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In recent years a number of excellent books on hydrol-
ogy and related topics have been published. One might
wonder about the need for yet another book on the
topic. In the authors’ experiences working with practic-
ing engineers and hydrologists, we have found a defi-
nite need for a treatment of the design aspects of
hydrology and sedimentology, especially for small
catchments. Most practicing engineers and hydrologists
work on relatively small watersheds, designing storm
water control facilities, drainage facilities, erosion and
sediment control practices, detention ponds, small
channels and storm drains, and the like. This book
attempts to provide a single source of design proce-
dures for most aspects of runoff and sediment control
in small catchments. Sections 208 and 319 of “The
Clean Water Act” and their emphasis on storm water
control in urban and rural areas have made the appli-
cation of this technology imperative.

The approach used in the book is to present state-of-
the-art design methodologies with enough explanation
of basic principles to ensure understanding of the
rationale behind the methodology. The mathematical
and theoretical aspects are fully developed only when
required for an understanding of the methodology.
Adequate data are presented in tables and charts for
many designs; however, the book does not attempt to
replace design manuals currently being used by many
local, state, and federal agencies. References to more
extensive data tabulations are given where required.

The authors have taught basic hydrology and sedi-
mentology courses to thousands of practicing engi-
neers, as well as courses on the application of com-
puter models to the analysis and design of hydrologic
systems. It has been our experience that those who use
computer models without an understanding of the the-
ory and principles behind them do a poor job of
applying them. Inappropriate designs are the frequent
result. This book was written to provide a knowledge
base for practitioners.

Preface

In practice, computer software would indeed be used
to carry out many of the required computations. As
microcomputers become more powerful, computer
codes are being continually improved. User-friendly
interfaces for computer programs are making it possi-
ble to use many hydrologic programs with little knowl-
edge of the hydrology being simulated. This book pro-
vides the background required to understand most of
the techniques used in current hydrology software and
represents an excellent companion to program user
manuals, which often contain almost no explanation of
the hydrologic techniques being employed.

The book contains many solved example problems as
well as numerous problems for solution at the end of
each chapter. These problems will assist in developing
a fuller understanding of design procedures. For use in
classroom or continuing education settings, the prob-
lems can be easily adopted to local conditions by using
local rainfall, soil, and other types of information.

This book has evolved over the past 15 years from a
set of mimeographed notes used in continuing educa-
tion courses for engineers interested in learning how to
meet design requirements for permitting of areas to be
surface mined. During its evolution it has appeared as
two privately published books entitled “Hydrology and
Sedimentology of Surface Mined Lands” by Haan and
Barfield and “Applied Hydrology and Sedimentology
for Disturbed Areas” by Barfield, Warner, and Haan.
In the latter form it was widely used in the surface
mining industry to design water and sediment control
facilities. The current version is a complete rewrite of
the previous texts in nearly all aspects. The material on
erosion and sediment control presents extensive new
technology that has evolved since the previous publica-
tion.

Chapter 1 provides an overview to the volume.
Chapter 2 deals with hydrologic frequency analysis.
Chapter 3 covers the estimation of runoff rates, vol-
umes, and hydrographs. Chapters 4 and 5 deal with the
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Preface

hydraulics of open channel flow and hydraulic control
structures. The design of channels in stable and erodi-
ble materials as well as the design of small hydraulic
structures are covered here. Chapter 6 deals with flow
routing in channels, ponds, and reservoirs. Chapters 7,
8, and 9 examine sediment properties and transport,
the principles of erosion and sediment yield, and the
design of practices to reduce erosion and control sedi-
ment. Chapter 10 discusses channel morphology and
the natural equilibrium of erodible channels. Ground
water is covered in Chapter 11, monitoring hydrologic
systems in Chapter 12, and hydrologic modeling in
Chapter 13. The appendices for all of the chapters are
at the end of the book and contain design information
too voluminous to include in the body of the text.

Every effort has been made to eliminate textual
errors. In an undertaking of this magnitude, however,
errors inevitably creep in. The authors would appreci-
ate notification of any errors so that they may be
corrected in future printings.

We must acknowledge the patience and support of
our wives and families through the long process of
bringing this book to fruition. Without this support, we
would have been forced to abandon the project long
ago. We are also grateful to a number of colleagues

who have reviewed or discussed many aspects of the
book. Among them are Bruce Wilson, Alex Fogle, Ron
Elliott, Dan Storm, and Flint Holbrook. Graduate
students in the Agricultural Engineering programs
at Oklahoma State University, the University of
Kentucky, and Clemson University have also con-
tributed directly through their reading of parts of the
book and indirectly through the stimulation they pro-
vided to the authors’ research. A number of profes-
sionals who have commented on earlier versions of the
work have also unknowingly made valuable contribu-
tions. Of course, we have benefitted from the intellec-
tual atmosphere and the working conditions provided
by our three universities. In particular, we are grateful
to John Walker, who, as Chairman of the Agricultural
Engineering Department at the University of Ken-
tucky, encouraged and supported Tom Haan and Bill
Barfield through the publication of the first volume.
Finally, we would be remiss if we did not express
appreciation to Charles Arthur of Academic Press for
his patience with us as deadlines went unmet.

C. T. Haan
B. J. Barfield*
J. C. Hayes

* Formerly of the Agricultural Engineering Deparment, University of
Kentucky, Lexington, Kentucky.
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THE PROBLEM

The human propensity to occupy areas subject to
occasional flooding, to alter natural watercourses, to
alter land forms, and to engage in other activities that
impact natural hydrologic and sedimentologic pro-
cesses creates a need to offset those impacts thought to
be detrimental through designed flow and sediment
control systems. Land clearing, agricultural activities,
construction, mining, urban and industrial develop-
ment, and similar activities can have a major impact on
the quantity and rate of water runoff and on the rates
of erosion and sediment transport that take place.
Environmental concerns often make it desirable, if not
necessary, to provide means of controlling runoff and
erosion from altered land areas to the level that would
be present if no alterations were made or to other
legally specified levels.

Such an approach assumes that the hydrologic and
sedimentologic responses of an area to climatic events
can be quantified for both the unaltered and the al-
tered state and that techniques for limiting the differ-
ence in responses to these two states are available.
Further it assumes that quantitative methods for evalu-
ating control techniques are available.

Figure 1.1, adapted from McBurnie et al. (1990),
illustrates the impact of land use changes on peak
runoff rates and sediment yields. This figure shows that
as the land use changes from forest to a continuously

disturbed condition, the sediment yield over a 2-year
period goes from essentially nothing to about 1300 tons
for this 20-acre catchment in Maryland having West
Maryland silt loam soil on a 10% slope. No conserva-
tion practices were used except for the continuously
disturbed condition, which, in some cases, used mulch
and sediment detention ponds. The figure illustrates
the effectiveness of sediment control practices in that
the sediment yield was reduced on the continuously
disturbed area from about 1300 tons with no control
practices to about 350 tons with mulch and a sediment
detention pond. Procedures presented in this book can
be used to make comparative assessments like this for
many different situations.

Environmental regulations present great challenges
to engineers. They must design water and sediment
control facilities that will enhance functional and aes-
thetic aspects of projects, will not hamper construction
or operational activities, and yet will meet exacting
state and federal regulations. Thus a detailed knowl-
edge of the principles and practices of hydrology and
sediment control is required.

SCOPE AND OBJECTIVES OF COVERAGE

This book has been written to acquaint engineers
with hydrologic, hydraulic, and sedimentation princi-
ples that will be useful in designing water and sediment
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Figure 1.4 Land use impacts on runoff and erosion.

control facilities. Some of the material will be a review
to some readers; however, nearly all engineers will find
material in this treatment that supplements their cur-
rent knowledge.

The treatment presented here is not theoretical;
however, adequate theory is presented to develop a
firm understanding of principles. The effort is directed
toward practical design methodologies. The procedures
are presented in sufficient detail so that the methods
can be applied directly to actual situations. Numerous
realistic, solved problems using the methods presented
are included.

The book is not intended to replace or compete with
federal and state publications regarding acceptable de-
sign procedures. It is not a design manual as such but
presents design techniques that will apply in many
situations. Often more than one solution technique
may be possible and appropriate. The design engineer
must select the best technique to use under a given set
of circumstances.

To prevent the book from becoming excessively long,
considerable material has been included by reference
only. For instance, state manuals, U.S. Soil Conserva-
tion Service reports, U.S Corps of Engineers manuals,
and U.S. Environmental Protection Agency publica-
tions contain much valuable information but are in
themselves voluminous documents and thus not repro-
duced herein.

In view of the uncertain and dynamic nature of
federal and state environmental regulations regarding
water and sediment control from disturbed areas, it is
not the purpose of this treatment to tell the engineer
what must be done to comply with existing laws and
regulations. Rather, the purpose of this treatment is to
provide those in charge of sediment and water control

with an understanding of:

1. hydrologic principles and techniques sufficient to
estimate runoff rates, volumes, and hydrographs from a
variety of scenarios;

2. open channel hydraulics in depth sufficient to
design stable channels in erodible and nonerodible
materials;

3. hydraulics in depth sufficient for the design of
simple drop structures, pipe spillways, emergency spill-
ways, and culverts;

4. flow routing in detail sufficient for the design of
water retention and sediment detention basins;

5. the principles of sediment production and sedi-
ment control, including both structural and nonstruc-
tural methods;

6. principles for evaluating stable alluvial channels
and for predicting the impact of changes in channel
properties due to anthropogenic and natural changes;

7. basic definitions and principles of ground water
hydrology;

8. requirements and techniques for monitoring hy-
drologic systems; and

9. the basis for and use of hydrologic models.

The selection of the notation to use in the book
presented special problems since information from sev-
eral disciplines including hydrology, hydraulics, sedi-
ment transport, erosion, gecomorphology, and statistics
is included. The decision was made to honor tradi-
tional notation in these various fields as much as possi-
ble to simplify supplementing the material from other
reference sources. Thus the notation from chapter to
chapter may differ depending on the topic under dis-
cussion. Within a chapter, a consistent notation was
used if possible.
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There are many worked problems throughout the
text. Often the calculations for the problems were
carried out using computer programs and spread sheets
with the final results rounded to the number of signifi-
cant figures shown in the problems after all calcula-
tions were completed. In some cases, this rounding at
the end of the calculations produces slightly different
results in the third significant figure than is obtained by
hand calculations when rounding is done after each
step in the calculation. This is especially noticeable
when logarithmic or exponential relationships are in-
volved.

GENERAL CONSIDERATIONS

Water and sediment management must be consid-
ered from the very beginning in developing plans for
altering the physical setting of a drainage area. Cer-
tainly the final desired configuration of the area will
play a dominate role in the design. The preoperation
plan must consider such things as the installation of
perimeter controls to prevent excessive water from
entering the site and from leaving the site in an uncon-
trolled fashion while the site is undergoing change. The
rate and extent of vegetation removal ahead of the
operation, the placement of spoil and topsoil, and the
amount of packing or sealing of the final graded fill
must all be considered.

When developing plans, every opportunity should be
taken to control water where it falls and sediment
where it lies as this will generally be more effective,
more permanent, and cheaper than control at some
other point. Preventing erosion or accelerated runoff is
preferred to trying to reduce runoff rates and sediment
concentrations at later stages in the runoff process.

Consideration must be given to controlling sediment
production on facilities constructed in conjunction with
the site itself. For instance, haul and construction
roads are major contributors of sediment and runoff.
Likewise, access roads and construction activities
around sediment detention basins, staging areas, and
other high traffic areas often result in substantial sedi-
ment production.

Water control facilities such as channels, diversions
and culverts must be properly designed and main-
tained. Improper design often results in failures caused
by excessive flows or by erosion and sedimentation
associated with normal flows. Inadequate consideration
of the dissipation of energy at the outfall of a culvert
can result in a scour hole and eventual failure of the
culvert. Excessive flow velocities in channels and diver-
sions can result in the formation of gullies. Inadequate

cross-drainage on slopes, embankments, and haul roads
may result in gullies. Delays in vegetating exposed
slopes can result in substantial sheet and rill erosion,
which, if unchecked, may lead to gullies.

It should be kept in mind that natural streams have
developed over the centuries a state of dynamic equi-
librium with the amount of sediment and water they
carry. When this equilibrium is disturbed, the stream
attempts to adjust to the new conditions. Thus, in-
creased water and sediment loads may result in stream
channel erosion in the form of bed and bank erosion. It
may result in sediment deposition within the channel
and thus a reduction in channel water-carrying capac-
ity. It may result in a combination of these things
depending on the local situation.

Effective water and sediment management is greatly
aided by

1. preplanning of water and sediment control strate-
gies;

2. installing diversions and vegetated waterways well
ahead of the actual operation so that the vegetation
can be established prior to disturbance;

3. keeping all reclamation activities current;

4. exposing and working as small an area at any one
time as practical;

5. controlling water and sediment on the site;

6. using good engineering practice in designing wa-
ter conveyances; and

7. having an aggressive maintenance program.

Complete preoperation investigation and planning
are essential. Not only must the natural topography
and drainage system be inventoried, but the desired
final topography, drainage configuration, and land use
anticipated. The amounts and types of spoil and soil
material and where it is to be stockpiled or finally
placed must be determined. The location of roadways
and diversions must be specified. The nature and fre-
quency of road culverts must be determined as well as
the type of road ditches and erosion protection to be
used in conjunction with these ditches.

The entire operation should be scheduled so that
vegetated channels and diversions can be established
before major land disturbances start and so that all
reclamation activities can remain current. The amount
of sediment production from an exposed site is some-
what proportional to the length of time the site is
exposed. Thus, a slope exposed for 2 months will likely
yield twice the sediment as one exposed for 1 month.

Water and sediment control practices should be in-
stalled at the problem location as much as possible. It
is considerably cheaper and more permanent to do this
as opposed to an attempt at a more downstream con-
trol. In general, water control is also an effective sedi-
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ment control. Erosion tends to increase as the peak
flow rate and the runoff volume increase.

Downstream sediment control measures, largely sed-
iment basins, should be installed early before the oper-
ation begins. This gives time for a good job in con-
structing the facility and for stabilizing all slopes before
the facility is asked to perform the duty for which it
was designed. In some instances it may be necessary to
introduce chemicals into the sediment-water mixture
in order to cause the sediment particles to aggregate
and thus be more easily removed by a sediment basin.

All water conveyances must be designed to have
adequate capacity, to be stable over the range of flows
under which they will be expected to function, and to
have adequate energy dissipation.

It must be recognized that every hydrologic design is
subject to the random vagaries of natural weather.
Regardless of the design used, a certain level of proba-
bility exists that the design condition will be exceeded.
Determining the acceptable risk of such a failure be-
comes a part of the design process.

Finally, importance of timely, effective, and routine
maintenance cannot be overemphasized. The first sign
of a developing gully or of scour around a structure is
the sign for immediate and effective maintenance. The
maintenance operations and procedures must go on for
some time after the completion of the actual operation.

ACCEPTED DESIGN PRACTICE VERSUS STATE
OF THE ART

Accepted design practices are those practices that
have come into general usage because of their simplic-
ity and relative accuracy. Accepted design practices are
emphasized in this treatment. In new areas, sufficient
time has not elapsed for accepted design practices to
emerge. In such cases, state of the art procedures can
be used. State of the art procedures are based on the
latest research but are not yet in general practice. For
example, for small detention structures accepted de-
sign practices are available for certain aspects such as
flood retardation. However, accepted design proce-
dures for the design of these basins based on detention
time are not available. In this book, a state of the art
procedure is proposed. Similarly, state of the art proce-
dures for sediment yield and sediment and erosion
problems are given.

Reference

McBurnie, J. C., Barfield, B. J., Clar, M. L., and Shaver, E. (1990).
Maryland sediment detention pond design criteria and perfor-
mance. Appl. Eng. Agric. 6(2):167-173.



Hydrologic Frequency Analysis

In any discussion of hydrology one constantly hears
such terms as the 100-year flood or the 50-year rainfall.
Many times these terms are used rather loosely, and
rarely are they understood by the layman. Frequently,
the person using these terms does not fully appreciate
their meaning, the implications associated with them,
the difficulty of estimating the magnitude of events
associated with the terms, and the uncertainty or vari-
ability of an estimate for the magnitude of an event
associated with the terms.

Hydrologic literature is filled with discussions con-
cerning flood frequency analysis. A review of this liter-
ature would require a book unto itself. A four-volume
set of papers edited by Singh (1987a, b, ¢, d) provides a
comprehensive treatment of many aspects of flood
frequency analysis and provides references to hundreds
of other works. What follows here is a basic treatment
of frequency analysis and its application to flood flow
estimation. A user of these techniques must keep in
mind that the statistical techniques set forth are hydro-
logic tools and not hydrologic laws. The section
“Discussion of Flood Frequency Determinations” ap-
pearing in this chapter should be read prior to the
actual application of the techniques set forth. Haan
(1977) can be consulted for a more detailed treatment
of the application of statistics in hydrology.

Perhaps the most comprehensive study on flood flow
estimation was conducted under the auspices of the
Natural Environment Research Council (1975) of Great

Britain. A five-volume set of reports details the study
and the resulting recommendations. The procedures
used and the general conclusions reached in that study
are of general interest. The procedures and relation-
ships will likely have to be adjusted for catchments
outside the geographical region covered by the reports.

Throughout this chapter, a generalized notation is
used to denote the events of interest. T-year event
denotes an event with a return period of T vyears
(return period is yet to be defined). Q; denotes the
magnitude of peak discharge of a T-year flood; QO is
never known with certainty. One must always deal with
an estimate for Q.

All of the statistical procedures, tables, and relation-
ships that are used in this chapter are independent of
the units employed. Thus any consistent set of units
may be used. It does not matter if flows are in cubic
feet per second, cubic meters per second, or acre-feet
per day; the equations and tables in this chapter may
be used without employing any conversion factors. For
this reason, all of the example computations in this
chapter are carried out using only one set of units.

RETURN PERIOD AND PROBABILITY

It is well known that maximum observed streamflow
(the peak flow) observed on any stream over a period

5
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of 1 year varies from year to year in an apparently
random fashion. This randomness has led to the use of
probability and statistics in selecting the hydraulic ca-
pacity of storm water facilitiecs. Reference should be
made to Haan (1977) for a more complete treatment of
this topic. The following is a generalized treatment of
hydrologic frequency analysis.

A T-year event is formally defined as an event of
such magnitude that over a long period of time (much
much longer than T years), the average time between
events having a magnitude greater than the T-year
event is T years. Thus the expected number of occur-
rences of a T-year event in an N-year period is N/T.
For example, Stillwater, Oklahoma, has a 25-year, 24-hr
rainfall of 6.8 in. One would expect four occurrences of
this 25-year event in a period of 100 years. In a
100-year record of annual maximum 24-hr rainfalls at
Stillwater, the expectation is that in 4 of the years, the
24-hr maximum rainfall would exceed 6.8 in. This is
another way of saying that on the average, one expects
a T-year event to occur once every T years. It is to be
emphasized that there is no regularity associated with a
T-year event. It is not to be implied that a T-year event
occurs once every T vyears, nor taken that in any
T-year period there will always be one and only one
occurrence of a T-year event, nor assumed that the
T-year event will occur exactly N/T times in N years.
These are the expectations in a statistical sense but are
not certainties. In fact, later we show that there is a
chance that in any T-year period, a T-year event can
occur 0,1,2,...,T times. Further, we show how to
calculate the probabilities of these various possibilities.

The return period of a T-year event as defined above
is T years. Often the actual time between occurrences
of a T-year event is called the recurrence interval. The
average value of recurrence interval is equal to the
return period. Most discussions of return period and
recurrence interval assume that the two terms are
synonymous. In most instances, when one uses the
term recurrence interval, the average recurrence inter-
val is meant.

Since the average time between occurrences of a
T-year event is T years, the probability of a T-year
event in any given year is 1/7T. Thus we have the
relationship

pr=1/T, (2.1)

where T is the return period associated with an event
Q7 and p; is the probability of Q; in any given year.
Probability is expressed as a number between 0 and 1
inclusively. For example, the probabilities associated
with 10-, 25-, and 50-year events are 0.10, 0.04, and
0.02, respectively. A probability of 0 means that the

event cannot happen, while a probability of 1 means
the event will certainly happen. Sometimes probability
is expressed as a percentage chance, in which case the
true probability is multiplied by 100.

So far we have made several assumptions that must
be emphasized. The assumptions involve the variable
Q, the peak flow in any year. First, we have assumed
that the peak flows from year-to-year are independent
of each other. This means that the magnitude of a peak
in any year is unaffected by the magnitude of a peak in
any other year. Second, we have assumed that the
statistical properties of the peak flows are not changing
with time. This means that there are no changes going
on within the watershed that result in changes in the
peak flow characteristics of the watershed. It further
means that the watershed characteristics have re-
mained constant over the period of time producing the
data we are using. In the language of statistics, we
assume that the data are from a stationary time series.

RISK ANALYSIS

Under the assumptions set forth above, the occur-
rence of a T-year event is a random process meeting
the requirements of a particular stochastic process
known as a Bernoulli process. The probability of O
being exceeded in any year is p, for all time and is
unaffected by any prior history of occurrence of Qr.
Let us now denote any event exceeding Q as OF. We
do not know the actual magnitude of QF; we know
only that it exceeds Q; (Q% > Q). Q7 is a Bernoulli
random variable. The probability of k occurrences of
Q% in n years can be evaluated from the binomial
distribution'

n!
(n — k)!k!

where f(k; pr, n) is the probability of exactly k occur-
rences of Q% in n years if the probability of Q% in any
single year is p;. For example, the probability of two
occurrences of a 20-year event (p; = 0.05) in 30 years
is

f(k;pr,n) = PE(1 - pp)" 75, (22)

30!
- 2 28 _

28!2!0'05 0.95 0.26.

The interpretation of this is that in a large number
of 30-year records, we would expect 26% of the record
to contain exactly 2 peaks that exceed Q,,. The other
74% of the 30-year records would contain 0, 1, 3,4,...,
or 30 peaks that equal or exceed Q,,. The probabilities

£(2; .05,30)

ml=nn-—1Xn-2)...1;0'=1.



