areas greater than a

few thousand square miles, in which the variations in
rainfall intensity and areal distribution during suc-
cessive time intervals of a storm have a major effect
on the infiltration losses and the runoff concentra-
tion. A brief review of this method is as follows.

(1) Superimpose an outline of the given drain-
age basin onto an isohyetal map of the recorded and
selected storm in such a way as to place the highest
rainfall quantities in a position that would result in
maximum runoff. This is shown schematically in Fig.
2415

(2) Construct a Theissen polygon network for
raingage stations in and near the basin, also shown in
Fig. 2.1.

(3) Prepare the mass rainfall curves for the
respective gaging stations; one such curve is shown
schematically in Fig., 2.2 for a gage.

The rainfall analysis is carried out by comput-

ing areas Aj, enclosed by the basin for the Theissen
polvgon of raingage Gi, with i =1,2,... . One such
area Az 1is indicated in Fig. 2.1 for the raingage

Gz. The total rainfall observed at the i-th raingage
is qi, with q; the average rainfall depth within
the area Aj. The adjustment factor F; is given by

q.
= , i=1,2,
9

F. = A,
1 1

(2.1)

stations
The volumes of rainfall

The adjustment factor is computed for all i
in and near the river basin.
within area Aj in three hour intervals are computed
by multiplying Fj by the total three hour rainfall,
obtained from the mass rainfall curve for that inter-
val. This procedure is carried out for all i-stations
and all three hour intervals for each station. The
observed rainfall values are increased or decreased as
considered necessary to assume an estimate of the ade-
quate design storm rainfall for the purposes involved.

The infiltration indices are computed for areas
of each polygon by assuming an infiltration rate in
inches per three hours for each polygon. These
assumed values for polygons are multiplied by the cor-
responding areas. The values so0 obtained are then
considered as infiltration indices in inches per
square mile per three hour interval.

Excess rainfall for any raingage station for
each three hour interval 1is computed by subtracting
the infiltration index from the total rainfall volume
for that interval. If the infiltration index is great-
er than the total rainfall volume in an interval, ex-
cess rainfall is zero.

The total rainfall and the excess rainfall for
each station are then plotted as shown in Fig. 2.3.
If tributary flows are to be combined by flood routing
methods, the areas selected for each tributary should

correspond to the respective tributary basin.

Fig. 2.1 A recorded storm transposed to the ''most
critical position' on the river basin. (1) Area Az ;

(2) River basin; (3) Rainfall isohyets in inches ;
(4) Raingage station; (5) Theissen polygon.
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Modified Storm Transposition and Rainfall Excess

Estimates. In the third method, problems invoived in
determining the critical design storms for a large
basin are somewhat different than for small basins.
As a rule, the critical design floods in small basins
result from extremely intense small-area storms of
relatively short duration, whereas the floods of large
basins result from a series of less intense large-area
storms. Therefore, for large basins, besides comput-
ing the critical rainfall volumes in various periods
of time, it is also necessary to compute the most cri-
tical distribution and location of rainfall that are
considered "reasonably probable'" during the successive
storm periods. The method of modifying transposed
storms in light of additional problems encountered for
large basins is as follows.

(1) Assemble all precipitation records, isohye-
tal maps, mass rainfall curves, and duration-depth-
area information available for selected storms.

(2) Review the available information regarding
the meteorological conditions during the resbective
storms to determine whether it can be assumed that the
movenent of the zones of heaviest precipitation during
the successive distinct periods of a storm series
might have been enough to cause a greater accumulation
and a more critical concentration of rainfall over an
area comparable to the river basin under study than
actually occurred during the recorded storm.

(3) Superimpose the outline of a given drainage
basin to the isohyetal patterns that represent the
successive rainfall periods of a particular storm,

corresponding to the movement of rainfall centers
assumed in the above step. The orientations of the
basins should be reasonably consistent with the

assumptions regarding the meteorological causes of the
storm (an arbitrary criterion regarding the assumption
is discussed in the next subsection).

{(4) Compute the rainfall volumes and the rain-
fall excess estimates as described in the last section
for each transposed storm.

(5) Compare the quantities of rainfall excess
for various major storms considered to determine the
"eritical rainfall series" to be adopted finally for
purpoeses of design.

Although the three methods described above have

been widely used, they do have significant limitationms.

Limitations of Storm Transpositions. The above
descriptions show that the sole purpose of storm
transposition techniques presently in use 1is to in-

crease reliability in computing "the design flood" for
a river basin. The word "critical flood" supposedly
indicates the estimated upper physical limit of the
selected flood descriptor. Bruce [4] mentions two
limitations that can be naturally encountered in storm
transposition. These limitations are:

of the region of 'hydro-

(a) proper definition
storms can be

meteorological homogeneity" from which
transposed over the basin, and

(b) the permissible change in the o;ientation
of storm rainfall patterns to obtain the maximum Tun-
off,

limitations, the orographic
may also limit

Besides these two
barriers in the region, when present,
storm transposition.

In reference to the 'hydrometeorological homog-
eneous'" region, Bruce [4] states that generally the
distance limits for a storm transposition are based
on atmospheric processes, or synoptic weather patterns
and climatological experience within the region. This
selection of distances is a subjective decision to
some extent. Also, the transposition limits of
storms must be based on the hydrometeorological fact-
ors for that particular storm, such as whether the

same situation could have occurred anywhere else or
not.

In regard to storm orientation, Bruce [4] men-
tions that from studying meteorological factors in a

storm, it is sometimes clear that a '"slight'" change in
the orientation of the storm is permissible, without
changing the atmospheric conditions that produced the

storm. As a rough guide, Paulhaus and Gilman [13]
suggest that in attempting to get the maximum runoff
effects, the storm orientation should not be adjusted

by more than 20°; their criterion seems arbitrary with
no physical justification given. The U.S. Corps of
Engineers manual [14] states that major changes in the
orientation of a storm for some regions can be made
without changing the meteorological factors; such
cases have been reported for the central United States.

2.4 Misconceptions in Storm Transposition and "Criti-
cal Storm" Estimation

The general philosophy behind estimating the
"probable maximum precipitation' and in the transposi-
tion of these storms is that there must be an upper
limit in the precipitation intensity or in the total
precipitation amount and in the flood descriptor. The
precipitation phenomenon is a stochastic process and
so is the flood phenomenon. Probabilistically speak-
ing, any variable defined for these phenomena can be
visualized as a random variable, which theoretically
has a range from zero to infinity. Even if it is
difficult to comprehend an infinite rainfall intensity
or infinite flood peak at a point, at least the pro-

bability of exceedence of any computed value by
methods used at present should be positive, and
smaller than 1.00 (a sure event). If there is a

physical boundary to the amount of maximum precipita-
tion possible, this boundary quite likely is much
greater than any maximum precipitation computed by any
procedure of maximization.

The procedure used in storm transposition of
placing the storm in the most critical position is
also scientifically incorrect. If the location of a

storm is defined by some continuous random vector, the
probability that this vector would assume any one
given position is zero. Similarly, the same can be
said for the orientation of storms.

In view of the above misconceptions, it 1is
reasonable- to reformulate the problems of computing
flood descriptors from precipitation inputs by con-
sidering the stochastic nature of the precipitation
phenomenon and the entire frequency (probability) dis-
tribution curve of the flood descriptor, instead of a

value at the distribution tail, with no clear cri-
terion as to how it is selected on this tail. The
study presented in the following text is an attempt

along these lines.



Chapter III

FORMULATION OF THE PROBLEM

3.1 Theoretical Considerations

Let 0 be the collection of all conceivable
storms, such that each element in @, denoted by w,
is a generic representation of a storm. A storm can be
visualized in general terms as spells of intermittent
precipitation. Any uninterrupted intensity in time
and over an area of spells may be conceived as a
storm.  Without explicitly defining a storm, we can
envision k random characteristics for each storm,
so that a corresponding k-dimensional random vector
can be defined. Each element of the random vector is
a function of w and is assumed to be a random
variable.

Suppose that a probability space, say (2, B, P),
exists in which @ 1is the sample space as defined
above, B is a o-algebra of subsets of §, and
P is a probability measure defined on B For any
arbitrary event B ¢ B, 0 < P[B] < 1.

Let iy be some arbitrary subset of 02, and 0
€ .B. For instance, {, might represent the collec-
tion of all conceivable storms, whose total rainfall
exceeds a certain amount at one or more points over an
area. For now @, is considered arbitrary; it (0g)

can also be the space 0 itself.

Let (95, By, Pp) denote a probability space,
where By is a o-algebra of subset of @y and P,
is the probability measure defined on B, induced by
P.

The k-dimensional random vector is denoted by
L= (Xy,...,Xk) » with each Xj =Xj (w) a random
variable, i =1,2,...,k . let Yp,...,Yq be any
subset of X1,...,Xk , such that every Y;, i=1l,...,d
has as its domain Qo and a real line as its counter-
domain. Let FYl n Yd(yl,...,yd) be a joint proba-

bility distribution function of Yj,...,Y4. If B is
an event and B £ B, , then the probability of the
evenit B , with respect to @y , is given by (**)

For this study, @y 1is considered to be the
collection of all conceivable storms whose total
rainfall at one or more points over an area exceeds a

constant. Consider a three dimensional subset of the
random vector X , defined as the two dimensional
vector (X,Y) which denotes location of a storm
center over a geographic region R , containing the

river basin under study, and the random variable ¢
which denotes storm orientation. Let V be a random
variable defined on (g , which denotes a flood de-
scriptor, and let an event B be defined as
[V > vo], in which v, 1is a non-negative constant.

of the

Using Eq. 3.1 the event B is

given by

probability

S

I Polv 2 vl Xex, Yoy, omeldfy y (xuys9) - (3.2)
3

Assuming (X,Y) to be independent of & , and
introducing the range of the random vector (X,Y) and
the random variable ¢ , Eq. 3.2 can be expressed as

PO[V 2 vc] =

T
FAUT RV 2 vy [Xox, Yoy, e=eldy y(x,y) WF () - (3.3)

Equation 3.3 provides a theoretical framework for
computing the probability distribution function of the
flood descriptor V , which is defined for storms in
fig . The occurrence of storms that constitute the
sample space @ is a function of time, therefore this

PO[B} = is also true for the storms in &g . The time variable
is introduced at this stage so that the probability of
floods occurring in a time interval (0,t]) can be

el b = s computed.
J’ R f 0£BIY1 Yl"“le yd]dFYl,'.',Yd[yll"'!yd)
d The occurrence of at least one flood is defined
(3.1) here as the exceedence of V above v, , i.e.,
in which Rg is a d-dimensional Euclidean space.
(**) A c-algebra, denoted by B, is a collection of subsets of Q satisfying:
(i) @ & B, and the null set, 4' e B.
(ii) If event B e B, then also B e B. =
(iii) If a sequence {Bj} ¢ B, then alse U B.1

i=1

(**] Refers to Parzen, '"Modern Probability Theory and Its Applications'.



