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NOMENCLATURE

A, B = coefficients in the theoretical equation of best-fit; also, variables
in a hypergeometric series

C = variable in a hypergeometric series
a,b,c = statistical parameters in the distribution function of hydrologic

event
d = accumulated depth of rainfall in in.
F(A,B,C,1) = hypergeometric series defined as

F(A, ) = + A B A(A-1) B(B-1)
F(A,B,C,1) = 1 +- +- +2.C1 C 2! C(C-1)

F(N) = function of N for the computation of statistical control curves
F(T 1.) = function of T.I for the computation of statistical control curves
F(y) = limiting form of distribution function
f.(y) = initial distribution function of original hydrologic data of magni-

tude y
f,(A,B,C,1) = the x + 1st member of a hypergeometric series
h = arbitrary variable in Stirling formula
K = Chow's frequency factor
k = order of factorial moment
m = average number of hydrologic events per year; also the rank of

statistical events arranged in an order of descending magnitude
N = total number of years of observation; also number of future trials

in the theory of the number of exceedances
n = number of past observations in the theory of the number of

exceedances
P = probability of recurrence of an event equal to or greater than a

given magnitude, say y

PE = probability of an annual maximum value being equal to or greater
than a given magnitude, say y

P., = probability of an annual exceedance value being equal to or
greater than a given magnitude, say y

P(n,m,N,x) = cumulative probability of distribution function of the
number of exceedances, x, over the m-th largest value
among n observations in N future trials

P(y) = limiting form of po(y)
p = geometric mean probability of probabilities, P, p2, p3, p, ... p;

also, arbitrary variable in Stirling formula



po(y) = probability of a value equal to or less than a given magnitude, y
p, = probability of occurrence of a hydrologic event due to one of

causative factors, where r is the designated number of a causative
factor

T = recurrence interval in years, which is defined as the average interval
of time within which the magnitude of a hydrologic event will be
equaled or exceeded once on the average

TE = recurrence interval for annual exceedance value in years
Ts'= converted value for TE
TM = recurrence interval for annual maximum value in years
TM'= converted value for TM
To = recurrence interval in years for non-recurrence of an event in a

designated future period
Ti = recurrence interval in years for an event recurring at least once

in a designated future period

t = duration of rainfall in minutes
x = recurrence interval in transformed scale; also number of exceed-

ances
= mean of x-values, or (Zx)/N; also mean number of exceedances

xy = mean of the products of x and y, equal to (Ixy)/N

y - magnitude of a hydrologic event

YE = magnitude of annual exceedance values

ym = magnitude of annual maximum values

yE'= theoretical value of yE
yM'= theoretical value of yM

yo = value of y which it would need to have if it were to lie exactly on

the line of best-fit
y = mean of y-values, or (Zy)/N

= mean of the squares of y, or (Zy 2)/N
-y = Euler's Constant, or 0.5772157 . ..

Ay = half-height of the confidence belt for statistical control curves

a= standard deviation

a, = standard deviation for y, defined as -/ [N/(N - 1)] (y2 - y
2
)

4, = function representing (x - k)! f (A,B,C,1)represeting )!



I. INTRODUCTION
1. Significance and Purpose of the Study

The greatest need for information relating to hydrologic frequencies
is apparent in various economic studies and in efficient designs of coffer-
dams, waterway openings in bridges, highway and railway culverts, urban
storm sewers, farm terraces, airfield drainage, stream-control works,
hydroelectric power installations, water-supply facilities and many other
hydraulic structures and projects which are designed in consideration of
the frequency of certain hydrologic events. In securing the necessary
information from hydrologic data, hydraulic engineers are therefore re-
quired to possess a working knowledge of the hydrologic frequency
analysis with respect to its principles and procedures.

The existing methods of hydrologic frequency analysis are numerous,
and the view points and theories expressed thereupon are diverse and con-

fusing. It is very desirable to review the manifold methods available in
this field and to apply them to a certain specific problem. From the
results thus obtained, it is possible to develop sound principles and prac-
tical procedures for the use of engineers. The purpose of this report
is to attempt the presentation of such principles and procedures of fre-

quency analyses for hydrologic data.

2. Development of the. Study

Engineers of the Illinois Division of Highways and the Bureau of

Public Roads concerned with the design of express highways were not

satisfied with existing methods of utilizing records of rainfall for the

design of storm drains. They recommended that an intensive mathe-

matical study of hydrologic frequency analyses be undertaken as one

phase of the Cooperative Highway Drainage Investigation at the Univer-

sity of Illinois. The study was started in the fall of 1948, and continued

over a period of two academic years on a half-time working basis.

In the beginning, a comprehensive survey was made of available

literature in the field under consideration. It was followed by a review

of various statistical methods of hydrologic analysis as well as an in-

vestigation on the suitability of data to be used in the analysis. A number

of selected methods were then applied to the precipitation data for

Chicago. These data were used because the immediate project attention
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was directed to the Congress Street Express-Highway in Chicago with
which the Illinois Division of Highways was primarily concerned. From
.the knowledge and experience gained through the first stage of research,
an attempt was made to develop new and improved procedures of
analysis. Finally, for testing their practical applicability, the procedures
were applied again to the Chicago data. and in addition, to tilhe data of
Seattle, Washington, and Los Angeles, California.

As a result of the intensive study, thirteen preliminary reports were
produced and submitted to the members of the Technical Advisory Com-
mittee of the Cooperative Highway Drainage Investigation. After re-
viewing these reports, the Committee considered that these studies would
be of value to students and engineers working in the hydrologic field.
At its meeting dated May 13, 1952, the Committee approved the publi-
cation of these studies as a final report of the study presented in a re-
assembled and revised form.

3. Scope of the Study
This report consists of four main parts: Part I, Introduction, in

which a general account of the hydrologic study - its significance. pur-
pose, and development -is presented; Part II, Principle and Theory of
Analysis, in which the selection of data, interpretation of theory. formu-
las for plotting positions, fitting of theoretical curves, statistical controls,
and other features are described; Part III, Procedure and Application
of Analysis, in which improved methods are developed and applied to the
Chicago data which are taken as an illustrative example; and Part IV,
Preparation of Hydrologic Data for Analysis, in which sources and kinds
of data, deficiencies of data and methods of adjustment are discussed.

4. Acknowledgments

This study was undertaken as a part of one project of the Highway
Planning Survey of the Illinois Division of Highways in cooperation with
the Bureau of Public Roads. The work was done under a memorandum
agreement for Cooperative Investigation of Highway Drainage entered
into by the University of Illinois, Engineering Experiment Station, of
which Dean W. L. Everitt is the Director, and the State of Illinois, Di-
vision of Highways, of which Mr. F. N. Barker is the Chief Highway
Engineer.

On the behalf of the University, the work was carried out under the
administrative direction of Professor W. C. Huntington, Head of the
Department of Civil Engineering, and Professor Ellis Danner, Director
of the Illinois Cooperative Highway Research Program, and under the
technical supervision of Professor J. J. Doland of Hydraulic Engineering.
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On the part of the State of Illinois, Division of Highways, the work
was under the administrative direction of Mr. H. E. Surman, Assistant
Engineer of Design, Mr. W. L. Esmond, Engineer of Research and Plan-
ning, and Mr. W. E. Chastain, Engineer of Physical Research. On the
part of the Bureau of Public Roads, the work was under the direction of
Mr. C. F. Izzard, Chief of Hydraulics Branch, and Mr. F. L. Anthony,
Materials Engineer of the Illinois District.

The Technical Advisory Committee of this research project is formed
by six members: Professors .1. J. Doland and H. L. Langhaar of the
University of Illinois, Mr. H. E. Surman of the Illinois Division of High-
ways, Professor W. E. Howland of Purdue University on behalf of the
Illinois Division of Highways, Mr. C. F. Izzard of the Bureau of Public
Roads and Professor Wallis Hamilton of Northwestern University on
behalf of the Bureau of Public Roads.

Part IV of this report has been reviewed by the U. S. Weather
Bureau, Washington office. All corrections and suggestions by the Bureau
have been incorporated. The author is indebted to Mr. F. W. Reichel-
derfer, Chief of the Bureau, and his staff for their contributions.

Special acknowledgment is gratefully made to Mr. J. C. Guillou,
Research Assistant Professor of Hydraulic Engineering, University of
Illinois, for his constant advice during the progress of the study, and to
Mr. W. D. Potter, Head, Hydrology Section, Hydraulics Branch, the
U. S. Bureau of Public Roads, for his kind review of the preliminary
reports and valuable suggestions to the preparation of this final report.
Acknowledgment is also made to Miss Joyce Vandiver for typing the
manuscript.



II. PRINCIPLE AND THEORY OF ANALYSIS
5. General

Hydrologic data are random in nature depending on their magnitude
and time of occurrence. When the data are arranged in the order
of magnitude, a series of data which can be subjected to mathematical
analysis is formed. The distribution of this series may be studied by the
method of statistics. It is assumed at the outset that within the period
of time under consideration the distribution of hydrologic data possesses
a definite pattern which may be derived by mathematical theories and
verified by observed data. The theoretical distribution indicates the
case which is closely approached only when the data is a truly represen-
tative selection, covering the whole period of time under consideration.
As this is rarely the case in the actual application of the theory, the ap-
proximation of the observed pattern to the theoretical distribution would
depend upon the quality of data and the length of record. Generally
speaking, hydrologic data taken from a record extending over a period
of 20 yrs, using the statistical method which employs two parameters,
should produce a fair approximation for practical purposes.

6. Selection of Data

The available hydrologic data are generally arranged in a chrono-
logical order. Figure la exhibits a hypothetical set of such data for a
certain period of observation, say 20 yr as shown in the figure. The
magnitude of data is expressed in an arbitrary unit. Experience has
shown that many of the original data have practically no significant
value in the analysis because the hydrologic design of a project is usually
governed by a few of the extreme conditions only. In order to save labor
and time in anlysis the data of insignificant magnitude should be ex-
cluded. For this purpose, two types of data, the annual maxima, or an-
nual maximum values, and the annual exceedances, or annual exceedance
values, are proposed for use in the analysis.

7. The Annual Maxima
The annual maximum value is the largest of all observations taken

in a year. For example, the annual maximum daily flood is the largest of
the 365 observations of daily discharges; the annual maximum peak
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Fig. 1. Hydrologic Data Arranged in the Order of Occurrence

flood is the largest of all flood peaks observed in a year; and tile annual
maximum rainfall intensity for a certain duration is the largest of all
observed values in a year. As there is only one value of annual maximum
recorded in a year, the number of annual maxima in a period of observa-
tion is equal to the number of years of observation. It will be shown
later that when the nunber of hydrologic data in their initial distribu-
tion becomes large, the annual maxima of the data approximate a definite
pattern of distribution. In studying this pattern of distribution, only
annual maxima are required in the analysis, while other data can be
disregarded. In Fig. la, the annual maxima of the hypothetical set of data
are marked with dots, and they are also shown separately from other
data in Fig. lb.

I
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8. The Annual Exceedances

When all observed data in N years of observation are arranged in a
descending order of magnitude, the top N values are named the annual
exceedances. As in the case of annual maxima, the number of annual
exceedances in a period of observation is equal to the number of years
of observation. Thus, in the hypothetical data as shown in Fig. la. there
are 20 annual exceedances as marked by horizontal strokes. In Fig. Ic.
they are shown separately from the other data. The annual exceedances
are only the extreme portion of all data. Accordingly, they do not form a
complete series of their own. However, it will be shown later that as the
number of data in the initial distribution becomes large, the annual
exceedances would converge to an asymptotic pattern of distribution
which can be subjected to mathematical manipulations.

9. Comparison of Two Approaches in Selecting Data

The annual maxima and the annual exceedances of the hypothetical
data in Fig. la are arranged graphically in Fig. 2 in the order of magni-
tude. The figure shows that many annual exceedances exceed the annual
maxima in magnitude. In this particular illustration, only five of twenty
values are equal to the annual maxima. This is also demonstrated in
Fig. la, in which the second largest value in a given year outranks, in
magnitude, many annual maxima. Consequently, when only the annual
maxima are selected, these second largest values would be omitted, re-
sulting in the neglect of their effect in the analysis. On the other hand,
when the annual exceedances alone are selected, an objection conunonly
recognized is that the selected data may not be fully independent events;
that is, one event could affect another which follows closely after, such
as one flood sets the stage for the next close flood and one storm disturbs
the nleteorological condition for the subsequent ones.

Logically speaking, the selection of data should be judged by tilhe
nature of the designed structure. The annual exceedances should be used
if the second largest values in the year would affect the design. For in-
stance, the damage caused by flooding sometimes results from the repe-
tition of flood recurrence rather than from a single peak flow. Consider
also the design of a culvert in which damage or destruction may be
rapidly and economically repaired and then soon again exposed to dam-
age. The case is similar for highway drainage in which the loss due to
traffic interruption as a result of flooding will be weighed by the number
of flood peaks and the extent of flooding which may be caused largely
by associated peak flows. In other cases where tilhe design is controlled by
the most critical condition, such as the design of a spillway, tile annual
maxima should be used.
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Fig. 2. Hydrologic Data Arranged in the Order of Magnitude

The theoretical relationship between the annual maximum and the

annual exceedance values will be demonstrated later. From this relation-

ship, it is possible to derive the frequency of one type of data from the

given frequency of the other. However, it is good practice to work up

hydrologic data with a view toward the consideration of both annual

maxima and annual exceedances.

10. Recurrence Interval

The primary object of the frequency analysis of hydrologic data is

to determine the recurrence interval of the hydrologic event of a given

magnitude, say y. The so-called recurrence interval, denoted hereafter

by T in years, is defined as the average interval of time within which the

magnitude of the event y will be equaled or exceeded once on the aver-

age. For instance, if we say the 100-yr flood of a river at a certain gaging

L L L LM

I iiii
I

.............
I11
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station is 17,600 cfs, the recurrence interval is 100 yrs. It means that the
magnitude, 17,600 cfs, of the flood has been equaled or exceeded, as de-
duced from the data, on an average period of 100 yrs and it will be
continued so by assuming a definite pattern of frequency distribution
under the period of consideration.

The term frequency is often used interchangeably with the recurrence
interval. However, it should not be construed to mean a regular or stated
interval of occurrence or recurrence; this meaning is accepted in certain
branches of sciences. Sometimes, the frequency may also mean the
number of occurrences.

For both approaches, annual maxima and annual exceedances, the
total number of events is equal to the total number of years of record. The
difference lies only in the fact that the annual maximum value occurs
exactly once a year, while the annual exceedance value occurs once a
year on the average. Let P be the probability of recurrence of an event
equal to or greater than magnitude y, then the recurrence interval T
years is the reciprocal of this probability or

T = 1/P (1)

For the sake of clarity, it may also be reasoned that if an event equal
to or greater than y occurs once in T years, the chance of occurrence or
the probability P is equal to 1 in T cases, or P = 1/T, hence T = 1/P.

There is a term known as percentage frequency often used in con-
nection with the frequency study. It corresponds to the probability, ex-
pressed in percentage, and may be defined as the percent of observed
events that were equal to, or larger than, a given event within the period
of records under observation.

11. Relationship between Recurrence Intervals, Tj and TR

Let PE be the probability of an annual exceedance value being equal
to or greater than magnitude y, and m be the average number of events
per year or mN be the total number of events in N years of record. Then,

PE/m = the probability of any event being of magnitude y
or greater

and

1 - PE/m = the probability of any event equal to or less than
magnitude y

Accordingly,

(1 - PE/m)" = the probability of an event of magnitude y being
a maximum of the m events in a year
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Fig. 3. Relationship between Recurrence Intervals, T. and TI:

This probability (1- PE /m)" approaches e- P', provided PE is small
compared with m. Consequently, the probability, P.1i, of an annual
maximum of magnitude y being equaled or exceeded is equal to

P.1 = - e-"es (2)

If T.u and TE are the recurrence intervals for annual maximum and
annual exceedance values respectively, then, by Eq. 1, Pm = 1/T.1 and
PE= /T, . Substituting these values of P.u and PF into Eq. 2 and
simplifying, the relationship between the two recurrence intervals is
expressed by

T = (3)
log,T., -- log,(Tr - 1)

The relationship between T,, and T: of Eq. 3 is plotted as shown in
Fig. 3. This relationship has also been investigated by W. B. Langbein.*
He compared it with a few actual cases and found that the ratio of TE
to T., is slightly less than that of the theoretical values, but the plotted
points are very close to their theoretical positions. As the theory of
probability postulates the independence and randmoiness of events, it is

believed that the discrepancy between the theoretical and the actual
positions is due to the deviations fromn these two qualities in actual data.

i Wli. H. LanIl, Iin. 'A3 ;i. I tll s . iald 1h Partnial- )lratlin• n St r ries," Trains. Airier.
Geornphs. Uin, \'ol. 30, N.. 6. I)ehem.r., 1949. pp. 879-881.
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Figure 3 also indicates the important fact that the two recurrence
intervals approach numerical equality for events of large recurrence
intervals. The difference between these two intervals with respect to TM
has been computed and is plotted against TE as shown in Fig. 4.* It can
be seen that a difference of about 10 percent corresponds to a 5-yr recur-
rence interval, TE, and a difference of about 5 percent corresponds to a
10-yr recurrence interval. In ordinary engineering practice, a 5 percent
difference is tolerable in such cases. In other words, these two approaches
give essentially identical results for recurrence intervals greater than
about 10 yrs. Figure 4 also shows that the difference is always positive;
that is, for a given event, Tm is always greater than TE.