Risk Analysis

of the latter number of exceedances can be evaluated
from Eq. (2.2) also. If this is done, the summation of
the probabilities of 0,1,2,3,..., 30 peaks in 30 years
equal to or greater than Q,, must equal 1.00 since all
possibilities have been exhausted.

Equation (2.2) can be used to calculate the probabil-
ity that a T-year event will be exceeded at least once in
an n-year period by noting that “at least once” means
one or more. The probability of one or more ex-
ceedances plus the probability of no exceedances must
equal 1.00. Therefore the probability of at least one
exceedance is given by 1 minus the probability of no
exceedances or

n n
1-f(0; pr,n) =1- mpg(l - pr) -
Since p; = 1/T and 0!= 1, this relationship reduces
to

f(prsn) =1-(1-1/T)", (2.3)

where f(p;,n) is the probability that a T-year event
will be exceeded at least once in an n-year period. If n
is equal to T in Eq. (2.3), it can be shown that f(p,, T)
approaches the constant 0.632 for large T (for T = 10,
fCpr, T) = £(0.1,10) = 0.65). What this means is that
if a structure having a design life of T years is designed
on the basis of a T-year event, the probability is about
0.63 that the design capacity will be exceeded at least
once during the design life.

By specifying the acceptable probability of the design
capacity being exceeded during the design life of the
structure, Eq. (2.3) can be used to calculate the re-
quired design return period. For example, if one wants
to be 90% sure of not exceeding the design capacity of
a structure in a 25-year period, f(p;,25) would be
1 — 0.90 = 0.10. Thus from Eq. (2.3),

0.10=1-(1-1/T)%,

which can be solved to yield T = 238 years. To be 90%
sure of not exceeding the design capacity in a 25-year
period, the design capacity must be based on an event
with a return period of 238 years. In this case, the
acceptable risk was 10%, the degree of confidence was
90%, the design life was 25 years, and the required
design return period was 238 years. Calculations like
this can be carried out for various design lives, design
return periods, and acceptable risks. Figure 2.1 is based
on such calculations and can be used to quickly deter-
mine the required design return period based on the
design life and acceptable risk or probability of having
the design capacity exceeded.

In these discussions, it should be kept in mind that a
high risk of having the design capacity exceeded may
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Figure 2.1 Design return period required as a function of design
life to be given percentage confident (curve parameter) that the
design condition is not exceeded.

be acceptable since what is meant by exceeded is
failure of the structure to handle the resulting flow in
the manner the structure was designed to operate.
Failure in this sense does not necessarily mean that
the structure will be destroyed. For example, the fail-
ure of a road culvert to pass a peak flow may result in
only minor flooding of a roadway or adjacent area and
may be acceptable on a fairly frequent basis. On the
other hand, failure of a storm water detention basin
may result in overtopping of the structure with consid-
erable damage to property and high risk of loss of life
downstream. Thus the selection of the acceptable risk
and design return period depends on the consequences
of the design capacity being exceeded. Building the
structure large enough to protect against extremely
rare events is quite expensive, while allowing the de-
sign capacity to be exceeded on a frequent basis may
result in an accumulation of considerable economic
loss. Thus, in addition to social and political considera-
tions, the selection of the proper design return period
is a problem in economic optimization.

Figure 2.2 illustrates the selection of a design return
period based on economic optimization. The vertical
scale contains average annual costs or benefits and
the horizontal scale contains return period in years.
Average annual costs should reflect all costs such as
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Figure 2.2 Determination of economically optimum design return
period.

planning, right-of-way, construction, operation, and
maintenance. The horizontal dashed line indicates the
average annual damages that are occurring without the
project. Obviously as the design return period in-
creases, the design capacity would increase, and aver-
age annual costs would increase as well. Average
annual benefits are taken as damages prevented on an
average annual basis. As the capacity of the system
increases, the level of protection against damage in-
creases until presumably all damages could be elimi-
nated. The net effect is that average annual benefits
generally are low for low-return period designs and
asymptotically approach a constant value as the design
return period becomes very large.

The average annual net benefits is the difference in
average annual costs and benefits. As shown in Fig. 2.2,
a definite maximum average annual net benefit is ap-
parent and represents the economically optimum de-
sign return period. These concepts are difficult to apply
if damages include intangibles such as loss of life or
destruction of nonreplaceable items.

One of the factors that inhibit the application of the
economic approach to the selection of design return
periods is the sensitivity of the approach to the interest
rate used in the analysis. Many designers are reluctant
to let the prevailing interest rate determine the capac-
ity of a structure and thus its risk of failure.

Many governmental units have regulations governing
the design period to be used. Often these return peri-
ods are based on the size of the structure and the
consequences of the structural hydraulic capacity being

exceeded. For example, in rural areas, road culverts
might be based on a 10-year return period. Minor
structures in urban areas might be based on the 25-year
event, and major structures and flood plain delin-
eations might be based on the 100-year event.

FREQUENCY DETERMINATIONS

Assigning a flood magnitude to a given return period
requires knowledge of the flood flow characteristics of
the basin of concern. The approach that is used to
determine this relationship depends largely on the
type, quantity, and quality of hydrologic data available
and on the importance of the determination. If a minor
culvert or channel is to be designed, one cannot justify
a time-consuming, expensive flood frequency analysis.
On the other hand, if a major component of a drainage
system is under construction, the best possible flow
estimates are desired.

In this treatment, five cases or situations a designer
might be faced with are considered:

Case I: A reasonably long record of streamflow is
available at or near the point of interest on
the stream of interest.

Case II: A reasonably long record of streamflow is

available on the stream of interest, but at a
point somewhat removed from the location
of interest.
Case III: A short streamflow record is available on
the stream of interest.
Case IV: No records are available on the stream of
interest, but records are available on nearby
streams.
No streamflow records are available in the
vicinity.

Case V:

The cases are listed in the order they are considered.
They are also listed in the order of increasing difficulty.
Unfortunately, they are listed in the inverse order of
their frequency of occurrence. That is, the designer is
more likely to be faced with Case V than with Case I,
especially for small watersheds. In spite of this, we
devote a major part of our attention to the treatment
of Case I, because it is essential that the Case I
procedures and their limitations be understood before
one can appreciate the problems associated with any of
the other cases. The Case I analysis is basic to any
flood frequency analysis. Case V is treated extensively
in the next chapter.

Case I. Long Flow Record at Site

Several agencies of the United States Government
sponsored a study to develop a uniform technique for
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flood frequency analysis. The result was a publication
“Guidelines for Determining Flood Flow Frequency,”
Bulletin 17B (Interagency Advisory Committee on Wa-
ter Data, 1981). Some of the material in this section
comes from that report. This guide states, “Major
problems are encountered when developing guides for
flood flow frequency determinations. There is no pro-
cedure or set of procedures that can be adopted which,
when rigidly applied to the available data, will accu-
rately define the flood potential of any given water-
shed. Statistical analysis alone will not resolve all flood
frequency problems.”

If one is extremely fortunate, a relatively long record
of peak flows may be available on the stream at the
point where an estimate for a flood peak of a given
frequency is desired. Such a listing might appear as in
Table 2.1 for the Middle Fork of Beargrass Creek at
Cannons Lane in Louisville, Kentucky. Any collection
of data such as contained in Table 2.1 represents a
sample of data from a population and under certain
assumptions can be treated using probability and statis-
tics. The population in this case would be the maxi-
mum annual flood peak for all time, both past and
future. The data of Table 2.1 represents a sample from
this population.

Quantities descriptive of a population are known as
parameters. Population parameters are never known in
a flood frequency study and must be estimated from
the sample of data. Estimates of population parame-
ters are known as sample statistics. Some parameters
of interest are the mean, u,; the standard deviation,
oy; the coefficient of variation, Cp; and the skewness,
y. Sample estimates for u y, oy, Cy, and y are given by
X, S x> Cy, and Cjg, respectively, and calculated from

Table 2.1 Peak Discharge (cfs): Middle Fork, Beargrass Creek,
Cannons Lane, Louisville, Kentucky

Peak Peak Peak
Year flow Year flow Year flow
1945 1810 1956 1060 1966 874
1946 791 1957 1490 1967 712
1947 839 1958 884 1968 1450
1948 1750 1959 1320 1969 707
1949 898 1960 3300 1970 5200
1950 2120 1961 2400 1971 2150
1951 1220 1962 976 1972 1170
1952 1290 1963 918 1973 2080
1953 768 1964 3920 1974 1250
1954 1570 1965 1150 1975 2270
1955 1240

9
the equations
X=Y— (2.4)
S TX? - nX? 55
L Sy
¢, = 3% (2.6)
nE(X; - /\_’)3 .
ST (n=1)(n - 2)8% (2.72)
n?LX}? - 3nTX,LX2 + 2(LX,)’
Cs = , (2.7b)

n(n —1)(n - 2)Sy

where X; represents the ith data value, n is the sample
size, and all summations are from 1 to n. Applying
these equations to the Beargrass Creek data results in
X = 1599 cfs, Sy = 1006 cfs, éV = 0.619, and C =
2.13.

The mean is simply a measure of the central location
of a group of data. The standard deviation is a measure
of the spread of the data. The larger the standard
deviation, the greater the spread in the data. The
square of the standard deviation is known as the vari-
ance. The units on the standard deviation are the same
as the units on the raw data. A dimensionless measure
of the spread of a set of data is desirable so that
comparisons of relative variability can be made among
variables having widely differing means or among mea-
sures having different units. For example, the variance
of peak flows in the Mississippi River is much greater
than for a small tributary stream, yet the relative
variability (relative to the mean) of flow in the tributary
would be larger than that of the Mississippi. One such
measure is the coefficient of variation which is the
standard deviation divided by the mean. A compact
data set will have a smaller coefficient of variation than
will a wide ranging set of data.

The skewness is a measure of the symmetry of a
distribution. The normal distribution has a skewness of
zero. If the data tends to spread, or tail, to the right
more than it does to the left with respect to its mean,
the data are positively skewed and Cg will be positive.
Data tailing to the left more than to the right is
negatively skewed and C; will be negative.

Equations (2.4) through (2.7) indicate that statistics
are descriptive and not causal. Any statistical anlaysis
is an attempt to describe, often in a probabilistic man-
ner, the behavior of a set of data. Obviously this
description must be updated as new information be-
comes available. As additional years of data are incor-
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porated into an analysis, the statistics given by Egs.
(2.4) through (2.7) will change, and thus any flow
estimates that depend on these statistics will change as
well. In general, as the number of observations in-
creases, the statistics become better estimates of the
population parameters.

If data such as contained in Table 2.1 meet certain
assumptions, we can consider them to be independent
random variables and subject them to a frequency
analysis. The main assumptions are that the data are
independent of each other and are from a stationary
time series. A stationary time series is a data series
collected over time and having statistical properties
that do not change over time.

In hydrologic terms, the statistical assumptions re-
quire:

1. There are no trends in the data.

2. The data represent independent hydrologic events.

3. There is one underlying meteorologic/hydrologic
cause for the flows so that the flows can be assumed
to be from a single population.

4. Measurement errors are random, unbiased, and have
a relatively small variance.

Trends in data may be caused by climatic shifts,
natural events, or human activities. Hydrologists gener-
ally consider the time scale of climatic change to be
vary large in comparison to the period of concern in
any analysis and thus do not consider possible climatic
shifts. Major natural events such as earthquakes, land
slides, and forest fires can cause changes in the hydro-
logic regime of a catchment and thus introduce nonho-
mogeneity into the flow record. If such is the case, this
nonhomogeneity must be dealt with prior to any fre-
quency analysis.

The most common cause of changes in the flow
regime of a catchment is human activity. This may be
in the form of land-use changes such as urbanization,
deforestation, or surface mining activities. It may be in
the form of reservoir construction, stream diversions,
or channel work. Sometimes these changes are sudden
and easily detected. Closure of a major reservoir can
have immediate and obvious impacts on flood flow
magnitude. Sometimes the changes are gradual. Ur-
banization may show up in the data as a trend toward
higher peak flows. Generally trends of this type are
difficult to detect over a short period of time due to the
random nature of flood flows. If changes of this type
are present, the data must be adjusted for the changes
before they can be treated in a straightforward way
using statistics. References can be made to Haan (1977)
for possible ways to adjust for nonhomogeneity in the
flow record.

In some locations, flood flows may be the result of
two distinct meteorologic causes. For example, winter
flows may be the result of frontal storms and summer
flows may be the results of convective thunderstorms.
If this type of nonhomogeneity is present and flows can
be easily divided into two groups according to the
storm type, it may be desirable to treat the two storm
types separately and then combine the results proba-
bilistically. The problems with this approach are the
difficulty of actually dividing the flows along causative
lines, and the length of record available in each part of
the divided record may be too short to provide reliable
estimates of the required statistical parameters. Haan
(1977) can be consulted for more details on the use of
mixed populations and mixed distributions in flow fre-
quency analysis.

In any data analysis, measurement errors are of
concern. In flood frequency determinations, it is gener-
ally assumed that the data are measured without error.
If actual measurement errors are independent from
one measurement to another, tend to overestimate
flow as well as underestimate flow so as to have a mean
error of zero, and are small in comparison to the flow
itself, the assumption of no measurement errors is
generally acceptable from a hydrologic standpoint. Ob-
viously if measurements always produce low estimates
or high estimates and/or are grossly in error, any
analysis based on the data will be in error as well.

Two types of data series are commonly used in flow
frequency analysis—the annual series and the partial
duration series sometimes known as the ‘“peaks over
threshold” series. In the annual series, the data consist
of the largest observed peak flow for each year of data.
For the partial duration series, the data consists of all
peak flows greater than some base or threshold value.
The annual series produces one data value per year.
The partial duration series may produce none, one, or
more than one data value in any year depending on the
flows for the year and the magnitude of the threshold
value.

For return periods greater than about 10 years, the
return period flow estimate for the two series are
practically the same. For more frequent but smaller
floods, the relationship between the estimates from the
two series is somewhat dependent on the probability
distribution selected. In this treatment, the annual
series is used.

Probability Plotting

Summarizing the data in the form of a probability
plot is often the first step in a frequency analysis. An
intuitive estimate for the magnitude of frequent floods
on Beargrass Creek can be made based on our under-
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Figure 2.3 Frequency histogram—Beargrass Creek data.

standing of the concept of return period. For example,
the 5-year flood is one that is equaled or exceeded on
the average once every 5 years or about 20% of the
time. Looking at Table 2.1, we see that about 20% (six
events) of the peaks exceed 2120 cfs. Therefore, we
might estimate the magnitude of the 5-year flood as
2120 cfs. Similarly 10% of the flows exceed 2400 cfs so
we can estimate the 10-year event as 2400 cfs.

A difficulty with the intuitive approach to flood fre-
quency analysis is that the magnitude of events having
return periods longer than the length of the available
record cannot be estimated. Also the magnitude of
events having return periods close to the record length
is dependent on very few observations and is thus
somewhat uncertain. For example, the 10-year event in
the above example depends on only three observations.
What is needed is a procedure for using all of the data
to describe the probabilistic nature of the peak flows.
A start in this direction can be made by plotting the
data in the form of a frequency histogram. This is
merely a plot of the frequency of occurrence of peak
flows in some class interval versus the class interval.
Figure 2.3 is such a plot using a class interval of
750 cfs. Similarly a plot of the percentage of the values
greater than or equal to a given value versus the
magnitude of the value can be made. Figure 2.4 is a
plot of this nature for the Beargrass Creek data.
From Fig. 2.4, the magnitude of the 5-year flood
(p=1/T =1/5 = 0.20 or 20% chance of occurrence)
can be estimated as about 2150 cfs and the 10-year
flood (10% chance of occurrence) is about 3250 cfs.

Figure 2.4 Empirical flood frequency—Beargrass Creek data.

When considerable data are available, this is a rea-
sonable procedure to use for estimating low-return
periods floods. Inspection of Fig. 2.4 shows that the
data exhibit some ‘“‘roughness” and that perhaps a
better estimate for low-return period floods could be
obtained by drawing a smooth curve through the data
and then using the curve to define the magnitude of
floods with various return periods.

Unfortunately a plot such as Fig. 2.4 is generally not
sufficient for estimating the magnitude of a longer
return period flood. For example, the 25-year flood can
be determined from Fig. 2.4 by reading the smooth
curve at the 4% point. This is not a very reliable
estimate, however, because it depends almost entirely
on the magnitude of the two largest events in the
record. If the largest flood event in the record had
been 7000 or 4200 cfs or some other value, this would
have greatly altered our estimate for the 25-year flood.

Furthermore, the estimation of a 100-year flood
based on these data requires the smooth curve be
extrapolated to the 1% point. This extrapolation, and
indeed the entire smooth curve, would be extremely
dependent on the whims of the individual doing the
extrapolation. Different individuals would estimate
different values for the 100-year flood, and the values
could differ by 50% or more.

What is needed is an analytic method for placing a
curve through the plotted points. This analytic curve
could then be used to estimate the magnitude of floods
with various return periods. Before discussing analytic
techniques for flood frequency analysis, the matter of
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plotting random data (flood peaks) requires further
attention.

The procedure arrived at in preparing Fig. 2.4 re-
sults in the point 707 cfs being plotted at the 100%
point. This is equivalent to stating that 100% of all
annual flood peaks on this stream will be greater than
707 cfs. Even though this is true for the particular
31-year record that is available, we do not know that it
is true for all time and would suspect that there is a
chance that in some future year an annual peak of less
than 707 cfs might occur. Thus we would like to avoid
assigning a 100% chance or probability of 1 to any
event.

A second consideration in plotting flood peaks
against probability is that when arithmetic graph paper
is used as in Fig. 2.4, the points generally form an
extremely curved pattern with the larger floods widely
spaced. To overcome this inconvenience, special paper
known as probability paper has been developed. Sev-
eral kinds of probability paper are available. The most
widely available are normal probability paper and log-
normal probability paper. Lognormal probability paper
is used in this treatment.

The steps to be followed in plotting random data on
probability paper are to

1. rank the data from the largest to the smallest;

2. calculate the plotting position, p, based on the
rank, m, and the number of years of data, n; and

3. plot the observation on probability paper with p
along the probability scale and magnitude along the
variable scale.

Several plotting position relationships are in use.
A general relationship is

m —a

P e b+ 1’

where a and b are constants. The California (Cali-
fornia State Department or Public Works, 1923) plot-
ting position is p = m/n. The Hazen (1930) relation is
p = (2m — 1)/2n. The Natural Environment Research
Council (1975) of the United Kingdom used p =
(m — 0.44)/(n + 0.12). The most widely used relation-
ship in the U.S. is the Weibull (1939) relationship
given by
m

n+1’

p= (2.8)

As an example of probability plotting, consider the
Beargrass Creek data. These data are ranked and the
plotting positions determined in Table 2.2. Figure 2.5 is
a plot of the data on lognormal probability paper.
Since the data were ranked from the largest to the
smallest, the plotting position, p, represents the frac-

Table 2.2 Plotting Position: Middle Fork,
Beargrass Creek, Cannons Lane, Louisville,

Kentucky
Plotting

Year Discharge Rank position
1945 1810 9 0.281
1946 791 28 0.875
1947 839 27 0.844
1948 1750 10 0.313
1949 898 24 0.750
1950 2120 7 0.219
1951 1220 18 0.563
1952 1290 15 0.469
1953 768 29 0.906
1954 1570 11 0.344
1955 1240 17 0.531
1956 1060 21 0.656
1957 1490 12 0.375
1958 884 25 0.781
1959 1320 14 0.438
1960 3300 3 0.094
1961 2400 4 0.125
1962 976 22 0.688
1963 918 23 0.719
1964 3920 2 0.063
1965 1150 20 0.625
1966 874 26 0.813
1967 712 30 0.938
1968 1450 13 0.406
1969 707 31 0.969
1970 5200 1 0.031
1971 2150 6 0.188
1972 1170 19 0.594
1973 2080 8 0.250
1974 1250 16 0.500
1975 2270 5 0.156

tion of the values greater than or equal to the corre-
sponding value of the data. The data do not plot as a
straight line on lognormal paper, but the curvature is
greatly reduced over that shown in Fig. 2.4.

At this point a smooth curve can be sketched through
the data or we can use analytical methods to “fit” a
line through the points. In this latter approach, an
equation having unknown parameters is used to de-
scribe the data much like the straight line y = a + bX
is fitted through plotted points on regular graph paper.
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Figure 2.5 Probability plot—Beargrass Creek data.

The difficulty we now face is selecting the “equation”
to use and in estimating the parameters of this equa-
tion.

Probability Distributions

Equations for describing the probability of occur-
rence of random events are known as probability
density functions (pdf) and cumulative distribution
functions (cdf). A pdf can be used to evaluate the
probability of a random event in a specified interval.
A cdf can be used to evaluate the probability of an
event being equal to or less than a given value. We use
the notation p,(x) and P,(x) to denote the pdf and
cdf of the random variable X evaluated at X = x.
These two are related by

Py(x) = [ px(x) dx. (2.9)

There are a limitless number of functions that can be
used for pdf’s. Requirements for a function to be a pdf
are

Px(x) 20  forall x

[ px(xyas=1.

Pdf’s may take on any number of shapes. The most
familiar is the bell-shaped curve of the normal proba-
bility density function shown in Fig. 2.6. The normal

Py(x)

A

B, X

Figure 2.6 Normal distribution.

pdf is given by

px(x) = 1 exp (Gl
X ox/2m 2(0y)’

The normal distribution is symmetrical about the
mean u, and ranges from —o to c. The normal
distribution is generally not used in flood frequency
determinations because it permits negative values and
because flood frequency distributions are generally not
symmetrical. For example, the Beargrass Creek data in
Fig. 2.3 exhibit a pronounced tailing off to the right,
which is typical of flood peak data. Even though the
normal distribution is generally not used in flood fre-
quency analyses, we continue to consider it since an
understanding of it is essential for statistical work.