V > vy , in the time interval (0,t) , for some storms
occurring in (0,t) Denote this event by Fg , and
denote the complement of this event by By .

Let Z(t) be the random variable denoting the
number of storms occurring in the time interval (0,t)
whose total rainfall at one or more points over an
area exceeds a fixed value. Then the probability of

the event F, can be expressed as

PolF,] = 1B [F,] =

1- ] P[F | 2(t) = v] P [2(t) = v] .

v=0

(3.4)

Assuming the number of storms in the time inter-
val (0,t) to be independent of the random variable
V denoting a flood descriptor, and the random vari-
ables Vi,...,V,(") |, v =1,2,...,  being mutually
independent and identically distributed, the following
identity holds,

PO[F;|Z(t] =] =

M
{P IV <v]1t ,v=0,1,... (3.5)
Substituting Eq. 3.5 into Eq. 3.4 then
v
P IF] =1 - véu PV < v 11" P [2(t) = ]
(3.6)

Substituting Eq. 3.3 into Eq. 3.6,
ity of floods occurring in an interval
computed.

the probabil-
(0,t) can be

3.2 Treatment of Regional Storms

Regional storms can be treated by hypothesizing
the joint probability distributions of all random
variables associated with a storm. "Regional" is used
here to imply the study of such storms, not only for a
given river basin but also over a large region sur-
rounding it. Such a region may be selected after con-
sidering statistical homogeneity of different random
variables associated with a storm. The main advantage
of selecting a region containing a given river basin
is that more information is available about historic
storms in the region. This information can be usec
statistically to infer the marginal or joint probabil-
ity distributions of various random variables asso-
ciated with each storm.

The inferred joint probability distribution of

only three random variables are selected: the coordi-
nates of the storm center location, (X,Y) , and the
storm orientation ¢ . The ensuing text refers to the
study of properties of these random variables and the
appropriate statistical tests that can be used in
making inferences about their probability distribution
functions.

Regional Distribution of Storm Centers. A storm
center has been denoted by a two-dimensional random
vector (X,Y) The storm center is a hypothetical
point with various possible definitions. In this
study, a storm center is defined as follows.

Consider a system of m masses distributed over
an area, as shown in Fig. 3.1. In this case the total
rainfall at each point (raingage) denoted by
qi, i=1,2,...,m, would constitute the system of m
masses. Let the location of each point with respect to
some origin be denoted by (xj,yj) for i=1,2,...,m.

Then the location of the storm center is defined as
the center of gravity for this system, denoted by
(xg,yg) and given by
I
X0
fag: =
x =
P
q.
i=1 *
? (3.7)
y.q.
_ dwp R
Yg ?
q.
i=1
¥
L i G;,(q;) .
i
T™o
| °
|
|
Y; L]
@ ; L4
xgi X oG,
1 .
|
® 1 Yg
| L]
| [ ]
|
J‘ —— ‘
Fig. 3.1 m rainfall measurements over an area:
(1) Gj raingage, i=1,...,m ; X Storm center

these random variables can then be used in Eq. 3.1. location; qj Total rainfall at raingage Gj .
As outlined in Section 3.1, for the present study,
(*) The sequence of random variables Vl,...,Vv , is formed by defining one variable for each storm, but all

denote the same flood descriptor.



location of a storm over a river
basin greatly influences the resulting runoff, one
component of the subset random vector, as outlined in
Section 3.1, 1is considered to be the random vector
(X,Y) denoting the storm center's location.

Because the

In general, if major orographic barriers, climato-

logical variations, etc., are absent from the selected
region it is quite 1likely that storms occur over the
region at random. Such a region is called homogeneous
with respect to the occurrence of storms. However a
selected region may not always be homogeneous. There-
fore, the study of the probability distribution of the
random vector (X,Y) can be based either on phenome-
nological considerations, which is not attempted here,
or fitted empirically to the historic data. In either
case, a probability distribution function must be
hypothesized. The hypothesized distribution should be
tested by appropriate statistical tests. One Such
statistical test that can be used to test the hypothe-
sized probability distribution of the random vector

(X,Y) 1is presented.

Consider a region shown in Fig. 3.2, that is
divided into "a'" segments along the x-axis and "b"
segments along the y-axis. Let Njj» i=1,...,b,

j=1,...,a be the number of storm centers observed

over the ij-th segment, then

E a
n = I " (3.8
i=1 ju1 :

Let pij be the probability of occurrence of a
storm center in the ij-th segment, such that
b a
D TR
i=1 j=1 ij (3.9)
The random quantity Q given by
2
b a ;- ™Pyy)
Q= o i 3.10
1;1 j=1  M-Pyj ¢ )
has a limiting chi-square distribution with (ab-2)

degrees of freedom.

To test the hypothesized probability distribution,
namely Pij = pg' = a constant, i=1,...,b, j=1,...,a,
Eq. 3.10 would ge used. Such a hypothesis is not
tested for the region used in this study. However, it
will be assumed that the storm center occurrence over
the region is homogeneous and the probability density
function for the random vector (X,Y) is uniform,
given by

1

f(x:)") = i; [R[(xl}‘)] (3.11)

in which Ap 1is the area of the region denoted by R,
and IR is an indicator function defined over the
region, given by

Ia[cxn)’}] - 1 if  (x,y)eR
(3.12)

0 otherwise

Regional Distribution of Storm Orientation. The
orientation of a storm, denoted by the random variable
¢ , is obtained from rainfall isohyets over the region
with respect to some fixed orientation. The N-S line
is taken to be the fixed orientation in this study.
The influence of storm orientation on the resulting
runoff depends to a large extent on the shape and size
of the river basin and the shape of the storm. This
concept 1is schematically shown in Fig. 3.3; in case
(a) the basin covered by the large rainfall magnitude
isohyets is greater than for case (b). As a result, it
is reasonable to assume greater rtunoff in case (a)
than in (b), assuming all other variables influencing
runoff remain the same in both cases.

Usually, the rainfall isohyets for a storm form
complicated patterns and rarely have regular geo-
metrical shapes. Huff [7] shows four major types of
isohyetal patterns observed over [East Central
Illinois. These patterns are reproduced in Fig. 3.4.
According to Huff, "There exists a trend for the storm
pattern to become more complex with increasing rain-
fall duration and rainfall volume'. In view of this
complexity, it is essential to design an objective
criterion for defining storm orientation. For the
present study the following criterion is designed.

¥
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Fig. 3.2 Schematic representation of a region divided
into segments to test the hypothesized probability dis-
tribution of locations of storm centers. njj = number
of storm occurrences in the 1j-th segment.

Consider an
shown in Fig. 3.5.

isohyetal pattern for a storm as
The storm center for this storm is
denoted by C, , and the precipitation gages are
denoted by Gy, i=1,2,...,m, where m is the total
number of precipitation gages. Let the range of storm
oriéntation, from 0 to 7 , be divided into s in-
tervals. Select one orientation from each interval,
denoted by Dj, b ot TR 4 Denote the total rainfall
amounts at @each raingage by qy, i=1,...,m and the



Fig. 3.3 Schematic effect of storm orientation on
resulting runoff. (1) River basin; (2) Rainfall
isohyets in inches.

o
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o.Closed Elliptical b.Open Elliptical
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¢. Multicellular d. Banded

Fig. 3.4 Major storm patterns observed over East
Central Illinois, according to Huff [7].

normal distances.of the raingages for the j-th
orientation by L:;, i=l,...,m, j=1,...,s. Consider a
statistic Sj for the j-th direction, given by

m
§; = (1372
J igl 9 [14] (3.13)

The statistic is computed for all the s

directions. The storm orientation, denoted by D_ is
then given by e

Dy = Min[S ,..., S ] (3.14)

Huff [7] in his study on the East Central Il1-
inois network indicates that the movement of storms in

general was observed to be closely associated with the
orientation of storm isohyetal patterns.
movements were roughly along the major axis in case of
elliptical isohyetal patterns of storm rainfall. In
view of this
direction of storm movement, consider a specific case
of an isohyetal pattern, given as concentric ellipses,
and shown in Fig. 3.6.
puted about different directions passing through the
center of the concentric ellipses, including the major
axis of the ellipses, the statistic s computed about
the major axis is always the minimum value. Therefore
the major axis of the concentric ellipses is the orien-
tation in this specific case.

The storm

observed phenomenon regarding the

If the statistic s is com-

Major storms in general cover large areas at least

up to a 1,000 sq. mi, or more. Therefore the rainfall

isohyetals observed on small areas, say less than 500
sq. mi. are not well defined and do not give a fair
idea regarding the direction of the storm movement.

In the absence of a well defined storm isohyetal

pattern, Eq. 3.13 provides an objective basis for com-
puting orientations.

Having defined the storm orientation, the prob-

ability distribution of the random variable ¢ ,denot-

ing a storm orientation, can be studied either (i) by

) -

r*——:

Fig. 3.5 Conceptual representation for computing
storm orientation. (1) G: raingage, i=1,...,m; .