12. Frequency Distribution
The frequency distribution is an arrangement of numerical data

according to size or magnitude. For practical purposes, it imay be repre-
sented graphically in various ways.

* Ven Te Chow, Discussion of "Annual Floods and the Partial-Duration Flood Series," Trans.
Amer. Geophys. Union, Vol. 31, No. 6, Decenber, 1950, pp. 939-941.
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Consider the hypothetical hydrologic data in Fig. la which consist of
64 items recorded in a period of 20 yrs. Using the range of the data as a
guide, the data may be divided into a number of convenient sized groups
as shown in Columns 1 and 2 of Table 1.

The range of magnitude may be plotted against the number of items
in the form of a bar diagram as shown in Fig. 5a. A smooth curve is
drawn in to fit the bar diagram. This curve is taken as the theoretical
frequency curve which defines the pattern of distribution of the hydro-
logic data. It extends further in one direction from its peak than in the
other, and thereby indicates a lack of symnmetry. This unsymmetrical
pattern of distribution is characteristic of most hydrologic data.

Table 1
Study of Frequency Distribution

Range of No. of No. of Items Percentage
Magnitude Items Greater than Greater than

the Range the Range
(1) (2) (3) (4)

1-5 1 63 98.4
6-10 1 62 96.9

11-15 3 59 92.2
16-20 6 53 82.8
21-25 8 45 70.3
26-30 9 36 56. 3
31-35 8 28 43.7
36-40 6 22 34.4
41-45 5 17 26.6
46-50 4 13 20.3
51-55 3 10 15.6
56-60 2 8 12.5
61-65 2 6 9.4
66-70 2 4 6.3
71-75 1 3 4.7
76-80 1 2 3.1
81-85 1 1 1.6
86-90 1 0 0.0

If the magnitude is plotted against the percentage of items greater
than the indicated range, as computed in Column 4 of Table 1, then a
cumulative frequency curve or probability curve of the hydrologic data
is obtained as shown in Fig. 5b. This probability P represented by the
ordinate may be taken as the probability of recurrence of an event equal
to or greater than magnitude y represented by the abscissa.

It is convenient for practical purposes to plot the data in a straight
line. This can be done by transforming the scale of thle ordinate in such
a way, as shown in Fig. 5c, that the curve would appear as a straight line.
Whenever a theoretical frequency distribution is proposed, a special prob-
ability paper with transformed scales for straight-line plotting may be
designed. ISee Section 24.) Any plotting of data appearing in a straight
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line on this paper should mean that the frequency distribution of data
follows a proposed law of non-symmetrical probability. If the distribution
pattern of the data shows a symmetrical shape the scale of ordinates
would be different from that shown in Fig. 5c.

By the principle of statistics, a theoretical law of frequency distribu-
tion may be defined by a number of parameters. J. J. Slade, Jr.* has
pointed out after making a mathematical study of hydrologic frequencies
that because of errors of sampling inherent in the ordinary hydrologic
data, it is meaningless to compute any statistical parameters higher than
the second order. Therefore, it is suggested that two statistical parameters
be used to define the law for frequency distribution of hydrologic data.

*J. J. Slade, Jr., "The Reliability of Statistical Methods in the Determination of Flood Fre-
quencies," U. S. Geological Survey, Water Supply Paper 771, 1938, pp. 421-432.
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13. Distribution of Annual Maxima
The theory of extreme values which was introduced by Fisher and

Tippett in 1928 is used to interpret the theoretical distribution of annual
maxima.* They found that the distribution of the N largest (or the N
smallest) values, each of which values is selected from one of m values
contained in each of N samples, approaches a limiting form as m is in-
creased indefinitely. The application of this theory to the frequency
distribution of hydrologic data was first made by E. J. Gumbel in 1941.t
In principle, it is assumed that annual maximum values of N years of
record approaches a definite pattern of frequency distribution when the
number of observations in each year becomes large. The theoretical
treatment of this distribution is described below.

Let fo(y) be the function of the initial frequency distribution of
original hydrologic data and po(y) be the probability of a value equal to
or less than magnitude y. In effect, the probability p,(y) is the cumulated
frequency distribution function of f.(y); or inversely, fo(y) is the first
derivative of po(y), i.e.,

f,(y) = dp.(y)/dy (4)

The probability that all of m observations will be equal to or less than
y is

p(y) = [pM(y)]" (5)

It should be noted that this is also the probability that y will be the
largest among m observations. Therefore, for an initial distribution of
/f(y), the frequency distribution function of the largest value is the first
derivative of its probability p(y), or

f(y) = dp(y)/dy

By Eq. 5 f(y) = d [po(y)]'/dy

= m [po(y)].-} dp.(y)/dy

By Eq. 4 f(y) = m [po(y)]"-' fo(y) (6)

It is thus shown that the largest value is a statistical variable with a
distribution f(y) of its own expressed by Eq. 6, which distribution, in

general, is different from the initial distribution f0oy), from which the
largest values are selected.

R. A. Fisher and L. H. C. Tippett, "Limiting Forms of the Frequency Distribution of the
Smallest and Largest Member of a Sample," Proceedings of Cambridge Philosophical Society,
Vol. 24. 1928, pp. 180-190.

t J. Gumbel. "The Return Period of Flood Flows," Annals Mathematical Statistics, Vol. XII,
No. 2, June, 1941, pp. 163-190.
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Equation 6, however, depends on the distribution fo(y). It cannot be
evaluated unless f.(y) becomes known. By the theory of extreme values,
it is possible to demonstrate that when m becomes large and indefinite, a
limiting form of the distribution of largest values independent of the
initial distribution will then be approached. This limiting form is
derived as follows:

When y is an unlimited variable, the probability p(y) of Eq. 5 con-
verges toward:

P(y) = e-'-"  (7)

in which a and c are statistical parameters. This limiting form for the
probability of largest values has been proved by Fisher and Tippett and
was later affirmed by Gumbel. Accordingly, the limiting form for the
frequency distribution of largest values is the first derivative of P(y),
or it is:

F(y) = 1.e_+)_-*, (8)
c

Fisher and Tippett also evaluated the parameters a and c by the
method of moments as follows:

a = yc - (9)

and c = (V /r) a (10)
where -y = 0.5772157 ... a so-called Euler's constant

y = the mean

If N is the total number of the observed data, then the mean is the
average of their magnitude y computed by the formula

= Zy/N (11)

and a = the standard deviation which is defined by

a = V [N/(N - 1)] (y1 - y-) (12)

in which y2 is the mean of the squares of y, or

Y/ = 2y'/N (13)

N and y are the same as those in Eq. 11.
Gumbel has used Eqs. 9 to 13 inclusive to compute the parameters

a and c. Thus the theoretical distribution F(y) can be determined and a
theoretical curve represented by Eq. 8 may be drawn to fit the observed
data. However, experience has shown that this method of moments does
not always give as good a fit as the method of least squares. The use of
the latter method which will be described later is therefore recommended.
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14. Theoretical Recurrence Interval for Annual Maxima
Thile probability of recurrence P, of an annual maximum value equal

to or greater than magnitude y is obviously the complementary prob-
ability of P(y) represented by Eq. 7, or

Pu = 1 - P(y)

= 1 - e- " (14)

The recurrence interval TM of annual maxima may be therefore found
from Eqs. 1 and 14, or

TM = (15)
1 -e

Transposing and simplifying, Eq. 15 becomes

y = -a -c log, [log.Ts, - log. (TM - 1)] (16)

Substituting Eqs. 9 and 10 for a and c, Eq. 16 becomes

y = oK + Y (17)

where K is the so-called frequency factor, first defined by V. T. Chow*
as follows:

K = - y { + log, [log,TM - log. (TM - 1)]} (18)

Equation 18 is used to compute the relationship between the frequency
factor and the recurrence interval. A K-TM curve showing this relation-
ship is given in Fig. 6.

When y is plotted against K in linear scales, Eq. 17 indicates that a
straight line should be produced. On the linear scale of K, a transformed
scale of TM can be calibrated by the use of Eq. 18 or Fig. 6. As demon-
strated in Fig. 5c, the data plotted on this transformed scale should also
appear as a straight line if they follow the theoretical law. A special
probability paper used for straight line plotting of annual maxima is
shown in Fig. 10. A paper of this kind was first suggested by R. W.
Powell in 1943.t

15. Distribution of Annual Exceedances
It is generally understood that a complete probability study of all

observations is possible only when the entire distribution of the events is

* Ven Te Chow, "A General Formula for Hydrologic Frequency Analysis," Trans. Amer.
GeophysI. nio.n .Vol. 32. No. 2. April. 1951, ppl. 231-237.

t R. W. Powell. "A Simple Method of Estimating Floodl Frequencies," Civil Engineering. Vol.
13, Fel,ruary, 1943. pp. 105-106.
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known. Since annual exceedances are the top portion of a series, they
do not form a complete distribution. This is shown in Fig. 7 where
ABCD indicates a hypothetical distribution curve of original data, and
AB is the portion for annual exceedances only. However, as the complete
data are unavailable, any law which applies to the portion AB, such as
ABC', would be good also for annual exceedances. That is to say, when
any curve ABC' of Fig. 7 is chosen to fit the distribution of annual ex-
ceedances, and since this curve fits the portion AB adequately, it is not
essential that the other portion BC' should also fit the actual distribution
of BCD which is unknown. With this understanding in mind, the theo-
retical distribution of annual exceedances may be demonstrated:

Consider that the occurrence of a hydrologic event of certain magni-
tude y is a result of the joint action of many causative meteorological and
geographical factors whose probabilities of occurrence are p1, p2, p3, . .
p,, all being functions of y. By the theorem of multiple probabilities, the
probability of the combined action is

P. (Y) = P P2 P3 . . Pr (19)

where r is the number of factors. Let p be the geometric mean probability
of all causative factors, then

p. (y) = P (20)

Since r is infinitely large, po(y) converges to a limiting form as below

P(y) = e-' " (21)

This is due to the same reasoning which has been applied to the deriva-
tion of Eq. 7.

a

Recurrence Interval of Annual Maxima, T., in Years

Fig. 6. K-T m Curve
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t

Moagiude

Fig. 7. Fitting Distribution Curve for Annual Exceedances

For annual exceedance values, y is of high magnitude, hence the prob-
ability of Eq. 21 may further converge to

P(y) = 1 - e-I- (22)

This is the probability that the annual exceedance y will not be exceeded.
The distribution function of the annual exceedances is the first derivative
of Eq. 22, or

F(y) = log, 10 .. 23
F(y) = e- . (") (23)

a

which gives the exponential curve represented by ABC' in Fig. 7.

16. Theoretical Recurrence Interval for Annual Exceedances
The probability of recurrence P. of an annual exceedance value equal

to or greater than magnitude y is the complementary probability of
P(y) represented by Eq. 22, or

PE = 1 - P(y) = e-'--- (24)

The recurrence interval Tx of annual exceedances may be found from
Eqs. 1 and 24, or

TE = e .~',-b (25)

Converting Eq. 25 into logarithmic form,

y = a logo0TE + b
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which will give a straight-line relationship between y and T,, when
plotted on a semi-logarithmic graph paper with TE represented by a
logarithmic scale.

It should be interesting to see through the mathematical relationship
between T, and TM at this stage of demonstration. As proved previously,
TM is related to TE by Eq. 3. It can be seen that if Eq. 3 is substituted
into Eq. 16, an equation practically the same as Eq.. 26 results. There-
fore, if the use of the theory of extreme values for annual maxima is
mathematically adequate, then the conclusion shown by the fact that
the equation obtained by substituting Eq. 3 into Eq. 16 is practically
the same as Eq. 26, should explain the legitimate use of the semi-
logarithmic plotting for annual exceedances.

17. Plotting Positions

In treating hydrologic data for the study of their frequency of re-
currence, two phases of study are generally met. One is the frequency
of recurrence for the observed distributions, and the other is the cor-
responding frequency of recurrence for the theoretical distributions of
best-fit. The former is usually required for the purpose of plotting ob-
served data and hence is called the "plotting positions," a term used by
H. A. Foster.* The latter is treated by the mathematical theory of prob-
ability, such as that described in previous articles, and generally serves
as a theoretical basis for interpreting the observed phenomena.

A correct determination of plotting positions has been a moot ques-
tion and has caused a great deal of discussion. Many methods for com-
puting plotting positions have been proposed, but few of them deserve
theoretical explanation. An attempt is made here to give a rational solu-
tion to the derivation of plotting position formulas for TM and TE.

Assume that n past observations were taken from a certain unknown
distribution of events. These n values can be arranged in an order of
descending magnitude in which the rank, designated by m, of the largest
value is equal to one. According to Gumbel and von Schelling,t it is pos-
sible to compute the probability that an observed value of any rank m
which will be taken from the same distribution will be equaled or
exceeded x times in N future trials. It can also be proved that the mean
number of exceedances Y for this m-th largest value to be equaled or
exceeded in N future trials is

S= N m  (27)tn+1

* H. A. Foster, "Duration Curves," Trans. Amer. Soc. Civ. Engrs.. Vol. 99, 1934, pp. 1213-1235.
t E. J. Gumbel and H. von Schelling, "The Distribution of the Number of Exceedances," The

Annals of Mathematical Statistics, Vol. XXI. No. 2. June. 1950, pp. 247-262.
2 The derivation of this formula is referred to Appendix I.
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For annual maximum values, the recurrence interval may be defined
as the time in years for N future trials that the m-th largest value in
annual maxima will be equaled or exceeded once on the average. In other
words, the recurrence interval Tm is equal to N when the mean number of
exceedance x is equal to one. From Eq. 27, when Y = 1,

1=N m

and for TMu = N,

TM = n +1 (28)
m

This indicates that the recurrence interval of an annual maximum value
is equal to the number of years of record plus one and divided by the
rank of the value. Equation 28 is recommended for computing the plot-
ting positions of annual maxima.

In case of annual exceedance values, n and N are numbers of events
respectively in the past years of observation and in future years of ob-
servations. Generally, they are very large values. Thus, the fraction
N/In + 1) approaches N/n and the former can be replaced by the latter
in Eq. 27; i.e.,

Y = Nm/n (29)

Furthermore, it may be reasonably assumed that the number of events is
proportional to the number of years in the period under consideration.
In other words, N may be taken as the recurrence interval TE and n
as the number of years of record. As the recurrence interval of annual
exceedance value may be defined as the time in N future years that the
m-th largest value of observed annual exceedances will be equaled or
exceeded once on the average, the plotting position formula for annual
exceedances is derived from Eq. 29 with I = 1 and N = Tg as follows:

TE = n/m (30)

which indicates that the recurrence interval of an annual exceedance
value is equal to the number of years of record divided by the rank of
the value.

18. Fitting Theoretical Curves
When annual maximum and annual exceedance values respectively

are plotted on their corresponding special probability papers, straight
lines are expected to be produced if the data follow the proposed theo-
retical law of distribution. Experience has shown that hydrologic data do
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exhibit such straight line trends. However, since the data are rarely
perfect, the observed values will not coincide with the theoretical values,
and hence, a scatter or variation about a straight line occurs. After the
data are plotted, it is generally required that they be fitted to a straight
line which would represent a correct trend.

There are two analytical methods of curve fitting: the method of
moments and the method of least squares. By the first method, the
theoretical probability curve is defined by a number of statistical param-
eters, the values of which can be evaluated by taking moments about an
arbitrary value as an origin. Detailed procedures will not be described
herein as the reader may find them in any standard textbook of statistics.
Fisher and Tippett have used this method to evaluate the parameters for
the theoretical distribution of extreme values as given in Eqs. 9 to 13
inclusive, and Gumbel has utilized them in actual application. A simpli-
fied alternative method to achieve the same purpose is to define the
straight line by Eq. 17 in which the parameters y and cr are computed
by Eqs. 11 and 12 respectively. Equation 17 represents a straight line
on the special probability paper in which T., is plotted on a transformed
scale. The relation between T, and K is given by Eq. 18 or by Fig. 6.

In the second method the principle of least squares is employed in de-
termining the line that best describes the trend of the data. The principle
states that a line of best-fit to a series of values is a line the sum of the
squares of the deviations about which will be a minimum; the deviations
are the differences between the line and the actual values. In the proba-
bility paper, the ordinate represents magnitude y and the abscissa repre-
sents, in transformed scale, the recurrence interval Tu or T:. It is
assumed that the errors which cause the scatter of plotted points exist
only in the y's inasmuch as the recurrence interval is computed on a
theoretical basis and is considered as an independent variable. Therefore,
the deviations are the differences between the observed y's and the theo-
retical yo's, where y, is the value y would need to have if it were to
lie exactly on the line of best-fit.