The cdf of the normal distribution is

« 1 —(x — uy)’
X
P,(x) = exp
x(x) f—@“x‘/z—"; [ 2(‘7,\')2
which gives the probability that X < x.
Py(x) = prob (X <x).

The probability that X is between a and b can be
evaluated from

prob(a < X < b) = prob( X < b) — prob( X < a)
= Px(b) — Px(a)
= [px(x) x.

The normal distribution is a two-parameter distribu-
tion with the parameters being w5, the mean of X and

]. (2.10)

]dx, (2.11)

(2.13)
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gy, the standard deviation of X. For any application of
the normal distribution, we must estimate the popula-
tion mean and standard deviation, i, and oy, by their
sample estimates, X and S,.

Using Egs. (2.4) and (2.5), the mean and standard
deviation of the Beargrass Creek data are found to be
1599 and 1006 cfs, respectively. Now if the normal
distribution was an adequate representation of the
Beargrass Creek data, it could be used to make proba-
bilistic statements concerning the data. For example,
the probability of a peak less than or equal to 2500 cfs
could be evaluated as

prob(Q < 2500) = Py(2500)

2500 1 —(x - 1599)2
2o = | e exp[ 2(1006)’ ]dx

(2.14)

Unfortunately this latter expression cannot be analyti-
cally evaluated, and numerical procedures must be
used. To overcome the problem of requiring a separate
numerical integration for the normal distribution for
every possible combination of the parameters u, and
oy, a transformation of variables is defined as

_ (X —wy)

Ox

z (2.15)

Z is called a standardized normal variable and has the
property that u, = 0 and o, = 1. The expression

e—zz/Z
pz(2) = 55—

is known as the standard normal distribution. Equation
(2.14) can now be evaluated as

prob(Q <x) =prob(Z < (x — py)/ox) (2.17)

(2.16)

or

prob(Q < 2500) = prob(Z < (2500 — 1599) /1006)
= prob(Z < 0.896)

0s96€ % /2 4
= 2.
— o V27T

The latter expression can be evaluated using tables
of the standard normal distribution such as that con-
tained in Appendix 2A. Appendix 2A gives the desired
probability, prob((Z < 0.896), as 0.814. This corre-
sponds to the prob(Q < 2500).

The interpretation of this calculation is that if the
flood peaks on Beargrass Creek can be described by a
normal distribution with a mean of 1599 cfs and a

standard deviation of 1006 cfs, then 81.4% of the
annual peaks should be less than 2500 cfs and 18.6% of
the annual peaks should be greater than 2500 cfs. Thus
2500 cfs is assigned a return period of 1,/0.186 or 5.4
years under the normality assumption. Under this as-
sumption, we expect 2500 cfs to be exceeded on the
average once every 5.4 years. The data tabulation actu-
ally shows that 28 of the 31 values or 90.3% are less
than or equal to 2500 cfs.

Looking back at Eq. (2.13), it is apparent that
prob(a < X < b) is the area under the pdf, p,(x),
between X = a and X = b. Thus, the probability of a
random observation falling in the interval a to b is the
area under the pdf between a and b. In a sense, the
relative frequency histogram of Fig. 2.3 gives similar
information. Based on the data in hand, we would
estimate for example, that the probability that a ran-
dom annual peak would fall in the interval 1500 to
2250 cfs is 0.190. There is apparently a relationship
between relative frequency and probability. Denote by
fx(x,) the relative frequency of observations in an
interval of width A x centered on x,. The probability of
an observation falling in this interval is

prob(x; — Ax/2 < X <x;+ Ax/2)

x;+Ax/2
= f px(x) dx,
x;—Ax/2

(2.18)

which is the area under p,(x) between x; — Ax/2 and
x; + Ax/2. This area can be approximated by
Axp,(x;), which is the width of the interval times the
height of p,(x) evaluated at x; (Fig. 2.7).
Therefore, the relationship between the relative fre-
quency of observations in an interval Ax and the pdf is
fx(x;) = Axp,(x;). (2.19)
As a side note, since probability is related to the

area under the pdf; it is apparent that prob(X = x) for
a continuous random variable must be zero since

prob(X =x) = [ py(x)dr.  (220)

We can use Eq. (2.19) and Fig. 2.3 to visually judge
the appropriateness of using the normal distribution to
describe the Beargrass Creek data. Table 2.3 shows,
under the assumption of a normal distribution, the
observed and expected frequency of observations in
several classes. The data are plotted in Fig. 2.8. Entries
in the expected relative frequency column of Table 2.3
are based on Eq. (2.19) and the normal distribution.
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For example, for the second class

— (1125 — 1599)°

fx(1125) = 750 100672 €xp 2(1006)2
= 0.267.
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Figure 2.8 Comparison of observed and expected flow frequency
(under assumption of normal distribution)—Beargrass Creek data.

Table 2.3  Observed and Expected Frequency:
Beargrass Creek Data (Normal Distribution)

Class Observed Expected

interval relative frequency relative frequency
0-750 0.064 0.141
750-1500 0.581 0.267
1500-2250 0.194 0.286
2250-3000 0.064 0.177
3000-3750 0.032 0.063
3750-4500 0.032 0.012
4500-5250 0032 0.001
0.999 0.947

A second visual comparison between the observed
data and their assumed distribution (the normal distri-
bution) can be made by using the normal distribution
as the equation for the line describing the data in Fig.
2.4. Equation (2.11) can be used to draw a line through
the points of Fig. 2.4, assuming the points are from a
normal distribution. All that is required is to calculate
the prob(Q > q) for the various values of Q, and then
to plot this probability versus g. The prob(Q > q) is
equal to 1 — prob(Q < g) since prob(Q = q) is zero
and Q must either be <g or >gq. To obtain
prob(Q > gq), we first evaluate prob(Q < q). Equations
(2.14) and (2.17) show such a calculation for Q =
2500 cfs. Table 2.4 shows the results of similar calcula-
tions for several values of Q. The prob(Q > q) is
plotted in Fig. 2.9.

Table 2.4 Comparison of Observed and Expected
Cumulative Probabilities (Normal Distribution)

Observed Expected Expected

percentage percentage percentage
0 20 <0 20
700 100.0 18.7 81.3
1000 67.7 28.8 71.2
1500 35.5 46.0 540
2000 25.8 65.6 344
2500 9.6 81.6 18.4
3000 9.6 91.8 8.2
4000 3.2 99.2 08
5000 32 100.0 0.0

6000 0 100.0 0.0
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Figure 2.9 Flood frequency comparison for Beargrass Creek data
—observed and normal distribution.

From either Fig. 2.8 or 2.9 it is apparent that the
normal distribution is not a satisfactory approximation
to the observed data of Beargrass Creek. Another
probability distribution must be found to describe the
data. This involves finding another mathematical func-
tion to use as a pdf and cdf in place of Egs. (2.10) and
(2.11) used for the normal distribution. A large number
of such expressions are available. Again, these expres-
sions are known as probability distributions.

The three probability distributions that receive the
most attention for describing flood frequencies are the
lognormal (LN), extreme value type I (EVI), and log
Pearson type III (LP3). This treatment is restricted to
these three distributions. Other distributions are dis-
cussed in Haan (1977).

The pdf for the lognormal distribution is

—(Inx — l‘-y)z
2(0'Y)2 ,

where u, and o, are the mean and standard deviation
of the natural logarithms of X.

The pdf for the extreme value type I distribution for
maximums is

pe(x) = 2p[—_<a—_ﬁ> _p(Lt_@)]

a

1
ex
xoW2m P

px(x) =

where a and B can be estimated as

S,/6 .
a= , B = 045s,.
w

The pdf for the Pearson type III distribution is

Px(x) = poe = 3(x/a)*/°

with the mode at X = a and the lower bound at
X = 0. The difference in the mode and the mean is
and p, is py(a). Most applications of the Pearson type
III distributions in hydrologic frequency analysis have
been based on the log Pearson type III distribution
obtained by converting all of the observations to their
logarithms and then applying the Pearson type III to
these logarithms. Resulting estimates must of course
be transformed back to their original units.

As noted earlier, the Beargrass Creek data, when
plotted in the form of a relative frequency histogram,
tailed off to the right much more than to the left. This
tailing off to the right results in a positive skewness.
The normal distribution is symmetrical about the mean
and, as such, has a skewness of zero. The LN, EVI,
and LP3 distributions can all accommodate positively
skewed data.

For the LN distribution, the skewness y and the
coefficient of variation C, are related by

y =3Cy + C}. (2.21)

For the EVI distribution y is a constant 1.139. There
are no restrictions on y for the LP3 distribution since
it can take on any value the sample of data yields. The
skewness is an important identifier of potential distri-
butions that might be used to describe a set of data.
For the distributions we have considered, the skewness
is given by

Distribution Skewness
Normal 0
Lognormal 3c,+C}
Extreme value I 1.139
Log Pearson III Any value

Chow (1951) has shown that many types of frequency
analyses can be reduced to

X;=X(1+CyKy), (2.22)

where X, is the magnitude of the event with return
period T, X is the mean of the original data, C, is the
coefficient of variation of the original data, and K is a
frequency factor that is a function of the probability
distribution selected and properties of the original
data.

A comparison of Egs. (2.15) and (2.22) shows that
K ; for the normal distribution is equal to the standard-
ized normal variate Z. Thus, Appendix 2A serves as a
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table of frequency factors for the normal distribution.
The frequency factors for the LN distribution as a
function of C, are contained in Table 2.5. Table 2.6
contains the frequency factors for the EVI distribution.
All that is required for selecting K, for this distribu-
tion is knowledge of the sample size and the desired
return period.
The steps in using the LP3 distribution are:

1. transform the n original observations, X;, to their
logarithmic values, Y;, by the relation

Y, = log X;; (2.23)

. compute the mean logarithm, Y;

. compute the standard deviation of the logarithm,
Sy;

4. compute the coefficient of skewness Cg from

W N

nLY? - 3nZY,LY;? + 2(LY;)’

Cs= n(n —1)(n - 2)S; (2.24)
or
__nE(%-¥)
ST (n—-1)(n-2)8
5. compute
Yy =Y+ S,K;, (2.25)

where K is from Table 2.7. This relationship is
identical to Eq. (2.22) except it is based on loga-
rithms; and

6. calculate

X, = antilog Y. (2.26)

The skew coefficient is sensitive to extreme flood
values and thus difficult to estimate from small samples
typically available for many hydrologic studies. Figure
2.10 presents a map of generalized skew coefficients for
the logs of peak flows taken from Bulletin 17B of the
Interagency Committee. The station skew coefficient
calculated from observed data and generalized skew
coefficients can be combined to improve the overall
estimate for the skew coefficient. Under the assump-
tion that the generalized skew is unbiased and inde-
pendent of the station skew, the mean square error
(MSE) of the weighted estimate is minimized by
weighting the station and generalized skew in inverse
proportion to their individual mean square errors ac-
cording to the equation (Tasker, 1978)

" MSEg(G) + MSE4(G)
¥ MSEgz+ MSE;,

(2.27)

where G,, is the weighted skew coefficient, G is the

Table 2.5 Frequency Factors for Lognormal Distribution
(Chow, 1964)

Return period
1.01 2 5 20 100 Corresponding C,

-2.33 0 0.84 1.64 2.33 0

-2.25 -0.02 0.84 1.67 2.40 0.033
-2.18 -0.04 0.83 1.70 2.47 0.067
-2.11 -0.06 0.82 1.72 2.55 0.100
-2.04 -0.07 0.81 1.75 2.62 0.136
-1.98 -0.09 0.80 1.77 2.70 0.166
-191 -0.10 0.79 1.79 2717 0.197
-1.85 -0.11 0.78 1.81 2.84 0.230
-1.79 -0.13 0.77 1.82 2.90 0.262
-1.74 -0.14 0.76 1.84 297 0.292
~-1.68 -0.15 0.75 1.85 3.03 0.324
-1.63 -0.16 0.73 1.86 3.09 0.351
-1.58 -0.17 0.72 1.87 3.15 0.381
-1.54 -0.18 0.71 1.88 3.21 0.409
-1.49 -0.19 0.69 1.88 3.26 0.436
-1.45 -0.20 0.68 1.89 3.31 0.462
-1.41 -0.21 0.67 1.89 3.36 0.490
-1.38 -0.22 0.65 1.89 3.40 0.517
-1.34 -0.22 0.64 1.89 344 0.544
-1.31 -0.23 0.63 1.89 3.48 0.570
-1.28 -0.24 0.61 1.89 3.52 0.596
-1.25 -0.24 0.60 1.89 3.55 0.620
-1.22 -0.25 0.59 1.89 3.59 0.643
-1.20 -0.25 0.58 1.88 3.62 0.667
-1.17 -0.26 0.57 1.88 3.65 0.691
-1.15 -0.26 0.56 1.88 3.67 0.713
-1.12 -0.26 0.55 1.87 3.70 0.734
-1.10 -0.27 0.54 1.87 3.72 0.755
-1.08 -0.27 0.53 1.86 3.74 0.776
-1.06 -0.27 0.52 1.86 3.76 0.796
-1.04 -0.28 0.51 1.85 3.78 0.818
-1.01 -0.28 0.49 1.84 3.81 0.857
-0.98 -0.29 0.47 1.83 3.84 0.895
-0.95 -0.29 0.46 1.81 3.87 0.930
-0.92 -0.29 0.44 1.80 3.89 0.966
-0.90 -0.29 0.42 1.78 391 1.000
-0.84 -0.30 9.39 1.75 3.93 1.081
-0.80 -0.30 0.37 1.71 395 1.155

station skew [from Eq. (2.24)], G is the generalized
skew (from Fig. 2.10), MSEg is the mean square error
of the generalized skew, and MSE; is the mean square
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Table 2.6 Frequency Factors for Extreme Value Type I Distribution

Sample

size
n S 10 15 20 25 50 75 100 1000
15 0.967 1.703 2.117 2410 2.632 3.321 3.721 4.005 6.265
20 0.919 1.625 2.023 2.302 2517 3.179 3.563 3.836 6.006
25 0.888 1.575 1.963 2.235 2.444 3.088 3.463 3.729 5.842
30 0.866 1.541 1.922 2.188 2.393 3.026 3.393 3.653 5.727
35 0.851 1.516 1.891 2.152 2.354 2.979 3.341 3.598

40 0.838 1.495 1.866 2.126 2.326 2.943 3301 - 3.554 5.576
50 0.820 1.466 1.831 2.086 2.283 2.889 3.241 3.491 5.478
60 0.807 1.446 1.806 2.059 2.253 2.852 3.200 3.446

70 0.797 1.430 1.788 2.038 2.230 2.824 3.169 3.413 5.359
80 0.788 1.417 1.773 2.020 2212 2.802 3.145 3.387

90 0.782 1.409 1.762 2.007 2.198 2.785 3.125 3.367

100 0.779 1.401 1.752 1.998 2.187 2770 3.109 3.349 5.261
o 0.719 1.305 1.635 1.866 2.044 2.592 2911 3.137 4.936

error of the station skew. MSE is taken as a constant
0.302 when the generalized skew is estimated from
Fig. 2.10. MSE can be estimated from (Wallis et al.,
1974):

MSE,; = antilog,,[ 4 — B log,,( N/10)], (2.28)

where

A=-033+008Gl if|Gl<090 (2.29)
— —0.52 + 0.30/G| i Gl > 0.90

B = 0.94 — 0.26/G| if |G| < 1.50
=055 if |G| > 1.50

N = record length.

It is recommended that if the generalized and sta-
tion skews differ by more than 0.5, the data and flood
producing characteristics of the watershed should be

examined and possibly greater weight given to the
station skew.

Confidence Intervals

Any streamflow record is but a sample of all possible
such records. How well the sample represents the
population depends on the sample size and the un-
derlying population probability distribution that is
unknown. Both the form and parameters of the under-
lying distribution must be estimated. If a second sam-
ple of data were available, certainly different estimates
would result for the parameters of the distribution
even if the same distribution were selected. Different
parameter estimates will obviously result in different
return period flow estimates. If many samples were
available, many estimates could be made of the distri-
bution parameters and consequently many estimates
could be made of return period flows—say Q,q. One
could then examine the probabilistic behavior of these
estimates of Q.. The fraction of the Q,y’s that fell
between certain limits could be determined.

In actuality we have just one sample of data from
which to make estimates of Q. Statistical procedures
are available for estimating confidence intervals about
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Table 2.7 Frequency Factors for Pearson Type III Distribution

(Interagency Advisory Committee on Water Data, 1981)

Recurrence interval in years

Skew
coefficient
cs 1.0101 2 5 10 25 50 100 200
3.0 -0.667 -0.396 0.420 1.180 2.278 3.152 4.051 4970
2.8 -0.714 -0.384 0.460 1.210 2.275 3.114 3973 4.847
26 -0.769 -0.368 0.499 1.238 2.267 3.071 3.889 4718
24 -0.832 -0.351 0.537 1.262 2.256 3.023 3.800 4.584
22 -0.905 -0.330 0.574 1.284 2.240 2.970 3.705 4.444
2.0 -0.990 -0.307 0.609 1.302 2219 2912 3.605 4.298
1.8 -1.087 -0.282 0.643 1.318 2.193 2.848 3.499 4.147
1.6 -1.197 -0.254 0.675 1.329 2.163 2.780 3.388 3.990
1.4 -1.318 -0.225 0.705 1.337 2.128 2.706 3.271 3.828
1.2 -1.449 -0.195 0.732 1.340 2.087 2.626 3.149 3.661
1.0 -1.588 -0.164 0.758 1.340 2.043 2.542 3.022 3.489
0.8 -1.733 -0.132 0.780 1.336 1.993 2.453 2.891 3312
0.6 -1.880 -0.099 0.800 1.328 1.939 2.359 2.755 3.132
04 -2.029 -0.066 0.816 1.317 1.880 2.261 2.615 2.949
0.2 -2.178 -0.033 0.830 1.301 1.818 2.159 2.472 2.763
0 -2.326 0 0.842 1.282 1.751 2.054 2.326 2.576
-0.2 2472 0.033 0.850 1.258 1.680 1.945 2.178 2.388
-04 -2.615 0.066 0.855 1.231 1.606 1.834 2.029 2.201
-0.6 -2.755 0.099 0.857 1.200 1.528 1.720 1.880 2.016
-0.8 -2.891 0.132 0.856 1.166 1.448 1.606 1.733 1.837
-1.0 -3.022 0.164 0.852 1.128 1.366 1.492 1.588 1.664
-1.2 -3.149 0.195 0.844 1.086 1.282 1.379 1.449 1.501
-1.4 -3.271 0.225 0.832 1.041 1.198 1.270 1.318 1.351
-1.6 -3.388 0.254 0.817 0.994 1.116 1.166 1.197 1.216
-1.8 -3.499 0.282 0.799 0.945 1.035 1.069 1.087 1.097
-2.0 -3.605 0.307 0.777 0.895 0.959 0.980 0.990 0.995
2.2 -3.705 0.330 0.752 0.844 0.888 0.900 0.905 0.907
24 -3.800 0.351 0.725 0.795 0.823 0.830 0.832 0.833
2.6 -3.889 0.368 0.696 0.747 0.764 0.768 0.769 0.769
238 -3.973 0.384 0.666 0.702 0.712 0.714 0.714 0.714
=30 —4.051 0.396 0.636 0.660 0.666 0.666 0.667 0.667

estimated values of Q; that will give a measure of
uncertainty associated with Q. Confidence limits give
a probability that the confidence limits contain the true
value for Q. A 95% confidence limit indicates that
95% of the time intervals so calculated will contain the
true estimate for Q.

Letting L, and U; be the lower and upper confi-

dence intervals
prob(L; < Qr < U7) = a, (2.30)

where «a is the degree of confidence. Exact determina-

tion of L, and U, depend on the underlying parent
population. Bulletin 17B of the Interagency Committee
presents some approximate relationships for confi-
dence intervals,

Ur=X+ SyKry,

where X and S, are the sample means and standard
deviations and K;, and K, are the lower and
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Figure 2.40 Map of generalized skew coefficient based on the logs of peak flows (MSE& = 0.302).

upper confidence coefficients. If a distribution like the
LP3 distribution is used, X and S, are based on the
logarithms of the data and L, and U, are the loga-
rithms of the confidence limits.

Approximations for K, , and K, , based on large
samples and the noncentral ¢-distribution are

Ky, = . (2.32)
Ky + K} —ab
KT,U = a ’
where
ZZ
=1 - ——— 2.33

“ 2n - 1) (233a)

ZZ
b=K:- —. (2.33b)

n

In these relationships, K is the frequency factor of
Eq. (2.22), Z_ is the standard normal deviate with
cumulative probability & (Appendix 2A), and » is the
sample size. Confidence limits can be placed on fre-
quency curves plotted on probability paper by making
calculations such as above for several values of T.

Example Analytical Frequency Analysis

As an example of applying these three distributions,
again consider the data of Table 2.1. The mean and
standard deviation of the original data were found to
be 1599 and 1006, respectively. The C,, is 0.629. Val-
ues of K; for various values of T for the lognormal
distribution are selected from Table 2.5, and Eq. (2.22)
gives the corresponding values of X;. These results are
shown in Table 2.8.

Values of K; for various return periods for the
extreme value type I distribution are selected from
Table 2.6, and X, again comes from Eq. (2.22). These
results are shown in Table 2.8.

In applying the log Pearson type III distribution, Y
based on the natural logarithms of the flow data is
found to be 7.237, Sy is 0.507, and Cg from Eq. (2.24)
is 0.87. K, values are then selected from Table 2.7, Y,
calculated from Eq. (2.25), and X; from Eq. (2.26).
The results of these calculations are in Table 2.8.