(2) Rainfall isohyets in inches; D: Storm orientation
in j-th interval; L] Normal distance of raingage

G; from the orientation line Dj, i=1,...,m; Cq
Location of storm center.



hypothesizing a probability distribution function and
making appropriate statistical tests for testing the
hypothesized distribution, or (ii) by fitting mathe-
matical functions to the observed frequencies of the
storm orientation and converting it to a probability

density function by dividing it by the total area of
curve is

the fitted curve. One such

shown in Fig. 3.7.

schematically

we””
@d\d

Fig. 3.6 Storm orientation for an elliptical isohye-
tal map. (1) Rainfall isochyets in inches; (2) Major
axis is the storm orientation; (3) Raingage.

£(8)

£(6) probability density
Fig. 3.7 Probability density function for storm orien-
tation.

In general, it may be difficult to fit a mathema-
tical function to the observed frequencies of the
orientation variable ¢ . The hypothesis regarding the
probability density function of the random variable ¢
can be either governed by the physics of the phenom-
enon of storm movements in the region, or can be
empirically based on personal judgment and experience
on the observed storm orientations. In the following
pages, a hypothesized probability density function for
storm orientations in the East Central Illinois region
is included. An appropriate statistical test is also
included to test the hypothesized probability distri-
bution.

For this study, the data on observed frequencies
of historic storm orientations are +taken from the
study by Huff [7] on the East Central Illinois rain-
gage network. Table 3.1 gives the observed frequen-
cies of 100 storm orientations.

The probability density function for the random
variable ¢ selected in this example is the Beta-
density functions. Because the range of values assumed
by the random variable ¢ is from 0 to = , and in

10

general the Beta-density function is
random variable with a range
a new random variable ©

defined for a
of values from 0 to 1
is defined as

2

(3.15)

The random variable @
dom variable &/n

is equivalent to the ran-
with probability 1, since 7m is

a constant. The Beta-probability density function for
& with the parameters a; and bI is given by
ffB,al,le =
1 al-l b1~1

e 8 1-6

B(a; b)) -8 7 I @ L (516
in which I{G 1}(6} is an indicator function. The
range of 0 to 1°is divided into nine intervals. Each
storm orientation of Table 3.1 is representative of
the corresponding interval. In Table 3.1, the dia-

metrically opposite directions of storms have not been
identified separately, but in this study the range of
the values of @ is from 0 to 1, therefore the north
and south directions must be separately identified. In
view of this, the total number of storms observed in
the south direction has been equally divided between
north and south. The 17 storms in Table 3.1, identi-
fied as complex with respect to their orientations
have been also distributed equally in each direction
interval, except for the direction WSW, to which three
storms are assigned arbitrarily. All this information
is summarized in Table 3.2 including the relative fre-
quencies for storm orientations.

The parameters of the Beta-density function are

estimated by forming two simultaneous equations in
terms of the parameters
a -
Efe] = —i- ;g BAY
11
a.b
Var[o] = 1 i (3.18)
(a1+b1) (a1+b1+1)
TABLE 3.1

Percentage Frequency of Storm Patrern Urientations,

According to Huff [7]

Directlon Percent Direction Percent
5 1 WNIY i
S5W 11 N &
SW 22 NNW 3
WEW a5 COMPLEX 17




TABLE 3.2 g
TABLE 3.2 y n,=n . (3.19)
Relative and Cumulative Frequencies i=

of Chserved Storm Nrientations

Let Pj» j=1,...,s be the probability of occur-

Intervals  Precent Relative Cumulative rence of a ~storm orientation in the j-th interval,
Direction of & of Storms Frequency Frequency such that
5 9-1/16 T3 015 .15 s
SSH 1/16-3/16 13 .10 .145 I Pj Sl @ (3.20)
3=1
S 3/16-5/16 24 .240 . 385
WSl 5/16-7/16 26 .260 .645 . .
The random quantity Q', given by
W 7/16-9/16 14 .140 .788
NIy 9/16-11/16 7 .070 .855
W 11/16-13/16 8 .080 .935 s (n.-np.)?
1= b M (3.21)
NNW 13/16-15/16 5 L050 .985 j=1 npj
N 15/16-1 1.5 .015 1.000

has a 1limiting chi-square distribution with (s-1)

degrees of freedom.
The expectation and variance of @, denoted by

E[@] and Var[0], are computed from the observed fre- To test the empirgcally fitted Beta-density
quencies and then Eqs. 3.17 and 3.18 are solved simul- function, namely pj = pj , Jj=l,...,s, Eq. 3.21 ds
taneously for aj; and by , giving a; = 1.576 and used. The hypothesized probabilities p; , j=1,...,s
by = 2.306. The observed frequency distribution and and the computation of the quantity Q'® are given in
the fitted Beta-distribution function are shown in Table 3.3.
Fig. 3.8.
In computing the statistic Q' only eight inter-

The hypothesized or the empirically fitted proba- vals are considered, the first and the last intervals

bility distribution for the random variabler © can be are grouped together.

tested by performing the following statistical test.
Assuming the level of significance 1is equal to

Divide the range of values assumed by 0 into s .05, x2(.05) = 11.1 for five degrees of freedom. Two
intervals. Let nj, j=l,...,5 be the number of storms additional degrees of freedom are lost from (s-1),
observed in each” interval and let n be the total since the parameters a; and b; are estimated from
number of storms, such that the observed data.

P°[® < 6]
|.OpF——— o — -
0.8} e
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Storm Orientation , ® ——

Fig. 3.8 Observed and fitted probability distributions for storm orien-
tations. (1) Observed frequency distribution; (2) Fitted probability
distribution.
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Since 11.1 > 7.06, the null hypothesis is accep-
ted and the fitted Beta-distribution is assumed to be
adequate to estimate the distribution of © for the
East Central Illinois region.

3.3 Estimation of Probability of Floods

Equation 3.3 gives the theoretical probability
distribution of the flood descriptor, denoted by V,
and defined on the arbitrary subset Qg - The random
variable © , for storm orientation, is identically
equal to the variable ¢/m with probability 1, as
outlined in Section 3.2. Therefore, in the subsequent
development of the estimation model, the random
variable ¢ will be replaced by @ , without any loss
of generality.

Let n be the total number of storms observed
in a region R in some time interval (0,t), with the
total rainfall from each storm exceeding a constant

value at one or more points over an area. The constant
can be the value vy . All those storms, for which
the total rainfall yield at one or more points over an
area does not exceed the constant v, , would not
produce a flood descriptor value greater than or equal
to Vo in general. This selection specifies the com-
position of Q5 . The total number of observed storms
simply denotes a random sample of €, . The practical
advantage of this selection in the estimation proce-
dure is that all small bursts and storms do not need
to be considered in estimating the probability distri-
bution of a flood descriptor at the upper tail. To
simplify computations, the flood descriptor selected
is the total flood volume, denoted by V . A diffi-
culty arises in the definition of the beginning and
the end of a storm. For example, wvery low and pro-
longed storm intensities before or after a major storm
contribute to the total runoff volume. Therefore, for
a more precise definition of total runoff volume V ,
the base flow should be included and then the total
flow above the base flow will constitute the total
flood volume. The instantaneous flood peak is a simple
flood descriptor to define, because for any flood it
is the maximum discharge of the entire hydrograph.
However, the flood volume is used in this text only as
an example.  Any flood descriptor can be used instead
of flood volume, without any loss of generality.

The function Py[V > vo|X=x, Y=y, 0=8] , which
will be denoted by t'[x,y,8] , can be estimated by
using the transposition of the historic storms over
the river basin of interest, as follows.

Assume that the flood descriptor V 1is a deter-
ministic function of all variables used in the rain-
fall-to-runoff model in computing it. For any storm
the randomness in the computed values of the flood
descriptor is only due to the variation in the values
assumed by the random vector (X,Y) and the random
variable O , which denote the storm center location
and the storm orientation, respectively. Therefore,
any one computed value v = v(x,y,®). Let each one of
the n storms be placed in the basin at some X=x,Y=y
and 0= and let a sequence of flood descriptors values
be computed for each storm in that location and that
orientation, denoted by v;, j=l,2,...,n . Recall that
v =v-[x,y,e%* for j=1,2,...,n. An indicator function
for the vj )(x,y,a) is defined by
1 if v. 2 v
= ;=0

I ai (¥3)
(Vo‘ ) 0 otherwise (3.22)

The function t'(x,y,?) can now be estimated as

n
Bxy,0 =1 ] i{vo,,)[vj{x.y,ﬁn (3.23)

j=1

an unbiased
is a repre-
arbitrary

The estimate given by Eq. 3.23 is
estimate, provided the sample of size n
sentative sample of 0, , since for any
event, say B , E[Ig] = P,[B] .

Substituting Eq. 3.23 into Eq. 3.3, an estimate
of the probability distribution function of the flood
descriptor, denoted by Py,[V > vg] , is obtained as

PO[Y z_vo] =

1 n
1
é[{f {;‘- J-Zl 'I(vo.w) {Vj}} de,Y(x,y]J dF () (3.24)
. X 3
a E'jzl g [£} I{VO’m)(ijdFK.Y[x,y]J dF (8) . (3.25)

The integration
follows.

scheme of Eq. 3.25 is developed as

Divide the region R into r arbitrary  sub-
regions, denoted by Ry, i=1,2,...,r ; such that the
function t'(x,y,8) is assumed to be approximately
constant with respect to (x,y) within the subregion.
Equation 3.25 can now be expressed as

PO[V g_vo] =

=R
e~

1
2 4
j=1 0

T
LEI ,{{ T [vjtx.y.e}]ﬁx,yzx,y}} aF(6) . (3.26)

Denoting the values (x,y) by (xj,y;) within

the subregion R; , Eq. 3.26 is then

- o
P[V 2 VO] = H
n

E

L=

1

r
[igllfvo.')[vjfxi'yi'e)] é{de,Y(X,Y)J dF (6) . (3.27)
i

In Eq. 3.27, the expression /S dFy v(x,¥) de-
Ri 2

notes the area of the subregion divided by the total
area of the region, since the vector (X,Y) has been
assumed to have a uniform probability density function
as outlined in Section 3.2. Denoting A; as the area
of the subregion Ry , for i=l,...,r,

A
Il aF iy w [ B T
4 X, e (%) = 4] ol (3.28)

1

™) vj(x,y,e) will be generally written as Vi o, unless otherwise necessary for better clarification.