According to the principle stated above,

Z(y - y.)2 = a minimum (31)

Let the line of best-fit be represented by a linear equation as follows:

y, = Ax + B (32)

in which A is the slope of the line, B is the intercept of the line on y,-axis
and x is the recurrence interval in transformed scale. Since the purpose
is to determine the values of A and B, it is required to differentiate the
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expression on the left side of Eq. 31 with respect to A and B respectively,
and set the derivatives equal to zero as follows:

d(y y = 0 (33)dA

and dB(y = 0 (34)

Substitute yo of Eqs. 32 into Eqs. 33 and 34, and simplify the expressions,
noting YB = BN where N is the number of plotted values or also equal
to the number of years of record, then,

A Zr + BZx = Ixy (35)

AZx + BN = 2y (36)

Solve Eqs. 35 and 36 simultaneously for A and B, and let (Zx)/N = Y,
(Zy)/N=y, (Zx2)/N=x - and (Zxy)/N=-y, then,

A = -xy (37)

and B = y - A

-= X- - (38)

Comparing Eq. 32 with Eq. 17 and 26, it can be seen that for curve
fitting of annual maxima, x corresponds to K, and for annual exceedances,
x corresponds to logi•oT.

19. Statistical Control of Annual Maxima
The fact that the observed data exhibit a straight-line trend in plot-

ting on special probability papers but do not follow exactly the path
represented by the theoretical line leads to the belief that singular events
cannot be forecasted with perfect confidence by the theory of probability
and statistics. Consequently, it becomes essential to know the confidence
in results obtained by the frequency analysis, that is, to know how well
the individual event agrees with the theoretical line derived from the
observed data. Gumnbel has developed the technique which establishes
so-called "confidence limits" for annual maximum values.* The technique
is based on the principle that the theoretical value of rank m situated
on the straight line and corresponding to a given recurrence interval is

* E. J. 0un.. el. "Statistical Contl• ol-Curves for Fhalil-l)ischar ..s," Trans. Amer. Geophys.
Inion. Pt. 11i 1942. pp. 489-51HI. andl "Ti, Sta•tisticIal Foireast If ihu4ls." The Ohio Water Resources
Board, (COlumbus, Ohio. hI.emier, 1948, pp. 4-7.
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the approximation to the most probable m-th value. With a probability
equal to 68.269%,* the mth observation is contained in a confidence belt
which is bound by two control curves. The two control curves are con-
structed respectively above and below the theoretical straight line with
a vertical distance of Ay measured from the line. In other words, the
i-th observation is contained in the confidence belt defined by

y-Ay <y<y < + Ay (39)

It is expected that 68.269% of all observed values will fall within the
confidence belt.

For practical purposes, the control curves may be constructed by a
simplified method with which the half height, Ay, of the confidence belt
may be computed by the following approximate rules:

(1) For the largest value (m = 1),

Ay, = oa -F (N) (40)

in which ay is the standard deviation of the observed magnitude y, and
F (N) is a function of years of observation, N. The value of F (N) has
been computed and plotted against N as shown in Fig. 8.

* The deviations from the predicted values are usually measured by multiples of standard
deviation, a. This probability of 68.269% corresponds to the probability for a deviation of to from
the predicted value in a normal probability scale.
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(2) For the second largest value (m = 2),

A 0.661 (N + 1)
N- 1

(3) For intermediate values,

Ay 0.877 AyF(T)v'N
where F(T,), a function of Tm, may be found from Fig. 9 for given values
of TM. When TN is greater than 10 yrs, F(T.) may be computed by the
following formula:

F(T.) = T"5

(4) As the smallest values are usually of no interest, their control
curves are not necessary.

(5) For extrapolation beyond the largest value, the control curves
are two parallels to the extrapolated straight line; the half height of the
belt bound by the two parallels is equal to Ay, of the largest value.

T., Years

Fig. 9. Relatifofon between Tv and F(Tu)

20. Statistical Control of Annual Exceedances
The control curves for annual maxima can be easily converted for

the use of annual exceedances. For the largest and the second largest
values and for extrapolation, the width of the confidence belt is practi-
cally identical. For intermediate values, Eq. 42 may be used, but the
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recurrence interval TN in the equation should be converted from the
given T, by means of Eq. 3 or Fig. 3 which gives the theoretical rela-
tionship between T, and T,.

There is another method which can be employed to show the confi-
dence in annual exceedance values. By this method, the probability that
the m-th largest among n past observations will be equaled or exceeded
z times in N future trials is considered. This probability is described in
Appendix I, and Eq. A6 is derived for its computation.

When the event is not expected to happen at all in future trials, then
x = 0 and Eq. A6 becomes

P(nmN,0) n! (N + n - ) (44)P ,,' (n - m)! (N + n)!

When the event is expected to happen at least once in future trials,
the probability is

1 - P(n,^ ,0) = 1 _ n!(N+-n- (45)(n - m)! (N + n)! (45)

For annual exceedances, both n and N are large as compared with m,
Eqs. 44 and 45 may be simplified by the Stirling formula* as follows:

P(n,m,N,0) (46)
,N -. large

and 1 - P(n,m,N,0) = 1 - 1 + /n (47)
n,NV - large

Consider a probability of 68.269 percent for Eqs. 46 and 47, then
from Eq. 46,

N/n = 1.4651" - 1 (48)
and frbm Eq. 47,

N/n = 3.150 /" - 1 (49)

As assumed previously, the number of events for annual exceedances may
be proportioned to the number of years. Therefore, the ratio N/n multi-
plied by the number of years of observation would give the recurrence
interval T, on control curves. Equation 48 gives the control curve for
the event which will not occur in the indicated recurrence interval with
a probability of 68.269 percent. Equation 49 gives the control curve for
the event which will occur at least once in the indicated recurrence inter-
val with the same probability, 68.269 percent.

* Stirling formula gives (p+h)!/p! = ph or p!/(p-h)! = p• when p becomes infinite.



III. PROCEDURE AND APPLICATION OF ANALYSIS
21. Procedure of Analysis

The theory described in Part II is applied to the frequency analysis
of hydrologic data according to the following steps:

(1) Selection of data
(2) Computation of plotting positions
(3) Plotting of data
(4) Fitting of theoretical curve
(5) Construction of control curves

The analysis of rainfall intensity data at Chicago, Illinois, is taken as
an example for the interpretation of each step.

22. Selection of Data

In the example, the original rainfall intensity data of various dura-
tions are the excessive precipitations recorded during the period from 1913
to 1947 at Chicago, Illinois. The method of choice of original data from
Weather Bureau's official record will be fully described in Part IV. The
maximum excessive precipitation data are listed in Appendix IV from
which the annual maximum values and the annual execedance values of
10-min duration rainfall depth data are selected as shown in Column 2
of Table 2 and Table 3 respectively. The values are arranged in order
of decreasing magnitude with the rank m listed in Column 1 of the tables.

23. Computation of Plotting Positions

Regarding the computation of plotting positions, Eq. 28

T.n= (28)

is used for annual maximum values, and Eq. 30

TK = n/m (30)

is used for annual exceedance values. Column 4 in Table 2 gives the Tx
values and Column 4 in Table 3 gives the Te values.

24. Plotting of Data

For annual maxinmum values, the magnitude y of Column 2 in Table 2

is plotted against the recurrence interval Tu of Column 4. For annual
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Table 2
Frequency Analysis of Annual Maximum Values

10-Min Duration lainfall Depth at Chicago. INinois

t o -5 Tr X-zK as a2 A
(1) (2) (a) (4) () '(6) (7) (8)
I 1.11 2821 36.00 2.35n 5.4211 2.5115 0.177
2 0.96 .91 18.000 i. 3.11 1.7117
3 9.5 22me 1 2m 1 *.11n 1.377 0.31
4 8.2 0.66 2.000 1.218 1.4815 l.111 0.MO5 0.88 0.7244 7.00 1.088 1.0

L I7 0.00s 0.0
S 0.0 0.600s .000 0.878 O.T700 0.704 0.04

7 0.80 0.400 .14i 0.745 0.65J0 0.I0a 0.0a
8 0.76 0.5776 4.100 0.1'7 0.201 0.476 8 0.046
9 0.74 0.B47 4.000 0.S'M 0.271S 0.3863 0.611

10 0.71 0.5041 S.0 0.42 1 IN 1M 0.018 0.0
11 0.70 0.4000 .172 0.37 0.1136 0. 5 *.017
IS 0. 0 .000 0.4 4 .000 O 0.174 0.0
IS 0.68 0.4224 2.76 0.177 0.•B1 0.1104 0.044
14 0.66 0.4356 .871 0.I10 a.0164 ,.6g83 3.64
16 0.3 6 0.46 .400 0. 0.10 0.011 0.:S1
16 0.86 0.40 2.250 _-0.. ,.M _s -0.11 ,.m
17 0.65 0.425 2.115 -0.100 0.0100 -0.610 0.08
18 0.64 0.4014 .000 -0- 2.14 0. -O.100 m .1719 0.64 0.40M I.as --0.g s.ems -0. 1440 0g.5 0•s0 08 :i : -*.m :.C -,.8 :oSm

o1 0.62 0.s864 1.716 .1104 11 -0.214 0.6
n 0.41 .ini a.m -0.(o gMge 02471 a.n5
23 0.60 .13 1 .516 -0.44 0.s21l -0.284 0.08424 0.56 0.am4 1.500 -8.27 6.2 -0.1=08 0.$14
25 0. 0.1 4a 1.440 -6.13 6.38 -0.6:17 :.:

S 0.67 0.24 1.85 -o0.64 0.414 -0.4am 0..88
2 0.3 0.-06 1i.-8A -o0.,S .1M4 -0.,si ....

25 0.62 1.S235 -0.7 0.273- - .i006 .
23 o.4 0.401 -. ,e -1.s4 s.4m -0.,40 0.13

3 0.4 0.1401 .1 -0.,04 0.172 0 -0. 4480 0.63
1 0.47 0.230 1.13 -. m 9 0.06 0 4 0.43M

22 0.41 0.I4E 1.125 -1.364 a .1"3 -0.42M2 0.0456 0.6 0.1236 1.62 1:I# - 1.i -L.4172
34 0.84 0.116M I.018 -1.19 1.0M7 -0.442
35 0.23 0.10m 1.0M9 -1.446 S.M30 -0.47a

Z-22.71 15.8040 -0.917 27. 11M 4.6706

j- 0.0643i -0.451e W--0.o011 X-0.7760 z- 0.124.
A- 0.1900 5-0.6544 .- 0.1776

Line of best-It: W-0.19 0r+0.S544

exceedance values, the magnitude y of Column 2 in Table 3 is plotted
against the corresponding recurrence interval T, of Column 4.

The probability paper for annual maxima is specially prepared with
a transformed scale of T,; while for annual exceedances, standard semi-
logarithmic paper is employed. In case such paper is not available, an
ordinary plotting paper of rectangular coordinates may also be employed.
To plot annual maximum values on rectangular coordinate paper the
magnitude y is plotted against the frequency factor K. The K-values may
be computed by Eq. 18 or obtained from Fig. 6 for given plotting po-
sitions of TM. For practical purposes, the following simplified form of
Eq. 18 should be used in computation:

K = -(1.1 + 1.7951 ogN0 log N+1m)
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Table 3
Frequency Analysis of Annual Exceedance Values

10-Min Duration Rainfall Depth at Chicago, Illinois

0 s z' T x- looTs z' xY T, T,
(I) (2) (3) (4) (5) (6) (7) (8) (9)
1 1.11 1.2321 35.00 1 5441 2.3842 1.7140 16.30 75.20
2 0.96 0.9216 17.50 1.2430 1.5450 1.1933 7.35 27.20
3 0.94 0.8836 11.67 1.0671 1.1387 1.0031 4.76 16.30
4 0.92 0.8464 8.75 0 9420 0.8874 0.8666 3.61 11.68
5 0.88 0.7744 7 00 0.8451 0.7141 0.7437 2.78 9.04
6 0.80 0.6400 5.833 0.7659 0.5866 0.6127 2.30 7.38
7 080 0.6400 5.000 0 6990 0.4886 0.5592 1.96 6.24
8 0.76 0.5776 4.375 0.6410 0.4109 0.4872 1.71 5.38
9 0O74 0. 5476 3. 889 0 5899 0.3480 0 4365 1.52 4.75

10 0 74 0 5476 3.500 0.5441 0.2960 0 4026 1.36 4.30
11 0.71 0.5041 3.182 0.5027 0.2527 0.3569 1.24 3.85
12 0.70 04900 2.917 0.4649 0.2161 0.3254 1.13 3.52
13 0.68 0.4624 2.692 0 4301 0.1850 0 2925 1.04 3.23
14 0.68 0.4624 2.500 0 3979 0.1583 0 2706 .97 2.98
15 0.68 0.4624 2.333 0 3679 0.1354 0 2502 .90 2.78
16 0 67 0.4489 2.188 0.3400 0.1156 0.2278 85 2.61
17 0 66 0 4356 2.059 0 3137 0 0984 0.2070 .80 2.45
18 0.66 0.4356 1 .944 0 2887 0. 033 0.1905 .75 2.32
19 0.66 0.4356 1.842 0 2653 0 0704 0.1751 .71 2.18
20 0.65 0.4225 I 750 0.2430 0.0590 0 1580 68 2.07
21 0.64 0.4096 1.667 0.2219 0.0492 0.1420 .64 1.97
22 0.64 0.4096 1.591 0.2017 0.0407 0.1291 .61 1.88
23 0.63 0.3969 1.522 0.1824 0 0333 0.1149 .59 1.80
24 0.62 0 3844 1 .458 0.1638 0 0268 0.1016 .56 1.72
25 0.62 0.3844 1.400 0.1461 0.0213 0.0906 .54 164
26 0.61 0.3721 1.346 0.1290 0.0166 0.0787 .52 1.68
27 060 0.3600 1.296 0.1126 0.0127 0.0676 .50 1.52
28 0 60 0.3600 1.250 0.0969 0.0094 0.0581 .48 1.47
29 0.59 0.3481 1.207 0.0817 0.0067 0.0482 .47 1.41
30 059 0.3481 1.167 00671 0.0045 0.0396 .45 1.37
31 0.58 0.3364 1.129 0.0527 0.0028 0.0306 .43 1.32
32 0.58 0.3364 1.094 0.0390 00015 0.0226 .42 1.28
33 0.57 0.3249 1.061 00257 0.0007 0.0146 .41 1.24
34 0.57 0,3249 1.029 0.0124 0.0002 0.0071 .40 1.20
35 0.57 0.3249 1.000 0.0000 0.0000 0 0000 .38 1.17

Z-24 41 17.5911 14.0284 10.4002 11.4182

y- 0.6974 y'-0.5026 x-0.4008 z2-0.2971 ~y-0.3262
A- 0.3421 B-0.5603

Line of best-fit: -0.3421 logioTs+0.5603

in which m is the rank and N is tilhe total number of years in record. Ac-
cording to the theory, the plotted points should exhibit a straight-line
trend. If desirable, a transformed scale of recurrence interval T" may be
constructed beside the linear scale of frequency factor K. Thus, the plot-
ting positions can be plotted directly on the Tm-scale. This indicates the
procedure by which the special probability paper is constructed.

The probability paper used for annual exceedances is the semi-loga-
rithmic paper on which the plotting positions of TE are plotted in logarith-
mic scale against the magnitude y. An ordinary rectangular paper may
also serve the same purpose, on which values of logn Tp, instead of Th,
are plotted against the magnitude y.

25. Fitting of Curves

The theoretical curve is fitted to observed data by the mlethod of
least squares which is described in Section 18. As the equations derived
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by this method apply only to data plotted in rectangular coordinates, the
linear function of recurrence interval TN or T, should be employed for
deriving the equation of a theoretical straight line of best-fit. In other
words, for annual maxima, the theoretical straight line is constructed
to fit the values of y and K instead of values of y and T,; and for annual
exceedances, the line is to fit y and log 0oTe instead of y and T,.. In the
two cases, the abscissas for x are K and logloTj respectively.

To use Eqs. 37 and 38, values of y, x, xi and iy are computed in
Tables 2 and 3. The two constants in the straight line Eq. 32 are there-
fore computed by Eqs. 37 and 38. In Table 2, the constants for annual
maxima are A = 0.1960 and B = 0.6544. The equation of the theoretical
line of best-fit is

y = Ax + B (51)*
or

y = 0.1960x + 0.6544 (52)

By means of Eq. 52, the rainfall depth of 10-min duration for a given
recurrence interval can be estimated.

In Table 3, the constants of the straight line for annual exceedances
are computed as A = 0.3421 and B = 0.5603. The theoretical equation is

y = A log0oTe + B (53)
or

y = 0.3421 logloTE + 0.5603 (54)

which can be used to estimate the theoretical value of y for a given T".

26. Construction of Control Curves

The confidence belt for the theoretical probability curve is constructed
by the methods described in Sections 19 and 20.

(1) For Annual Maxima. The half-height of the confidence belt,
Ay, for the largest value is computed by Eq. 40 in which a, = 0.1775
and F, iN) = 0.996 as obtained from Fig. 8 with N = 35. The computed
Ay, = 0.177.

The value of Ay for the second largest value, or Ay,, is computed by
Eq. 41 in which N = 35 and Ay, = 0.177 as obtained above. The com-
puted AY2 = 0.124. For intermediate values, Ay is computed by Eq. 42.