This example shows that the distribution that is
selected can have a substantial affect on the estimated
flood magnitude for a given frequency. This is espe-
cially apparent for the longer return periods. To make
this point even more emphatic, if a normal distribution
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Table 2.8 Flood Frequency Analysis for Return Period (yrs)
Middle Fork, Beargrass Creek, Cannons Lane, 502010 5 2 1.11 1.02
Louisville, Kentucky 7000 77T T T T T T T T T
8000 '\ Flood frequency 1
: . [ ]
Retum period (years): 3 25 100 5000 Middle Fork Beargrass Creek
Lognormal distribution 4000 |
K; 0.60 2.11 3.57 > 3000 |
X; 2202 3718 5190 ‘S LN —
- ce--
2 2000 LP3 - —
Extreme value type I o
w
Ky 0.863 2.385 3.642
Xy 2467 3998 5262
1000 -
Log Pearson type I 900 1
800 oo
K; 0.772 2.011 2.937 700 o o
. i 872 1 1 - | L L.t 1 1 L L 1 1 L
Ir 7628 8257 6 800 5 —5—1% 30 s0 70 9095 99
Xr 2056 3853 6161 Pl’ObOb“ity (x)

had been used, the 100-year estimate would have been
3943 cfs, clearly an inferior estimate. The best fitting
lines according to three of the distributions used are
shown in Fig. 2.11.

The plotting paper used to construct Fig. 2.11 is
known as lognormal probability paper. It consists of a
logarithmic scale and a normal probability scale. Any
distribution may be plotted on lognormal probability
paper, but only the lognormal distribution will plot as a
straight line on this paper. Other types of probability
paper are available, including normal and extreme
value probability paper.

From Fig. 2.11 it is apparent that it is difficult to
select which of the three distributions best describe
these data. Considering the coefficient of skew, 7y, the
EVI might be discarded since y for the EVI is 1.139
while it is 2.13 for these data. For the LN, y and C,,
are related through Eq. (2.21). The estimated value of
v is 2.14, which agrees quite well with the requirement
of the LN. One discouraging factor concerning the LN
is that y of the logarithms should be zero for the LN
distribution, while for these data it is 0.87. Apparently
the LN is not a precise approximation for the data.

The skewness cannot be used to make decisions
concerning the LP3 since the LP3 is a three-parameter
distribution that uses y to estimate these parameters.
Looking at Fig. 2.11, it does appear that the LP3 is a
better approximation to the data at the upper end of
the frequency curve.

Figure 2.11 Comparison of several probability distributions for the
Beargrass Creek data.

Confidence intervals on the LP3 can be calculated
from Egs. (2.30) through (2.33). The 95% confidence
intervals are being calculated. Z, = Z, 4 is found from
Appendix 2A to be 1.645. From Eq. (2.33)

VA . 1.6452
2(n—1) 2(31 - 1)

Table 2.9 contains the calculations of the confidence
limits. These limits are plotted in Fig. 2.12. The inter-
pretation of this plot is that, on the basis of the
assumptions made, one can be 95% confident that the
calculated confidence intervals will contain the true
flood frequency relationship for Beargrass Creek.

As discussed later, one problem with these data is
the possible nonstationarity of peak flows due to
changing watershed conditions. The difficulties experi-
enced with this set of data demonstrates why many
have been led to the recommendation that single short
records are not reliable, and regional frequency analy-
sis procedures as discussed under Case IV should be
used for single sites.

In summary, the Case I situation is that where a
relatively long record of peak flows is available on the
stream of interest at the point of interest. The method
of analysis is to select a probability density function to
describe the data, extract certain statistics from the
data, and use Eq. (2.22) along with appropriate fre-
quency factors to estimate flows within the desired
return period.

= 0.955.

a=1
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Table 2.9 95% Confidence Intervals on LP3 for Beargrass Creek

T Ky? v T L L 0,° o/
1.01  -1.64 -2.60 -2.19 -1.24 6.13 6.61 458 740

2 -0.15 -0.06 -0.46 0.15 7.00 7.31 1100 1498

5 0.77 0.51 0.46 1.15 7.47 7.82 1754 2495
10 1.34 1.71 0.98 1.83 7.73 8.16 2283 3510
25 2.02 3.99 1.57 2.66 8.04 8.58 3087 5344
50 2.48 6.06 1.97 3.23 8.24 8.87 3771 7131
100 2.94 8.56 2.36 3.80 8.43 9.16 4596 9535

“From Table 2.7.

bFrom Eq. (2.33).
‘From Eq. (2.32).
4From Eq. (2.31).
‘0, =exp(Lq).
70, =exp(U ).

Return Period (yrs)
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Figure 2.42 Confidence on the LP3 for Beargrass Creek.
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Some of the assumptions made in the Case I situa-
tion are:

1. The data are sufficient in quantity and quality to
produce reliable estimates for the parameters of the
probability distribution selected.

2. The flow characteristics of the stream have not been
changing over time (stationary data series).

3. The peak flow observations are statistically indepen-
dent from year to year.

4. The data are representative of the flow behavior
expected during the life of the project being con-
sidered.

Assumption 4 merely extends the stationarity as-
sumption to future flows. In watersheds with changing
land use, assumptions 2 and 4 are especially trouble-
some in that the changing land use alters streamflow
characteristics. Many times this nonhomogeneity in
streamflow data is very subtle and only becomes appar-
ent over a long period of time or when sudden and
large-scale changes occur. For example, Fig. 2.13 is a
plot of the 31-year record for the Beargrass Creek
data. The bulk of the peak flows are in the range 750
to 2000 cfs. It appears as though the frequency of
occurrence of peaks in excess of 2000 cfs is increasing
with time. The random nature of the data makes it
difficult to make firm statements in this regard.

In closing the discussion on the Case I flood fre-
quency analysis, a word of caution is offered concern-
ing the extrapolation of frequency data to estimate the
magnitude of an event with a return period much
greater than the period of record. In looking at
Fig. 2.12, it appears that the extrapolation of the
frequency lines from the 31-year record to estimate the
100-year or even 500-year event is not much of an
extrapolation. In the sense of the physical distance on
the probability paper, the extrapolation is not very
great; however, in the sense of extrapolating the data
to 3 or possibly 15 times its original length, it is a very
significant extrapolation. The nature of random data
makes an extrapolation of this kind very speculative
and produces estimates of low reliability or ones that
possess considerable uncertainty. This is apparent from
the width of the confidence limits at high return peri-
ods. Haan (1977) gives a procedure for evaluating the
uncertainty that is present.

To illustrate this point, a simulation was made as-
suming a lognormal distribution with a mean of 1599
cfs and a standard deviation of 1006 cfs. The procedure
was to randomly select 15 observations from this log-
normal distribution and then use these 15 observations
to estimate the magnitude of the 100-year event. The
100-year event was estimated on the basis of the log-
normal distribution using the mean and standard devi-
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Figure 2.43 Changing flow condition resulting in nonhomogeneous
time series.

ation of the 15 generated values. This entire process
was repeated 100 times, producing 100 estimates for
the 100-year flood. The probabilistic behavior of these
100 estimates was then analyzed.

The following tabulation shows the frequency of
occurrence of the estimate for the 100-year flood. The
true value is 5190 cfs. The mean estimated value was
4945 cfs. The following tabulation can be used to get
some idea of the possible errors involved in using a
short record to estimate a rare flood.

Flow (cfs) No. of estimates
2500-3000

3000-3500

35004000 13
40004500 10
4500-5000 21
5000-5500 15
5500-6000 7
6000—-6500 5
6500-7000 6
7000-7500 3
7500-8000 2
8000-8500 2
14000-00 1
Total 100
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Note that only 36 values or about one-third of the
estimates are within 10% (500 cfs) of the actual 100-year
flood. Nearly half (47 values) of the estimates are in
error by more than 20%, 15% of the values are in error
by more than 40%, and 1 estimate was actually high by
a factor of nearly 3. These numbers illustrate what can
happen when a short record (15 years in this case) is
used to estimate a rare flood (100-year flood in this
case). This is the reason that extrapolation is specula-
tive. In any real situation, the variability would be even
greater than shown here, because the true underlying
probability distribution would not be known. We as-
sumed a lognormal distribution in this example and
based our calculations on this assumption as though it
were the population distribution. It is understood that
one must use procedures like those set forth here to
make flood frequency estimates. The purpose of this
latter illustration is to shed some light on the uncer-
tainty that is inherent in dealing with random data.

Case Il. Long Record near Site

In some instances, flow data are available on the
stream of interest but at a location some distance
either upstream or downstream from the point of inter-
est. In this situation, there are several procedures that
can be used to estimate the flood frequency relation-
ship at the point of interest. One method is to perform
a flood frequency analysis on the available record as
described in Case I, and then adjust the record to the
point of interest.

The adjustment of the flow record from one location
on a stream to another can be done in a number of
ways. If the flow record includes the entire flood hy-
drograph, this hydrograph could be routed to the point
of interest making the proper adjustments for local
inflows along the routing reach. This method is a very
good one, but requires more data than are generally
available and is quite time consuming.

A second method of flow adjustment is to correlate
flood peaks with drainage basin characteristics and
then use this correlation to adjust the flow rate. The
most common characteristic used in a situation like this
is the basin area. Quite frequently the peak discharge
for a given frequency is related to the basin area by an
equation of the form

Q; = aA®, (2.34)
where QO is the T-year flood magnitude, A is the basin
area, and a and b are constants. The coefficient b
generally ranges from 0.5 to 1.0.

If data on a stream are available at two locations, the
coefficients can be estimated from those data. For

Table 2.10 Hypothetical Flood Frequency Data

Area (mile?)
0.7 2.3
T
(years) QOr(cfs): a b
2 750 2250 1041 0.923
5 950 2800 1318 0.909
10 1100 3300 1527 0.923

example, consider the data in Table 2.10. Here, infor-
mation on the 2-, 5-, and 10-year floods is available at
two locations. The exponents a and b of Eq. (2.34) can
be estimated for each return period by substitution.
Consider the 10-year data:

O = ad®

(i) 3300 = a (2.3)® for the larger basin,
(ii) 1100 = a (0.7)® for the smaller basin.

The ratio of (i) and (ii),
3300 2.3)\%
1100 (ﬁ) ’

can be solved for b using logarithms resulting in b =
0.923. Substituting this estimate for b into (i) results in

3300 = a (2.3)*°%,

which gives an estimate for a of 1527. Similar calcula-
tions for the 2- and 5-year floods result in the estimates
shown in Table 2.10. From this, an average value of b
is 0.92. The coefficient a is seen to be a function of
return period T.

To estimate the 10-year flood at a point on the
stream where the drainage area is 1.5 mile?, Eq. (2.34)
and the estimated 10-year coeflicients are used:

0,0 = 1527 (1.5)°% = 2217 cfs.

If data at only one other location on the stream are
available, one can still estimate the flow at a second
location if an assumption as to the coefficient b is
made. For small differences in area, a reasonable as-
sumption for b is 1.0. For example, considering the
10-year data for the 0.7 mile? basin only and taking b
as 1.0 results in an estimate for a of

a = 1100/0.7 = 1571.

The 10-year flood can then be estimated on the 1.5
mile? basin as

Q0 = 1571 (1.5)" = 2357 cfs.
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When these approaches are used, several precau-
tions must be exercised. First and most importantly,
the basic flood-producing characteristics of all the
basins must be the same. There cannot be a mix of
drastically differing land uses unless some type of land-
use variable is included in the prediction equation for
a and b. Returning to the above example, it has been
assumed that all three watersheds are similar. For
many watersheds, this is a severe limitation and gener-
ally means that there cannot be a very large difference
in the areas of watersheds considered or the land use
on the watersheds.

If the watershed characteristics are changing along
the steam, then calculations such as shown here can be
used as an aid in estimating a flow of a given return
period, but will not give the final estimate. If the
available data represent a mixture of land uses and the
point of interest is below only one land use within the
basin, the flow estimated by a straightforward applica-
tion of the techniques presented here will most likely
have to be adjusted to reflect the fact that it is below a
single land use while the coefficients @ and b were
estimated on the basis of a mixed land-use basin.

Case lll. Short Stream Record

It is not uncommon to find that a streamflow record
at the point of interest may be too short to use in a
flood frequency analysis. This may be the result of a
newly installed gage or a gaging program that was only
recently changed so that much of the earlier portion of
the streamflow record is no longer representative of
the basin.

A short streamflow record can be a great aid in
checking calculations and procedures used in flood
frequency estimation. If a major drainage project is to
be planned, the local governing body would be wise to
install a streamgage early in the feasibility part of the
project planning process. In this way, by the time the
final design is made, some streamflow data would be
available. For relatively large drainage projects, this
short-term gaging approach is relatively inexpensive
and can easily pay for itself through the resulting
improvement in the design of the drainage system.

A short streamflow record is one of less than 10
years in length. A record such as this will contain a
great deal of information, but will be insufficient for a
Case I frequency analysis. Presumably, a record of the
rainfall that produced the recorded runoff will be avail-
able or can be estimated from nearby raingages. These
records on rainfall and runoff can now be used to
estimate the empirical coefficients in an approximate
model. The model might be a continuous simulation
model, an event or hydrograph model, or a model for

estimating peak flow only. The type of model selected
will depend on the quantity and quality of available
data and the purpose of the analysis.

Regardless of the type of model selected, the model
will have empirical coefficients associated with it that
must be estimated. In general, the number of empirical
coefficients required is proportional to the complexity
of the model, with the continuous simulation models
having the most coefficients. The importance of actual
data on the stream of interest in estimating the empiri-
cal coefficients of these models cannot be overempha-
sized.

Once the model coefficients have been estimated, a
long-term rainfall record can be processed through the
model to produce a long-term streamflow record. This
simulated, long-term streamflow record can then be
subjected to a frequency analysis as discussed under
Case I if necessary.

In the event that a long-term rainfall record is not
available for the site under study, one can use records
from the nearest raingage. Fortunately, in many parts
of the country, rainfall records can be transferred a few
miles without introducing significant effects on the
estimated peak runoff rates from major events. The
long-term records from nearby raingages may not be
usable for runoff parameter estimation since the
recorded rainfall may have been considerably different
from what actually fell on the watershed. The record
can be used for simulation, however, because the long-
term statistical properties may be the same as those of
rains that actually fell on the watershed.

In the absence of any applicable long-term rainfall
records, it may be possible to use a stochastic rainfall
generation model to produce a synthetic rainfall record
to use in simulations with the runoff model.

Another approach to using the information con-
tained in a short record is to use the short record to
estimate a low-return period index flood. This might be
the 2-year flood, for example. Knowing the magnitude
of this index flood, a regionalized relationship between
the ratio of the index flood and floods of a greater
return period can be used to estimate the magnitude of
less frequent events. The determination of the region-
alized relationship is covered under the Case 1V situa-
tion discussed below.

A third option for using a short stream record is to
correlate the annual peak flows from the short record
with peak flows from another station in the vicinity
with a longer record. The longer record and the corre-
lation can then be used to extend the shorter record.

Let Y and X represent peak flows on two streams.
Let n, be the number of observations in common on Y
and X. Let n, be the number of additional observa-
tions on X not in common with Y. Assume the obser-
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vations on each stream are independent from year to
year (no serial correlation on either stream). Consider
py, x as the correlation coefficient between Y and X
for the n, common observations. The correlation co-
efficient p, , is estimated by ry » given by

L (%~ X)(%-7)
ry x = ——— . (2.35)

ny

5 (X - X)L (v~ 7)

i=1 i=1

We can estimate n, values of Y from the n, values
of X for which Y values are not available from

v xSy(X - X) + 7 (2.36)
SX ’ ’

where Y, X, S,, and S, are based on the n, common
observations.

Let Y, and Y, represent the mean based on the
original n, observations and the n, estimated observa-
tions, respectively. A new weighted mean for Y based

on n, + n, observations is given by

_  nY, +nY
g mhitnl (2.37)
n1+n2

For the n, added observations to improve the esti-
mate for Y, it is necessary that ry x be greater than
1/(n, — 2) according to Matalas and Langbein (1962).
If Y and X contain significant serial correlation, the
situation is somewhat more complex (Haan, 1977).

Case V. Regional Analysis

Often one finds that streamflow records are available
at several nearby locations, while none or a very short
record is available at the point of interest. Several
methods for using the information on the nearby sta-
tions to augment whatever is known at the site of
interest are available. These methods generally fall
under the heading of “regional flood frequency anal-
ysis.”

One widely used method of regional flood frequency
analysis is discussed by Dalrymple (1960). The method
consists of computing a base flood frequency relation-
ship in terms of the return period and the ratio of the
peak flow for a given return period to an index flood
(usually the mean annual flood) for several streams in
the region. The median value of this ratio is then
plotted versus the return period. Figure 2.14 is such a
plot for 18 stations in Alberta an Saskatchewan,
Canada, as reported by Durant and Blackwell (1959).

1-P(x)
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Figure 2.14 Regional flood frequency analysis.

The first step in this regional approach is to select
several streamflow records from nearby locations that
are “hydrologically similar” to the basin of interest. At
each of these locations, a Case I flood frequency analy-
sis is made. An index flood is then defined. This might
be the 2-year flood. The ratio of the magnitude of the
T-year flood to the index flood is computed for several
values of T at each location. The ratio is then plotted
versus T and a smooth curve drawn through the points
(Fig. 2.14).

The next step is to relate the index flood to water-
shed characteristics. The area of the watershed is gen-
erally used along with other geomorphic, physical, and
meteorological factors. This step is generally done
through a regression analysis to produce an equation of
the form

Q,=aX{X;...X? (2.38a)

or

Q,=a+bX,+cX,+ - +gX

n?

(2.38b)

where Q, is the magnitude of the index flood;
a,b,...,q are estimated coefficients; and X,, X,,
..., X, are watershed and climatic factors. Regres-
sions of this type are discussed in more detail by
Haan (1977).

The third step is to use Eq. (2.38) to estimate the
index flood for the location of interest. Alternatively, if
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a short record is available at the location of interest,
the index flood can be estimated from that record. The
final step is to use the regional flood frequency curve
and the estimated Q, to calculate Q; for the desired
values of T.

A variation of the above technique for regional flood
frequency analysis is to estimate O, for several values
of T at each gaged location as explained above, and
then relate O, to watershed factors and climatic data
by regression to produce an equation like (2.38) with
Q, replaced by Q. A separate equation is needed for
each value of T. These equations can then be used to
estimate the desired value of Q; at the study location.
One disadvantage of this approach is the possibility of
not retaining the proper relation among the Q;’s for
different values of T. That is, one could conceivably
estimate Q,; as being less than Q,,. Haan (1977)
discussed the use of multivariate multiple regression to
overcome this difficulty.

Case V. No Flow Records

When there are no streamflow records available on
the stream of interest or on nearby streams or when
available records are from basins whose characteristics
are considerably different from those on the basin of
interest, one is forced to use some type of empirical
procedure for estimating the magnitude of runoff events
of the desired frequency. We are now out of the realm
of frequency analysis in the sense of determining the
frequency of occurrence of events based on a proba-
bilistic analysis of data.

For this situation, a hydrologic model of some type
must be employed. The model may range in complexity
from the Rational Equation to a complete, continuous
simulation model. The type of model selected will
depend on the data available for model fitting, the
user’s familiarity with various models, the purpose of
the modeling effort, the time and money available for
completing the modeling effort, and the importance of
flow estimates.

If a continuous simulation model is selected and
several years of streamflow are generated, these gener-
ated data can be subjected to a flood frequency analy-
sis. If an event-based model (such as a unit hydrograph
approach) is selected, the most severe rainfall events
each year can be analyzed, with these data subse-
quently subjected to a flood frequency analysis.

If an approach like the Rational Equation is used,
one is assuming that the frequency of the estimated
flow peak is the same as the frequency of the rainfall
used in the equation. This is not a bad assumption over
the long run. For individual events, the return period
of the rainfall and the resulting runoff are not neces-

sarily the same because of the effect of such factors as
antecedent soil water content and annual variation in
land use. However, over the long run, the expected or
average return period of the runoff will nearly equal
the return period of the rainfall.

Since the Case V situation is really a modeling effort
or requires the use of hydrologic techniques not gener-
ally thought of as being frequency analysis, its treat-
ment is deferred to Chapter 3, which provides a de-
tailed treatment of peak flow estimation. Chapter 13
contains a discussion of hydrologic models of various
types.

SPECIAL CONSIDERATIONS

Historic Data

Occasionally flood information outside of the sys-
tematic flow record is available from historical sources
such as newspaper reports or earlier flood investiga-
tions. Such data contain valuable information that
should not be ignored in a frequency analysis. Bulletin
17B of the Interagency Advisory Committee on Water
Data (1981) discusses this topic in detail. Basically,
what one does is to compute the plotting position of
the historical observations on the basis of the historical
record length. Likewise the plotting position of the
systematic data is computed on the basis of the historic
record length except the rank used in the calculation is
adjusted by a factor W depending on the historic
record length, H, the number of historic flows, Z, and
the length of the systematic record, N. These are
related by

H-z 2.39
- N ( * )

The adjusted rank for the systematic data is
m,=Wm— (W-1)(Z +0.5), (2.40)

with m being the unadjusted rank of the total record
(systematic plus historic).

Thus, if 20 years of systematic data and two historic
observations are available from a 50-year period pre-
ceding the systematic record, the plotting position for
the two largest values would be 1/71 = 0.014 and
2/71 = 0.028. The weighting factor would be

W = (70 — 2) /20 = 3.40.

The remaining plotting positions would be calculated
from the adjusted rank given by

m, = 3.40m — (3.40 — 1)(2 + 0.5) = 3.40m — 6.0.
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The adjusted rank is then used in the plotting position
relationship [Eq. (2.8)]. Thus for m = 3 (the largest
systematic flow observation), the plotting position
would be [3.40(3) — 6]/71 or 0.0592 and for m = 22
(the smallest value) the plotting position would be
[3.40(22) — 6]/71 or 0.9690. This compares to plotting
positions of 1/21 or 0.0476 and 20/21 or 0.9523,
respectively, if the historic data had been ignored. If
the historic data had simply been used to augment the
systematic record without using the weighting factor,
the plotting positions for these two events would have
been 3 /23 or 0.1304 and 22 /23 or 0.9565, respectively.
Clearly a plotting position of 0.1304 assigns too high a
probability of occurrence to the largest systematic value.
It is also apparent that the weighting procedure adjusts
the plotting position toward a more frequent occur-
rence for the largest systematic value, thus taking into
account the fact that two flows of magnitude greater
than that of the largest systematic flow occurred.