Substituting Eq. 3.28 into Eq. 3.27

. s X 'z‘ }[%’ A
PIV2v]s= i 1 - V3] —-}dl—' (8).(3.29)
o O M iapolisy (Voo™ I Ag]Te

5 j
Now let i:lltvo'”}(vj) Ai be denoted by AO(B}

Then A;[a) is the area, in the region R , where the

flood descriptor v; exceeds the value v, , for the
j-th storm with an drientation © = & . Equation 3.29
is now written as

n § E } Ag (6)
PIV2v] == ] dF () (3.50)
0 0 n =1 0 AR c]
Let the range of values assumed by the random
variable © be divided into s mutually exclusive

intervals. Denote these intervals by J; , i=l,...,s,
and the probability of @ falling din the i-th
interval Jj , by F[J4] . Also assume that the area
Aa (8) 1is approximately a constant for any orienta-
tion © = 8§ in the i-th intervals, and denote it
by A (8,) . Equation 3.30 is now written as

" p B E Az(ai) j
PV > = = dF_(6) . (3.31)
oV 2%l * 3 jzl i=1 "R 3 :
5 1 E E Ag{ax}
PIV>v] &= F[J.] (3.32)
0 ] n i isl AR i

The area Ag(ﬂi} can be estimated by transposing

the j-th storm over and around the basin in a cer-
tain orientation #&j , selected from the orientation
interval Jj , by computing the flood descriptor value

at each transposed position, and finally by inter-
polating the isoline for the flood descriptor value
Vg , such that the flood descriptor values v; > v,
within the area enclosed by the isoline of v, .” This
concept is represented schematically im Fig. 3.9. The
same procedure is repeated for the j-th storm for
each of the s orientation intervals and is similar-
ly repeated for all the n storms. The n.s areas

computed in this way can then be used in Eq. 3.32 to
estimate P,[V > v,] , denoted by P,[V > v,] .

The following assumptions are made in order to
hypothesize a probability distribution for the number
of storm occurrences, Z(t) , in an interval (0,t) .

(1) The probability that exactly one storm will
occur in a time interval of length At is approxi-
mately XAt , or the probability that one or more
storms will occur in the interval At is ilt+o(At) ,
where o(4t) 1is some function of a smaller order than
st , such that 1lim o(4t) = 0 ,A is the mean rate of

At+0 Lt
occurrence of storms.

(2) The number of storm occurrences in non-over-
lapping time intervals are assumed to be mutually
independent.
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Fig. 3.9 1Isolines of a flood descriptor generated by
transposing the j-th storm in the 6&j orientation.
(1) River basin; (2) Region boundary; (3) Isoline
for flood descriptor magnitude equal to v, ;

(4) Area AJ(8).

(3) No two storms can occur in a small time in-
terval At, i.e., the probability that two or more
storms will occur in At is o(At) .

Based on the above assumptions, Z(t) follows a
Poisson distribution, or

e—lt At v
P l2(t) = V] = —-E-——-)—-H (3.33)

The parameter » can be estimated by dividing
the total number of observed storms n by the total
length of .the time of the observed storms, denoted by
T, A.6, N 25

T

Substituting ﬁﬂ[v < vg] for

and Eq. 3.32 into Eq. 3.6,

1 - PalVg 2 Vol

o

~ A Y] -itri v
PIF I =1- ] {po[v < vo]} £ 5t L2 (3.34)
v=0
e - {it ﬁo[v < \ro]}U
“ §oagr ¥ — (3.35)
v=0 .
i e-lt eJ\t PO{V < \"0] (3.36)
or
% At p
PyIF] = 1 - et PV 2 v,] (3.57)



For the time interval t
reduces to

to be one year, Eq. 3.37

ByIF ) = 1 - e PolV 2] (3.38)

The probability of a flood occurring in cne year
can be estimated using Eq. 3.38.

3.4 Criteria for Selecting a Region

The term 'region" as used in contemporary
approaches to the transposition of storms is defined
to include, "the area surrounding the given river
basin in which storm producing factors are substan-
tially comparable; i.e., the general area within which
meteorological influences and topography are suffi-
ciently alike to permit adjustment of storm data to a
common basis of comparison with a practical degree of
reliabiiity."(*) Such a "region'" may include a very
large geographic area in the eastern half of the
United States where relief is generally moderate and
it may include relatively small areas in the western
United States where extreme topography is encountered.

Using a geographic region that contains the river
basin, as outlined in Sections 3.2 and 3.3, has some-
what the same purpose as mentioned above.  Strictly
speaking for the presented model, however, the precise
allocation of a region surrounding a river basin is
arbitrary to some extent. The selection of a region
will depend to a great extent on the availability of
rainfall data from historic storms; the primary objec-
tive in selecting a region is to gather more informa-
tion about these historic storms. Therefore, the
region and the river basin should have similarities in
meteorological influences and topography, as well as
sufficient data. Such a region is defined to be
meteorologically homogeneous, i.e., the occurrence of
storms over the region is random, or the probability
of occurrence of a storm is the same over the entire
region.

It may not always be possible to ascertain the
similarities in meteorological influences associated
with various storms. In some cases the topography may
have significant variations in the areas surrounding a
river basin. If this is the case, one criterion for
selecting a region is to select one that contains all
the major storms that have occurred in the past in the
vicinity of the river basin. The region so selected
may not be meteorologically homogeneous, but, in this
case, appropriate probability distribution functions
can be hypothesized for the random variables defined

for a storm, thus taking into account heterogeneity in
the meteorology and topography within the region. For
such cases the estimation model as outlined in Section
3.3 will need to be modified; this modification must
be based on appropriate probability distribution
functions.

Once the extent of the region is selected, the
criterion needed for selecting the precise boundary of
this region is that there is enough information on
historic storm rainfall all around the region. This
criterion primarily governs the limits of transposi-
tion of a storm over a basin. For example, in trans-
posing a storm over the basin for which there is no
rainfall data outside the region, the storm cannot
cover the entire basin at some positions. This concept
is schematically shown in Fig. 3.10. Therefore, the
area surrounding the region on which the rainfall
information is also needed should be at least large
enough to cover the size of the basin.

In summary, the selection of a region in the case
of small basins, say less than 1,000 square miles, is
more important in comparison with large basins of a
few thousand square miles. Large basins can have pro-
nounced differences in meteorological and topographic
influences, that result in different types of storms
for which it may be difficult to even hypothesize
regional probability distribution functions for random
variables defined on storms. Therefore, the applica-
bility of the estimation model developed here is pri-
marily confined to small river basins.

—
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Fig. 3.10 Conceptual representation of needed rain-
fall data outside the selected region. (1) Region
boundary; (2) River basin; (3) Area of the basin
without available rainfall data in the above trans-
posed position and orientation of a storm; (4) Rain-
fall isohyets in inches.

TABLE 3.3
Chi-Square Test for Hypothesized Beta-Probability Distribution Function

Interval n, p.  np. - nngZ g {nj ) “p§]2

] [ j = L =
ap] j npg

1 3 .055 5.5 1.136

2 13 .16 16 0.562

& 24 e 20 0.800 7.06

4 26 195 19.5 2.166

S 14 .145 14,5 0.017

6 7 .12 12 2.100

7 8 . 085 8.5 0,029

8 5 .04 4.0 0.250

(*) Refer to Handbook of Applied Hydrology by V. T. Chow, Chapter 9, page 65.

n



Chapter IV

DEVELOPMENT OF A STORM TRANSPOSITION TECHNIQUE

4.1 Brief Description of a Rainfall-Runoff Model

Various rainfall-to-runoff models described in
literature are deterministic in nature. Such models
generate the runoff hydrograph from the rainfall

hyetographs. In reality this relationship is not
deterministic. The response of a river basin to the
rainfall input has stochastic components resulting

from various sources of randomness. For example, the
soil moisture level of a basin prior to the initiation
of rainfall is a random variable, since it is a
function of the previous rainfall. A probabilistic
interpretation can be given to many variables involved
in the rainfall-to-runoff relationship. Such random
variables are evaporation, evapotranspiration, infil-
tration, the vegetal cover, the surface roughness,
etc. Since the major stochastic variations in rain-
fall-to-runoff relationships are due to the random
characteristics associated with a storm, it is reason-
able to simplify the basin response by defining an
average response in a deterministic way.

No attempt is made in this study to study the
problem of rainfall-to-runoff modeling. The estima-
tion model given in Section 3.3 is also based on the
assumption that the randomness in the values of the
flood descriptor for a given storm is only due to the
variation in the values assumed by the random vector
(X,Y) and the random variable 9, i.e., for a given set
of values of (X,Y) and @, the value of the flood des-
criptor V 1is computed by a deterministic function of
the basin response.

To demonstrate the application of the estimation
model developed in this study, a simple rainfall-to-
runoff model is selected. Any deterministic model can
be used to generate the corresponding runoff without a
loss of generality in the estimation concepts.

The flood descriptor used is the total surface-
Tunoff volume, denoted by V . Included here is the
model given by Betson, Tucker, and Haller [2] which is
a mathematical version of the graphical rainfall-to-
runoff model developed by the U, S. Weather Bureau.
The model computes the surface-runoff volume by re-
lating it to the rainfall input, season index, and the
antecedent precipitation index. The complete model is
comprised of two equations having these three varia-
bles and five parameters. The equations are:

-b” - API
RI =¢c” + (a” + £7+8I) e

1/n”

(4.1)

sRo = (RF" + RIM )Y/ pp (4.2)

With the five parameters a“, b”, ¢, £°, and n~,
API is the antecedent precipitation index, SI is

defined as the season index, which is a function of
the sequential week number, RI is the rainfall
index, SRO 1is the surface runoff volume, and RF is

the average rainfall on the basin

The API value is computed according to Linsley,
Kohler, and Paulhaus [10] by

(4.3)

in which I; is the initial value of the antecedent
precipitation index, I, is the value u days later
than the day of initial value, and K; is a recession
factor ranging usually between 0.85 and 0.98.