* A comparison between Eq. 51 and Eq. 17 milght lead to a misunderstanding that valuhes of .4
and B in Eq. 51 would correspond to values of a and j in Eq. 17. However, a big difference should
be noticed; Eq. 17 represents the theoretical straight line which is obtained by the nimethol of
moments, while Eq. 51 represents the line obtained by the method of least squares. In the given
example, fi = 0.6418 and a = 0.1775. and the line obtained by the methodl of nmoments, or by Eq. 17,
is y - 0.1775z -- 0.0489 which is different from Eq. 52, obtained by the method of least squares.
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All required values of Ay are listed in Column 8 of Table 2. The

control curves are constructed as shown in Fig. 10.

(2) For Anmal E.rcedanccs. By means of the theoretical relation-
ship between the recurrence intervals of annual maxima and annual ex-
ceedances, the control curves for annual exceedances may be constructed

1.4

1/ : : :lO:.

.1 - - - -- -- - --. _-- . - - -_ ..

e I--------
Th eoreicl ~ /

I "/ ^. Control Curve

-0 -- - - Ifj-II--*

0.4

1.001 1.01 1.1 1.4 2 3 4 6 8 10 20 50 100
Recurrence Inltevol, T., Years

2 I 2 3
Frequency Factor, K

Fig. 10. Probability Curve of Annual Maxima

in the following manner: Convert the recurrence interval T,: to Tm, by

the aid of Fig. 3, and find the value of Ay, corresponding to this converted

TM, fronm the control curves of annual maxima or by interpolation of the

computed values of Ay for annual maxima. For instance, with m = 3 in

Table 3. the recurrence interval T,: is 11.67 yrs. From Fig. 3, tilhe con-

verted Tm is 12.20 yrs. Then, for T-u = 12.20, the value of Ay for this

third largest value y = 0.94 of all annual exceedances is found from
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Fig. 10 to be 0.092. The control curves of the annual exceedances are
shown in Fig. 11.

The computation of the control curve for non-recurrence of the event
in the designated future period with a probability of 68.3 percent and the
control curve for recurrence of the event at least once in the designated

1.4 - - - . --- -- - - -- . --- - - ----

1.2---

Convered Control Curve /

l~o. . I I* I ' 6-

-- IIi i11 I-r . t ,
I heI'r- e~ '~Obe v III

0.8 -----... I I-.......... ... .. ..... Coto Curve.- -. 11.
e *cur ence o Lteet One

0.4 HI,.

0.2 0.4 0.60.8 1 2 4 6 8 10 20 40 60 0
Recurrence Interval, Tt., Years

1 I a e a 1 a • e e a a i I a a a e a e e I | a a a a

0 0.5 1.0 1.5
Fig. 11. Probability Curve of Annual g,nT,

Fig. 11. Probability Curve of Annual Exceedances

future period with a probability of 68.3 percent involves the use of
Eqs. 48 and 49 respectively. These values of To and T 1 are computed
and listed in Columns 8 and 9 of Table 3. For instance, the largest ob-
served value, y = 1.11, in Table 3 has a plotted recurrence interval of
35.00 yrs. The theoretical value of y corresponding to this recurrence
interval, as shown by the theoretical line in Fig. 11, is y = 1.09. Accord-
ingly, the control curves are plotted at y = 1.09, To = 16.30 yrs and
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y = 1.09, Ti = 75.00 yrs. The control curves for non-recurrence and for
recurrences at least once are as shown in Fig. 11.

27. Off-Control Data
Occasionally, it may be observed from the plotting of a frequency

curve that the plotted point for the largest value or values deviate
markedly from the general path indicated by the curve of best-fit. The
deviation may be so great that the plotted points fall far out of the area
bound by the control curves. It is believed by some that such an out-
standing event or events follow some other law which applies to a series
of events that might occur at very long intervals. In other words, an
event has occurred within the period of record which is entirely true but
is incompatible, from a mathematical viewpoint, with those events with
which it is associated in the given sample. Therefore, a more logical prac-
tice is to recognize that the largest value or values in the available hy-
drologic data may have an actual recurrence interval which is several
times greater than the length of record. Whether or not the outstanding
event or events follow the usual laws or some other law than that repre-
sented by the rest of the data, it would seem obvious that they cannot be
assumed to have a recurrence interval equal to the value computed by
the plotting position formulas in which the available length of the record
is used. Consequently, the use of such off-control data as the largest value
or values in the computation of a theoretical frequency curve would pro-
duce a different result from that which the sample should indicate. Since
the off-control data would not be homogeneous with the rest of the
sample, they should be excluded from the computations for the theoreti-
cal curve. In other words, when the theoretical curve first computed indi-
cates that one or more observations included in the data are of an
off-control nature, the theoretical curve is recomputed by omitting the
off-control data. An estimate of the recurrence interval of the off-control
data can therefore be made by extending the recomputed curve until it
crosses the magnitude of the off-control points.

28. Extrapolation of Frequency Curves
In order to estimate the frequency of hydrologic events having a recur-

rence interval considerably greater than the length of record, the extra-
polation of frequency plotting of existing hydrologic data becomes neces-
sary. Due to the great uncertainty involved in such procedure, it is
generally recognized that extrapolations should be condemned for the
determination of the probable frequency of hydrologic events for which
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certain major structures should be designed. These structures include:
large dams and their spillways, reservoirs, high sea walls, levees or flood
walls protecting cities, etc., the failure of which would result in a calahnity
involving loss of human lives and other catastrophic situations. However,
in modern practice, the frequency analysis of hydrologic data has been
of important use in determining the economic justification of many
water-control projects. In such cases, the process of extrapolation within
a certain practical limit, say 3 or 4 times the period of record depending
on circumstances, may be employed to produce reasonably satisfactory
results. This application should be considered justifiable where there is
no other method of analysis available.

There are several methods of extrapolation. The simplest one is to
extend the frequency curve to a desired recurrence interval by eye. A
better method is to extend the straight line of the theoretical curve so
that the control curves for the extrapolated portion may be constructed
by the procedure given in Section 19.

Fragmentary data which were observed prior to or subsequent to a
period of continuous records may be used in connection with the con-
tinuous records to obtain more accurate extrapolated frequency data.
Such fragmentary data are generally of prominent magnitude only and
do not cover a complete series of records compatible with tile continuous
record. The method proposed is as follows:

The plotting positions arc determined by combining the data avail-
able in the fragmentary information with the data contained in the
continuous record. The recurrence interval is determined from the length
in years of the fragmentary period plus the length of the period in years
of the continuous record. An extrapolated frequency curve can then be
plotted from which values outside of the range of thie continuous period
may be reasonably estimated. The extrapolated frequency curve should
be sm6othed out and should match the general trend indicated by the
curve plotted from the continuous record.

Sometimes, rainfall and runoff data may be correlated for extrapola-
tion purposes. When one kind of the two has a longer period of record.
then the data of the extra period may be converted to another kind by
means of unit-graph method, and are used to plot tilhe extrapolated curve
of the latter kind.

29. Conversion between Annual Maxima and Annual Exceedances

It may happen that the data available for frequency analysis are only
one type of the two; that is, either annual maxima or annual exceedances.
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However, it is possible to estimate the other unknown kind of the data
by thle use of the theoretical relaht ionship betwen the two kinds of data
as develolwld previously in Section 11.

Take the data of 10-riin duration rainfall depth at ('hicago. Illinois.
as an example. The conversion is to be miade in both ways. The compu-
tation is given in Table 4. In the table, (olumn I lists the rank nm.
('olumns 2 and 3 list tlie observed depth y/, and plotting postion Tv, for

Table 4
Conversion between Annual Maxima and Annual Exceedances

AI)Innual Mlaximna I .Annual ]txitedl;ai<ce<
Rank b.&s rr, d (o.r.rtrd i Thd orial ,. Okbsrd Conr, rlid Thi.oriral

m yM Tv T7' ulv' Ur T Tiv' UK'
(1) (2) (3) i ) 454) (i6) (7) (81) (1)

I 1.11 3.1 N) 355 5 1 111 I I1 350 00 35.il) 1 088
2 10.8i IS 18( 17 5 I 1.NK3 9> 17. 10 18 4 I) .8! 1
3 i0.14 12. 10 II . .9!139 94 11 6i7 12 I.5 1924
4 1) 12 1. 1 8 45 .812 .12 8.75 i1 30) 882
5 0 88 7 2) 4 7 9.457 88 7 (M) 7 .52 .89
6i 0 80? 1i; IN 5 .821;1 Hi4 5833 61 31 . 822
7 0 80 . 143 1 6I .81111 81 ( X) .i i5 .7919
8 11 71 i5N) 4 11 .777 .71 1 375 4 141 .7794
9 1i 71 4 (IN 3 45 .7.1i 71 3 889 4 44 .7162

10 10 71 3 1.I1 3 0 : .737 74 3 51) 4 03 .7414
I1 1 70 : 272 2 74 724 .71 3 182 3 74 732
12 O. 1fi 3 (NMI 2 414 71 711 2 .917 3 43 719
13 11 t8 2 7619I 2 21 1486.1 .18 2 612 3 21 7107
14 10 ;il; 571 2 02 2171 li8 2. SN) 3 04 .4411
li5 0 lii4 2 111 I 7 14110 w18 2 333 2 814 .2iHi
III (1 il 2O14 I 70 1117 1i7 2 188 2 72 11676
17 l) li 2 11il I .7 1:11 il 2. (0l' 2. l0 .f1 7
18 0 Il 2 .11MI I 41) 1122 il; I 1944 2 48 4.659
19 ' I 141 4I l -3 1 31 fill41 ill; 9 2 2 37 .li.7l
211 II 0 13 I 14I) I 2) 2 . I9 14 1 Ii 7.0 2 30 ( li43
21 6 112 I 713. I 11 ;>841 il I 14i7 2 20 l0;i
22 " il ;I I3 IN; 14 7.S 1I41 1 3191 22 14 i?
23 ill W4 I 1;i. 197 3'I3 li3 I 22 2 ;03 123
21 I)8 l "I X11) 91 5 i 11i2 1 tt > 2 XI) ;Illi
23 0. 57 I41 .41 . 10 1 I 4(1) I I. .i WIlO
241 0 ; 7 I 385S 77 3248 i i :1346t I 8194 114
27 ;3:1 1 333 .70 51i 011 I 29Il I 4 5.9I18
28 1.,52 1 '28.1 64; .503 G1 I . 250 1 81) 593
211 II 19 I 212 .il 4!1l .-i I 2117 I 741 .88
301 II 11 I 211 5I1 477 .ll I 1617 1 72 .83
31 41 47 1 1612 .18 t1 5.18 I 1211 1 710 78
:2 11 41 I 12: 42 4114 .I 8 I )4 1 67 573
33: 0 314 I 1)2 38 . 127 .'17 lINi1 l 4 5.lil
3.1 ( 31 I .'A 30 042 . 7 1 )9 .54 4il
3;3 :43 1 (12) 24 371 ..i7 I . )100 1 8 5.il6I

iillti4ll ilaxiiinai. (Columns i ail 7 list t1e »1 rl.-|Ion(ilinlg vallieS., I. a111

TK, filrt iill l I X'eilaneiis. ('lirrespoliiliii to vialti 7o 1 il Colun(il 3.

tli( coilnvrteld vales of T.'. a- shown ill 'iColumniii 4. are founll fro'l Flig. 3

which l ives the theoretical relationship between the two kindIs ol recur-

reince intervals. Similarly, the converted values Tt' for annulal exceeld-

ances are foulind as shown in ('oliini 8. ('ollumn 5 gives tlie theoreticai

values olf annual imaxillma; thle values i 'are ; llcom lputed fromi Eq. 52 which is

obtained by the inethod of least squares. For instance, with T, in
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1.2 ---------------- -----1.2

Theoretical- -
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Observed -

Converted Theoretical
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Fig. 12. Conversion of Annual Exceedances to Annual Maximo
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Fig. 13. Conversion of Annual Maxima to Annual Exceedonces
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Column 3 equal to 18.00 yrs, the frequency factor K or x is 1.783 (see
Table 2) and the theoretical yu = 0.196 X 1.783 + 0.654 = 1.003. Simi-
larly, the theoretical values of ye' are given in Column 9 for which Eq. 54
is used in computing the values.

Figure 12 gives a comparison between the actual observed and theo-
retical plottings of annual maxima and the converted plottings. The
converted observed curve is obtained by plotting values of y, in Column 6
of Table 4 against the converted TN' in Column 8. The converted theo-
retical curve is obtained by plotting values of ys' in Column 9 against
TM' in Column 8. Similarly, Fig. 13 gives a comparison between the
actual plottings and the converted plottings for annual exceedances, in
which the converted observed curve is obtained by plotting yu in Col-
umn 3 against T,' in Column 4 and the converted theoretical curve is
obtained by plotting y,' against TE'.

A close examination of Figs. 12 and 13 reveals the practicability of
the technique of conversion from one type of data to another, as the
discrepancy between the actual plotting and the converted plotting is
very small (max. 2 to 3 percent) and, hence, it is tolerable for practical
purposes. There are several other interesting points as observed from this
example. The plottings indicate that the observed annual exceedances
give a narrower band of spread than those of annual maxima for the cor-
responding recurrence intervals. Furthermore, the annual maxima, either
the actual or the converted, demonstrate a higher magnitude than do
the annual exceedances.

30. Rainfall Intensity-Duration-Frequency Curve
For the engineering use of rainfall data, it is required to know the

relationship between four fundamental rainfall characteristics: namely,
intensity, duration, frequency and area of distribution. The knowledge
about the area of distribution may be obtained by a regional study of the
data. However, such study is beyond the scope of the present paper.
Therefore, only the relationship between intensity, duration and fre-
quency is considered herewith.

In the previous example, maximum rainfall depths of 10-min duration
are analyzed. For other durations, computations for both annual maxima
and annual exceedances are given in Tables 5 and 6. Observed and theo-
retical curves are plotted in Figs. 14 and 15, in which the control curves
are not shown.

The intensity of rainfall for a given duration is equal to the depth
divided by the duration. The value of intensity is expressed in in. per hr.
Depths of rainfall for given durations and recurrence intervals are ob-
tained from the theoretical probability curves of Figs. 14 and 15. The
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Table 7
Rainfall Intensities at Chicago, Illinois

A: Using annual maximum values
B: Using annual exceedance values

Duration Rainfall Intensities (in. per hr) for recurrence interval (yr)
(min) 2 5 10 05 50 100

5 A 4.56 5.64 6.36 7.32 7.92 8.64
B 4.92 5.76 6.48 7.32 8.04 8.65

10 A 3.78 4.80 5.52 6.36 7.08 7.63
B 4.02 4.80 5.40 6.24 6.84 7.44

15 A 3.12 4.04 4.60 5.36 5.92 6.44
B 3.36 4.04 4.52 5.24 5.72 6.24

20 A 2.67 3.48 4.02 4.74 5.22 5.73
B 2.91 3.51 3.99 4.59 5.07 5.52

25 A 2.35 3.10 3.58 4.20 4.65 5.08
B 2.50 3.12 3.53 4.06 4.46 4.88

30 A 2.12 2.82 3.28 3.88 4.30 4.72
B 2.34 2.84 3.22 3.70 4.10 4.48

35 A 1.92 2.59 3.02 3.57 3.98 4.43
B 2.11 2.59 2.96 3.46 3.84 4.20

40 A 1.77 2.37 2.78 3.30 3.68 4.05
B 1.94 2.39 2.75 3.21 3.57 3.93

45 A 1.63 2.21 2.59 3.08 3.44 3.79
B 1.76 2.21 2.56 3.01 3.36 3.71

50 A 1.49 2.05 2.42 2.89 3.24 3.60
B 1.62 2.05 2.39 2.82 3.15 3.48

60 A 1.29 1.81 2.15 2.60 2.92 3.26
B 1.40 1.83 2.15 2.58 2.90 3.22

80 A 1.01 1.42 1.69 2.02 2.29 2.54
B 1.00 1.43 1.69 2.04 2.30 2.57

100 A 0.83 1.16 1.38 1.63 1.87 2.06
B 0.89 1.19 1.41 1.71 1.92 2.14

120 A 0.71 0.99 1.17 1.42 1.59 1.76
B 0.76 1.00 1.20 1.44 1.63 1.82

5

Duration in Minutes

Fig. 16. Intensity-Duration-Frequency Curves of Rainfall Intensities at Chicago, Illinois
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computation for rainfall intensities of Chicago, Illinois, is given in Table
7. In Fig. 16, the corresponding rainfall intensity-duration-frequency
curves are constructed, in which the intensity is plotted against the dura-
tion for various recurrence intervals. Curves for both approaches of data
analysis, annual maxima and annual exceedances, are shown.

A similar analysis for flood data is important in analyzing the future
operation of control works. The most useful analysis is to establish the re-
lationship between the three elements: discharge, duration, and frequency.