Bulletin 17B also suggests the flow statistics be com-
puted by weighting the contribution of the systematic
record to the various statistics by the factor W. Thus,
the adjusted mean is

- WiIX+3X,
X, = ———,
H
where X represents the systematic record and X, the

historic data. Similarly the variance and skew can be
determined from

—_ 2 = \2
Wi(X-X,) +3(X,- X
s:= ( "2{_1( 2= %) (2.42)

(2.41)

and
H
“ (H-1)(H-2)
Wi(X-X,) +3(X, - X,)
S,

Cs

3

. (2.43)

If the LP3 distribution is being used, the X’s and
X,’s would be based on logarithms.

Treatment of Zeros

The following is taken from Haan (1977). Most hy-
drologic variables are bounded on the left by zero.
A zero in a set of data that is being logarithmically
transformed requires special handling. One solution is
to add a small constant to all of the observations.
Another method is to analyze the nonzero values and
then adjust the relation to the full period of record.
This method biases the results as the zeros are essen-
tially ignored. A third and theoretically more sound

method is to use the theorem of total probability
prob( X > x) = prob( X > x| X = 0)prob( X = 0)
+ prob( X > x| X # 0)prob( X # 0).

Since prob(X > x| X = 0) is zero, the relationship re-
duces to

prob( X > x) = prob( X # 0)prob( X > x| X # 0).

In this relationship prob(X # 0) would be estimated by
the fraction of nonzero values and the prob(X >
x| X # 0) would be estimated by a standard analysis of
the nonzero values with the sample size taken as equal
to the number of nonzero values. This relation can be
written as a function of cumulative distributions,

1= Py(x) = k[1 - P§(x)]
or
Py(x) =1 -k + kP¥(x), (2.44)

where P,(x) is the cumulative probability distribution
of all X (prob(X < x|X > 0)), k is the probability X is
not zero, and P;(x) is the cdf of the nonzero values of
X (i.e., prob(X < x| X # 0). This type of mixed distri-
bution with a finite probability that X = 0 and a con-
tinuous distribution of probability for X > 0 has been
shown by Jennings and Benson (1969) to be applicable
for flow frequencies with zeros present.

Equation (2.44) can be used to estimate the magni-
tude of an event with a return period T by solving first
for P§(x) and then using the inverse transformation of
P¥(x) to obtain the value of X. For example the
10-year event (Py(x) = 0.90) with k = 0.95 is found to
be the value of X satisfying
pe Py(x)—1+k 090-1+0.95 0.89

x(x) k 0.95 e
To determine the corresponding value for X, this
equation must be solved for X based on a probability
plot or the assumed probability distribution. Note that
it is possible to generate negative estimates for Py(x)
from Eq. (2.44). For example, if k = 0.50 and Py(x) =
0.05, the estimate for P¥(x) is

0.05 -1+ 0.50
0.5 B

This merely means that the value of X corresponding
to Py(x) is zero.

P(x) =

Outliers

Occasionally, a systematic record of peak flows may
contain one or more observations that deviate greatly,
either high or low, from the rest of the data. For
example, it is entirely possible that a 100-year event is
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contained in 10 years of record. If this is the case,
assigning a normal plotting position of 1/11 to this
value would not be reflective of its true return period.
Bulletin 17B suggests that outliers can be identified
from

Xy=X+K,Sy

_ (2.45)
X, =X-K,Sy,

where X and X, are threshold values for high and
low outliers and K, can be approximated from

K, = 1.055 + 0.981log,, 1, (2.46)

where n is the number of observations.

If a peak in the record exceeds X|; and historical
information of the type discussed earlier is available
regarding that peak, it should be removed from the
systematic record and treated as historical observation
as discussed under Historical Data. If historical infor-
mation on the flow is not available, it should be re-
tained as a part of the systematic data.

If a flow is less than X, that value should be
deleted from the record and conditional probability
procedures as explained in the section Treatment of
Zeros should be employed.

More detail on the treatment of outliers is contained
in Bulletin 17B. Equation (2.46) is an approximation
for a table in Bulletin 17B. For 10 < n < 149, the
maximum error in the equation is less than 2.5% and
averages about 1%.

DISCUSSION OF FLOOD FREQUENCY
DETERMINATIONS

The foundation of any frequency analysis is the
procedure described under Case I where a particular
probability distribution is selected for describing a set
of data. The parameters of this distribution are esti-
mated, and the magnitude of events for various return
periods are calculated. Methods for plotting the ob-
served data on probability paper and for constructing
the best fitting line according to the selected distribu-
tion have also been discussed.

At this point, it should be clear that there is nothing
inherently hydrologic about frequency analysis proce-
dures. They are simply statistical techniques that oper-
ate on numbers. The fact that the numbers being used
are peak flows is of no concern to the technique. It
should be of great concern to the analyst, however.

Statistical frequency analysis simply attempts to ex-
tract information about the probabilistic behavior of a
set of numbers from the numbers themselves. In hydro-
logic frequency analysis, this probabilistic behavior is

then generally extrapolated by the analyst to frequen-
cies of occurrence well beyond that contained in the
original set of numbers. From these extrapolations, the
flows having return periods of 25, 50, 100, or even 500
years are determined. The straightforward application
of hydrologic frequency analysis as generally employed
uses no or very little hydrologic knowledge. In actual-
ity, rare flows are determined by the hydrologic condi-
tions that exist at the time of these flows and not by the
statistical behavior of a sample of maximum peak flows
that may have occurred some time in the past. Resolv-
ing the apparent conflict between these statements is
what separates the hydrologist from the statistician.

Statistics are descriptive of a set of observed data.
Statistics do not define a cause and effect relationship
or a physical relationship. Any conclusion drawn on
the basis of a statistical frequency analysis assumes that
the sample of data on hand is representative of a wider
range of data known as the population. In hydrologic
terms, this means that if we have a sample of 15 years
or so of observed annual maximum peak flows and use
these data to estimate the 100-year flood, we are
assuming that the hydrologic behavior of the basin
during the 100-year flood is somehow imprinted in the
15 years of observed data and that the statistical tech-
nique being used can uncover this imprint and use it.
To determine if this is truly the case, the hydrology of
the basin must be examined. Some of the questions
that must be answered are:

a. Is the type of storm that is likely to produce the
100-year flow represented in the observed sample?

b. Is the contributing area of the basin the same for
extreme floods as it is for small ones?

c. Are there ponds and reservoirs that may discharge
at high rates during rare floods and not during
smaller flows? What is the possibility of a dam or
levee breach and what would be the resulting flow?

d. Are the channel flow and storage characteristics the
same for extreme flows as they are for smaller
flows?

e. Are land-use and soil characteristics such that flows
from rare storms may relate to precipitation in a
manner different from more common storms?

f. Are there seasonal effects such that rare floods are
more likely to occur in a different season than the
more common floods?

g. Is the rare flood represented in the sample of data?
If so, how is it treated? Is it assigned a return period
of 15 years where in fact its return period may be
much greater than that?

h. Are there changes going on within the basin that
may cause change in the hydrologic response of the
basin to rainstorms?
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These last few paragraphs paint a discouraging pic-
ture for flood frequency analysis. That need not be the
case as long as one does not discard hydrologic knowl-
edge in the process. Often the questions posed can be
answered in such a way as to make the statistical
analysis valid. At other times, when problems with the
statistical procedures are recognized, adjustments can
be made in the resulting flow estimates to more accu-
rately reflect the hydrology of the situation.

Hydrologic frequency analysis should be used as an
aid in estimating rare floods. Sometimes the estimates
made on the basis of the statistical frequency analysis
can be taken as the final estimate. Sometimes the
statistical estimate may need to be adjusted to better
reflect the hydrology of the situation.

It should be kept in mind that other hydrologic
estimation techniques suffer from some of the same
difficulties as do the statistical techniques. For example
if a hydrologic model is being employed, the parame-
ters of the model must be estimated in some way. This
is generally done on the basis of observed data from
the basin in question, from observed data from a
similar basin, or from so-called physical relationships
such as Manning’s equation, infiltration parameters,
etc., and a set of accompanying tables. Regardless of
how the parameters are estimated, the same type of
questions regarding these estimates and the nature
of the hydrologic model itself must be answered as
outlined above for frequency analysis estimates. We
cannot substitute mathematical and empirical relation-
ships for hydrologic knowledge any more than we can
substitute statistics for hydrologic knowledge.

Based on these last few paragraphs, one might con-
clude that the magnitude of rare events should not be
estimated since the estimates may be so uncertain.
Generally, however, this is not one of the options
available. An estimate must be made. Hydrology must
not be ignored in making this estimate. Statistical,
modeling, and/or empirical flow estimates should be
made and then adjusted, if required, to reflect the
hydrologic situation. This is not to say a factor of safety
is to be applied. Adjustments should be based on
hydrology, not rules of thumb.

Example Problem 2.4. Flow probabilities

If we assume the data on peak discharge for Rose Creek
(Table 2.11) can be described by a normal distribution, in any
year what is the:

. Prob(Q,, > 1200 cfs),

. prob(Q,, < 1200 cfs),

return period for a flow of 1200 cfs,
. magnitude of a 20-year flood, and
prob(800 < Q, < 1000)?

cao0 o

Table 2.11 Peak Discharge Data: Rose Creek
at Nebo, Kentucky

Discharge Discharge
Year (cfs) Year (cfs)
1952 624 1962 730
1953 722 1963 680
1954 358 1964 800
1955 500 1965 622
1956 884 1966 571
1957 689 1967 350
1958 1230 1968 920
1959 1000 1969 1240
1960 900 1970 818
1961 860

Solution:
Calculation of sums and means

3Q, = 14498 T(lnQ,)’ = 825.92
302 = 1.2131 x 107

3lnQ, = 125.11

3(inQ,)’ = 5466.13

0,=320,/n =763 cfs

1200—@,,)

a.  prob(Q, > 1200 cfs) = prob(Z > 5
Q

202 — nQ?
eV T

\/ 1.2131 x 107 — 19(763)?
- - -

244

1200 — 763
prob(Q, > 1200) = prob(Z > ————)

244
= prob(Z > 1.79).

From the table of the standard normal distribution in Ap-
pendix 2A the prob(Z > 1.79) is found to be 0.037. There-
fore, the desired probability is

prob( Q, > 1200) = 0.037

b. prob(Q, < 1200) = 1 — prob( Q, > 1200)
=1-0.037 = 0.963
c. T =1/p = 1/prob(Q, > 1200)
= 1/0.037 = 27 years
d. T = 20; therefore p = 1/T = 0.05

prob(Q, > Q) = 0.05
prob(Q, < Q) = 0.95
prob(Q, < Q) = prob(Z < Z) = 0.95
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from the standard normal distribution (See Appendix 2A)

Z, = 1.645

Q0% _ | s,
So

From part a, S, = 244 and Q, = 763.
Q20 = ZSp + O, = 1.645(244) + 763 = 1164 cfs.

e. prob(800 < Q, < 1000)

800 — 0 1000 - Q
Q°<Z< i
So So

= prob

= prob(0.15 < Z < 0.97)
= prob(Z < 0.97) — prob(Z < 0.15)
= 0.8334 — 0.5596 = 0.274.

Example Problem 2.2. Frequency analysis

Using the Rose Creek data in Table 2.11,

a. Plot the data on lognormal probability paper.
b. Draw in the best fitting line according to the
(i) lognormal distribution
(ii) extreme value type I distribution
(iii) log Pearson type III distribution.
c. Estimate the 100-year flood using the
(i) lognormal distribution
(ii) extreme value type I distribution
(iii) log Pearson type III distribution.

Solution:

a. From Eq. (2.8), the plotting position is given by
m/(n + 1), where m is rank and n = 19, the number of data
values (p = m/20).

m o p m o p
1 1240 0.05 1 722 0.55
21230 0.10 12 689 0.60
31000 0.15 13 680 0.65
4 920 0.20 14 624 0.70
5 900 0.25 15 622 0.75
6 884 0.30 16 571 0.80
7 860 0.35 17 500 0.85
8 818 0.40 18 358 0.90
9 800 0.45 19 350 0.95

10 730 0.50

A plot of Q versus p on lognormal paper is shown in Fig.
2.15.

b.
_ 30, 14498
&= =g "
3Q? - nQ}
So = n-—1
\/ 1.2131 X 107 — 19(763)°
- - -
c -2 _ 2 _
=3 =7 ="

To draw the best fitting lines, calculate several points from
Or= ép(l + CVKT)'
Lognormal (K; from Table 2.5):

Return period
T 2 5 20
K, -0.15 0.75 1.85
0r 726 946 1215

Plot O, versus 1/T. Since lognormal probability paper is
used, the resulting plot should be a straight line.

Extreme value type I (n = 20 was used in determining K,
from Table 2.6):

T 5 10 15 20 25 50

K, 0.919 1.625 2.023 2.302 2.517 3.179
0r 987 1159 1256 1325 1378 1539

Plot Q versus 1/T. The plot is not necessarily a straight line
since lognormal paper, not EVI paper, is being used. Note
that the LN and EVI produce results that are close to each
other. The EVI and the LN are nearly identical if the
coefficient of skew of the data is 1.139. For these data,

30} - 3n3Q,302 + 2(30,)°
s- n(n — 1)(n — )83

(19)21.0954 x 10'® — 3(19)(14498)1.2131 x 107 + 2(14498)°
- 19(18)(17)(244)°

= 0.29.
On the basis of the coefficient of skew, the two distributions
are expected to differ. This difference will start to show up in
the estimation of Q,,. The fact that the coefficient of skew
for the extreme value type I is a constant 1.139 suggests the
EVI may not be a good descriptor of this data.

Similarly for the LN, y and C,, are related by

y=3C,+C;.

Substituting C,, = 0.32 into this relationship results in an
estimate for y of 0.99 compared to the calculated 0.29. This
deviates from the requirements for the LN to some extent
but not as severely as for the EVI.
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T (years) . .
50 20 10 5 2 1.11 K is determined from Table 2.7.
3000 ——rjrrrrrTEWETRTTTTTTTTT T
T 2 5 10 25 50
EV1
2000 | d
LP3 K; 0.008 0.844 1.276 1.730 2.027
Y, 6.587 6.873 7.021 7.186 7.278
~ or 726 966 1120 1310 1448
(]
‘c 1000
~ 900
z 800} . .
o 700 Qr is plotted against 1/7. The LP3 results and the LN
L gsp0 results are very close to each other. Note that the skewness
800 of the logarithms is —0.058 or close to zero. The skewness of
the logarithms for a LN distribution is zero since the loga-
400 rithms of the values are normally distributed and the normal
° o distribution has zero skew.
300 1 . Q,q is estimated in the same manner as the points on
the straight line were calculated. The results are:
200 2 2 bassalassnnaadassalensassass lassasas aalasaal Liasal s o

10 20 30 50 70 80 90 983 98
Probability (%)
Figure 2.45 Frequency plot for Problem 2.2.

Log Pearson type III:
To draw the best fitting straight line, calculate

Q7 = exp(Y7),

where
Yr=InQ, + Sino Kr-
Based on results in Example Problem 2.1,

SihQ, 12511

585
n 19

g,

2

\/z(m 0,)° - n(InQ;)
San,, =

n-1

0.34.

‘/ 825.92 — 19(6.585)

18

LN EVI LP3

Q100 1502 1699 1584

Note that the LN and the EVI differ by nearly 200 cfs, while
the LN and LP3 differ by only 83 cfs.

A good choice for the best estimate of Qo would be
around 1550 cfs for this stream. If designing a facility on the
basis of a 100-year return period and failure of the facility to
properly handle the design flow were serious (high economic
loss or loss of life), the more conservative estimate of around
1700 cfs could be used.

Example Problem 2.3. Regional analysis

It is desired to estimate the 50-year flood on a 4 mile?
watershed. No streamflow data on the watershed are avail-
able. The investigator has collected flow data on six nearby
streams. An analysis of the flood frequency relationship is
shown in the following table. Use these data and a regional
flood frequency approach to estimate the 50-year flows on
the 4 mile? watershed.

The C, of the logarithms is 0.34/6.585 or 0.052 indicating
that the logarithms are nearly symmetrically distributed. K
is a function of C5 of InQ,. Let Y =InQ:

n?3Y? - 3n3Y3Y? + 2(3Y)°

Cs = = —0.058.
5 n(n —1)(n - 2)S;

Stream
A B C D E F
Qs 52000 26000 6400 1,800 8300 4,000
(2 34,000 15,000 4,600 1,400 6,400 2,950
010 24000 9200 3,400 1,150 5100 2,200
Qs 15,000 5,100 2,400 860 3,800 1,580
o, 6,300 1,640 1,200 520 2,600 810
0 1700 295 420 240 960 300
Area(mile?) 20 5 3 1 7 2




Discussion of Flood Frequency Determinations

33

Solution:
First develop a plot of Q;/Q, versus T. Use Q,
for Q).

Watershed
A B C D E F
Qs0/0, 8.25 15.85 5.33 3.46 3.19 494
0,0/0, 5.40 9.15 3.83 2.69 2.46 3.64
0,0/2, 3.81 5.61 2.83 2.21 1.96 2.72
0,/0, 2.38 3.11 2.00 1.65 1.46 1.95
0,/0, 1.00 1.00 1.00 1.00 1.00 1.00

0,0, 027 0.18 035 0.46 037 037

Next plot O/0Q, versus T and draw a smooth line connect-
ing the median of the data (Fig. 2.16). It appears as though
watershed B does not fit the other watersheds, so it is not
used in computing this median. Plot Q, versus watershed
area (Fig. 2.17). Use this relationship to determine the index
flood (Q,). From this information for a 4 mile? watershed,
Q, is estimated as 1500 cfs. The ratio Qs,/Q, is 5. There-
fore,

Q50=9Q2xgz=5x1500=7500.
2

The estimated 50-year flow is 7500 cfs.

Example Problem 2.4. Weighted skew coefficient

Data from a stream near St. Louis, Missouri, yielded the
following statistics based on the natural logarithms of the
flow. Note that Y is equal to the log of the peak flow
(Y=InQ,).

Y=17313, C,=-0.108
Sy = 0.250, N =125.
Estimate the 100-year peak flow based on the log Pearson
type III distribution using the weighting procedure on the
generalized and data derived skews.
Solution:

A weighted skew coefficient based on Eq. (2.27) is calcu-
lated. From Fig. 2.10,

G=-04.
The mean square error for Fig. 2.10 is
MSEg = 0.302.
The data derived estimate for the skew is

G = -0.108.

20 .

Regional Flood Curve o

Ratio Q,/Q,
°
T
L

A A A
1.11 5 10 50
Return Period (yrs)
Figure 2.16 Regional flood frequency curve for Problem 2.3.

8000

3000 |

Q, (cfs)

1000

400 . L
1 3 10 30

Area (mlz)

Figure 2.17 (Q,—Area relationship for Problem 2.3.

From Eq. (2.28) and (2.29),
MSE; = antilog,,[ A — B log,,(N/10)]

A= —033+0.08/G| = —0.33 + 0.08(0.108) = —0.321
B =0.94 — 0.26/G| = 0.94 ~ 0.26(0.108) = 0.912
MSE; = antilog o[ —0.321 — 0.912log,,(25,/10)] = 0.207

From eq. (2.27)
MSEz(G) + MSE;(G)
W~ T MSEg + MSE,
0.302( —0.108) + 0.207( —0.4)

0.302 + 0.207

From Table 2.7 using a skew of —0.227, K,,, is inter-
polated as

= —0.227.

2178 = K,y  —0.2 + 0.227
2178 - 2029  —02+ 04
K = 2.158

Yo =Y + SyK; = 7.313 + 0.25(2.158) = 7.853
Qoo = €783 = 2573 cfs.
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Example Problem 2.5. Historical flow data

Assume that in 1923 a peak flow of 1800 cfs was estimated
for Rose Creek at Nebo, Kentucky. Estimate the 100-year
flow according to the log Pearson type III distribution.

Solution:

Equations (2.39) through (2.43) are used to adjust the
observed flow data for the historical observation. H =
1961-1923 = 48 yrs.

Based on data from Example Problem 2.1 and Eq. (2.41),

v WY +3Y, 2.47x125.11 + In 1800

= = 6.594.
g H 48

Equation (2.42) gives
o WEY -Y) 3, - v
. H-1
S(Y-Y,) =3(InQ, - 6.594)° = 2.145

S(Y-Y,) =3(InQ, - 6.59%)" = —0.486

g2 _ 247(2:145) + (In1800 6.594)’

2 - =0.132
S, = 0.363
o - H lWZ(Y—Y,,)~‘+z(YZ-Y,,)-‘]
M (H-1)(H-2) s
48 | 2.47(—0.486) + (In 1800 — 6.594)"
" (N (0363)’ ]
= -0.217.

From Egs. (2.25) and (2.26) and Table 2.7 with K, = 2.165
Yo=Y, + S, K4 = 6.594 + 0.363(2.165) = 7.380
Qi = € = 1603 cfs.

Problems

(2.1) Using a hand calculator, determine the mean,
standard deviation, coefficient of variation, and skew-
ness of the following data:

20, 45, 13, 80, 12, 30, 18, 22, 17, 32, 22.

(2.2) Using a calculator and tables in the text, esti-
mate the 20-year peak flow based on the lognormal
and extreme value type I distribution for the data of
Problem 1 assuming the data are annual peak flows.

(2.3) Using a calculator and tables in the text, esti-
mate the 25-year peak flow based on the log Pearson

type III distribution for the data of Problem 2.1 assum-
ing the data are annual peak flows.

(2.4) The data given below are annual peak flows for
the period 1936 through 1971 for the Chikaskia River
near Blackwell, Oklahoma.

a. Plot the data on lognormal probability paper.

b. Plot the estimated flood frequency curve for
return periods of 2 through 100 years based on the
lognormal, extreme value type I and log Pearson

type III distributions on the same graph as part a.

¢. Which distribution gives the best estimate of
the flood frequency relationship for this location?

d. What is the magnitude of the 100-year peak
flow for this location?