The five parameters given in Eqs. 4.1 and 4.2 can
be computed by wusing the historic rainfall data over
the river basin and the runoff records at a corres-
ponding river gaging station. Once the parameters have
been determined from the historic data, usually as
average values, the surface runoff volume can be com-
puted for any storm simply by using the input varia-
bles, RF, API, and SI.

4.2 Basic Concepts of the
Technique

The technique of transposing storms over a basin
is computer oriented and is developed as a compromise
between simplified computer programming and accuracy
of results.

Storm Transposition

Consider a region that contains a river basin
under study, as schematically shown in Fig. 4.1. The
symbols Gj, i=1,2...,m, denote the rain gages over
the region, with the observed rainfall amounts. The
region is divided into rectangular grids which are not
necessarily of equal size, equal sized grids, however,
do facilitate computer programming. A grid can be
visualized as a subregion, over which the function
P[V > v,|X=x, Y=y, 9=6] is approximated to be a con-
stant wgth respect to the values assumed by the random
vector (X,Y) in the subregion. Therefore, ''small"
sized grids would provide a better approximation of
the function. However, very small sized grids may not
necessarily increase the accuracy, while they would
increase the necessary computer time. A rigid criter-
ion cannot be laid down for selecting grid sizes. As
an example of selecting a grid size, the East Central
I1linois region, selected to demonstrate the presented
technique, 1is about 400 square miles in size and is
close to being a square. The region is divided into
28 x 28 equal size grids.

The total observed rainfall at a Traingage
Gj, i=1,2,...,m, is assigned to every grid point in
the computer program that falls within the Theissen

(*) The two and three letter symbols used in Eqs. 4.1 and 4.2 for the five variables are not in conformity with

the symbol terminology used in the rest of the text.

These symbols are used here simply because the authors of

the model used them; the same symbols have been also used in the computer program included in Appendix I.



polygon corresponding to that raingage. For example,
the total rainfall observed at raingage G, is
assigned to .i. .l...e grid points that fall within the
Theissen polygon corresponding to the raingage Gy.
All such grid points to which the observed rainfall at
Gy is assigned have been numerically identified by
the number 2 in Fig. 4.2. The rainfall-to-runoff
model governs the type of rainfall input required in
the computer program. For example, the rainfall input
can be the total rainfall observed at a raingage or
the rainfall amounts in time intervals of specified
length. The rainfall-to-runoff model used in this
study requires the total rainfall in inches at each
raingage. The rainfall input at a grid point is de-
noted by GP(IK,JK) in the computer program developed
for this example; IK,JK are the subscripts that
numerically  identify that grid point within the
program.

The location of raingages in the East Central
I1linois raingage network are in a square pattern and
are fairly uniform. As a result the number of grid
points within each Theissen polygon is approximately
the same for the entire raingage network. Conse-
quently, the rainfall input is specified at each rain-
gage in the computer program. The rainfall input at
each raingage 1is denoted by P(I,J) in the program,
in which I,J are the subscripts identifying each
raingage. The rainfall amount at each raingage is
transferred to the grid points (as outlined above) in
the computer program. In general, the raingages may
not be located in a uniform pattern in the raingage
network. In such cases, it is easier (from the point
of view of computer programming) to directly specify
the rainfall for each grid point outside the program
as compared to first specifying the rainfall for each
raingage and then transferring it to the respective
grid points in the computer program.

The river basin is also divided into grids which
are of the same size as those over the region. The
shape of the basin is numerically specified by the

numbers 0 and 1 in the computer program, i.e., if
a grid point falls within or on the boundary of the
basin, it is assigned a value 1, otherwise 0 as

demonstrated in Fig. 4.3, The configuration of the
basin can be better represented by a small sized grid;
therefore, the grid size selected for the region
should also consider the extent of approximation re-
quired in representation of the basin configuration.
The variable A(I,J) represents the numerical value
0 or 1 assigned to grid points of the basin in the
computer program.

Because most storms cover an area much larger
than that of a small river basin, it is more conven-
ient to transpose the basin over the isohyetal map of
a storm, rather than transposing the storm over the
river basin. However, for the river basins that are
much larger than the areas covered by storms it would
be easier to transpose storms over the basin. Basic-
ally, the two approaches are identical. Because the
Goose Creek basin selected for this study is about 50
square miles in area, the computer program is written
so as to transpose this basin over an area covered by

a storm. In general, a storm covers areas much larger
than 50 square miles, wusually a thousand square miles
or more,

The transposition of a storm is
direction selected from intervals J11'°°an as given
by Eq. 3.24., Therefore, the total number of direc-
tions required for transposition of any storm is a
selective parameter s . Before transposing a storm
in any one of the s directions, the storm is rotated
such that the storm orientation coincides with that

required in each
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Fig. 4.1 A region divided into grids containing the
(2) Region boundary;

river basin. (1) River basin;
(3) G; Raingage
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Fig, 4.2 Theissen polygons for a region divided into
grids. (1) Region boundary; (2) Theissen polygon;
(3) G, Raingage; (4) The grid points within this
Theissen polygon are assigned rainfall values corres-
ponding to the one observed at G; .
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Fig., 4.3 Basin configuration identified for the com-
puter. (1) River basin; (2) Region.



direction. Since in this study, the rotation and
transposition of a storm is carried out by rotating
and transposing the basin, always keeping the storm
fixed, the following text contains the procedure for
rotating the basin to make it correspond to an equiva-
lent rotation of a storm.

Suppose D; is the orientation of a storm, com-
puted in the manner outlined in Section 3.2, Let Dg
be an arbitrarily selected fixed line that denotes an
axis of the river basin. Also, suppose the orientation
Dj to be in the i-th orientation interval J; of
Eq. 3.24. The weights assigned to the basin grid that
correspond to the storm orientation D; are shown in
Fig. 4.4, Now, the storm can be rotated in a clock-
wise direction by 48 from its original orientation
Dj, to a new orientation denoted by Dj, such that
this new orientation lies in the Jj,; interval. In
order to rotate the basin instead of the storm such
that the new orientation of the basin may correspond
to rotating the storm to the new orientation D{ , the
basin axis Dg is rotated in the counterclockwise
direction by 46 to a new orientation, say Djp.
Therefore, the new orientation of the basin, Dg, with
the storm fixed, is equivalent to rotating the storm
to the orientation Dj, with the basin fixed. After
rotating the basin to Dg , a new set of numerical
weights (0 or 1) can be assigned to the basin grids.
This principle of rotating a basin is shown in Fig.
4.4. With this new set of weights assigned to the
basin grid, it can again be transposed over the storm
isohyets. The same procedure is used for each direc-
tion selected from intervals Jy,...,Js.

o
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Fig. 4.4 Difference in the numerical identification of
a basin configuration, corrasponding to different orien-
tations of the basin. ; - Original storm orientation;
D! - Storm orientation a%ter it is rotated by 46 ;

DB - Original orientation of the basin; Dj - Orienta-
tion of the basin after it is rotated by A6 .
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In order to program the transposition of a basin
over the observed storm, a reference point in the iso-
hyetal map of the storm is selected; this point is the
storm center. The basin is transposed with respect to
the storm center and for each position of the basin
over the region, the rainfall values at the region
grids that coincide with the basin grids are multi-
plied by the weights either 0 or 1 of the overlap-
ping basin grids. These weighted rainfall values are
zero if the grid point is outside the basin. The
arithmetic mean of the rainfall within the basin is
then computed, which is the value of RF in Eq. 4.2.
Other parameters and variables required for the compu-
tation of runoff from rainfall are specified at the
beginning of the computer program.

The rainfall-to-runoff model is used at this
point and the flood descriptor is computed. The same
is repeated for all transposed positions of the basin
at different grid points of the region. The values of
the flood descriptor at each point of the grid are now
used in a subroutine CALCNT, which is a standard sub-
Toutine that computes isolines for a given matrix
input, to interpolate the isolines of the flood
descriptor. This is shown schematically in Fig. 4.5.
The same procedure is repeated for each selected ori-
entation of the storm. The eutput results are then
used by Eq. 3.32 to compute P,(V > vg), 1i.e., the
probability distribution of the flood descriptor.

The computer program as developed for the Goose
Creek basin in the East Central Illinois region is
given as Appendix I.

=

// / \F

Fig. 4.5 Representation of isolines generated for the
computed values of flood descriptor from transposing a
storm in an orientation. (1) Transposed positions of
storm center over and around the river basin; |

(2) 1Isolines of flood descriptor in inches.



Chapter V

APPLICATION OF THE DEVELOPED METHOD

5.1 Brief Description of the Region and the Historic

Storms Selected

The East Central Illinois raingage network, which
encloses the Goose Creek basin is located in a rural
area with a relatively flat terrain. The network
covers about 400 square miles, and the raingages are
arranged in a near-uniform grid pattern averaging
about eight square miles per raingage. Figure 5.1
shows the location of the river basin relative to the
Illinois network and the arrangement of the raingages.

To demonstrate the presented methodology, the
region surrounding the basin is made to coincide with
the Fast Central Illinois raingage network. For this
region it is assumed that the uniform probability dis-
tribution hypothesized for the storm center location
denoted by (X,Y) holds good. A Beta-probability dis-
tribution is fitted empirically for the random var-
iable @ which denotes the storm orientation, based
on the data of historic storms on this region.