IV. PREPARATION OF HYDROLOGIC DATA FOR ANALYSIS
31. General

Hydrologic data required for frequency analysis may be obtained
from various agencies and state, municipal, and private organizations.
Published data are accessible at many public and university libraries
and at Federal, state and municipal offices. The prominent Federal
agencies for collecting and publishing hydrologic data in the United
States are: U. S. Weather Bureau; U. S. Geological Survey; the Corps
of Engineers; Tennessee Valley Authority; Public Health Service; Mis-
sissippi River Commission; and Soil Conservation Service. For de-
tailed information reference should be made to National Resources
Planning Board, Technical Paper 10, "Principal Federal Sources of Hy-
drologic Data," by the Special Advisory Committee on Hydrologic Data
of the Water Resources Committee (1943) and "Inventory of Unpub-
lished Hydrologic Data," U. S. Geological Survey Water - Supply Paper
837. In many regions, the Federal agencies are in cooperation with the
state agencies.

It should be noted that in many cases the original hydrologic data
can not be used directly for analysis because they have deficiencies of
various kinds: for example, incompleteness of data which makes analysis
impossible; errors and inconsistencies in recording, compiling and pub-
lishing data which would either require corrections and adjustments or
produce erroneous results. In any case, it must'be warned that hydro-
logic data should not be used without examining the record for deficien-
cies. In this part of the report, discussions are focused only upon rainfall
intensities with reference to the data at Chicago, Illinois. The deficien-
cies in data are to be discussed and recommendations as to how such
deficiencies may be compensated for in a frequency study will be given.
However, the general principle described here should be applied as well
to any other kind of hydrologic data.

32. Precipitation Data

The words "precipitation" and "rainfall" are often interchangeable,
although the former includes forms of precipitated water other than
rainfall, such as snow, sleet, hail, etc.

The amount of precipitation at strategic locations is recorded by
gages maintained by public and private agencies; the observed records or
precipitation data are published from time to time by different agencies.
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Precipitation data may be classified in various ways. The "official
Weather Bureau data" are those records maintained by the Bureau
which were obtained by means of Bureau-approved observational tech-
niques, with approved instruments that have approved exposures. Data
are also recorded, but may or may not be published, by different agencies.
The "excessive precipitation data" are those which satisfy the definition
of excessive precipitation (see Section 34), and the "actual or original
data" is the term which refers to all data observed and published without
restrictions of any definition. "Point data" refers to the record of precipi-
tation at a particular point where the gage has been installed for
measuring and recording.

The "areal data" is a collection of point data which supplies informa-
tion of precipitation distribution within the area under consideration;
in the area a significant number of gages are strategically installed such
that the information may be considered representative. The treatment
given here is for point data only; the areal data will not be included.
The "total-storm precipitation data" is the accumulated depth of pre-
cipitation during a specified time-interval of a certain rain-making storm
or storms. The "maximum precipitation data" is the greatest recorded
data for a certain time-interval in the period of observation without
regard to any particular storm. In Weather Bureau's publications the
precipitation data used for intensity-frequency analysis is furnished as
the maximum excessive point data. Prior to 1935, only values of ac-
cumulated depth were given.

Observation of precipitation for the collection of data is subject to
both accidental and cumulative errors. Accidental errors are often small
when compared with the daily variations in precipitation and are com-
pensating so that they can be safely ignored. Cumulative error is serious.
It may be due either to faulty observation causing error of appreciable
size or due to inaccurate measuring devices, improper exposure of gage,
etc. Such deficiencies result in a persistent error.

In addition to the observational errors which arc more or less in-
herent in all data, the method of preparing and presenting the data and
the change of gage site may impair the uniformity of data. All kinds of
errors and non-uniformity are referred to, hereafter, as deficiencies.

When the data are not sufficient in quantity for a satisfactory analy-
sis, two remedial methods are recommended. The additional data for
longer durations of storms may be supplied by the method of the ex-
tended duration principle. The data for a short period of observation
may be augmented by the station-year method (see Section 38). Satisfac-
tory results can be obtained by these methods if properly applied.
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33. Source of Precipitation Data

Early fragmental weather records were kept by private individuals,
U. S. Army Surgeons, officers of the General Land Office, and many edu-
cational institutions; but the first comprehensive system using uniform
methods to cover the country as a whole was organized under the direc-
tion of the Smithsonian Institution about 1848. Unfortunately, many rec-
ords of this service were destroyed when the building was burned in 1865.

In 1870, Congress placed the work under the direction of the Chief

Signal Officer of the U. S. Army. In 1891, the work was reorganized as
the Weather Bureau and placed under the administration of the U. S.
Department of Agriculture. In 1940, it was transferred to the I)epart-

ment of Commerce.

At the present time (1952) there are approximately 350 first-order

Weather Bureau stations with paid observers and complete equipment

of standard instruments. This network is supplemented by more than

150 second-order Weather Bureau stations with paid observers, about

250 Civil Aeronautics Administration stations, more than 250 Supple-
mentary Airway Weather Recording stations operated by airlines per-

sonnel, and more than 9,000 climatological substations manned by vol-

untary observers using instruments supplied by the Weather Bureau.

For excessive precipitation of short duration, data can be found in

the publications of the Weather Bureau: Annual Climatological (or

Meteorological) Summaries and Meteorological Yearbook.* The pub-

lication of the latter is usually somewhat later than the Summaries due

to the time involved in compiling the data. Excessive precipitation data

for years 1896 to 1934, inclusive, have been presented in the appropriate

annual reports of the Chief of the Weather Bureau, and for the years 1935

to 1942 in appropriate issues of the United States Meteorological Year-

book. The published data prior to 1896 consist of a record of maximum

amount of rainfall in 5- and 10-min periods, and in 1- and 24-hr periods.

The annual report for 1895 to 1896 contains a summary of the records

which up to the latter time had been observed at the principal stations

supplied with automatic gages. From 1897 to 1935 the accumulated

depth of precipitation for each 5 to 120 min is given. After 1935, the

maximum amounts for durations up to 180 min are published. Publica-

tion of the Meteorological Yearbook as an annual was discontinued

with the 1942 issue. A final issue consolidated for 1943-1949 has just

been issued. Excessive short duration rainfall data beginning with 1950
appear in the annual issues of Climatological Data, National Summary.

Microfilm copies of rainfall recording charts together with other cli-

matological information such as sunshine, temperature, etc., may be ob-

tained from the office of U. S. Weather Bureau. As the interpretation of

* Before 1935, it was entitled "Report of the Chief."
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these microfilms requires some experience and skill, it is wise to use the
published data of the Bureau whenever available.

In general, precipitation data in important cities of the United States
cover periods sufficiently long to produce records of 30 to 50 yr, which is
considered as an acceptable length of time for statistical analysis.

34. Excessive Precipitation

The "excessive precipitations" are those equal to or greater than
certain limits or specified limiting values of the fall of precipitation.

For years. the U. S. Weather Bureau adopted rules relating to the
tabulation of excessive precipitation. The present method (1952),
adopted with data for the calendar year 1936, gives the maximum fall
of excessive precipitation for the periods 5 to 180 min; the maximum
amounts are taken for the periods in which the fall is greatest for the
given time, and are tabulated to show maximum amounts for 5, 10, 15,
20, 30, 45, 60. 80, 100, 120, 150, and 180 min, even if the fall does not
equal the excessive rate for some of the periods. For all Weather Bureau
stations the following table shows limits at and above which precipitation
is considered as excessive.

Duration
(Min)

5
10
15
20
25
30
35
40
45
50
60
80

100
120
150
180

This table is made up fr

Limits for Excessive Precipitation
(Accumulated depth in in.)

0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.80
1.00
1.20
1.40
1.70
2.00

rom the formula:

d = 0.Olt + 0.20 (55)

in which "d" is the accumulated depth in in. and "t" is the duration
in min.

It is essential to review the history of the changes in regulations for
the method of tabulating excessive precipitation data by the U. S.
Weather Bureau. Published excessive precipitation data prior to 1896
consist of maximum amounts of rainfall in 5- and 10-min periods, also
in 1 and 24 hr periods.
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Excessive precipitation data for the years 1896 to 1935 inclusive
generally present the accumulated amounts of precipitation for each 5-,
10-, or 20-min interval during storms in which the rate of fall equaled or
exceeded 0.25 in. in any 5-min period, 0.30 in any 10-min period, or 0.35
in any 15-min period, etc., the tabulation beginning with the 5-min
period where the rate of 0.05 in. in 5 min began and continuing by 10-
or 20-min intervals up to 120 min. For convenience of reference, tilhe
original statement which appeared in "Instructions for Preparing Mete-
orological Forms," No. 1015 and 1017, Art. 200, 1935, Division of Climate
and Crop Weather, U. S. Weather Bureau, is quoted as follows:

200. In tabulating excessive precipitation data . . . for storms in which the rate
of fall equals or exceeds the limits . . . , the accumulated amounts for each excessive
interval will be entered in the spaces provided for that purpose. . . . Under head
'Excessive Rate' will be entered the time precipitation began to fall at an excessive
rate and the time the precipitation fell below that rate. This, however, must not be
construed to mean that short periods during the progress of a storm where the rate
fell temporarily below the excessive rate shall be excluded. Under the heading
'Accumulated depths of precipitation', etc., will be entered the accumulated amounts
for the respective periods, all periods beginning at the same point of time, which
should be identical with that given under 'Excessive rate began'. If the excessive
duration is less than 120 minutes, the tabulation should be continued for 120
minutes notwithstanding that the depth after the ending of the excessive rate are
below the limits in the table.* When the excessive duration extends beyond 120
minutes, the tabulation will be made for each 50 minutes separately so long as the
excessive rate continues.

The sentence marked by an asterisk was added to the rule in March,
1934. The data published under this rule which is based upon the so-
called extended duration principle are more complete and permit a more
accurate analysis inasmuch as the precipitation for excessive storms is
given for intervals as long as 120 min, although the excessive rate may
not have continued for that length of time. Apparently, this rule was not
followed in records previous to 1933, and any precipitation occurring
within the 120-min period, but subsequent to the expiration of the ex-
cessive rate, is not shown.

In the year 1936, the method of tabulating excessive precipitation
was changed primarily to meet the needs of many sewerage engineers.
The general principle is not much different from the present method as
described at the beginning of this Bulletin. However, in tabulating the
excessive precipitations the 15-min amount was not computed for 1936-
1943 and the 150-min amount was not computed for 1944 through 1948.

For the years 1936 through 1948 stations in Southern States, including
North Carolina, South Carolina, Georgia, Florida, Alabama, Mississippi,
Tennessee, Arkansas, Louisiana, Texas, Oklahoma, and San Juan, P.R.,
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where heavy storms are comparatively frequent, the following table of the
excessive precipitation limits was used:

Durations Limits for Excessive Precipitation
(.fin) (Accumulated depth in in.)

5 0.40
10 0.50
15 0.60
20 0.70
25 0.80
30 0.90
35 1.00
40 1.10
45 1.20
50 1.30
60 1.50
80 1.90

100 2.30
120 2.70
150 3.30
180 3.90

This table is made up from a formula similar to Eq. 55:

d = 0.02t + 0.30 (56)

Its use, however, was discontinued at the end of 1948 and Eq. 55 is used
by all sections for 1949 and the following years.

Concerning the publication of data, a summary of maximum precipi-
tation data for the years prior to 1896 is published in the annual report
of the Chief of the Weather Bureau for 1895-1896. Data for the years
1896 through 1934 have been published in the appropriate annual re-
ports of the Chief of the Weather Bureau. For the years 1935 through
1942 these data are published in the appropriate issue of the United
States Meteorological Yearbook. Data for 1943 through 1949 will be pre-
sented in the final issue of the United States Meteorological Yearbook.
For 1950 and each succeeding year excessive precipitation will be pre-
sented in annual issues of Climatological Data, National Summary.

As the climatic conditions vary from place to place, the Weather
Bureau rule for defining excessive precipitation is too general to be
applied to specific cases and would not even be applicable to some par-
ticular regions where the climatic conditions are so odd that data ob-
tained by the rule would be extremely scanty or extremely abundant. It
seems that the rule should be modified in these particular cases. In this
respect, Rowe* has proposed that "the base for excessive precipitation

* R. Robinson Rowe. "Hydrologic Data for Highway Design," Trans. Amer. Geophys. Union,
Vol. 28, No. 5, 1947, pp. 739-741.
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should be changed so that the volume of data to be compiled and pub-
lished will not be much greater than actually needed for computation of
frequencies. The present base gives too many data for 15-30 minute
bursts and too little for 5-minute burts. It gives fewer data for North
Coast stations than for the rest of the State of California. Hence, the
suggestion implies several non-linear definitions of excessive precipitation
appropriate to the several climatic regions of the State. Definitions for
mountain and desert areas may be distinctly different." In developing
new definitions, data over the entire country should be comprehensively
reviewed and studied. It certainly involves a tremendous amount of
labor to handle such a job. Until new definitions are made available, the
old rules are in current usage.

35. Precipitation Data at Chicago, Illinois

Appendices II and III respectively give the excessive precipitation
data and the maximum precipitation data at Chicago, Illinois. The
maximum precipitation data from 1913 to 1935 in Appendix III were
derived from the data of the same period in Appendix II. These original
data are the official precipitation data at the City of Chicago as collected
by the Chicago Weather Bureau office and published in Chicago's "An-
nual Meteorological Summary" from 1913 to 1945, and in "Annual
Climatological Summary" from 1946 to 1947. The data cover a whole
period of 35 years, from 1913 to 1947. As the design of highway culverts
is usually predicated upon short duration, high intensity precipitation
with a maximum time of about 2 hr, the tables cover only data with a
duration up to 120 min.

36. Inaccuracy of Data

The accuracy of hydrologic data is often questionable due to errors
of various kinds. The most important kinds of error encountered in rain-
fall data are as follows:

(1) Failure to Register Maximum Precipitations. Most of the
Weather Bureau's early data were derived from records obtained from
a tipping-bucket type of rain gage. The tabulations of the time for
amount of rainfall were made at 5-min intervals. True maximum inten-
sities can be obtained from such tabulations only when changes in inten-
sities occur at the beginning or end of a 5-min interval. When the
maximum intensities begin or end near the middle of a 5-min interval,
the tabulated maximum intensity will be less than the actual intensity.
Further discussion of this subject will be given in Section 38.
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(2) Error dwu to Personal Factor. Failure to read, record, transcribe,
or tabulate correctly is the error due to personal factor. It is inevitable,
particularly as the greatest number of observers are carrying on the
work voluntarily; it is not probable that the close attention is given to
accuracy which is to be expected from paid observers. The experience of
the Weather Bureau and those who are interested in weather data reveals
the fact that occasional inconsistencies in records are found, indicating
errors of this kind. It is difficult sometimes to decide whether or not to
alter or discard certain data. It. is advisable to check the data carefully
and correct or reject them on justifiable grounds. However, as excessive
precipitation of the type used in the present study is always worked up by
paid, usually commissioned observers, the least amount of errors in these
data should be expected.

(3) Failure to Catch the Precipitation Correctly due to Instrumental
Defects. The instrumental defects may be caused by lack of calibration,
faulty maintenance, or failure in mechanism. For the tipping-bucket type
gage which was for the most of the period of record the standard record-
ing gage of the Weather Bureau, the inaccuracies arose from the fact
that the funnel could not discharge very heavy falls fast enough. In
addition, the inaccuracy may also be due to corrosion, dirt and faulty
leveling. The unavoidable friction which exists at the pivot of the bucket
prevents the instrument from making a correct record of high intensities
at short durations. Correction may be made by distributing in the data
an excess as shown by stick measurement over the automatic record. In
fact, all the Bureau's tipping-bucket charts are corrected to agree with
6-hr stick measurements. For the weighing type of gage which has in
recent years come into popular use with the Weather Bureau, Soil Con-
servation Service and other agencies, the error due to mechanical friction
is almost eliminated; however, it has the disadvantage of difficulties with
reversing mechanism for the travel of pen, effects of temperature on the
spring balance, and shrinkage and expansion of the chart paper due to
changes in humidity. It is generally assumed that this type of error has
been corrected by observers in preparing data for publication.

(4) Failure to Catch the Precipitation E.rtensirely due to Limitation
in Number of Gages. A single rain-gage gives a record of the precipita-
tion at one point only, with no indication of tihe variation in any diree-
tion. It merely takes a sample, within the scope of the collector ring, out
of a storm that may have an area of 20 sqI miles. Not uncommonly the
record fails to show tihe critical data for a heavy storm. For example, all
available excessive precipitation data of the Weather Bureau are point
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data which refer only to a single point, the point of measurement where
the rain gage was installed. Extensive frontal type storms in the plain
regions may, even within the storm center, produce uniform average depth
over several sq miles of area. But thunderstorms are known to deposit
heavy amounts of rain over areas so small as to be measured in city
blocks. Therefore, the distribution of rainfall is not always uniform,
and the point-rainfall is not always a true representative data for an
area. For a region which is known to be meteorologically non-homoge-
neous, a regional frequency study should be made. In such study, data
collected from a network of gages strategically installed within and
close to the region must be available for analysis. The results of frequency
study of point data at all gage stations should be tied together for an
over-all regional consideration. However, there is an argument about the
significance of frequency analysis using point data for a small area or
an area which is more or less known as meteorologically homogeneous.
It is believed that hydrologic events entering such a region can center
over any point with equal probability. Therefore, based on the data of a
sufficiently long record, the point data analysis should give the same
result for other places of the area.