Flow (cfs)
10,800 35,800 3,120 15,500
12,900 6,200 39,300 8,460
26,800 31,000 14,600 64,000
8,340 23,100 55,000 1,200
6,040 13,300 9,050 5,650
8,820 8,070 20,000 31,000
85,000 53,000 48,000 26,000
12,200 8,130 36,500 45,200
82,000 7,280 27,000 5,350

(2.5) Should the value of 1200 cfs in the data of
Problem 2.4 be considered an outlier?

(2.6) It was established through interviews of local
residents that in 1923 a flood with an estimated peak
flow of 100,000 cfs occurred on the stream of Problem
2.4. Based on the log Pearson type III distribution,
estimate the magnitude of the 100-year peak flow in-
corporating this additional information in the estimate.

(2.7) The following data represent the gage height
and annual peak discharge for the streamgaging station
on the Arkansas River at Ralston, Oklahoma. These
gage heights are in feet, and the discharges are in cfs.
The period of record is 1923 through 1971. Based on
this data:

a. plot discharge versus stage,

b. develop an equation that fits the plot of
part a,

c. plot the discharge data on lognormal probabil-
ity paper,

d. plot a log Pearson type III distribution for the
discharge data on the plot of part c.

e. A local resident claims that in the early 1900’s a
flood that would correspond to a stage of 30 ft
occurred at this location. Estimate the return period
of the flow associated with this reported event.
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Stage Discharge Stage Discharge
23.0 200,000 18.50 114,000
11.8 42,000 14.93 70,200

6.4 11,300 15.30 70,700
10.4 32,400 17.60 92,800
18.7 108,000 21.45 135,000
15.0 73,000 10.48 25,800
15.3 76,500 8.80 17,500
12.1 47,800 9.07 18,700

9.5 28,200 12.71 36,300
10.6 33,700 14.64 49,200

9.3 25,700 21.41 120,000

6.4 11,700 14.86 56,800
16.0 77,800 14.65 54,800

9.9 26,600 21.62 158,000
13.0 47,500 21.22 165,000
16.44 75,600 17.83 103,000

8.48 19,200 8.76 19,700
10.26 27,800 9.00 21,100
13.59 51,000 22.60 171,000
18.54 94,000 6.74 10,400
18.12 97,200 12.54 42,000
22.82 179,000 14.10 52,800
19.55 124,000 16.42 77,000
19.48 110,000 18.33 101,000

8.14 17,100

(2.8) Blackwell, Oklahoma, is in north central Okla-
homa. Figure 2.10 indicates a generalized skew coeffi-
cient of —0.2 for this area. Determine a weighted skew
coefficient on the basis of the generalized value and
the value calculated for Problem 2.4. How much does
this affect the estimate for 100-year peak flow? Would
you prefer an estimate based on the skew coeflicient
determined only from the data, only from Fig. 2.10, or
a combination? Why?

(2.9) Calculate the 90% confidence intervals for the
log Pearson type Il flood frequency curve of Problem
2.1. Plot the data, the log Pearson frequency curve, and
the confidence intervals on lognormal probability pa-
per.

(2.10) Repeat Problem 2.9 using the data of Prob-
lem 2.7.

(2.11) The following data are for Black Bear Creek
at Pawnee, Oklahoma, for the period 1943 to 1971.
This stream and the streams of Problems 2.4 and 2.7
are in the same general region of Oklahoma. The
drainage areas are 576, 1859, and 46,850 mile? for
Black Bear Creek, Chikaskia River, and the Arkansas

River, respectively. Develop a regional flood frequency
relationship relating Q;/Q, to drainage area based on
these three streams. Use T ranging up to 100 years.

17,800 4,280 3,880 2,520
17,500 4,790 6,890 4,100
4,900 2,610 30,200 1,780
9,390 2,810 15,400 3,040
4,890 8,720 8,880 4,440
4,790 5,430 3,620 3,490
3,830 12,200 2,250 3,050

(2.12) The following data are for the Salt Fork
Arkansas River near Cherokee, Oklahoma, for the
period of 1941 to 1950. The drainage area is 2439
mile?. On the basis of these data and the regional
relationship developed for Problem 2.11, estimate the
100-year flow at this location. (Note: In practice con-
siderably more data should be used to develop a re-
gional frequency curve.)

4,680 14,000 23,300
35,000 5,760 32,300
10,300 13,800 9,380
14,800

(2.13) The following data are for the Cimarron River
running through Oklahoma. On the basis of these data,
estimate the 2-, 5-, 10-, 25-, 50-, and 100-year flows at
points where the drainage area is 2050 mile?.

Area (mile?) 0, Qs Qo 055 Q5o Qi
1,038 7,830 17,800 27,000 42,100 55,800 71,600
1.879 8,880 20,000 31,700 53,300

(2.14) An analysis of 56 years of data indicated that
the probability of a flood peak exceeding 1500 cfs was
0.02. During a 10-year period two such peaks occurred.
If the original estimate of exceedance probability was
correct, what is the probability of getting two such
exceedances in 10 years?

(2.15) Forty-five years of peak flow data are avail-
able from an annual data series. Six of the values are
zero. The remaining 39 values have a mean of 2150 cfs
and a standard deviation of 1200 cfs and follow a
lognormal distribution.

a. What is the probability of a peak flow exceed-
ing 2750 cfs?
b. Estimate the 20-year peak flow.
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(2.16) A project is designed on the basis of a 25-year
return period peak flow.

a. What is the probability that the design will be
exceeded during the first year?

b. What is the probability that the design will be
exceeded (at least once) during the first 10 years?

c. What is the probability that the design will be
exceeded (at least once) during the second 10 years?

d. What is the probability that the design will be
exceeded (at least once) during the first 20 years?

e. What is the probability that the design will be
exceeded exactly once during the first 10 years?
(2.17) What design return period should be used to

ensure 2 95% chance that a design will not be ex-
ceeded in (a) 10 years, (b) 25 years, (c) 50 years, and
(d) 100 years?

(2.18) Repeat Problem 2.17 using a 50% chance.

(2.19) What design return period should be used to
be 90% confident of no more than one exceedance in a
10-year period?

(2.20) Starting at 0 and using class intervals of 40,000
cfs, plot a frequency histogram of the flow data in
Problem 2.7. Superimpose on the frequency histogram
a lognormal distribution. Does the lognormal appear to
be a good approximation for the histogram?

(2.21) A flood detention structure has its spillway
designed on the basis of an estimated 1000-year flood.
What is the probability that the design flow will be
exceeded in a (a) 10-year period, (b) 50-year period,
(c) 100-year period or (d) 1000-year period?

(2.22) Why do you think it is common to perform
flood frequency analysis on the logarithm of peak flows
rather than the peak flows themselves?

(2.23) What is the difference between an annual
series of peak flows and a partial duration series?

(2.24) What is the reason for using regional informa-
tion on the flood peak skewness coefficient rather than
an estimate based strictly on observed data?

(2.25) What assumptions are made in applying flood
frequency analysis techniques to estimate design flows?

(2.26) For a normal distribution with a mean of 25
and a variance of 400:

a. What is the probability of exceeding 35?

b. What is the probability of a value less
than 30?

c. What is the probability of a negative value?

d. What value has a 1% chance of being ex-
ceeded?

(2.27) Discuss when a regional analysis would be
beneficial to a frequency analysis?

(2.28) Define the 50-year flood.

(2.29) What is the difference between analytical and
graphical flood frequency analysis? Describe the ad-
vantages and disadvantages of each.
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Rainfall-Runoff Estimation
in Storm Water Computations

A hydrologist has an obligation to make the best hydro-
logic estimates possible, commensurate with the cost
and scope of a particular water management problem.
Hydrologic calculations are estimates, with the error in
these estimates increasing as the degree of approxima-
tion increases or as the estimation procedure is applied
beyond the range of conditions for which it is intended.
The hydrologist must determine if the scope, cost, or
importance of a particular project justifies collecting
more data and using less approximate methods or
whether less precise techniques can be applied. The
hydrologist must make the best possible hydrologic
estimate and then proceed on that basis. Hydrologists
should constantly check back on the projects they have
completed to determine the adequacy of the proce-
dures they have used. Needed changes can then be
incorporated in the estimation technique that is used.

The empirical and approximate nature of hydrologic
estimation methods has led to the development and
use of a great number of procedures for estimating
runoff, whether it be peak flows, runoff volumes, or
complete hydrographs. It is difficult to say that one
method is absolutely better than another method or
that there is a best method. One can talk of a simple
method, but not necessarily of a best method. What is
best in one location may produce poor estimates in
another location. What is required to evaluate the
adequacy of a hydrologic procedure is actual hydro-

logic data. There is no substitute for real, locally appli-
cable data.

Methods for estimating hydrologic quantities such as
streamflow range from the relatively simple and widely
used Rational Equation to complex, computer simula-
tion methods. The widespread availability of computers
means that one can employ more detailed and tedious
methods than were formerly feasible. Again, the
method selected should be able to provide the informa-
tion needed to design the system in question. If the
design involves a small drain pipe or culvert, possibly
all that is required is an estimate of the maximum flow
the facility will be called upon to carry. If the design
involves storage and delay of the runoff, a complete
runoff hydrograph for the storm may be required. If
the storage facility is large and will not empty to
“permanent pool” elevation between storms, then pos-
sibly a continuous simulation of flow will be required.

Recent interest in water quality, especially ground
water quality, has made it even more important to
accurately model actual flow paths. The quality of
water in various phases of the hydrologic cycle is de-
pendent on the flow paths taken and materials the
water has come in contact with. Simply modeling
ground water as a lumped storage or even treating all
ground water flow as Darcian in nature can be mislead-
ing in terms of water quality. Non-Darcian flow or
large-pore (macropore) flow or flow in subsurface
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cracks and channels is known to exist and generally
occurs at flow rates several orders of magnitude larger
than Darcian flow. Thus, transported pollutants may
move into and within ground water systems much
quicker than anticipated based on a strictly Darcian
analysis. This is just one example of why it is necessary
to match procedures used in hydrologic analysis with
the purpose of the analysis.

HYDROLOGIC CYCLE

The concepts of the hydrologic cycle are well known
and covered by many excellent texts on the subject.
The treatment of hydrology in this chapter is largely
limited to those parts of the hydrologic cycle of major
importance in storm water management. This means
that primary emphasis will be placed on precipitation,
abstractions from precipitation, and the runoff process.
Such things as vegetal interception of precipitation,
evaporation, transpiration, and soil water movement
will be covered in less detail. Ground water is covered
in a separate chapter. These latter parts of the hydro-
logic cycle are of extreme importance when one is
attempting to continuously simulate streamflow. The
emphasis in this chapter is on the analysis of single
events.

Figure 3.1 depicts a portion of a watershed during a
precipitation event. Shown in this figure are the pro-
cesses of rainfall, interception, evaporation, transpira-
tion, infiltration, percolation, ground water flow, over-
land flow, subsurface flow, surface storage, detention
storage, and channel precipitation. All of these pro-
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Figure 3.1 Hydrologic diagram.

cesses have a role to play in hydrology; however, pre-
cipitation, infiltration, overland flow, surface storage,
detention storage, and of course streamflow are of
major importance in storm water hydrology.

The most basic equation in hydrology is the continu-
ity equation, which states that over any time interval
and for any hydrologic system the difference in the
volume of water entering the system, /, and leaving the
system, O, must equal the change in the volume of
water stored in the system, S:

I -0 =AS. (3.1)
If the hydrologic system is a small catchment, the
inflow to the system would be precipitation. The out-
flow from the system would be streamflow, deep seep-
age, and evapotranspiration. Storage within the water-
shed would include soil water, ground water, ponds,
lakes, reservoirs, channel storage, surface storage, de-
tention storage, and interception.

For short time intervals (hours), evapotranspiration
and deep seepage can generally be ignored. For long
time intervals (weeks), surface storage, surface deten-
tion, and interception can often be ignored. In the
absence of ponds, lakes, or reservoirs, the hydrologic
equation is further simplified.

This chapter primarily addresses hydrologic prob-
lems that require a time scale of hours. Storm water
computations are the major concern. Methods for esti-
mating storm rainfall amounts, intensities, and time
distributions are presented. Also presented are meth-
ods for estimating runoff peak flows, volumes, and
hydrographs from storm rainfall. This type of hydrol-
ogy is generally thought of as event-based hydrology.
An overwhelming majority of storm water and erosion
control facilities are designed on the basis of single
events or single rainstorms of a given frequency. For
this reason, event-based hydrology is emphasized in
this chapter. Possibly the two most important factors
determining the runoff hydrograph from a small catch-
ment for a given volume of rainfall are the time distri-
bution of the rainfall and the infiltration characteristics
of the catchment. A major part of this chapter is
devoted to these two considerations. The third impor-
tant factor in hydrograph development, which also
receives considerable attention, is the routing of a
rainfall excess from the point of its generation to the
catchment outlet.

Also covered in the last major section of the chapter
but to a lesser degree are methods for computing
hydrologic balances on ponds or subareas within water-
sheds. Such calculations are useful for sizing ponds,
estimating the volume of waste water that can be
disposed of via irrigation of vegetated plots, estimating
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the volume of water that might be required to maintain
a preset water level in a pond, and other problems
where long-term (weeks) hydrologic balances are of
concern. Chapter 13 deals with continuous simulation
models or models for simulating continuous records of
runoff including storm water runoff as well as runoff
that occurs between rainstorms.

PRECIPITATION

The starting point for most storm water management
studies is a consideration of precipitation. Our concern
is limited to precipitation in the form of rainfall. It will
be further limited to storm rainfall. Rainfall data are
much more widely available than streamflow data and
much less affected by land-use changes. In the U.S.,
the National Weather Service maintains a system of
raingages and has an extensive system of publications
for disseminating the data collected. The network of
gages consists of both recording and nonrecording
gages. The nonrecording or standard gages are used
primarily for 24-hr rainfall. The recording gages pro-
vide a complete time-intensity history of rainfall events.
For small watershed storm water studies, relatively
short duration but high-intensity rainfalls are of ex-
treme importance. Thus, data derived from recording
raingages are generally required.

Mean Area Precipitation

If one is attempting to reconstruct a historical rain-
fall on a watershed, interest may exist in methods for
estimating the average rainfall on the watershed. The
three most common methods for computing average
watershed rainfall are the arithmetic mean, the
Thiessen polygon method, and the isohyetal method.
These methods are illustrated in Fig. 3.2. All of the
methods compute the average watershed rainfall as a
weighted average of nearby raingages. The equation
used is

R =3WR,/3W, (32)

where R is the average watershed rainfall, W, is the
weighting factor, and R, is the ith rainfall amount.
The arithmetic mean, or station average method, is
the easiest but least accurate of the three methods.
The arithmetic average is the average of all applicable
raingages. Thus, the weighting factors for Eq. (3.2) are
all unity, and account of factors such as the placement
of the gage with respect to the catchment boundaries is
not taken. A gage central in the catchment gets the
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Figure 3.2 Estimating area depth of precipitation.

same weight as one on the boundary or outside the
catchment.

The Thiessen method is second in ease of applica-
tion and accuracy. The Thiessen method weighting
factor is the area of the watershed nearest to the
particular gage. This area is determined by drawing
polygons whose sides are the perpendicular bisectors of
lines connecting the gages. The Thiessen method has
the advantage that as long as the same raingages are
used, the weighting factors remain the same for each
rainstorm. Thus, many storms can be analyzed without
recalculating the weighting factors.

The isohyetal method weighting factor is the area of
the watershed enclosed between adjacent isohyetes
(lines of constant rainfall). Isohyetal lines are drawn on
a watershed in the same manner as topographic lines
are drawn on a topographical map except rain depth
rather than elevation is the controlling variable. With
the isohyetal method, R; in Eq. (3.2) is the average
rainfall depth associated with the weighting factor W,
and is generally taken as the average of the two enclos-
ing isohyetal lines. Exceptions to this are along water-
shed boundaries. The accuracy of this method is better
than the previous two methods; however, the amount
of work is greater. The isohyetal map, and conse-
quently the weighting factors, must be determined for
each rainstorm.

Example Problem 3.1 Mean Areal Rainfall

Compute the mean areal rainfall for the situation depicted
in Fig. 3.2.

Solution: Table 3.1 shows the calculations that are in-
volved. The weighting factors shown in the table are the
areas enclosed by the isohyetal lines or Thiessen polygons.
The total area is 175 mile2.



40

3. Rainfall-Runoff Estimation in Storm Water Computations

Table 3.1 Calculation of Mean Annual Rainfall in Inches
and Square Miles

Arithmetic average
R,=(2.30+2.90 +2.80 + 3.25 + 2.75 + 1.50)/6 = 2.58 in.

R; W, RW,

1 1

Thiessen polygon

23 0 0
29 48 139.2
2.8 27 75.6
3.25 21 68.3 R, =479.1/175
2.75 62 170.5 =2.74in.
1.5 17 255

Total 175 479.1

Isohyetal method
3.1 34 105.4
2.75 104 286.0 R,=471.1/175
2.25 29 65.3 =2.69 in.
1.8 8 14.4

Total 175 471.1

Comment: Simple visual inspection indicates that either the
Thiessen polygon or isohyetal estimate is superior to the
arithmetic average. If one were to sketch the 2.70-in. iso-
hyetal line representing approximately the average rainfall
based on either the Theissen polygon or isohyetal method, it
would traverse the basin in a manner approximating the
center of the catchment. The same cannot be said of the
arithmetic average 2.58-in. isohyetal line, which would only
catch the upper right part of the catchment.

Point Precipitation Patterns

Rainfall Depth—Duration-Frequency

Often interest exists in rainfalls that can be expected
in the future rather than what has happened in the
past. Historical rainfalls certainly guide us in estimat-
ing future rainfalls, but only on a probabilistic basis.
Many types of hydrologic analyses require estimates
of rainfall depths (or intensities) for certain durations
and frequencies of occurrence. Rainfall depth-
duration—-frequency (DDF) or intensity—duration-
frequency (IDF) data are generally available in the
form of tables, graphs, or maps on which isohyetal lines
are drawn. U.S. Weather Bureau TP 40 and similar
documents provide this information (Hershfield, 1961;
Frederick et al., 1977) in the form of maps for the U.S.

As discussed earlier, many hydrologic designs are
done on the basis of a selected frequency. This means
one must be able to determine rainfall depths for the
selected frequency. In specifying a rainfall, it is neces-
sary to specify the depth of the rainfall, the duration of
the rainfall, and the frequency of occurrence of the
rainfall. Alternatively, the intensity, duration, and fre-
quency can be specified since the intensity, i, duration,
T, and depth, D, are related by

D =iT. (3.3)
DDF information thus indicates how much rain is
expected, the duration or period of time over which the
rain occurs, and how frequently the rain can be ex-

pected. The DDF relationship for point rainfall has
been expressed by the general relationship

i=KF*/(T +b)", (3.4)
where F is frequency and K, b, x, and n are constants
for a particular location (Bernard, 1942). Values for K,
b, x, and n can be estimated by nonlinear regression if
IDF or DDF data are available. These coefficients
show considerable variation throughout the U.S.
Bernard presented some typical values for these con-
stants. Equation (3.4) is dimensional, and thus the
coefficient K depends on the dimensions of i.

In the U.S., the use of Eq. (3.4) has been largely
replaced by U.S. Weather Bureau TP 40 (Hershfield,
1961) and similar documents. TP 40 contains DDF
data for the U.S. for durations of 30 min to 24 hr and
frequencies of 1 to 100 years. A more recent publica-
tion (Frederick et al., 1977), HYDRO-35, gives DDF
data for the eastern U.S. for durations of 5 to 60 min
and frequencies to 100 years. HYDRO-35 has largely
superceded TP 40 for durations of 1 hr or less. Many
local drainage authorities, highway departments, water
resources agencies, etc., have prepared DDF data for
use in specific localities. Rainfall depths for 24-hr
durations and various frequencies for the U.S. can be
found in Appendix 3A. For the western U.S., reference
should be made to National Oceanic and Atmospheric
Administration (NOAA) Atlases as listed in the refer-
ences at the end of this chapter. These atlases give
detailed rainfall information reflective of the rapid
variability in the rainfall regime in the western U.S.
due to topographic effects.

The procedure used to develop TP 40 was to prepare
four key base maps showing the 2-year, 1-hr; 2-year,
24-hr; 100-year, 1-hr; and 100-year, 24-hr rainfalls.
Annual series data consisting of the maximum 60-min
and 24-hr rainfall depths converted to a partial dura-
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tion series were used. The 2-year rainfall amounts were
determined by plotting on log-log paper the return
period versus rainfall depth, drawing a smooth curve
through the data, and reading the 2-year value.

The 100-year depths were determined by using the
Extreme Value type I distribution for selected stations
with long rainfall records. The ratio of the 100- to
2-year depths was determined for these stations and a
map prepared showing this ratio. The 100-year rainfall
depths for the stations with short records were esti-
mated by the 100- to 2-year ratio.

Rainfall depths for other return periods were deter-
mined by plotting the 2- and 100-year depths on special
paper, connecting the points by a straight line, and
reading off the desired depths for other return periods.
The spacing along the return period scale of this spe-
cial paper was empirical from 1 to 10 years and theo-
retical based on the Extreme Value type 1 distribution
from 20 to 100 years.

Rainfall depths for durations other than 1 hr or
24 hr were obtained by plotting the 1- and 24-hr values
on a second special paper and connecting the points
with a straight line. This paper was obtained empiri-
cally from an analysis of records from 200 fist-order
U.S. Weather Bureau stations. The depth for the 30-
min duration was obtained by multiplying the 1-hr
value by 0.79.

Example Problem 3.2 IDF curves

The data tabulated below were obtained from TP 40 for
Stillwater, Oklahoma. Use these data to construct a smoothed
set of IDF curves.