Five major storms that occurred over the region
during the water period October 1, 1956 to September
30, 1958 have been selected to demonstrate the tech-
nique. The total rainfall for each storm was greater
than 1.35 in. at more than one point on the region.
The isohyetal maps of these storms are given in Fig.
5.2, a through e. The dates these storms occurred, the
mean total rainfall, and the antecedent precipitation
index denoted by API and computed by Eq. 4.3 are
given in Table 5.1.
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Fig. 5.1 East Central Illinois raingage network.
(1) River basin; (2) East Central Illinois Network;
(3) Raingage; (4) Grids.
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Fig. 5.2a 1Isohyetals for the storm of April 25-27,
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Fig. 5.2b Isohyetals for the storm of June 10, 1958.
X Storm center; D1 Storm orientation.
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X Storm center; D1

Isohyetals for storm of July 10-11, 1958.
Storm orientation.
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Selected Historic Storms
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TABLE 5.1

Storm Storm Mean API
Number Dates Rainfall Index
in Tnches
1 April 25-27, 15987 1.541 1.195
2 June 10, 958 2.742 0,736
3 June 24-25, 1958 1.470 1.253
1 July 10-11, 1958 5.025 733
5 August 1-2, 1958 1.386 1.265

5.2 Estimation of Rainfall-to-Runoff Model Parameters

The runoff volumes in inches are computed from
the recordergraph reprints, produced for the Goose
Creek basin. (" A summary of the input variables re-
quired for the rainfall-to-runoff model described in
Section 4.1 is given in Table 5.2. The computed runoff
volumes in inches for the five storms are also summar-
ized in the same table.

According to Betson, Tucker, and Haller [2], the
rainfall to runoff model parameters denoted by a”,
b*, ¢”, £7, n”, should be optimized by using the his-
toric storm rainfall and the corresponding observed
runoff values., Since the purpose of using a rainfall
to runoff model in this study is only to demonstrate
the concepts underlying the methodology developed
here, it is not considered necessary to optimize the
parameters of the model. However, the parameters are
derived by trial and error such that any one computed
value does not deviate from the observed value by more
than 20% of the observed value in either the positive
or negative direction.

The estimated rainfall to runoff model parameters
are a” = 12,70, b” = 0.45, €° = 4.00, £ = 6.15, and
n” = 1.225. The computed runoff values based on these
parameters and the observed runoff values are summar-
ized in Table 5.3.

Based on the estimated values of the five para-
meters, Eqs. 4.1 and 4.2 can be written as

RI = 4.0 + (12.7 + 6.15 + SI) 5-0'45 AR (5.1}

1.225  .1.225

RI ]1/1.225

SRO = (RF - B (5.2)

Equations 5.1 and 5.2 are now used in computing
the runoff volumes for different transposed positions
of the storms.

5.3 Estimation of the Probability of Occurrence of
Floods in a Year

The East Central Illinois raingage network is
divided into 28 grids each along the x-axis and the
y-axis, as shown in Fig. 5.1. The Theissen polygon for

TABLE 5.2

Information Needed in Estimating the Rainfall-to-Runoff

Model Parameters

Storm API Week §.1. Observed Runoff
Dates Rainfall Number Volume
in Inches in_Inches
April 25-27, 1.941 1.195 17 -.24 1.356
1957
June 10, 1958 2.742 .736 24 .60 1.236
June 24-25, 1.470 1.253 25 .70 0.7
1958
July 10-11, 5.025 735 28 1.00 3.458
1958
August 1-2, 1.386 1.265 31 1.00 74
1958

(*) Recordergraph reprints were obtained through personal correspondence with the U.S. Geological Survey,

Champaign, Illinois.
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TABLE 5.3

Observed and Computed Runoff Values for the Five Historic Storms

Storm Observed Runoff Computed Runoff
Dates Volume in Inches Volume in Inches
April, 25-27, 1957 1.356 1.071
June 10, 1958 1.236 1.494
June 24-25, 1958 0.700 0.722
July 10-11, 1958 3.459 3.039
August 1-2, 1958 0.740 0.662

the iaingage network is represented in Fig., 5.3. Since
the raingages are distributed in a fairly uniform grid
pattern within the raingage network, the Theissen
polygons for the raingages are also fairly uniform in

size. Each Theissen polygon contains 16 grid points:
Four along the x-axis and four along the y-axis. Due
to the symmetry of the grid points within each

Theissen polygon, the rainfall
point is transferred within the
assigning the rainfall values to

input to each grid
computer program by
each raingage.

The range of a storm orientation 1is divided into

three intervals, which are (0 - 1/2), (1/2 - 3/4)
and (3/4 - 1). Only three intervals are selected to

reduce the bulk of calculations and computer output,
since the presented methodology is only demonstrative.
The directions that the isohyets tended to elongate
toward were used to determine the orientation of each
of the five storms. Equation 3.13 is not used here in
determining the storm orientation. The storm center
for each storm is arbitrarily selected as the point of
maximum rainfall. The storm orientation and the
location of the center for each storm are depicted in

the isohyetal map of the respective storm, given in

Fig. 5.2, a through e.
0 1 0 o1 1
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Fig. 5.3 Theissen polygons for East Central Illinois
Network.
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The transposition of storms is carried out by
transposing the Goose Creek basin over the isohyetals
of storms in the raingage network. An arbitrary axis
selected across the basin 1is used as a reference line
for orienting the basin to different storm orienta-
tions. This arbitrary line is inclined at 36° in the
clockwise direction from the grid pattern of the East
Central Illinois raingage network, as shown in Fig.
5.4, The East Central Illinois network is inclined at
19° in the clockwise direction to the established N-§
line, as shown in Fig. 5.4. Therefore, the basin is at
55° inclination from the N-S line.

Fig. 5.4 Orientation of the arbitrary axis for the
Goose Creek Basin from the N-S line. (1) Network
boundary; (2) Goose Creek Basin; (3) Arbitrary axis
of the basin.



The three orientations of the basin are so
selected that corresponding to each orientation of the
basin, all orientations of the five storms fall in one
of the three orientation intervals. The three orien-
tations used for the basin are 55°, 109° and 154°.
This selection provided facility in using the computer
program, i.e., for each orientation interval; all the
five storms having orientations in that interval were
transposed in one run of the program. Therefore the
total runs required for the computer program are only
three, one for each orientation interval. The 55° is
the original orientation of the basin, the 109° orien-
tation is obtained by rotating the basin by 54° in a
clockwise direction, and the orientation of 154° is
obtained by rotating the basin by 99° in a clockwise
direction from the original orientation.

Based on these orientations of the basin, the
equivalent orientation of the historic storms and the
respective orientation intervals in which the orienta-
tions fall are summarized in Table 5.4, All orienta-
tions are given with reference to the N-S line.

TABLE 5.4

Storm Orientations Used in Transposition

INTERVAL INTERVAL INTERVAL
45° <& < 90° 0 <#< 45° 90° <3< 180°
Storm Storm Storm
Storm Orientation Orientation Orientation
Dates when basin when basin when basin
Year is at 55 is atr 1° is at 136°
1957 April, 55°+19°=74° 20° 155°
25-27
1958 June, 57°+19°=76" 22° 157°
10
1958 June, 45°+19°=64° 10° 145°
24-25
1958 July, 56°+19°=75° 21° 156°
10-11
1958 August, 62°+19°=81° 2 162°
1-2
Remarks: The orientations in Fig. 5.2, a through e,

are given with respect to the network boundary. There-
fore 19° are added to all values in column 3, to make
the storm orientation correspond to the N-S line.

The isolines of

volume) have been

the flood descriptor (runoff
interpolated by using a standard
subroutine CALCNT. These isolines are represented in
Fig. 5.6, a through c¢, for the storm of April
25-27, 1957; Fig., 5.7, a through ¢, for the storm of
June 10, 1958; Fig. 5.8, a through c, for the storm
of June 24-25, 1958; Fig. 5.9, a through c, for the
storm of July 10-11, 1958, and Fig. 5.10, a through
c, for the storm of August 1-2, 1958.

The selection of a region (East Central Illinois
raingage network) for the Goose Creek basin was
governed more by the availability of a dense raingage
network surrounding the basin than by any other con-
siderations. However, the region does have a fairly
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Fig. 5.5 East Central Illinois raingage network, 400
sq. mi., 49 recording gages, 1955-1968 (Illinois State
Water Survey). (1) Recording raingage; (2) Network
boundary.

/

Fig. 5.6a Runoff volume contours for storm of April
25-27, 1957. Basin at 55° orientation.

9

1.6
/

uniform topography and because it is only 400 sq. mi.
in area, it is meteorologically homogeneous. Since no
raingage outside the region exists, the rainfall
records from historic storms are confined to the
region. As a result, the transposition of the Goose
Creek basin could not be carried out over the entire
region. To visualize this restriction, imposed by the
non-availability of data outside the region, see Fig.
5.11;



A

1.6

Fig. 5.7a Runoff volume contours for storm of June 10,
1958. Basin at 55° orientation.

g. 5.6b Runoff volume contours for storm of April

F4
Fi
25-27, 1957. Basin at 1° orientation.

ig. 5.6c Runoff volume contours for storm of April Fig. 5.7b Runoff volume contours for storm of June 10,
-27, 1957, Basin at 136° orientation. 1958, Basin at 1° orientation,

23



7
s E

L1
\"N...__.-"
—/—LO\
Fig. 5.7c¢ Runoff volume contours for storm of June 10, Fig. 5.8b Runoff volume contours for storm of June 24-
1958. Basin at 136° orientation. 25, 1958. Basin at 1° orientation.
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Fig. 5.8a Runoff volume contours for storm of June 24- Fig. 5.8¢c Runoff volume contours for storm of June 24-
25, 1958. Basin at 55° orientation. 25, 1958. Basin at 136° orientation.
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Fig. 5.9a Runoff volume contours for storm of July 10-
11, 1958. Basin at 55° orientation.
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Fig. 5.9b Runoff volume contours for storm of July 10-
11, 1958. Basin at 1° orientation.

Fig. 5.9¢
11, 1958.

Runoff volume contours for storm of July 10-
Basin at 136° orientation.

0.6

77

.Q\\\N~h
Fig. 5.10a Runoff volume contours for storm of
August 1-2, 1958, Basin at 55° orientation.




Fig. 5.10b Runoff volume contours for storm of
August 1-2, 1958. Basin at 1° orientation.

0.2

Fig. 5.10c Runoff volume contours for storm of August
1-2, 1958. Basin at 136° orientation.
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Fig. 5.11
the region. (1) Network boundary; (2) Inner boundary
denoting limits of transposing the basin within the
region; (3) Rainfall isohyets in inches; I, IT -
Transposed positions of the basin, where part of the
basin extends beyond the region; I', II' - Initial
and final positions of the basin over the region,
beyond which the basin cannot be transposed.