37. Non-Uniformity in Quality of Data
The quality of data is usually impaired due to the following causes:

(1) Change of Precision in Taking Observations. As the technique of
measuring hydrologic data is being improved from time to time, the data
collected in early times are no doubt less precise and reliable than those
obtained during recent years. For this reason, fragmental data in the
early years should be carefully examined and discarded if necessary.

(2) Change of Gage Site. In recent years many weather stations in
cities and towns have either been moved to nearby airports or supple-
mented by the airport stations in order to secure better exposure. Thus
the complete record consists of a series of data collected at a number of
sites; the quality of data should not be considered as uniform throughout
the whole period of observation, even though the distance to which the
station was moved from one site to another is not great. This does not
mean that the non-uniform data of this kind as collected from different
gage sites should not be combined and processed in statistical analysis.
In homogeneous areas and with no great difference in exposure of gage,
considering the data from two sites is no worse than using the station-
year method. (See Section 38.)

In the case of Chicago's precipitation data, the official weather station
in the City of Chicago has been moved two times. From January 1912 to
January 1926, the station was at the U. S. Court House, Federal Build-
ing, 219 Clark Street; then the station was moved to the University of
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Chicago, 58th Street and University Avenue. In January 1942, the
station was moved again to the Municipal Airport, 6200 South Cicero
Avenue. Fig. 17 shows the general location of these stations.

(3) Change in Method of Tabulation. In Chicago's Annual Sum-
maries, the data published before 1935 are accumulated depth of precipi-
tation; after 1935, the data are published as the maximum rate of pre-
cipitation, and the recorded duration was extended to 180 min even if
the fall does not equal the excessive rate for some of the periods. There-
fore, in order to make the data consistent and uniform in quality, the

Fig. 17. Location of Weather Bureau's Gage Stations at Chicago and its Vicinity

accumulated depths before 1935 should be converted to maximum values,
and the duration should be extended to 180 min to complete the data at
higher durations. If the accumulation took more than 180 min and the
data were available, then the duration should be extended enough longer
to make the data complete for the purpose of study. The conversion pro-
cedure may be either graphical or analytical. However, the analytical
procedure, as shown later in Section 38, was found to be more practical
for present purposes. The extension of data to 180-min duration can be
(lone either by referring back to the original record or by the method of
extended duration principle to be described in Section 38.

(4) Trend of Precipitation. Climatologists have found that there is
a tendency for the average yearly precipitation to increase or decrease
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over a given period. Such tendency is known as a trend. However, tilhe
trend generally should not be appreciable in the comparatively short
period of observation in which the data were taken. For a longer period
of observation, where the trend is noticeable, corrections should be made
for trend before the data are analyzed. The question of cyclic changes in
climatic condition is still an hypothesis yet to be proved.* Hazen has
maintained that these changes are pulses which must be expected and
accepted when they come, but there is not reason to expect that any one
pulse, or any change that occurs in the life time of one generation, will
change the condition so radically that intelligent estimates based on past
experience will be no longer valuable.t

(5) Short Period of Record. When the period of record is so short
that the data cannot be taken as the representative sample of the hydro-
logic event, the data should be subjected to a normalcy test to determine
how good a sample it is. Necessary adjustment is therefore made to
keep the data in uniformity with the precipitation normal.

Statistical studies on hydrologic data have revealed the fact that to
insure statistical significance in the coefficient of skewness, a statistical
parameter of third order, the number of years required for its determina-
tion should be at least 140. Data have shown that for a significant coeffi-
cient of variation, the data should be taken from more than 30 yr of
record, and for a reasonably reliable mean, data based on 20 yr of record
is necessary. Generally speaking, hydrologic data taken from a record
over 20 yr using the statistical method employing two parameters
should produce a good approximation for practical purposes.

38. Adjustment of Data
Some of the significant deficiencies inherent in the original precipita-

tion data may be adjusted before the data are analyzed. The following
are several methods of adjustment for this purpose:

(1) Normalcy Test. When the period of record is comparatively short
and the quality of data is questionable, the normalcy test is used to
determine how well a sample expresses the normal precipitation defined
by long period of record. In principle, the test is usually made by com-
paring the results of frequency analysis between the short-period data
and other long-period data in the vicinity. When no suitable comparative
data in the vicinity of the short-period station is available, data from
Yarnell's charts or Chow's charts: may be used roughly for this purpose.
For detailed procedure, reference should be made to "Normalcy Tests of

* Ven Te Chow, "Do Climatic Variations Follow Definite Cycles?" Civil Engineering, Vol. 20,
No. 7, July, 1950, p. 470.

t Allen Hazen. "Flood Flows," John Wiley and Sons, 1930, p. 169.
I D. L. Yarnell, "Rainfall Intensity-Frequency Data," U. S. Department of Agriculture, Miscel-

laneous Publication 204, 1936, and Ven Te Chow, "Design Charts for Finding Rainfall Intensity
Frequency," Water and Sewage Works, Vol. 99, No. 2, February, 1952, pp. 86-88. or Concrete Pipe
News, Vol. 4, No. 6, June, 1952, pp. 8-10.
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Precipitation and Frequency Studies of Runoff on Small Watersheds," by
W. 1). Potter, Technical Bulletin No. 985, Soil Conservation Service,
June. 1949.

(2) Consistency Text by Double Mass Plotting. The consistency of
precipitation records is affected by various factors, such as a change in
location of a station within the record period, faulty gage exposures, and
other indeterminate sources of instrumental and observational errors of
cumulative type. The extent to which the consistency is impaired by

these factors may be tested and adjusted by a double mass plotting
method. It has been found, by accumulating tile annual amounts in
reverse chronological order and determining the mean accumulated pre-
cipitation for all stations, that the mean accumulated precipitation for a
large group of stations is not significantly affected by the changes in
individual stations. Under the assumption based on this observed fact,
a mass curve constructed by plotting accumulated amounts at one
station against that of the group of stations, or of any station in the
group known to be consistent, should result in a practically unbroken
straight line. This is a line of consistent slope, provided the entire record
for the single station was observed at the same site and under the same
condition. If the records are inconsistent, it will be noted that points of
the mass curve do not plot along a straight line, but follow one slope for
a series of years and then abruptly change to a different slope. Tilhe p oint
(year) where the slope changes indicates an alteration in thile observa-
tional regime at the station being plotted. This, as mentioned above, may
be caused by a change in station site or gage exposure or by variations
in techniques of observation. Tile former means the variability due to
sampling different sets of terrain parameters, each at a satisfactorily
exposed site within a small area; and the latter refers to variability due
to the difference between "good" and "poor" exposure at a place. In this
study, it may be safely assumed that the gages at Chicago have no great
difference in the quality of exposure. As thle station histories are usually
incomplete, especially in the earlier years, it is possible that a number
of other breaks appearing on the plotting may be caused by the station
having been moved a significant distance without its identification having
been changed. The entire record may then be adjusted to present condi-
tions by multiplying the observed precipitation data by the ratio of the
slope of mass curve for the most recent period of observation to the slope
)prevailing at the time that the earlier data were obtained. Thle slope

established by the latest period is the control for tile adjustment.
As mentioned previously in Section 35, the official weather station at

Chicago. Illinois, has been moved twice throughout tile period of obser-
vation. To test the consistency of data, double mass curves were con-
structed to correlate tile total annual precipitation data observed at
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Chicago to those at Joliet and Elgin which are about 30 miles west and
southwest respectively of Chicago. (See Fig. 17.) Slight breaks were
observed on the curves at 1924 and 1942, indicating changes in station
site at these years, but the slight discrepancies shown on the plottings
do not justify an adjustment of the data.

(3) Corrections for Tabulated Maximum Precipitation. As men-
tioned in Section 36, the tabulated maximum precipitation data may fail
to show the true maximum value which occurs in 5-min intervals as this
interval is the smallest unit used for tabulation. However, corrections
applied to these tabulated maximum precipitation data to determine the
actual maximum values can be made only approximately. According to
W. D. Potter,* the 5-, 10- and 15-min maximum intensities computed
from Weather Bureau records should be increased 8 percent to approxi-
mate the true maximum intensities, the 30-min intensities should be
increased 7 percent, and the 60-min intensities 4 percent.

Schafmeyer and Grant have made an examination of all the original
rain-gage charts of the excessive rainfall records observed at the Federal
Building in Chicago for the 10-yr period, 1919-1928, and found the rela-
tion of maximum precipitation for selected 5-, 10- and 15-min periods to
the tabulated precipitation as published by Weather Bureau.t The result
of this study shows that the average percentage excess of maximum
rainfall over tabulated rainfall is 9.9 percent for 5-min intensities, 3.3
percent for 10-min intensities, and 2.3 percent for 15-min intensities. It
seems that the percentage of increase of the true maximum intensities
over the recorded values varies greatly. Hence, at the present time, no
definite rule could be developed for general application. If required, it is
recommended that the true values may be obtained by increasing the
value at a uniform varying rate from 10 percent for 5-min intensities to
0 percent for 60-min intensities. Fortunately, the tabulations of maximum
precipitation published by the Weather Bureau do not need to be adjusted
because they are as nearly true maxima as can be measured.

(4) Conversion of Accumulated Depths of Precipitation to Maximum
Values. Data of excessive precipitation published by the U. S. Weather
Bureau are expressed in maximum values after 1935; while the data for
1935 and earlier which are expressed in accumulated values should be
converted into maximum values in order to be consistent with the later
data. The procedure of conversion may be either graphical or analytical.

By the graphical procedure, storm mass diagrams are prepared for

* W. C. Potter, "Analytical Procedure for Determining the Effect of Land Use on Surface
Runoff," Agricultural Engineering, February, 1948, p. 65.

t A. J. Schafmeyer and B. C. Grant, "Rainfall Intensities and Frequencies," Trans. American
Society of Civil Engineers, Vol. 64, 1938, pp. 347-348.
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each storm by plotting the given values of excessive precipitation for that
particular storm against the consecutive periods of time. The maximum
amount of precipitation corresponding to a given interval of time can be
easily obtained by inspection from the mass diagram and then be plotted
as an envelope curve for each storm. From the envelope curves for the
storms occuring in each year, a maximum precipitation depth or intensity
can be selected for any duration of time.

By the analytical procedure, the differences in accumulated depth
for different durations are computed. The maximum difference for each
duration is obtained by inspection.

Of the two procedures, the graphical procedure is faster and more
flexible. Higher rate of precipitation can be estimated from the slope of
the mass curve without much difficulty, but the personal factor involved
in this procedure is appreciable and affects the accuracy of the result to
a great extent. The analytical procedure gives a definite result and hence
is used in the example. The numerical procedure of conversion is illus-
trated as follows:

The excessive precipitation for March 31, 1929, is listed in the Annual
Summary of the Chicago Weather Bureau as in Table 8.

Table 8
Excessive Precipitation on March 31, 1929, Chicago, Illinois

Date Excessive Rate Arnumulated depth during excessive rate for (onmeeutive
liriods of time (inin)

Began Endd 5 10 IS 20 ,5 30 36 40

March 7:12 8:30
.12 .21 .23 .29 .37 .48 .51 .59*

31 p.m. p.m.

* ('ontinoui a follows: 45 mrin, 0.68; 0 mnin. 0.79; 60 min. 0.89; 80 snin, 1.23.

The conversion procedure is given in Table 9. Line 1 shows the original
data in which the marked values are interpolated. Line 2 shows the
increments for every 5 min, which are the differences between two
consecutive values shown in Line 1. The italicized value 0.12 is, by
inspection, the imaxinnun value in Line 2, and therefore is the maximum
precipitation for any 5-imin duration. Line 3 shows the increments for
every 10 min. which increments are thle differences between values in
Line 1 with a difference of 10 rain, or simply the sum of every two
adjacent values in Line 2. The maximul in this Line 3 is italicized as
0.21. Similarly. Lines 4 to 17 show respectively the increments for every
15, 20. 25. 30. etc. up to 120 minl. All italicized values are maximum
precipitations; they are arranged as in Table 10.
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Table 9
Sample of Conversion Procedure from Accumulated Depth to Maximum Depth

Duration (min)
0 5 10 15 20 e5 30 85 40 45 50 55 60 65 70 75 80

1. 0 .12 .21 .23 .29 .37 .48 .51 .59 .68 .79 .841 .89 .974 1.05 1.14- 1.23
2. .12* .09 .02 .06 .08 .11 .03 .08 .09 .11 05 .05 .08 .08 .09 .09
3. .21 .11 .08 .14 .19 .14 .11 .17 .20 .16 .10 .13 .16 .17 .18
4. .23 .17 .16 .25 .22 .22 .20 .28 .25 21 .18 .21 .25 .26
5. .29 .25 .27 .28 .30 .31 .31 .33 .30 .29 .26 .30 .34
6. .37 .36 .30 .36 .39 .42 .36 .38 .38 .37 .35 .39
7. .48 .39 .38 .45 .50 .47 .41 .46 .46 .46 .44
8. .51 .47 .47 .56 .55 .52 .49 .54 .55 .55
9. .59 .56 .58 .61 .60 .60 .57 .63 .64

10. .68 67 .63 .66 .68 .68 .66 .7S
11. .79 .72 .68 .74 .76 .77 .75
12. .84 .77 .76 .82 .85 .86
13. .89 .85 .84 .91 .94
14. .97 .93 .93 1.00
15. 1.05 1.02 1.02
16. 1.14 1.11
17. 1 .3

* Italicized values are maximum precipitations
* Values interpolated

Thle original data in Appendix II. expressed as accumulated depths
for 1913 to 1935, are converted to maximum values as listed in Appendix
III. In these tables, some incomplete intermediate data for several dura-
tions were supplemented by graphical interpolation. By this interpolation
procedure, known data of the storm are plotted first; then the inter-
mediate values are taken from the smooth curve passing through tilhe
plotted points. All interpolated values in the tables are marked with a
signal. The italicized values in the Appendices are below the limits
for excessive precipitation; hence, they are not used as excessive precipi-
tation in analysis. However, since the data are insufficient for high
durations, as 80-, 100-, and 120-min, some italicized values are used
because they provide the best data available.

Table 10
Maximum Excessive Precipitation for Storm of March 31, 1929

Date Duration (min)
5 10 15 20 R5 30 85 40 45 50 55 60 65 70 75 80

Mar. 31 .12 .21 .28 34 .42 .50 .56 .64 .72 .79 .86 .94 1.00 1.05 114 1.23

(5) The Station-Year Method. When the length of record at a single

station is very short and the data collected at the station are scanty, it

is sometimes advisable to combine tlhe records of several stations and then

to treat them as a single record whose length is equal to the sum of tlhe

individual records. This idea of combining records of different stations is

the basis of thie station-year method which was first used in rainfall

analysis by Engineers of the Miami Conservancy District.* It was found

* "Storm Rainfall of Eastern United States," Miami Conservamil District, Enginieriini Staff.
Technical Reports, Pt. 5, Revised ed., 1936, p. 67.
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that the volume of data increased in this way would make possible more
accurate estimates of the frequencies of excessive rainfall intensities.

However. certain restrictions must be taken into consideration:

lal The region from which the data are collected should be meteoro-
logically homogeneous; that is. the expectation of excessive storms should
be approximately the same for all stations. The invalidity of this method
to ilountainous regions is therefore apparent.

Ib) A reasonable length of record must he available from each of the
individual stations. It is considered that a period of 10 yr for each
station of independent record is a minimumn for analysis.

(cI The records obtained from individual stations should be inde-
pendent; that is, no single storm should be counted more than once.
Accordingly, the individual stations from which records are collected
should be so spaced that one and only one station measures each storm.
As the high intensity rainfalls of short duration are usually the result of
thunderstorms which may cover a relatively small area, the interdepend-
ence between stations is likely to be high.

It slhould be noted that the requirements of homogeneity on the one

liand and of indepenennce on the other are nearly mutually exclusive;

the restrictions mentioned nmust be tolerated to a certain extent depending
on the conditions under consideration.

(6) Extended Duration Principle. By this principle, all storms in

which the total precipitation was sufficient to show significant average

rates for periods longer than the actual duration of tile rainfall were
considered as though they had continued for tle longer time. It is found
that this principle produces more complete data and permits more
accurate analysis for the hydrologic event. Tile principle was first initi-
ated by Meyer for studying rainfall frequencies.* Later, the Weather
Bureau adopted this principle for expanding tabulation of excessive
precipitation data for durations up to 180 min. This was done only after
1935. Before 1935, the Weather Bureau data failed to show tile precipita-
tion, if any, after the greatest excessive value was reached. The applica-
tion of the extended duration principle is therefore used to extend tilhe
greatest excessive value beyond the listed durations up to 180 min. This

may be noticed in the preparation of Appendix IV, in which the excessive
precipitation data supplemented by this principle are shown at the right

side of the heavy zigzag line.

* A lpIh F. .Meyer, "The El.ments of H drlgyA." Jhn Wlley anl Son.. Inc.. 2nel 6l.. 1928,
p. 160.