Solution: The curves in Fig. 3.3 were plotted directly from
the TP 40 without any smoothing. The apparent roughness in
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Figure 3.3 Raw intensity—duration—frequency curves, Stillwater,
Oklahoma.
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Figure 3.4 Smoothed intensity—duration-frequency curves, Still-
water, Oklahoma, based on Eq. (3.4) with K = 1.75, x = 021, b =
0.12, and n = 0.80.

the curves is due to the difficulty of reading values from TP
40. Equation (3.4) was used as a smoothing relationship. The
coefficients K, b, x, and n were estimated by nonlinear
regression. Nonlinear regression programs are widely avail-
able for microcomputers. A program by Wilkinson (1987) was
used to estimate these coefficients for Stillwater, Oklahoma,
with the result that K = 1.75 if units are in inches, b = 0.12,
x = 0.21, and n = 0.80. Using these coefficients, the Stillwa-
ter data were smoothed and replotted in Fig. 3.4.

Intensity—Duration-Frequency Data for Stillwater, Oklahoma

T (hr)
F (years) 0.5 1 2 3 6 12 24
1 (iph)
| 2.20 1.45 0.85 0.62 0.33 0.22 0.13
2 2.90 1.80 1.07 0.75 045 0.27 0.16
5 3.70 2.35 1.37 1.05 0.60 0.36 0.21
10 4.40 2.75 1.63 1.20 0.71 0.42 0.24
25 5.10 3.20 1.90 1.42 0.83 0.49 0.28
50 5.80 3.60 2.15 1.58 0.92 0.55 0.32
100 6.50 4.10 2.40 1.77 1.10 0.62 0.36

Comment: These curves represent a consistant set of IDF
information for Stillwater, Oklahoma, that can be used for a
number of storm water design procedures. Figure 3.5 shows
how well Eq. (3.4) predicts rainfall intensities for Stillwater.
Such agreement makes it possible to replace the TP 40 maps
with Eq. (3.4) in computer programs if the coefficients for the
equation are known. Of course, the coefficients must be
estimated for each particular location to which the equation
is to be applied. One of the problems at the end of this
chapter suggests a method for estimating the coefficients of
Eg. (3.4) without using a nonlinear regression approach.
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Figure 3.5 Predicted versus observed rainfall intensities, Stillwa-
ter, Oklahoma.

Equation 3.4 can be used to extrapolate IDF curves
toward shorter durations, although in the U.S. the use
of HYDRO-35 is preferable where it applies. For
example, the 10-min, 10-year rainfall intensity for Still-
water (Example Problem 3.2) can be estimated as

1.75(10)**
l =
(10/60 + 0.12)

s = 7.71 iph.

IDF curves can be constructed for any locality in the
U.S. (and many other places as well). From the curves
one can easily determine the rainfall intensity (and
depth) associated with any duration and frequency.
Similar data for durations of up to 10 days are avail-
able (U.S. Department of Commerce, 1964), but these
longer duration storms are seldom used in small water-
shed storm water management work.

The determination of DDF or IDF curves from local
rainfall data requires several years of data. The fre-
quency analysis techniques of Chapter 2 can be used.
The probability distribution most often used is the
Extreme Value type 1 distribution. The data would
consist of the annual maximum rainfall depths for
various durations over the period of record. The data
for each duration would be analyzed separately and
plotted in the form of an IDF curve. Equation (3.4) or
a similar equation could then be used to smooth the
data to ensure consistency at a given duration for
various frequencies.
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Figure 3.6 Reduction factor for areal precipitation (Hershfield,
1961).

If only a short record of rainfall is available, it may
be desirable to use a partial duration series rather than
an annual series of data so that more than 1 data point
per year may be included in the analysis. The results of
a partial duration analysis can be converted to an
annual series by using the multiplying factors of 0.88,
0.96, and 0.99 for return periods of 2, 5, and 10 years
(Hershfield, 1961). For longer return periods, no ad-
justment is required.

From the discussion on the development of the data
used to produce TP 40, it should be apparent that the
data representing any particular frequency (any partic-
ular line in Fig. 3.4) are derived from not one, but a
possible multitude of rain storms. This fact should be
kept in mind when the development of temporal pat-
terns for rainstorms is discussed.

Rainfall DDF data are derived from point rainfall
information. When they are applied to an area rainfall
situation, reduction factors as shown in Fig. 3.6 should
be applied (Hershfield, 1961). This has the affect of
reducing the rainfall depths. The correction is much
more significant for short duration storms, which might
typically be thunderstorms. For small watersheds, areal
correction is not required.

The areal reduction factors shown in Fig. 3.6 are
generalized curves presenting approximate relation-
ships for the U.S. It is possible to develop such curves
for a specific locality. For small catchments, the correc-
tion factor is small and generally ignored. Reasons the
correction factor curves have the shape they do in-
clude: (1) High intensity, short duration storms tend to
cover a relatively small area; (2) long duration storms
generally are widespread in areal extent; and (3) data
used to produce DDF curves are maximum observed
values for a particular storm and as one moves from
the center of maximum intensity, the recorded rainfall
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Figure 3.7 Regions of the conterminous U.S. for which PMP estimates are provided in the indicated Hydrometeorological

Reports (U.S. National Weather Service, 1984).

depth decreases, thus lowering the average areal rain-
fall.

Probable Maximum Precipitation

The design of floodwater structures in situations
where failure of the structure might endanger human
life, disrupt vital community services, or cause unusual
economic loss must be done with extreme care. Most
engineers and agencies want to minimize the possibility
of failure of structures under such conditions. They do
not want to design with a known probability of failure
no matter how small that probability might be. This has
led to the adoption of design rainfalls based on the
concept of the Probable Maximum Precipitation or
PMP. The PMP is defined as the theoretically greatest
depth of precipitation for a given duration that is
physically possible over a given size storm area at a
particular location at a certain time of the year
(National Research Council, 1985).

The major steps in estimating the PMP are:

1. Study major rainstorms to determine maximum
areal rainfalls and ascertain the meteorological factors
important to the rainfall.

2. Transpose the major storms within topographi-
cally and meteorologically homogeneous regions.

3. Adjust the rainfall (for each transposed storm) by
the ratio of maximum atmospheric moisture in the
place of occurrence to that which existed during the
storm.

4. Smoothly envelope the resulting rainfall values
durationally, areally, and if generalized PMP is being
developed, regionally. Explanations should be given for
discontinuities.

PMP values are quite conservative. The ratio of

PMP to the 100-year rainfall for 10 mile? (25.4 km?)
and 24-hr durations range from 2 to 6 in the U.S. with
a majority of the ratios being 4 or 5. Many storms that
exceed 50% of the PMP for several combinations of
durations and area have been recorded (Riedel and
Schreiner, 1980). PMP estimates for the U.S. have
been published in a number of different Hydromete-
orological Reports by the U.S. National Weather Ser-
vice (1943-1984) as indicated in Fig. 3.7. Figure 3.8
shows one set of estimates for the 6-hr, 6-mile?
(15.5 km?) PMP.

In the U.S,, federal and state agencies classify dams
on the basis of hazard criteria. These criteria generally
refer to the consequences of dam failure in terms of
potential loss of life, amount of economic loss, disrup-
tion of vital services, damage to major transportation
systems, etc. The more severe the potential losses in
terms of these criteria, the greater the hazard classifi-
cation. An example set of hazard classifications is given
in Table 9.5. Generally the spillway of a structure
receiving a high hazard classification is required to pass
the flood resulting from the PMP. For some agencies,
this capacity criteria is relaxed somewhat for less haz-
ardous structures so that the spillways may be designed
to pass a fraction of the flood resulting from the PMP.
A report by the National Research Council (1985)
summarizes these criteria for the U.S. Note that these
criteria are generally spillway capacity criteria and not
storage criteria.

The concepts of Probable Maximum Precipitation
and Probable Maximum Flood have been criticized
because they are neither probable nor maximum and
their likelihood of occurrence cannot be stated
(Yevjevich, 1968). Yet the concepts have found wide
application and are embedded in many regulations.
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Figure 3.8 6-hr, 6-mile? (25.9 km?) PMP. Multiply values by 25.4 to get mm (Chow, 1964).

Linsley et al. (1982) indicate that the world’s greatest
observed point rainfalls can be enveloped by the rela-
tionship

R — aD0.48

(3.5)

max

where R, is the maximum rainfall observed for dura-
tion, D, in hours. The value for the coefficient a is
about 16.4 if rainfall is in inches and 417 if rainfall is in
millimeters. Other references give slightly different es-
timates for the coefficient a (Chow et al., 1988). This
relationship apparently covers durations ranging from
1 min to 2 years. Values from Eq. (3.5) should not be
confused with PMP values. Equation (3.5) is empirical
and does not take into account any geographic or
meteorologic factors. Values calculated from this equa-

tion generally exceed PMP values.

Rainfall Time Distribution

The analysis of modern storm water management
systems often requires hydrographs of storm water flow
—not just peak flow or runoff volume estimates. Hy-
drographs in turn require knowledge of the rainfall
time-intensity pattern that produces the hydrograph.
Thus, not only is it necessary to know the depth of a
rainfall of a given duration and frequency, but the time
distribution of the rainfall within its duration must be
known as well. A plot of the time distribution of

rainfall intensity is known as the rainfall hyetograph or
simply the hyetograph. There are several possible
methods of arriving at a design hyetograph. The two
most common methods are either to adopt a historical
storm that has occurred in the vicinity and has caused
considerable damage or to develop a synthetic design
rainstorm.

The historical rainfall approach has the advantage of
being readily identified and explained to engineers and
to the public. It has the distinct disadvantage of an
unknown frequency of occurrence. As a matter of fact,
it is difficult to associate a return period with a particu-
lar rainfall time-intensity pattern. For example, the
rainfall depicted in Fig. 3.9 for Stillwater, Oklahoma,
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Figure 3.9 Historical rainfall.
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Table 3.2 Frequency of Sample
Historic Rainfall

Duration Depth Frequency
(min) (in.) (years)
15 1.5 8
30 29 49
60 33 32
90 35 25
120 3.6 20
180 4.1 24

has different return periods depending on the duration
being considered. Table 3.2 shows the maximum rain-
fall intensities from this storm and the associated re-
turn period as determined from Fig. 3.4 or Eq. (3.4). It
is apparent that if this storm were adopted as a design
storm, the resulting runoff would be assigned a differ-
ent return period depending on the critical flow-time
(rainfall duration) parameters for the watershed.

One approach to using historical rainfall data is to
select severe storms that have occurred on or near the
catchment of interest over a period of several years
and use each of these storms in a rainfall-runoff model
to estimate the resulting runoff, especially the peak
flow. These estimated flows can then be analyzed by
standard frequency analysis techniques and the runoff
with the desired return period estimated. This proce-
dure eliminates the problem of having to assign a
return period to a rainstorm but does require data on
severe rainstorms over a long period of time.

The difficulty of assigning a return period to a total
rainstorm, or conversely of estimating a rainstorm pat-
tern given a return period, has led to the development
of synthetic storms to which return periods are as-
signed. These synthetic storms have the advantage of
being a consistent basis for design, but have the disad-
vantage of having a very remote possibility of every
happening exactly as specified. McPherson (1969) also
comments on this problem. (It should be noted that
any particular historical storm also has a very remote
chance of being duplicated.)

Synthetic storms represent reasonable approxima-
tions to actual storm patterns that might be expected
for a given return period. There are a number of ways
to develop a synthetic storm pattern. Methods that
produce storms that have the same return period re-
gardless of the duration selected from within the storm
are appealing from the standpoint of providing a con-
sistant basis of design regardless of the size of the

catchment. Storm patterns of this type are produced by
critically “stacking” or arranging time increments of
rainfall so that the largest possible depth is obtained
for any duration and frequency. Such a storm pattern is
sometimes referred to as a balanced storm. A balanced
storm produces a rainfall depth or intensity whose
frequency is independent of the duration of the storm.
Thus a 60-min rainfall selected from a balanced storm
would have the same return period as a 6-hr rainfall
selected from the same balanced storm.

DDF Rainfall Pattern

One method of synthetic balanced storm develop-
ment has been to read the IDF curve (for example,
Fig. 3.4) for a given frequency at selected durations.
From these intensities, incremental rainfall volumes
and intensities are computed and then rearranged to
form a storm pattern. Example Problem 3.3 illustrates
this procedure.

Example Problem 3.3 Time distribution
of rainfall—DDF method

Based on data in TP 40, develop a synthetic rainfall time
distribution for a 3-hr, 25-year rainfall event at Stillwater,
Oklahoma. Use a time increment of 15 min.

Solution: Table 3.3 contains the required calculations. The
calculations will be illustrated by considering the 30-min line.
The intensity in iph is determined from Eq. (3.4) using
K =1.75,b=0.12, x = 0.21, and n = 0.80 as determined in
Example Problem 3.2.

, KF* 1.75(25)"%
i= =
(T+b)" (30760 + 0.12)"*

= 5.04.

Intensities could also be obtained from IDF curves such as
Fig. 3.4. The accumulated depth is from Eq. (3.3).

D =T = 5.04(30/60) = 2.52.

The incremental depth is the difference in the current
depth and the depth at the previous time step or

252 -191=0.61.

The last column is obtained by rearranging the entries in
column 4 while maintaining the concept of a balanced storm.

Comment: The actual pattern or sequence of occurrence of
the blocks of rainfall depth shown in the last column of Table
3.3 is not well defined. Several patterns are possible. What
must be done for a balanced storm pattern is to keep the
blocks of rainfall depth grouped so that no matter what
duration is being considered, the blocks of greatest depth are
contained within that duration.

The advanced type storm that results without rearranging
the values in Table 3.3 is a storm pattern meeting the
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Table 3.3  Synthetic 3-hr, 25-Year Rainfall, Stillwater, Oklahoma, DDF Method

Accumulated Incremental Depth
Duration Intensity? depth? depth¢ increment?
(min) (iph) (in.) (in.) (in.)
15 7.62 1.91 1.91 0.10
30 5.04 2.52 0.61 0.12
45 3.85 2.88 0.36 0.17
60 3.14 3.14 0.26 0.26
75 2.67 3.34 0.20 0.61
90 2.34 3.51 0.17 1.91
105 2.08 3.65 0.14 0.36
120 1.86 3.77 0.12 0.20
135 1.72 3.88 0.11 0.14
150 1.59 3.98 0.10 0.11
165 1.48 4.07 0.09 0.09
180 1.38 4.15 0.08 0.08
Total 4.15 4.15

9From Fig. 3.4 or Eq. (3.4).

b Column (2) x Column (1)/60.
¢“Based on differencing Column 3.
4Column 4 rearranged.

balanced storm criteria. A pattern of this type indicates that
the highest intensity rainfall occurs at the beginning of the
storm and then gradually decreases to the end of the storm.
An alternative would be a delayed pattern obtained by ar-
ranging the rainfall in order of increasing depth so that the
storm gradually builds in intensity and its highest intensity is
at the end of the storm.

Obviously both the advanced and delayed rainfall patterns
represent unusual storms in that in one case the rainfall
begins in its most severe state and in the other it ends this
way. A compromise that is widely used is to place the most
intense increment near the center of the storm and pyramid
the values by placing the next highest alternately at the
beginning and end of the pattern as it develops both forward
and backward in time from the central high intensity.

The last column of Table 3.3 shows the resulting time
distribution of rainfall depths using this latter or central
pattern. This method of arriving at a time distribution for
rainfall can be used for any frequency and any total storm
duration. In this book this method is referred to as the
depth-duration—frequency (DDF) method.

SCS Rainfall Pattern

The Soil Conservation Service (SCS) (1973) has
adopted a method similar to the DDF method. Several
dimensionless rainfall temporal patterns called type

curves as shown in Fig. 3.10 are used. Figure 3.11
shows the regions of the U.S. where the various type
curves apply. For other locations from throughout the
world, the best fitting type curve can be found by
developing a storm time distribution using the DDF
method and by using each of the type curves as ex-
plained below. The Type curve that best describes the
DDF result can be adopted for that location. The type
II curve is applicable to the majority of the U.S. and

P/Pas

al 1

0 4 8 12 16 20 24

Time (hours)

Figure 3.10 SCS type curves for distribution of 24-hr rainfalls.



Precipitation

47

"} ” Rainfall
-1;; Distribution
7//% Type I
Type IA
[:] Type Il
\\\\Q Type 111

=

Figure 3.11 Applicable region for various SCS Type curves (Soil Conservation Service, 1986).

represents the most intense storm pattern. The type 1A
is the least intense pattern for short durations. Table
3.4 contains the coordinates for the various SCS type
curves.

The SCS method is based on the 24-hr rainfall of the
desired frequency. This rainfall is proportioned
throughout the 24-hr period using the appropriate curve
shown in Fig. 3.10 in the form of percentage mass
curves. These mass curves were derived so that for the
selected frequency, the depth-—duration relationship
based on the curves would be very close to the
depth-duration curve developed from a frequency
analysis of actual rainfall. Thus, the time—depth pat-
terns based on the SCS method and the DDF method
should be very similar. Example Problem 3.4 demon-
strates the SCS method for storm pattern development.
For storm durations less than 24 hr, the steepest part
of the type curves is selected. For example, using the
type II curve, a 3-hr storm uses the values extending
from 10.5 to 13.5 hr in Fig. 3.10.

Example Problem 3.4 Time distribution
of rainfall—SCS method

Develop a 3-hr, 25-year rainfall temporal distribution in
15-min time increments using the SCS dimensionless type
curves.

Solution: Table 3.5 contains the required computations.
The 25-year, 24-hr rainfall for Stillwater is estimated from
Appendix 3A as 6.80 in. The values in column 2 are from Fig.
3.10 or Table 3.4. The most intense 3-hr part of the type II
curve that is applicable to Stillwater (Fig. 3.11) is used. This

corresponds to the time from 10.5 to 13.5 hr on the type II
curve. The values in column 3 are obtained by multiplying
the column 2 values by the 24-hr rainfall of 6.80 in. The
values of the last column represent differences of successive
values in column 3.

To facilitate computer analysis, it would be desirable
to have an equation that approximates the actual shape
of the type curves. The equation

P(t) 05 T 2404 17 36
=05+ = |==—7=1 .
P, 24 [ 2IT| + 0.04 (3.6)

where ¢ is time and T is time — 12 in hours fits the
type II curve with a slight discrepancy on either side of
12 hr. The relationship is also a very good approxima-
tion of the type III curve. The discrepancy causes no
noticeable difference in resulting runoff. This equation
was furnished by Cronshey (1981) who credited it to
Norman (1981). In some computer-generated runoff
calculations contained later in this chapter, the above
equation was used to describe the type II curve.

The SCS type curves can be used to estimate the
depth of rainfall for any duration and frequency from
the 24-hr rainfall for the same frequency. This is done
by taking the difference in the ordinates of the type
curve for the steepest part of the curve encompassing
the desired duration. For example, the 6-hr, 25-year
rainfall for Stillwater can be estimated by multiplying
the 24-hr, 25-year rainfall of 6.5 in. (165 mm) by the
largest difference in ordinates of the type II curve over
a 6-hr period. This difference is found by using the
ordinates at ¢t =15 hours and ¢t =9 hours to be
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Table 3.4 Coordinates for SCS Type Curves: Table Entries Are P/P24

Time Type 1 Type Ia Type 11 Type I11
0.0 0.000 0.000 0.000 0.000 -
0.5 0.008 0.010 0.005 0.005
1.0 0.017 0.020 0.011 0.010
1.5 0.026 0.035 0.016 0.015
2.0 0.035 0.050 0.022 0.020
25 0.045 0.066 0.028 0.025
3.0 0.055 0.082 0.034 0.031
35 0.065 0.098 0.041 0.037
4.0 0.076 0.116 0.048 0.043
45 0.087 0.135 0.055 0.050
5.0 0.099 0.156 0.063 0.057
5.5 0.111 0.180 0.071 0.064
6.0 0.125 0.206 0.080 0.072
6.5 0.140 0.237 0.089 0.081
7.0 0.156 0.268 0.098 0.091
75 0.173 0.310 0.109 0.102
8.0 0.194 0.425 0.120 0.114
8.5 0.219 0.480 0.133 0.128
9.0 0.254 0.520 0.147 0.146
9.5 0.303 0.550 0.163 0.166

10.0 0515 0.577 0.181 0.189

10.5 0.583 0.601 0.204 0.217

11.0 0.624 0.624 0.235 0.250

115 0.654 0.645 0.283 0.298

120 0.682 0.664 0.663 0.500

12.5 0.706 0.683 0.735 0.702

13.0 0.727 0.70t 0.772 0.750

13.5 0.748 0.719 0.799 0.783

14.0 0.767 0.736 0.820 0.811

14.5 0.785 0.753 0.838 0.834

15.0 0.801 0.769 0.854 0.854

15.5 0.816 0.785 0.868 0.872

16.0 0.830 0.800 0.880 0.886

16.5 0.843 0.815 0.892 0.898

17.0 0.856 0.830 0.903 0910

17.5 0.868 0.844 0913 0.919

18.0 0.879 0.858 0.922 0.928

18.5 0.891 0.871 0.930 0.936

19.0 0.902 0.884 0.938 0.943

19.5 0914 0.896 0.945 0.950

20.0 0.926 0.908 0.952 0.957

20.5 0.936 0.920 0.958 0.963

21.0 0.946 0.932 0.964 0.969

215 0.955 0.944 0.970 0.975

220 0.964 0.956 0.976 0.981

22.5 0.974 0.967 0.982 0.986

23.0 0.982 0.978 0.988 0.991

235 0.991 0.989 0.994 0.996

24.0 1.000 1.000 1.000 1.000
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0.85 — 0.15 = 0.70. The estimated 6-hr, 25-year rain is
found to be 0.70 X 6.5 = 4.55 in. (116 mm). This 6 hr
of rain can be distributed in time according to the type
curves by applying the relationship

P(t1) P(12+t-D/2) - P(12-D/2)
PD  P(12+D/2) - P(12-D/2)

, (3.7)

where ¢ is the time within the storm in hours (0 < ¢ <
D); D is the storm duration in hours (D < 24); PD is
the rainfall volume for the duration D and desired
frequency; P(t) is the value from the appropriate type
curve, and P'(t) is the accumulated volume of rainfall
to time ¢.