Transposition limits of the basin within

o\

/

Dg

Fig. 5.12 Change in the rectangle circumscribing the
basin corresponding to a change in the basin orienta-
tion. (1) River basin; Dpg - Original orientation of
the basin; DJ - Orientation of the basin after it is
rotated by A8 .



In Fig. 5.11, the basin is first placed at a
position denoted by I.  In this position, part of the
basin extends beyond the region into an area where
there is no rainfall data availuble. Therefore the
starting position of transposition as practically
feasible is denoted by I” in the figure. Similarly,
when the basin is in the position denoted by II ,
part of it extends beyond the network region; there-
fore the last position in which the basin can be
transposed is denoted by 1II°. Based on these restric-

tions, a new boundary must be drawn within the region
that shows the limits up to which the Goose Creek
basin can be transposed. This inner boundary is shown

in Fig. 5.11.

is rotated in some other direc-
tion, the size of the rectangle circumscribing the
basin compared to the rectangle circumscribing the
basin when the basin was in the previous orientation
changes. This change is schematically shown in Fig.
5.12.  The basin oriented in a new direction is again
transposed over the region. As a result, the size of
the inmer boundary depicting the limits to which the
basin can be transposed, changes. The difference in
the inner boundaries corresponding to the different
orientation of the basin is evident from the change in
the sizes of the areas within which the isolines of
flood volumes have been generated as given in Figs,
5.6 through 5.10 for the five storms. For any one
storm, for instance, the storm of April 25-27, 1957,
Figs. 5.6 a through c_have different areas over
which the flood descriptor isolines are interpolated.
The reason for these different areas is that each area
corresponds to a different orientation of the basin.

When the basin

In view of the above limitations, Eq. 3.32, used
to estimate the probability distribution of the
selected flood descriptor, is modified for purposes of
computation as follows.

The area Ag{ei} in Eq. 3.32 denotes the area of
the isoline of flood descriptor v,, when the j-th
storm is oriented in the £; direction. Also the area
of the entire region denoted by Ap 1is always a con-
stant. Since the actual transposition cannot be
carried out over the entire region, then the area en-
closed by the boundary inside the region (representing

the transposition limits of the basin) is smaller than
the area Ap. This area of the inner boundary is
denoted by Aff. Also the arca enclosed by the isoline
of the flood descriptor v, generated for j-th storm
oriented in €3 direction selected from an orienta-
tion interval Ji' is less than or equal to the actual
area A&(Bi), s0” it is denoted by Ao(ei}*.

Consider the ratio rji’ given as

j
AL Cag)
T,. = ee———

51 ) (5.3)

in which the subscript j  denotes the storm and the
subscript 1 denotes the orientation interval.

Let the estimate of the ratio r.. be denoted as

T4y Then rji can be computed as
M) -
l']i = —'ATR— . .
Substituting Eq. 5.4 into Eq. 3.32, Eq. 3.32
can be expressed as
. . B8 -
piverv) =g I 1wy FOL (5.5)

j=1 i=1

for purposes of computation.

The computations in estimating P[V > vo] for
different values of vy are given in Table 5.5, a
through e. The different values selected for v, are
3 in., 2.5 in., 2 in., 1.5 in., and 1 in. The proba-
bility of occurrence of floods, where the occurrence

of floods is defined for the corresponding value of
Vs, is given in Table 5.5, a through e. The value of
the length of the time interval from which the five

storms are selected is two years, therefore T = 2 is
used in estimating the parameter % of the Poisson
distribution.



Chapter VI

SUMMARY AND RECOMMENDATIONS FOR FURTHER RESEARCH

6,1 Summar

Contemporary techniques wused to estimate the
critical design flood descriptor for a river basin
from data on historic storms are subjective. The
critical value of a flood descriptor, as computed by
such techniques, represents a physical upper limit of
the flood descriptor for which there is little or no
phenomenological justification. For example, flood
descriptors, i.e., instantaneous flood peak or total
flood volume, etc., are random variables and, there-
fore, follow a characteristic probability distribution

which may depend on the geographic 1location of the
river basin, physical characteristics of the river
basin, or on meteorological influences on the river
basin. Therefore, the probability of exceedence of a

value of flood descriptor, selected from the upper
tail of its probability distribution is always greater
than zero.

A methodology, based on a theoretical framework,
is presented in this study for estimating the proba-
bility of exceedence of a preselected flood magnitude,
based on random characteristics of storms. Many ran-
dom variables can be defined on random characteristics
of storms, but as a first approximation only a three-
dimensional random vector is defined here. The random
vector is comprised of the storm center location de-
noted by the subset random vector (X,Y) and the
storm orientation denoted by the random variable 0.
The estimation procedure, as developed from the theor-
etical formulation of the problem, requires transposi-
tion of historic storms to (X=x,Y=y) and at an
orientation ©=8 to estimate the function PV > vy
|X=x, Y=y, 9=6] over and around a given river basin
enclosed by a region. The historic storms are trans-
posed at different positions over and around the basin
and in different orientations. Each orientation is
sclected from one orientation interval; the sum of all
the orientation intervals is the entire range of the
values assumed by the random variable o .

The technique developed in this study to trans-
pose historic storms over and around a river basin is
computer oriented. The application of the developed

estimation model and the storm transposition technique
is demonstrated on the Goose Creek basin located in
the East Central Tllinois raingage network. To simpli-
fy the computations, a simple rainfall-to-runoff model
is selected to generate the flood descriptor at each
transposed position of a storm. The selected flood

descriptor is the total flood volume. However, the
estimation model and the transposition technique are
general and can be applied to any flood descriptor.
6.2 Limitations

The estimation model and the transposition of

historic storms as it is developed requires availabil-
ity of sufficient data about historic storms. In other
words, the region that contains the given river basin
must have a dense network of recording raingages to
provide hyetographs of rainfall at each raingage. Such
a raingage network ensures records of high rainfall
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intensities from any historic storm. With continuous
records of rainfall from all historic storms avuil-
able, the flood descriptor selected as the instantan-
eous maximum peak of the entire hydrograph generated
from a storm could be computed. However, if the total
flood volume is used as a flood descriptor, then it is
sufficient to have only the total rainfall at each
raingage. In other words, the isohyetal map of total
rainfall from a storm is sufficient.

In absence of a dense network of raingages, the
areal distribution of rainfall from a storm cannot be
ascertained, and the random variables defined in this
study for random characteristics of storms would not
adequately represent such characteristics because of
lack of data.

There should be a dense raingage network inside
the region containing the river basin as well as a
dense raingage network beyond the region so that the
river basin can overlap the rainfall information on
the extended network when the storm is transposed on
the basin.  If there is not a dense raingage network
beyond the region, then the storm in some transposed
positions will only partially cover the basin, thereby
limiting the transposition to only part of the ob-
served storm.
the estimation model

Lastly, as it is presented

here 1is only for rain storms. This restricts the
application of this model to those basins that have
both rainfall and snowmelt floods. Furthermore, the

concepts presented here in the estimation model can be
only applied to small basins because in small basins
the changes in storm patterns in a region surrounding
the basin are not very significant. Therefore, the
probability distribution functions fitted or hypothe-
sized for different random variables defined on storms
would not change from one location to another in the
region.

6.3 Recommendations for Further Research

The methodology as developed is only a first step
toward presenting an approach based on random charac-
teristics of storms for estimating the probability of
floods occurring in a unit time interval from the his-
toric storms observed in a region that contains the
basin. A three dimensional random vector is defined
for the random characteristics of storms. The random
vector is comprised of the storm center location de-
noted by (X,Y) and the storm orientation denoted by
G . For future research, other random variables should
be incorporated in order to expand application of the
model. For example, the total rainfall yield at some

point from a storm is a random variable. The proba-
bility distribution of this random variable can be
studied over the region and it can be incorporated

into the probabilistic model.

The soil moisture level prior to the commencement
of a storm is a function of the historic rainfall;
hence, it 1s a random variable. The probability dis-
tribution of the soil moisture level could be studied
and also included in the estimation model.



If the instantaneous flood peak is selected as a
flood descriptor, it is essential to consider hourly
rainfall wvalues in order to compute the resultant
hydrograph. This can be achieved by the presented
technique in specifying hourly rainfall amounts at
each raingage instead of the total rainfall. For each
transposed position of the storm over the basin, the
hourly values could be used in any rainfall-to-runoff
model and the flood hydrograph could be generated.
The maximum instantaneous peak could then be selected

from the hydrograph. If this is repeated for all
transposed positions, a grid of instantaneous peaks
would be obtained; from these peaks the isolines could
be interpolated.

Another recommendat¥on is to explore various
other estimators wused to estimate the function
Po[V > vy|X=x, Y=y, €=8] , and arrive at the "best"
estimator based on their statistical properties, e.g.,
variance, and unbiasedness, etc..
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APPENDIX I

The computer program for Storm transposition as Card No. Column No. Explanation of the Variables
developed for the East Central Illinecis raingage net- - )
work is given in this appendix.

6-10 KKJ - Total number of basin
grid points in the j-th

A brief explanation to facilitate the use of direcrion

T PROgEaLR SiveT DEken: The following cards are punched such that one card

corresponds to one set of grid point weights in the
Data Input Statements j-th direction. Therefore the total number of cards
would be KKI, where 1 < KKI < 20 and 1 < KKJ < 20.

Card No. Column No. Explanation of the Variables

Max. no. 3,645 381 A(L,J)s k=2, KKI Basin grid

1 1-4 NGR - Total number of storms to of cards weights (0
be transposed is 20 or 1)
2 1-5 NJ1 - j-th coordinate of the

The following set of cards is repeated for each storm

first raingage to be transposed.