APPENDIX I
DERIVATION OF THE FORMULA FOR
MEAN NUMBER OF EXCEEDANCES

Based on the work by Gumbel and von Schelling, the derivation of
Eq. 27, or the formula for mean number of exceedances, proceeds in the
following manner:

If po is taken as the probability for a value less than magnitude y,
then the probability for a value equal to or greater than y is I-po. By the
Bernoulli theorem, the probability that y will be equaled or exceeded x
times among N future trials is equal to the x + 1st term in the develop-
ment of a binomial series, or

P [p., N, x] = (N) (1 - p.)p 0 N-x (Al)

Take the probability Po as a variate, then the probability of choosing
a value having a probability po among n past observations will be

d P [n,m,p.] = () dp. ( )(1 - p) P."1 M -1
or

= (n mpo--" (1 - p.)-- dp. (A2)

By the theorem of compound probability, the cumulative probability,
or the distribution, of the number of exceedances over the m-th largest
value among n observations in N future trials is equal to the integration
of the product of two probabilities given respectively by Eq. Al and
Eq. A2 for the entire range of observation, or

P [n,m,N,z] = f'P pP., N,z]dP [n,m,p.]

= NX (1 - po)'pV~ () mpo-" (1 - po)'-'dp

= m(n •mN N1 )"'( - po) -'dp (A3)\M X .
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The integral in Eq. A3 is a Beta function which may be evaluated in
terms of Gamma functions; that is,

p.v--+-(1 _ p,,)'+"-dp,,

I (N - x + n - m + 1) I' (m+) (4)
1'(N + n + 1)

Developing the Gamma functions, Eq. A4 becomes

f p,,x-,+(-.( ) _ .)"+'-d

(N - .r + n - i)! (m+ - 1)!
(N + n)!

- (A5)
m + x - 1)

Substituting Eq. A5 for the value of the integral into Eq. A3, then

P(n,m.N,.r) -
(N + n)(N + -1)

m + x -1)

(x + mi- 1)! n! N! (N + n - x -m)!
(m - 1)! x! (n - m)! (N - x)! (N + n)!

It is evident that the conditions for Eq. A6 are:

1 m <n; 1
0 <.r 5 N; (A7)

P (n,m,N,.r) = 1

Equation A6 gives the probability that the m-th largest among n past
observations will be equaled or exceeded .r times in N future trials.

The probability by Eq. A6 may be represented by the .r + 1st member
in the development of

A + B -C

(^ - F (A,.)C.)A-C



68 ILLINOIS ENGINEERING EXPERIMENT STATION

where F (AB,C, 1) is a hypergeometric series defined as

F (AB,,) 1- A B A (A -1) B(B- 1)
(ABC,1) = 1 -- 2! C (C - 1) ... (A8)

in which

A=m
B = -N (A9)
C m - n - N

The x + 1st member of this series is

f,A,B,C,1)- A(A +1)... (A +x - 1) B(B + 1)... (B + x - 1)
X! C (C+ 1) ... (C+x- 1)

(A+x- 1)! (B+x- 1)! (C- 1)! (A10)
x! (A - 1)! (B - 1)! (C + x - 1)!

Therefore the probability by Eq. A6 may be expressed as

A + B -C

P(n,m,N,x) = A f,(A,B,C,1) (All)
(A A C)

One of its conditions from Eq. A7 is

SP(n,m,N,x) = 1 (A12)

Substituting Eq. All into Eq. A12,

(A+B-C\A .---A  f(A,B,C,1) = 1
AAC)

or

(A C)

- f.(A,B,C,I) = A - C(A13)
SA +B- )

The relation expressed by Eq. A13 is used for the evaluation of the
factorial moment tk of order k. This factorial moment is defined by

Ek = • x(x - 1) ... (x - k + 1)P(n,m,N,x)
-k

=  - x )P(n,m,N,x) (A14)(x - k)!
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From Eq. All, Eq. A14 becomes

A + B - C)

A-C(A+B- C (x )! ,,

A -

CA (A15)

(A 
A C

in which

#. = f, (A,B,C,l)(z - k)!

(A + x - 1)! (B + - 1)! (C - 1)! (16)
S(x - k)!(A- )!(B- )!(C+- 1)! (B -1)! (C + x -1)!

When x = k,

f (A+k- 1)!(B+k-1)!(C- 1)! (A17)
0!(A - 1)!(B- 1)!(C + k - 1)!

When x = k + 1,

(A + k)! (B + k)! (C - 1)! (A18)
=

t+ l! (A - 1)!(B - 1)!(C + k)!

Hence, from Eqs. A17 and A18,

(A + k) (B + k) (A19)+*+s = --1! (C + k)!

Similarly, it can be proved that

(A+k+n-1)(B+k+n-1) (A20)
*4)+. ° -n! (C + k +n- 1)

Then

.. , = O 1 + (A+k)(B+k)
S= 1 +  1!(C+k)! +. . . (A21)

The members in the bracket form a hypergeometric series,

E f* = 4 f .[(A + k),(B + k),(C + k),1] (A22)

By Eq. A13,

(A - C)B_ (ABA + k

\ A +k /
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Therefore Eq. A15 becomes

(A + B - C (A - C\
-k A  )  k + k

(A - C) (A + B - C + k
A A +k /

A - (A+k-l)!(B+k-)!(C-1)! A-)
A A+BmC+k _ ( A 24 )

A 0C)O! (A-i)!(B-1)!(C+k-l)! 
A±B-C+k)

Substituting Eq. A9 into Eq. A24 for A, B, and C,

- n! (N+n-m)! (m-1+k)! (-N-1+k)! (m-n-N-1)! (A25)
x* (n+k)!(N+n-m-k)!(m- 1)!(-N-1)!(m-n-N- 1+k)!

When k = 1, the factorial moment i is of the first order or it is equal to
the mean value of x. Therefore, the mean number of exceedance, -, over
the m-th largest value in N future trials is obtained readily from Eq.
A25 by substituting k = 1; or

-- N mi = N (A26)
n +1



APPENDIX II
EXCESSIVE PRECIPITATION DATA AT CHICAGO, ILLINOIS,
COMPILED BY THE CHICAGO WEATHER BUREAU OFFICE,
1913-1935

Exi.',Sive .\ccivilllutltd Diepths during Exe-.'ssiv( lRatte for ('onsecultivw'
1l)ntes Rate P'eriixls of Timn' (inin)

BIgant Ended 5 10 15 to 2.v 30 40 4.5 50 60 80 100 120

July 14. 1913 7:38 pm 8:18 pm 0 13 0 29 0 40 050 059 0 67 0 74 0 79
031 0 37
012 042 056

049 0163 0 67
0 27
0 18 033 0.41 0 49
021 0 35 0.40
0.27 051 0.70 0 82
008 0.35 0.70 0.91
0 08 0 22 0 41 0.58
0 14 027 038 0 40
0 08 025 031 0.40
0 18 031 046 056
020 033 045
0 08 0 29 0 37
0 15 0 28 0 44 0 52
0 17 0 36 0 45
0 26 0 32 0 37
0 3) 0 32
0 12 0 16 0 21 0 56
0 30 0 36
017 031 0 37 0 43
0 12 0 21 0 25 0 37
024 032
0 23 0 41 0 57
0 24 0 38 0 41 0 43
0 23 0 47 0 53
0 29 0 42
0 19 0 35 0 39
0 21 0 33 0 40
014 038 0 47
0 09 0 28 0 61 1 02
0 0 0 17 0 22 0 30
0 22 0 41
0 21 0 39 0 43
053
0 13 018 0 25 0 34
0 06 0 10 0 17 0 34
0 32 0 71 1 08 1 35
0 20 0 36 058 0 58
0 23 042 0 48
0 28 0 32
0 25 0 34
0 II 0 26 0 34 0 40
006 00 09 013 0 24
006 0 25 0 42 0 67
0 19 0 36 041
0 28 0 57 0 60 0 77
0.08 0 31 0 39 0 43
0.05 0 22 0 35
0 08 0 15 0 28 0 42
0 10 0 30
0 10 0 37 0 72 1 17
0 16 0 43 0 66 0 82
0 10 0 31 0 40
0 16 0 45 0 56
0 16 0 32 0 71 0 98

I 15 1 48 1 61

0 68

0.48
0 72 0 82 0 89

058

0.92 0 98

0 79 0 90 1 05 1 08

0 47

1 19 I 38 1 53
0 38 0 49 0 56 0 61

050 0.54
053 070 083 1 22
1.45 1 49
0 58 0 58 0 58 0 58

Aug. 7. "
Aug. 7-8, "'
Aug. 18. "
Apr. 27. 1914
May 27.
June 4,
.July 16. "
Aug. 9. "
Aug. 13. "
Nept. 1. "
May 15, 1915
June 12,
July 7,
July 18,
Aug. 3. "
Aug. 23, "
Sept. 10,
May 14. 1916
July 19.
Aug. 20.
Sept. 5,
May 19, 1917
June 28,
July 26,
July 24, 1918
July 28.
June 11, 1919
June 14. "
June 19,
Sept. 10.
Oct. 5, "
Oct. 9-10. "
June 14, 1920
June 14,
June 29, "
July 13,
Sept. 5. "
July 7, 1921
Aug. 19. ,
Sept. 2, "
Sept. 29.
Sept. 29,
Apr. 10. 1922
Apr. 10, "
July 11.
July 22,
Aug. 24.
Sept. 0I o
June 25. 1923
July 6.
Aug. 7
Aug. 11.
Aug. I1,
Aug. 27.
Aug. 27,July 20. 1924

0 65 0 74 1 12 1.45

I0.21 pmn
11:24 pm
1:31 pm
5:26 pmin
9:54 pm
2:49 am
1:59 pm
2:52 pm

11:41 am
2:44 am
6107 pm

11:02 pm
3:41 pma
7:58 am
2:01 am
8:27 pm
1:41 pon
3:48 pim

11:36 am
6:37 pm
5:48 pman
5:24 pmn
3:57 pmn
2:32 pm
5:25 pm

4:27 pm
1:50 pm
6:50 am
4:38 am
8:13 am
11:37 pm
2:35 pm
6:14 Imn
4:52 pm
6:41 pm
5:47 pm
5:34 pmi
7:12 pm
5:10 pm
4:25 pm
6:34 pm
3:51 pm

10:23 pm
4:40 pm
9:07 pm
4:.06 pm
1:511 am

10:53 pm
9:19) Inm
3:11 pm
1:01 am
8:49 pm
3:27 am
6:58 am
8:50 pm

10:28 pmn
11:31 pm
1:47 pmn
5:31 pm

10:14 pmn
3:04 am
2:.32 pin
3:11 pmn

12-06 pm
2:59 am
6:30 pmn

11:47 pm
3:54 pm
8:13 am
2:31 am
8:39 pm
1:54 pm
3:54 pin

12:12 pm
6:45 pm
6:08 pm
5:47 pmn
4:10 pm
2:47 pm
5:40 pm

4:36 pm
2:01 pm
7:03 am
4:51 am
8:48 am

12:44 am
2:43 pm
6:26 pm
4:57 pm
7:08 pm
6:32 pm
6:00 pmn
8:31 pmn
5:23 pmn
4:32 pm
6:42 pm
4:11 pm

11:13 pm
5:3: pm
9:18 pmn
4:27 pm
3:00 am

11:07 pm
9:41 pm
3:20 pin
2:19 am
9:-0 pm
3:42 am
7:12 am
9:30 pm

033
0 78

0 79
0 59

0 45

I 49)

1 18

0 48 0 63 0 68 0 73 0 78
0 88 0 91 0 98 1 04 1 12 1 21

074 087 088 088 1 09 153 1 55

158 1 71 1 77 1 80 1 85 2 02 2 30

1 37 1 57 1 75
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Excessive Accumulated Depths during Excessive Rate for Consecutive
Dates Rate Periods of Time (min)

Began

Aug. 4, 1924 12:51 am
Aug. 5, " 7:34 pm
Aug. 5, " 10:33 pm
Aug. 6, " 2:12 pm
Aug. 8, " 10:27 am
Apr. 13, 1925 4:07 pm
May 16, " 1:51 pm

June 15, " 3:41 am
June 17, " 4:50 am
June 24, " 12.30 pm
Aug. 13, 12:57 am
Sept. 8 " 3:35 pm
May 18, 1926 4:48 pm
June 11, " 11:20 am
June 11, " 4:23 pm
June 11, " 7:54 pm
June 13, " 4:44 pm
June 25, " 5:54 pm
Sept. 23, " 304 pm
May 9, 1927 4:27 pm
May 24, " 12:30 am
July 1, 4:13 pma
July 6, " .29 pma
Aug. 8, " 2:46 pm
Sept. 17, 7:24 pm
Sept. 17, 10:23 pm
June 20, 1928 2:14 pm
June 24, " 4:49 pm
July 2, " 8:49 am
July 3, 2:27 am
Aug. 3, 1" 0:08 pm
Aug. 29, " 2:23 pm
Sept. 14, " 4:56 pm
Mar. 31, 1929 7:12 pm
June 11, " 2:20 pm
June 11, " 6:39 pm
June 27, " 8:44 pm
Aug. 10, " 4:38 pm
Aug. 26, 4:59 pmn
Sept. 28, 11:25 pm
June 5, 1930 2:59 pm
July 5, " 6:04 am
June 23, 1931 2:15 am
July 19, " 9:24 pm
July 21, 4:29 pm
Aug. 10-11," 11:17 pmn
Aug. 11, " 5:44 am
Aug. 27, 9:00 pm
Sept. 2, " 401 pm
Sept. 25, " 7:09 am
May 7, 1932 6:29 pm
June 5, 11:47 am
June 26, 4:50 pm
June 30, 11:30 pma
July 7, , 2:24 am
July 7, " 5:41 am
July 26, 5:54 pm
June 29, 1933 6:34 pm
July 2, " 2:05 am,
June 22, 1934 9:50 am
Aug. 15, " 4:19 am
Aug. 23, " 11:39 pm
Sept. 29, 7:57 pm
May 12, 1935 4:28 am
June 16, 5:50 pm,
June 16, 6:43 pm
June 18, 8:51 pm
June 26, 9:42 am
July 5, 12:29 pm
July 23, 6:57 pm
July 25, 1:13 pm
July 28, 2:16 am
Aug. 2, " 9:48 pm
Aug. 17, 4:33 pm

Enadd 5
1:20 am 006
8:49 pm 0.12

10:51 pm 0.16
2:24 pm 0 15

10:32 am 0.34
4:14 pm 0.26
1:56 pm 0.25
4:30 am 0056
5'0 am 0.23
1:15 pm 0.12
1:31 am 0.10
4:00 pm 005
5:13 pm 0 09

11:48 am 0.22
4:38 pm 0.07
8-03 pm 0.17
5:24 pm 0.08
6:28 pm 0.10
4:04 pm 0.08
4:38 pm 023

12:55 am 0.11
4:43 pm 0 25
9:39 pm 0.24
3:11 pm 0.48
7:53 pm 0.06

11:23 pm 005
3:14 pm 0 22
5:56 pm 0.11
8:59 am 0.17
2:57 am 0.06

10:28 pm 027
2:57 pm 0.18
5:26 pm 0 10
8:30 pm 0.12
2:50 pm 0.16
7:08 pm 0.06
8:59 pm 0.30
4:51 pm 0 21
5:42 pm 0 17

11:48 pm 0 07
3:08 pm 0.12
7:12 am 0 19
4:15 am 0 18

10:13 pm 0.15
4:49 pm 0.16

12:10 am 0 12
6:04 am 0 26
9:23 pm 0 32
4:40 pm 005
7:39 am 0 07
6:51 pm 0 06

12:12 pm 0 23
5:05 pm 0.55

11:40 pm 0 24
2:39 am 0 20
5:53 am 0 20
6:32 pm 0 11
7:18 pm 031
2:25 am 0.41

10:10 am 026
4:51 am 0 12

11:59 pm 0 05
8:34 pm 0 08
6:01 am 0 06
6:09 pm 011
7:07 pm 0 10
9:10 pm 008
9:47 am 0 27

12:42 pm 0 26
7:00 pm 0.21
1:24 pm 0 19
2:35 am 0 16

10:12 pm 0 37
4:49 pm 0 08

10 15
0 24 0.34
0 24 0 47
0.27 0.36
0.34 0.41

0.38

0.17 0.18
0 40 0 53
0.30 0 43
0.31 0.47
0.14 0.26
0 22 0 52
0 32 0 43
0.37 0 54
0.34
0.30 0 51
0 26 0 34
0.13 0 18
0.38 0 44
0.21 0.30
0.55 0.77
0 32
0.61 0 73
0 18 0 50
0 14 0 23
0 72 1 10
0 21 0 28
0 41
0.14 0 25
0.47 0 55
0.42 0.53
0 21 0.35
0 21 0 23
0.40 0 52
0.34 0.45
0 49 0 54
0 39 0 46
0 37 0.63
0 10 0 24
0 32
0.33 0 40
0 41 0 67
0 36 0 68
0.26 0 54
0 25 0 37
0 71 1.22
0 74 0 96
0 12 0 21
0 11 0 19
0 21 0 43
0 46 0 50
094 1.16
0 43
0 47 0 76
0 31 0 35
0 23 0 29
0 68 0.80
080 1 00
0 44 0 63
0 24 0.37
0 18 0 40
0 19 0.37
0 18 0 28
0 26 0 39
0 16 0 27
0 37 0 75
0 28 0 28
0 41 0 46
0 30 0 36
0 31 032
0 36 0 48
0 71 0 87
0 30 0 37