Example Problem 3.5. Synthetic time distribution
for a 6-hr storm

Compute the temporal pattern for a 6-hr, 25-year rain of
4.55 in. (116 mm) for Stillwater, Oklahoma, using the type II
curve and a time increment of 1 hr.

Solution: Use Eq. (3.7).
P(12 - D/2) = P(12 - 6/2) = P(9) = 0.147
P(12 + D/2) = P(12 + 6/2) = P(15) = 0.854
PD = 4.55in. (116 mm)
P(12 + 1t —-3) — 0.147
0.854 — 0.147
= 6.44[ P(9 + 1) — 0.147]

P'(t) = 455

t PO+1) P'(t)
0 0.147 0.00
1 0.181 0.22
2 0.235 0.57
3 0.663 332
4 0.772 4.03
5 0.820 433
6 0.854 455

Reevaluation of the SCS type curves is ongoing. It is
not unreasonable to expect that modifications for these
curves will appear. Table 3.6 compares the DDF esti-
mates and SCS type II estimates of the 25-year rainfall
for several durations at a number of locations in the
U.S. and Canada. Considering the wide range of topo-
graphic and climatic conditions, the type Il curve does
a reasonably good job of approximating depth—dura-
tion—frequency data found in TP 40.

Table 3.5 Synthetic 3-hr, 25-Year Rainfall,
Stillwater, Oklahoma, SCS Method

Time? Ordinate” Depth¢ Increment Depth?

(hrs) (P/Pyy) (in.) (in.)
10.50 0.204 1.39 0.00
10.75 0.219 1.49 0.10
11.00 0.235 1.60 0.11
11.25 0.257 1.75 0.15
11.50 0.283 1.92 0.17
11.75 0.387 2.63 0.71
12.00 0.663 451 1.88
12.25 0.712 4.84 0.33
12.50 0.735 5.00 0.16
12.75 0.758 5.15 0.15
13.00 0.772 5.25 0.10
13.25 0.786 5.35 0.10
13.50 0.799 543 0.08

Total 4.04

“Most intense 3-hr part of type I curve.
PQrdinates of type II curve.

“Column 2 x 25-year, 24-hr rain of 6.80 in.
9Differencing of Column 3.

Chicago Hyetograph

Keifer and Chu (1957) developed a balanced storm
pattern known as the Chicago hyetograph by using an
equation similar to Eq. (3.4). They partitioned the
storm pattern so that at any intensity the time from the
center of the storm back to the rising limb, ¢, divided
by the time from the rising limb to the falling limb of
the storm, ¢, + r,, was a constant r (see Fig. 3.12).
From Eq. (3.3),

D = iaveT
where i,,. is the average intensity over the duration T,
and D is the total depth of rainfall. The instantaneous

intensity, i, is given by the time rate of change of depth
or

. dD di,y.
t=E=1m+TdT .
From Eq. (3.4)
KF~* K’

i = no= no
M (T+b) (T +b)
where K’ = KF* for a fixed frequency, F. Therefore
diave

dT

= —nK'(T +b) """
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Table 3.6 Comparison of TP 40 and SCS Type II Rainfall Depths for a 25-Year Rainfall of
Various Durations: Type II Values Are First Row and TP 40 Values Are Second Row for Each

Location
Duration (hr)
Location 0.5 1 2 3 6 12 24
Type II ordinate differences 0.37 0.46 0.54 0.59 0.70 0.84 1.00
Lexington, Kentucky 1.85 2.30 2.70 2.95 3.50 4.20 5.00
1.85 2.30 2.75 3.15 3.60 4:20 5.00
St. Louis, Missouri 213 2.65 3.11 3.39 4.03 4.83 5.75
2.10 2.65 3.22 3.50 4.30 4.90 5.75
Oklahoma City, Oklahoma 2.52 3.13 3.67 4.01 4.76 5.71 6.80
2.55 3.25 3.90 4.20 5.10 6.10 6.80
Gillette, Wyoming 1.1l 1.38 1.62 1.77 2.10 2.52 3.00
1.20 1.40 1.80 1.90 2.30 2.70 3.00
Denver, Colorado 1.18 1.47 1.73 1.89 2.24 2.69 3.20
1.32 1.70 1.90 2.20 2.50 2.75 3.20
and from an earlier relationship or
T = ta _ tb
TnK' K'[(1 = n)T + b] (3.8) Ty 1=
=1, = . .
(T +b)"™ (T +b)""! Using these relationships in Eq. (3.8) for T yields for
the rising limb
From the definition of r  K'[(1 = n)(t,/r) +b] (3.10)
’ (ta/r +b)""" '
tﬂ ta
r= PR = T (3.9 and for the falling limb
a ]
_Kla=me/a=n)+el
b - l . .
(t,/(1 = r) +b)""
Note that r = 0.5 produces a symmetrical pattern. A
value of r between 0 and 0.5 produces an advanced
pattern and a value between 0.5 and 1.0 produces a
delayed pattern.
1

Example Problem 3.6. Time distribution
of rainfall—Chicago method

Develop a 25-year, 3-hr storm at Stillwater, Oklahoma,
using the Chicago hyetograph method. Use 15-min time
increments.

Solution: Recall from Example Problem 3.2 that K = 1.75,
Figure 3.12 Chicago hyetograph. b =0.12, x = 0.21, and n = 0.80 for Stillwater. The value for
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Table 3.7  Synthetic 3-hr, 25-yr rain, Stillwater, Oklahoma, 2.0;
Chicago Hyetograph Method
Time rort, Intensity? Depth Modified 1:3
i h iph in. depth (in.
(min) (hr) (iph) (in.) epth (in.) Degth Depth
(inches) 10 (mm)
0 1.375 0.35 0.00 0.00
15 1.125 0.41 0.10 0.10
30 0.875 0.52 0.12 0.12 0.5
45 0.625 0.72 0.16 0.16
60 0.375 1.19 0.24 0.24 15 75
75 0.125 3.50 0.59 0.59 Time (min)
o 73> Figure 3.13 3-hr, 25 still Oklah
. - - ttern, St \ .
% 0.125 3.50 1.36° 165 igure r, 25-year pattern, Stillwater ahoma
105 0.375 1.19 0.59 0.59
120 0.625 0.72 0.24 0.24
135 0.875 052 0.16 0.16 average intensity for the interval and the duration of the
150 1.125 0.41 0.12 0.12 interval.
165 1.375 0.35 0.10 0.10 If Eq. (3.4) is used to compute the 25-year, 3-hr rainfall for
180 1.625 0.30 0.08 0.08 this location, the result is 4.15 in. The total indicated in the
fourth column of Table 3.7 is only 3.86 in. The difference is
largely due to the assumption used in calculating the inten-
Total 3.86 4.15

“From Eq. (3.10) or (3.11) with r = 0.5, K’ =3.44, b =0.12,n=0.8.
bTime increment of 0.05 hr used to define storm center.

“Depth for time increment 75 to 90 min.

4See Example Problem 3.6 for explanation.

r is taken as 0.5. K’ of Egs. (3.10) and (3.11) is found to be
K' = KF* = 1.75(25)"%' = 3.44

for rainfall in inches. Values for i, and i, are calculated
from Egs. (3.10) and (3.11) and shown in Table 3.7. So that
the storm pattern will be in agreement with the patterns
developed using the SCS and DDF methods, the center of
the storm is taken at the center of the time increment from
75 to 90 min or at 82.5 min. The calculations are illustrated
for the time of 60 min. At 60 min, ¢, is 82.5 — 60 = 22.5 min

a

or 0.375 hr. The value of i, is determined from Eq. (3.10):
- K'[(1 = n)(ta/r) +b]
T T by
3.44[(1 — 0.8)(0.375,/0.5) + 0.12]
- (0.375/0.5 + 0.12)***! -

1.19.

The depth increment is the average intensity over the time
interval times the duration of the interval or

depth = 0.25(1.19 + 0.72) /2 = 0.24.

It can be seen that at t, =1, =0, i, =i, = K'/b" = 18.8
iph. Since this is unreasonably high and represents an instan-
taneous value, a time of 0.05 hr was arbitrarily used to define
the center of the pattern. The depth values are based on the

sity at ¢, = t, = 0. To bring the storm total in line with the
estimate from Eq. (3.4), the depth at the center of the
pattern was adjusted by 4.15 — 3.86 = 0.29 inches to 1.65 in.

Figure 3.13 compares the rainstorms synthesized for
Stillwater, Oklahoma, in Example Problems 3.3, 3.4,
and 3.6 based on the DDF method, the SCS method
using the type II curve, and the Chicago hyetograph.
The methods produce essentially identical results. The
Chicago pattern could be brought more in line with the
other two patterns by using a value of r less than 0.5.
In view of the uncertainties that exist in the storm
patterns and uncertainties in other factors that con-
tribute to runoff, the methods can be considered to be
essentially equal. Most examples in this text are based
on the SCS type II distribution as approximated by
Eq. (3.6).

There have been a few attempts at studying the
actual time distribution of observed rainfalls. Major
difficulties with studies of this type are obtaining long-
term records from which short duration intensities can
be extracted, the mass of data required, and the vari-
ability of natural rainfall. Huff (1967) has studied the
time distribution of heavy rainfalls with durations of 3
to 48 hr in central Illinois. He divided the storms into
four groups depending on the time quartile in which
the majority of the rain occurred. The time distribu-
tions of the storm rainfalls within the various quartiles
were computed as were the percentage of the storms
having that particular time distribution or the one
above it. The difficulty of assigning a return period to
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Figure 3.14 Hypothetical, unbalanced storm patterns.

the various Huff patterns and the selection of the
proper quartile storm have precluded their widespread
adoption. The Huff study definitely demonstrated the
variability of time distributions that occur at particular
location. This in turn means that any particular pattern
that is adopted is unlikely to actually occur. Design
patterns are simply possible, good estimates of reason-
able time patterns.

For preliminary designs and rough calculations, storm
patterns might be approximated as shown in Fig. 3.14.
In this figure, i is the intensity and D represents the
rainfall depth for the desired frequency and duration,
T. The proper relation for determining i,,,, for each of
the three assumed patterns is shown. It must be kept in
mind that these patterns are not balanced patterns. In
pattern (a) the time of the maximum intensity is arbi-
trary. In pattern (c) the duration, T’, of the constant
intensity portion and its location within 7" are arbitrary.
Both patterns (a) and (b) are special cases of pat-
tern (c).

ABSTRACTIONS FROM PRECIPITATION

Abstractions from precipitation are losses from pre-
cipitation that do not show up as storm water runoff.
The volume of storm water runoff is the volume of
precipitation minus the volume of abstractions. Precip-
itation minus abstractions is also known as rainfall
excess or effective rainfall. Thus, the volume of storm
water runoff is equal to the volume of effective rainfall.
Abstractions include interception, evapotranspiration,
surface storage and surface detention, bank storage
and infiltration. The combination of interception and
surface storage is sometimes denoted as surface
storage.

Interception

Some rainfall is intercepted by vegetation before it
reaches the ground. The amount of interception varies
with the type, density and stage of growth of the
vegetation, intensity of the rainfall, and wind speed.
On an annual basis, interception may involve a signifi-
cant percentage of the total rainfall. A dense forest
canopy may result in interception values of 25% of the
annual rainfall. This would be the case in climates with
frequent, light rainfalls; low wind speeds; and ever-
green vegetation.

On a per storm basis, interception storage may range
up to 0.4 in. (10 mm) for dense forested vegetation but
is generally considerably less than this for a mixed
cover catchment. For significant rainfall events likely to
produce large stormwater flows from small catchments,
the amount of rainfall going to satisfy interception
storage is generally a small percentage of total storm
rainfall.

Evapotranspiration

Evapotranspiration or ET is the combination of
evaporation and transpiration. Evaporation is the phase
change of water from a liquid to a vapor. Evaporation
from plant surfaces of water that has traversed from
the soil through the plant is termed transpiration. All
evaporation from a leaf surface is not transpiration
since intercepted water is also evaporated. On an an-
nual basis, ET generally involves a large fraction of the
total precipitation. In arid climates most of the rainfall,
90% or more, may be lost through ET. In more humid
climates, ET may account for 40 to 70% of the annual
precipitation.

In spite of the high total fraction of rainfall involved
in the ET process on an annual basis, for individual
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rainstorms, ET is generally a minor factor and not
included in storm water computations. Infiltration, as
we shall see, is a significant abstraction during storm
events. Much of the water that is abstracted by infiltra-
tion is eventually lost from the catchment system via
ET. This loss occurs at a relatively slow rate (0 to
0.4 in. or 10 mm per day) and is the most significant
during the times between storm events, not during the
storm events themselves. When rain falls on warm
surfaces, some evaporation occurs. Sometimes an evap-
orative loss of 0.1 in. (2.5 mm) is used to reflect this
loss if a large part of the basin is covered by concrete,
asphalt, roofs, etc.

Bank Storage

Bank storage represents losses from streamflow dur-
ing a period of rising stage in a stream and the subse-
quent seepage of streamflow into the banks of the
stream. During the falling stage, this water generally
seeps back into the stream. Thus bank storage is not
actually a loss from runoff but a storage and delay in
the runoff process. For small catchments, bank storage
generally plays a small role in storm water runoff.

Surface Storage and Detention

Surface storage is the volume of water required to
fill depressions and other storages before surface runoff
begins. Detention storage is the buildup of small depths
of water required to support the runoff process. Actual
measurements of surface storage and detention are
extremely difficult to make and consequently are prac-
tically nonexistent. Wright-McLaughlin Engineers
(1969) in a special study of urban hydrology in the
Denver, Colorado area, recommended the values shown
in Table 3.8 for surface storage. Terstriecp and Stall
(1974) recommend a value of 0.20 in. (5 mm) for
detention storage for bluegrass turf. Some investigators
(Linsley et al., 1949) recognized that a watershed sur-
face is made up of depressions of various sizes and that
as some of the smaller depressions were filled, surface
runoff could begin even though the larger depressions
were still filling. An exponential relationship

V,=S,[1 — e KaP-D)] (3.12)
has been proposed where V, is the volume of water in
surface storage, S, is the available surface storage,
P — F is the accumulated mass of surface storage
supply (i.e., accumulated rainfall minus infiltration and
other losses except surface storage), and K, is a con-
stant.

Table 3.8 Typical Values for Surface Storage
(Wright-Mclaughlin Engineers, 1969)

Land cover Surface storage Recommended value
(in.) (in.)

Impervious

Large paved area 0.05-0.15 0.10

Roofs, flat 0.10-0.30 0.10

Roofs, sloping 0.05-0.10 0.05
Pervious

Lawn grass 0.20-0.50 0.30

Wooded area 0.20-0.60 0.40

Open fields 0.20-0.60 0.40

The value of the constant K, can be estimated by
noting that when P — F is near zero, all of the water
goes to filling depressions so that dV,/(d(P — F)) is
essentially 1. Based on this reasoning, K, is equal to
1/S,.

Neglecting interception losses, the rate that water
becomes available for surface runoff, o, is i — f — ¢,
where i is the precipitation rate, f is the infiltration
rate, and ¢ is equal to dV,/dt. Based on these as-
sumptions, the surface runoff supply rate becomes

o= (i —f)(1—-e P=F/Sa), (3.13)

The ratio of surface runoff supply rate to the differ-

ence in the rainfall and infiltration rates becomes

o/(i—f)=1—¢e P/ (3.14)
and ranges from 0, at the beginning of the precipitation
event (P — F =0), to 1 when P> F.

Equation (3.14) is plotted in Fig. 3.15 based on a turf
area with an average overall S, of 0.25 in. or a pave-
ment with S, equal to 0.0625 in. The vertical dashed
line in Fig. 3.15 represents the surface runoff supply
ratio if it is assumed that the overall average surface
storage must be filled before any runoff can begin. This
would be the case if the abstractions indicated in Table
3.8 were subtracted directly from the beginning of a
storm before any water was allowed to become avail-
able for surface runoff.

Tholin and Keifer (1960) surmised that the actual
situation might be between that given by Table 3.8
and that given by Eq. (3.14). They found that the curve
of the normal distribution, as shown in Fig. 3.15,
fell within their desired range. This curve can be
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approximated using a normal distribution with a mean
equal to S, and a standard deviation of S,/3 or
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The value of S, might be estimated from the data in
Table 3.8.
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Figure 3.46 Depression-storage loss versus slope for four impervi-
ous drainage areas (Viessman, 1967).

al

As might be expected, surface storage is of greater
importance on flat surfaces than on steep surfaces.
Viessman (1967) found the relationship shown in
Fig. 3.16 for four impervious drainage areas. The line
in Fig. 3.16 should be extrapolated with care. More
likely the surface storage would decrease exponentially
with slope approaching zero at very steep slopes.

If long duration rainfalls are being studied, the val-
ues of surface storage will not appreciably affect esti-
mated runoff rates since the early part of the storm
would fill this storage prior to the occurrence of the
major runoff producing part of the rainfall. Note that
the values in Table 3.8 do not include built-in storage
in the form of detention basins.

Infiltration

The major abstraction from rainfall during a signifi-
cant runoff-producing storm is infiltration of water into
pervious areas including soils, infiltration basins, and
forest litter. The process of infiltration of water and
subsequent water movement is an exceedingly complex
process. In this discussion, soil is used in a general
sense. The upper part of Fig. 3.17 shows the soil water
content as a function of time and depth during a
rainfall event. The curved lines represent water con-
tent at various times with time increasing as the wet-
ting profile advances deeper in the soil profile. The soil
was at a uniform initial water content and the soil
properties are uniform with depth.

In general, the infiltration rate is dependent on soil
physical properties, vegetative cover, antecedent soil
water conditions, rainfall intensity, and the slope of the
infiltrating surface. Referring again to Fig. 3.17, if the
soil physical properties are not uniform with depth, the
pattern of soil wetting may be greatly altered. It is not
uncommon to find a soil layer that is less permeable
than the surface layer. If this less permeable layer is
located near the soi! surface, it restricts the wetting
front and reduces the infiltration rate. This restricting
layer may be a shallow rock formation, a soil layer
higher in clay content, a layer compacted by heavy
equipment, a plow layer, or a fragipan. Final grading
on construction, landscaping, or mining jobs may in-
volve spreading stockpiled materials. In this way, a
more permeable layer of soil may be placed over a
compacted layer. This is especially common when sod-
ding is done, as the sod is laid directly on relatively
compact materials. Consequently, water can easily en-
ter the surface layer, but is restricted by the compacted
zone. Thus, light rainfalls are easily absorbed, but
heavier rains soon saturate the surface soil layer. The
saturated layer has a very low infiltration capacity,



Abstractions from Precipitation 55
WATER CONTENT (cc/cc)
0.08 0.24 0.40
0.0 + - } 4
6.0+
120+
DEPTH
(cm)
18.0+
2404
30.0
1 04
014
031
0.01+4
CONDUCTMTY WATER
cm/hr)  0.001+ CONTENT 0.2+
(cm/hr) (cc/cc)
0.0001 +
0.1+
0.00001+
00000 + : + 0.0 4 t +
o ! 1 10 100 1000 10000 1 10 100 1000 10000
NEGATIVE MATRIC POTENTIAL (cm) NEGATIVE MATRIC POTENTIAL (cm)
15 5
Upper Surface
T 44
104 3
FLOW NET °T
RATE INFLOW
(cm/nr) m) ,{
54
-+ 1 ~r
0 t + + 0 + + t
0.0 05 1.0 15 2. 0.0 05 1.0 15 2
TIME (hr) TIME (hr)

Figure 3.17 Water content profiles.

which results in runoff rates being near the rainfall
rates.

Bare soils tend to have lower infiltration rates than
soils protected by a vegetative cover. On bare soil, the
impacting raindrops tend to puddle the soil. The en-
ergy of the falling rain breaks down soil aggregates and
small particles are carried into the soil pores. The net
result is a lowering of the infiltration rate.

The antecedent soil water content also alters the
infiltration rate. Generally, a wet soil has a lower
infiltration rate than a dry one. Thus a rain falling on a
wet soil will produce more runoff at a higher rate than
the same rain on a dry soil.

The infiltration opportunity time is a function of the
slope of the infiltrating surface. On a steep slope, the
water tends to run off rapidly and thus have less
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opportunity for infiltration than on a gentle slope.
Also, the soil type found on steeper slopes is generally
not the same as on flatter slopes. Often the more
sloping soils, especially if the soils have been used for
agriculture, have experienced more erosion than flatter
soils. This in turn generally results in lower infiltration
rates.

Rainfall intensity affects the infiltration rate in two
ways. For high-intensity rains, the raindrops tend to be
larger and have more energy when they strike the soil.
Thus high-intensity rains are more effective in sealing
the soil surface than are low-intensity rains. A good
vegetative cover can minimize this effect. Obviously,
the infiltration rate cannot exceed the rainfall rate for
prolonged periods of time. In the absence of any
ponded water or water flowing over the soil, the maxi-
mum possible infiltration rate is the lesser of the rain-
fall rate or the soils infiltration capacity. In the pres-
ence of ponded water or surface flowing water, the
infiltration rate equals the infiltration capacity until
this surface supply of water is exhausted.

The combination of all of the factors governing infil-
tration throughout a watershed interact in such a fash-
ion as to result in a very complex spatial and temporal
distribution of infiltration capacity. At some locations,
the infiltration capacity may be so high as to practically
never produce surface runoff, whereas other areas may
have low infiltration capacities and produce surface
flow from light rainfalls. Betson (1964) has termed
these latter areas as source areas.

In recent years, an alternative theory of streamflow
generation known as the variable source area concept
has been proposed for hilly terrain (Hewlett and
Hibbert, 1967). The concept particularly applies to
highly pervious soils. At the beginning of a rainfall
event, a water table exists with a capillary zone above.
The water table near a stream would generally be
closer to the soil surface than at some distance from
the stream since water table slopes are generally flatter
than surface topography slopes in hilly terrain. As the
rain continues, the water table near the stream rises
faster than that at higher elevations because the perco-
lating water has less distance to travel. This rise near
the stream may eventually cause the water table to
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