6-10 NJ2 - j-th coordinate of the

last raingage 1 1-72  The title of the problem and
11-15 NIl - i-th coordinate of the the dates of storm occurrence
first raingage 2 1-6 API - Antecedent precipitation

16-20 NIZ - i-th coordinate of the index
last raingage

21-25 NGPJ - Total number of grid
points in each Theissen
polygon (constant) in the

7-12 SI - Season index

The following cards specify the total rainfall ob-

: : : ; served at each raingage. The total number of cards
j-th coordinate direction would be (NI2-NI1 + 1), such that 1 < (NI2Z - NIl + 1)
26-30 NGPI - Total number of grid S 7,and 1 <Nj2 <7

points in each Theissen
polygon (constant) in the Max. no. 1-10,11-20 P(I,J), J=NJ1, NJ2 Total ob-
i-th coordinate direction of cards o BT served

3 1-72 DIR(I) - Specify the orientation is 7 rainfall
of the basin with respect 10 i ISC - i-th coordinate of the

to the N-S line (alphabet-

. storm center
ic characters)

6-10 JSC - j-th coordinate of the

4 1-5 KKI - To?al gumbe? of b?sin A
grid points in the i-th .
direction 11 1-70 Title to be printed in the mi-

crofilm plot.
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PROGHAM GUPTALINPUT»OUTPUT«TAPES=INPUT» TAPES=0QUTPUT +F LLMPL)
DIMENSION P(797)+GP(28928)sTITLE(LIBIsDIR(1B)sROF (43943)
DIMENSION A(20920)9SRVI14416)

DIMENSION TTL(10)

NGR=TOTAL NO. OF STORMS TO BE TRANSPOSED

NJ1=NJZ J=TH COORDINATES OF FIRST AND LAST RAINGAGES WESPECTIVELY
NIl=NIZ 1=TH COORDINATES OF FIRST ANU LAST RAINGAGES RESPECTIVELY
THE COORDINATE VARISBLES FOR THE RAINGAGES GIVE A PROVISION TO
DELETE THE RAINGAGES #ITn TRACES OF RECORUED RAINFALL
NGPJ=NO OF GRID POINTS (CONSTANT) IN EACH POLYGUN IN J=TH UDIRECT.
NGPI=NO OF GRID POINTS (CONSTANT) IN EACH POLYGUN IN I=TH UIRECT.
DIRCI) IS THE TITLE IDENTIFYING Tht DIRECTION OF THe 8ASIN FOR
TRANSPOSITION

INPUT VALUES FOR KAINFALL=-RUNOFF MOUEL PARAMETERS

2=12.70

B=0.45

C=4,000

D=b.15

XN=],225

DATA IMNPUT STATEMENTS

READ(Se4) NOR

FORMAT (14)

REAUD(S+5) NJLsNJIZsNILaNIZ29NGFJINGP ]

FORMATI(TIS)

READ(S+ 1 7T)(DIR(I) 9 I=1018)

FORMAT (1BA4)

Kkl =NO OF SASIN GRID POINTS IN I=0UIXECTION

KKJ =NU UF BASIN GRID POINMTS [N J=UIRECTION

A(TeJd)=WTS. AT BASIN GRID FOINTS

READ(Sy IBIRKTsKKJ

FORMAT (215)

DO 19 1=l+kKI

READ(S420) (ACLeJ) e J=10KKJ)

FORMAT (1 TF 3.0)

CONTINUE

TITLE FOR EACH STORM TRANSFOSED « ALSO IDENTIFY THE STORM DATES
PilsJd) IS TOTRAL RAINFALL AT 1J==RAINOGAGE

DO 101 JKL=19+A06R

READ(Se 3N (TITLE(I) o 1=1418)

FORMAT (1BAG)

READ(9+2) API#+S1

FORMAT(2F6,.3)

D0 6 [=Nll«NIi2

READ(S s THIP(TIeJ) s d=NJLeNI2)

FORMATLTFLI0.3)

CONT INUE

TRANSFER OF PRECIP TO GRID POINTS.

INC=0

DO 4 I=NlleNI2

[LLM=1« (NI1=1)®NGP T+ INC

[ULM=ILLM» (NGPI=1)

U0 9 IK=ILLMsIULM

JNC=y

DO LY J=NJ]laNJ2

JLLM=1+(NJ1=1)&NGPJ+JINC

JULM=JLLM+ (NGPJ=-1)

D0 11 JK=JLLMsJULM

GPUIKsJKI=P (19 J)

CONT INUE

JNC=UNC+NGPY

CONTINUE

CONT INUE

INC=INC+NGPI

CONT INUE

INPUT OF HASIN OGRID POINTS FOR NDIR UIRECTIONS.

WRITE(6+32) (TITLE(I)eI=1s18)

FORMAT(212,15X+1544)

TRANSPOSITION OF STURMS

S=01

D0 22 I=1sKKI

DO 22 J=l+KKJ

S=S5+A(1+J)
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CUNT INUF

HEAD(5e23) [5CeUsC

FORMAT (219)

A ITE(640) (UIRIKZ) eki=1018)
FORMAT(///+10xs 18A4)
wRITE(Bat]l) 15CsJSC

FORMAT (/774 10X+ 8COURDINATES UF CENTEW UF

L=¢a]ngdneex=v,[5)
WRITE (64 45)

THE UBSERVED STORM®sS5XeeY

35 FORMAT(///410Xe®#THE LUCATION OF STORM CENTER OVER THE GASIN GRID W
laReTe NEW COORDe SYSTEM AND ~ESULTING RuN OFF VOL. IN IMCHES®)

40

Zrn

cn
£2

29

ey

4]

54
=1

of

12

JLLM=E+(NJLI=1)*NGFY
ILLM=1+(NI1=1)®NGP]
InLM=nNGPl2NT 2

JULMENGRJEN IS

K11=1LLM

KIZ2=K11+KKI=1

InD=1

KJl=JLLM

KJ2=KJl v~ 1

CONT INUE

SUM=0.

DY 25 I=K1lsr]2

00 26 J=KJdleKJé
SUM=SUM+0P (T J) *A{1=Kl]l+leJ=KJl+1)
CONT INUE

CUNT IMUE

HF=5UM/sS

IC1=KI1=15C+24
JC1=USC=KJl+ln
HI=C+{L+5I8D) PERP (~Lo*H¥AP])
SHO=(( (KT AN) ¢ (KF @@ RJ) )8 (] o /AN) ) =R]
WOFLICLeJCL) =48R0

IF (INDeEidel) GO TO 99

6N TG 948

JMax=9C1

InD=2

Ral=KJlel

K J2=K J) +KK =]
IF(KJ20T.JuLM) LD TO 2K

GO TQ ~1

CONT IMUE

JMIN=JC]

[FOIhDsEaE) IMINS]ICL

[)=h

kll=nllel

Klad=hllenKl=-|
[FixiZeBialliLM) GO Tu 51

G0 Ty 30

[vax=1C)

W [TE(heS2E [YAX s [MINs JMAX s JMIN

FAORdAT (/703X e eTHE MAX ¥ CUOFUS®s [ 30 3RXe%THE MIN
1E “aX 2 COORU=%e [3sine®THE MIN X CUOORU=¥4]1])

wHITE(Be5h) (UK JE=UMINyJMAK)
FURMAT(///7+ 3841717
0 37 IK=IMINs IMAX

WA ITE (baSA) ITre (FLUF IRy UR v JRZIMINy JMAX)

FORMATLZ9 20l 7FT03)
CONT LNUE
ARITELB.ET)

FoRUMAT (]9}

Ma= JMAX=JM]INe+ ]
WYS[MAA=IMIN+]

DO 71 JU=LaMA

U0 72 II=1«NY
SEVIJIe I1)=ROF (IMIM*[1=1sJMIN+JJ-1)
CONT INUE

CONT INUE

1I=NY

A
el

¥ COORUS®#e[dedXe®Tnt



208 WRITE(6+78) I1I1e(SRVIJJeIl)lsdu=1eMX)

18 FORMAT(/+15+17F7.3)
I1=11-1
IF(II.EQ.D) GO TO 209
GO TO 20b

209 CONTINUE
FOLLUWING STATEMENTS COMPUTE THE NEEDED VARIABLES FOR SUBROUTINE
CALCNT CALLED INORDER TO OBTAIN MICROFILM PLOT OF ISOLINES
HFH&X=0-0
RFMIN=SRVI(1+1)
DO 203 II=1aNY
D0 203 JJu=1aMx
IF(SEVIJIeI1) sLTRFMIN) RFMIN=SRY (JJeI1)
IF(SRVIJIsTT) GTuRFMAR) RFMAX=SHV (JJe 1)

203 CONTINUE
NFMIN=RFMIN®*10a0
NFMAA=RFMAX®10.0
FLO=NFMIN
FLO=FLO/10.
HI=NFMAKX
HI=(HI/10.) +0.1
WRITE(6+205) FLOWHI

205 FORMAT(///7/7/77410Xs8MINe VALUE=®3F6.303XeoMAX. VALUE=%4F6.3)
READ(54215) (TTLINB) sNB=1+7)

215 FORMATI(7A10)
FINC=0.1
NSET=0
NODOT=0
NHI=0
CALL PWRT(120+990+TTLe65414+0)
CALL CALCNTI(SHVs MXs NYs FLOs HIs FINCe NSETs NHIs NDOT)
CALL FRAME

101 CONTINUE
END
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ABSTRACT: Contemporary literature in hydrology usually con-
tains the concepts of maximum probable precipitation and
maximum probable flood along with methods used to arrive at
these limits. These 1imits signify some physical upper
limits for precipitation and flood, however it is difficult
to find physical justification for existence of these lim-
its and more so the methods used to compute them. Also,

the use of the word'probable' is incorrect because these
'probable limits' are not assigned any probabilities.

In view of the misconceptions that prevail in such ex-
isting concepts, this study attempts to develop a practical
methodology with a theoretical framework for estimating the
probability of occurrence of floods in a unit time interval,
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based on the random characteristics of storms. In general,
many random characteristics can be defined for a storm, but
as a first step only a three-dimensional random vector has
been defined for the random characteristics of storms. The
random vector is comprised of the coordinates of storm
center location and storm orientation. The developed esti-
mation methodology uses all information on historic storms
observed in a region that contains the river basin.

For carrying out the estimation as required by the esti-
mation methodology, a computer oriented technique has been
developed. Application of this technigue is demonstrated
on the Goose Creek basin in East Central Il1linois.
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