0 25
0 70 0 93
0 57 0 69
0 45

0.30

0.67
1.15
0.52
1 04
0 62

SO 35 40 45 50 60 80 100 110
1 02
0.80 0.88 1 08 1.12 1.15 1 22 1.54

030 035 054 0 75 0.87

0 74 089 1 08 125
1 31 1 38

0 67

0.72 1 03 1 26 1 59 1 85
0.50 0.85 103 1 09
0.22 0 26 0 31 0 36 0.44 0 48 0.55 0.81

0.39 0 46
0.94 1.06 1.11

0 79 0.87
0 .6 0.73 0 81
0.40 0.46 0 63 0 69 0 70 0 70 0 78 0 97
1.38 1.58 1 70 1 86 1.92 204 2.06 2.30
0.32 0.35 042 0.52 0.58 0 62 0 68 0.99

0.47 0.68 0 78
0 61
0.73 1.01 1 20 1 30
050 0.54 0.61
029 0.37 048 0.51 059 068 079 089
0 63 0.72 0 77
0 52 0 74 0 84

0 74 0 74 0 74
0 58

0 43 0 55 0 58
0 88 0 96 0 99
0.98 1 04 1:17

0 44 054 0.62

1 27
035 057 0 78
0.57 0.81
0 59
0 78

1 23

0 88

0 63
100
1 24

0 74

0 90

0.72 0 82 096
1 02 1 13 1 22 1 36 1.53
1 40

1 17 1 27

039 0.49 057 072 0 78
0 85 1 10 1 38 1 53 1 81 2 03
1 16
0 72 0 72 0 72 0 72 0 72
0 63 0 99 1 19 1 21 1 23
045 048 050 050 051
0 51 0 72 0 78 0 85 0 88
0 35 0 48 0 53 0 74 0 85
0 45 0 45 0 46 0 46 0 47
0 38 0 47 0 47 0 47 0 47
0 94 0 95 0 96 1 02 1 03
0 28 0 28 0 28 0 28 0 28
0 48 0 49 0 50 0 50 0 50
0 37 0 38 039 0 40 0 40

0 58 0 59 0 59 0.60 0 60
0 96 1 03 1 05 1 05 1 06
0 38 0 38 0 38 0 39 0 39



APPENDIX III
MAXIMUM EXCESSIVE PRECIPITATION DATA AT CHICAGO,
ILLINOIS, 1913-1947

Date Duration (min)
5 10 15 20 25 s 0 S1 40 45 .50 s0 80 100 ItO

July 14 1913 0 16 0 29 0 40 0 50 0 59 0 67 0 74 0.79
Aug. 7 0 31 0 37
Aug. 7-8 " 030 044 056
Aug.18 0 28' 0 49 0 63 0 67
Apr. 27 1914 0 27
Ma) 27 0 033 041 049
June 4 " 0 11 0 35 0 40
July 16 033 0 -0 0 79 0 97 121 1 48 1 61
Aug. 9 0 35 0 62 0 83 0 91
Aug. 13 0 19 0 36 0 50 0 60 0 68
Sept. I 0 14 0 27 0 38 0 40
May 15 1915 0 17 0 5S 0 St 0 40 0 48
June 12 I 0 18 031 0 46 0 56 0 72 0 82 0 89 0 92 0 98
July 7 0 20 0 33 0 45
July 18 0 2 0. 9 0 37
Aug. 3 0 16 0 9 0 44 0 52 0 58
Aug. 23 0 19 0 36 0 45
Sept. 10 0 26 0 32 0 37
May 14 1916 0 30 0 32
July 19 0 35 0 58 0 60 0 84 0 89 0 93 1 05 1 08
Aug. 20 0 30 0 36
Sept. 5 0 17 0 31 0 37 0 43
May 19 11117 0 t12 0 2 0 W ( 37 0 47
June 28 0 4 II 32
July 26 0 23 0 41 0 57
July 24 1918 0 24 0 38 0 41 0 4:1
July 28 .. 0 t 0 47 0 5:1
June 11 1919 0 29 0 42
June 14 0 19 0 35 0 39
June 19 0 1I 0 33 0 40Sept. 10 0 84 0 38 0 47
Oct. 5 0 41 0 74 0 93 1 10 1 29 1 44 1.53
Ot. 9-10 0 Il 0 19 0 7 0 4 0 4 050 0 56 061
June 14 1921) 0 ft 0 41
June 14 0 11 0 39 0 43
June 29 0 53
July 13 0 16 0, .5 0 St 0 37 0 50 0 54

ept. 5 * 0 39 0 52 0 69 0 88 1 13 1 12 1 16 1 22
July 7 1921 0 39 0 76 I 08 1 35 1 45 1 49
Aug. 19 0 ft 0.38 0 58 0 58 0 58 0 58 0 58 0 58 0 65 0 74 1 12 1.45
Sept. 2 0 3 0 42 0 48
Sept. 29 0 28 0 32
Sept. 29 025 034
Apr. 10 1922 0 IS 0 26 0 34 0 40
Apr. 10 0 15 0 30 0 39 050 055 060 065 069 073 078
July 11 0 25 0 42 0 61 0 72 0 82 0 88 0 92 0 98 I 06 1 12 1 21
July 22 0 19 0 36 0 41
Aug. 24 0 29 0 57 0 69 0 77 0 79
Sept. 10 0 3 0 44 0 65 ) 66 0 67 0 79 0 94 1 10 1 14 1 23 1 53 1.55
June 25 1923 0 17 0 30 0 35
July 6 0 14 0 27 0 84 0 42 0 45
Aug. 7 0 2O 0 30
Aug.11 0 45 0 80 1 12 1 39 1 49 1 61 1 71 1 77 1 80 1 85 202 2 30
Aug. 11 0 27 0 50 0 6i 0 82
Aug. 27 " 0 S 0 31 0 40
Aug. 27 0 29 0 45 0 56

OTEC:
(1) Criterion for excessive precipitation is 0.01 T+0.20 in.. where T is duration in minutes.
(2) Data lefore 1936 are computed from "Accumulated depths" given by Chicago Weather Bureau Office.
(31 Data after 1933 were published according to "Extended duration" principle.
(4) *" indicates the value interpolated from a curve which is plotted by using the known data of the same storm.
(S The italicised values are not excessive precipitations, because they are below the criterion.



ILLINOIS ENGINEERING EXPERIMENT STATION

July 2
0

Aug. 4
Aug. 5
Aug. 5
Aug. 6
Aug. 8
Ap. 13

.; 16
June 15
June 17
June 24
Aug. 13
Sept. 8
May 18
June 11
June 11
June 11
June 13
June 25
Sept. 23
May 9
May 24
July 1
July 6
Aug. 8
Sept. 17
Sept. 17
June 20
June 24
July 2
July 3
Aug. 3
Aug. 29
Sept. 14
Mar. 31
June 11
June 11
June 27
Aug. 10
Aug. 26
Sept. 28
June 5
July 5
June 23
July 19
July 21
Aug. 10-1
Aug. 11
Aug. 27
Sept. 2
Sept. 25
May 7
June 5
June 26
June 30
July 7
July 7
July 26
June 29
July 2
June 22
Aug. 15
Aug. 23
Sept. 29
May 12
June 16
June 16
June 18
June 26
July 5
July 23
July 25
July 28
Aug. 2
Aug. 17
May 1
June 29
Aug. 16
S..I

0 81
0.64 0.69 070
1.70 1 86 192
0.57 0 64 0 67

0 78

1 20 1 30
0 61
0.50 0 56 064
0 77
084

074 0.74 0 74 088
0 58

0 43 0 55 0 58 0 63
0 88 0 96 0.99 1.00
0 98 1 04 1 17 1 24

0 73 0 78 0 83 0.92

1 27
0 69 0 78 0.85 0.90
0 74 0.81
0 59
0 78

0 74 0 80 0 97
2.04 2 06 2 30
071 078 0 99

0.72 0.79 0 94 1.23

0 72 0 82 0,96
1 02 1 13 122 1 36 1.53
1 40

1 17 1 27

0 66* 0 67 0 09 0 72 0 72
0 40- 0 40 0 40 0 41 0 41
0.46

' 
0 47 0 48 0.49 0 49

0 95* 0 95 0 98 1 04 1 09

0 78
1 81 2.03

0 72
1 23
0.51
0 88
0 95
0 47
0 47
1 03
0 f.
0 50
0 40

0 60
1 06
0 39
0 65' 0 65
0 39 0 39
0 46* 0 46
0 93A 0 94

Duration (min)
so0 35 40 45 60 60 8 100

1 43 1.59 1 75
1 02
0 80 0 88 1 08 1 12 1 15 1 22 1.54

065 0.69 070 082 0.87

0 78 096 1 13 1 25
1.31 1.38

0 67

1 55 1 77 1.85
1 03 1 09
050 0 55 0 59 0 63 068 0 81

1 11

ept. 11



Bul. 414. FREQUENCY ANALYSIS OF HYDROLOGIC DATA

Date Duration (min)
5 10 15 to s5 0 35 40 4.5 5O 60 80 100 ISO

Sept. 13 1936 061 1 II 1 29' I 45 1 64'* 81 1 904 1 98* 2 04 2 08' 2 15 2 20 2 26 2 30
Sept. 15 0 29 038 0 41 0 43 0 44* 0 44 044* 04 0 08 0 50 0 57 080 084 101
Oet. 6 0 35 0 54 0 63 0 68 0 71' 0 73 0 76* 0 79* 0 82 0 83 0 84 1 00 108 1 91
June 4 1937 0 1 0 33 0 35* 0 37 0 40' 0 41 0 41' 0 44* 0 4t 0 4 0* 0 42 0 4 0 4S 04
June 13 0 28 0 43 0 4 0 47 0 48 0 49 0 o5* 0 51' 0 51 0 51 0 5 0 54 0 65 0 55
June 13 0 41 057 0 60' 0 62 0 62. 0 62 0 62 0 63 0 O 806 0 6 8 081 0 .6
June21 0 34 0 64 0 85 100 1 I10 1 20 1 2260 1311 1 34 I 368 136 I 37 138 I 38
Aug. 19 0 Of 0 29 0 3W 0 48 0 51' 0 53 0 55' 0 U56 0 57 0 58 0 60 061 0 61 0 68
Oct. 4 0 2f 0 37 0 48' 0 59 0 66W 0.72 0 80 085* 0 91 093' 097 0 98 100 1.01
June 1 1938 0 30 0 48 0 54* 0 58 0 60' 0 61 0 61' 0 62 0 Of 0 6t* 06 8 0.68 061 0 .
June 6 0 27 0 39 0 50* 0 57 0 64* 0 68 0 71' 0 72 0 73 074* 0 76 08 0 85 0 87
July 22 0 37 0 52 0 57 0 61 0 641 0 67 0 71* 0 74* 076 0.76 0 76 0 76 0 76 076
July 25 035 048 056 0 62 0 64* 066 070' 072* 073 0.78* 089 0.91 0.91 093
Aug. 5 0 27 0 42 0 47* 0 50 0 53* 0 54 0 54' 0 55 0 55 058 0 64 067 068 0 69
Sept. 9 0 90 03.3 0 45* 056 0 61' 0 66 0 75* 0 81 0 86 088* 0 91 1 05 I 36 1 46
Sept. 11 0 1 041 0 W 0 65 0 68* 0 69 069 0 70* 070 0 71* 0 7S 077 0 78 079
May27 1939 037 064 0 72 0 78 0 81* 0 85 0 93 1 05* 1 5 1 20* 1 28 1 34 1 39 174
June 10 035 0 49 0 65* 0 77 0 83' 0 88 0 91' 094* 0 96 0986 099 100 1 01 1 01
July 6 0 25 0 39 0 48* 0 55 064* 0.78 091 103' I 14 1 19* I 25 1 34 1 36 146
Aug.20 0 tl 0 30 035* 0 8 04* 0 45 0 47' 054* 0 51 0 0 1 51 0 1i 0 S 0 55
Oct. 25 0 25 0 39 0 47 0 51 0 53 054 05' 0 56' 0 56 0 58- 068 064 068 088
Apr. 2 1940 0 17 0 30 0 36* 0 41 0 48* 0 55 0 57' 0 59* 0 SO 061' 0 864 0 68 0 73 0 76
Aug. 10 0 31 0 34 0 37* 0 39 0 47 0 56 0 58 0 *58 0 60 0 68" 0.68 075 0 90 1.1
Aug. 12 0 04 032 0 42* 0 5 0 54' 056 0 56 0 0 5 0 5O 0 0 6 0 056 0.8
May 15 1941 0 18 0 5 0 35' 0 44 0 46* 0 47 0 48& 0 49 0 50 0 50 0 51 0 5t 05 8 0 5S
Aug. 14-15 " 0 25 049 0 55 0 64 064' 0 65 070* 078* 0 05 0 085 0 86 086
Aug.30 0 27 030 0 33' 0 S 0 37 0 39 0 S98 0 40* 0 40 * 4 040 0 41 0.41 0 41
Sept. 3 0 50 0 70 0 78' 0 83 0 83* 0 84 0 87& 0 92* 0 97 097' 098 048 0.98 008
Sept. 9 035 039 044' 048 053* 057 0 61 0 W5 070 070* 0.71 0.71 082 0 88
Oct.22 0 17 032 039* 0 43 049* 056 0 67 0 77' 0 85 0.88' 095 100 100 1 01
May 11 1942 0 31 039 041a 042 0 4 0 4.5 0 45* 0.45* 0.45 0 486 046 0 46 048 0 46
May31 025 041 062* 078 0 85' 0 91 104* 1 16 126 1.30 1.35 1.35 1.35 185
July 3 0 34 0 57 0 71' 0 78 0 80* 0 81 0 81' 0 82 0 82 0 82 082 0 81 0.86 082
Aug. 22 0 33 0 * 0449 049 0 49 0 49 0 49 0 49 0 49 049 0 49 0 49
Sept. 5 0 28 0 35 0 37* 0 40 0 44' 049 051* 0 53' 0 64 0 57' 0 66 068 0 68 0 68
Apr. 29 1943 0 26 0 V9 0 $* 0 38 0 40* 041 041 041 0 1 0441* 0 41 0 01 041 0 041
June 3 0 26 0 32 0 * 0 88 0 * 0 3 0 S0 0 84' 0 34 0 SS5 0 5 6 0 47 0 48 051
June 13 0 25 0 tI O 89 0 9 0 t8 0 t9 0 294 0 w94 0 9 0 tO

, 
029 0 9 0 29 0.19

July 6 0 58 1) 92 1 15' 1 32 1 45' 1 57 1 76* 1 97* 2 17 2 38* 2 81 2 96 3 36 3.67
Aug. 3 0 16 0 8s 0 38' 0 45 0 49* 0 52 0 54' 0 57* 0 00 0 61 0 6 0 66 0 68 0.69
May 31 1944 050 066 0 67* 0 67 0 70* 0 72 072* 072 0 07 0 72 0 7 074* 0 8 1.02
June 12 0 32 0 54 0 72* 0 82 0 87* 0 91 0 92* 0 92* 0 93' 0 93* 0 94 0 9W4 0 94' 0 95
July 8 0 16 0 24 0 36* 0 45 0 46* 0 47 0 47- 0 48* 0 4*- 0 48* 048 0 48* 0 48' 0 48
Aug. 23 0 26 0 35 0 38* 0 39 0 41* 0 4 0 44" 0 44' 0 44* 0 44* 0 45
Aug. 30 0 19- 0 *9 038" 0 45* 0 49* 0 520 55' 7 0 57 0 5 0 6* 0 61* 0 64* 0.6* 0.65
June 10 1945 0 42 0 65 0 76* 0 84* 0 90 0 96 1 00* 1 03* 1 08P 1 08 I 12 1 25a 1 40* 1.57
Aug. I1 0 2O 0 40 057* 0 70 0 88 1 05 1 II' 1 14' 1 17' 1 19* 1 20 1 20' 1 20 .* 10
Sept.22 0 0 S0 0 9 0 34 0 59 0 40- 0 4t 0 4* 0 44* 0 44' 0 45' 0.46 052* 057* 06.1
June 12 1946 0 31 0 48 0 59' 0 70* 0 771 0 83 0 88' 0 88* 0 90W 0 92* 0 95 L03* 1 I1* 1.18
June 27 0 19 0 32 0 35* 0 & 0 40* 0 4f 0 4Pt 0 4P 0 4 0 41' 0 45 0 4.' 0 4• 0 43
June 30 0 40 0 40 0 40 0 40* 0 40 0 40 0 40 040* 0 4 0 41* 0 43 050* 057* 0 73
June 9 0 37 0 63 0 80* 0 97 

1 
1121 1 26 1 43 1 60* 1 776 195' 2 15 2351 2.40* 243

Aug. 9 0 25 0 50 0 63* 0 70* 0 75' 0 78 0 79 080 0 80 0 80 0 80 0 85 0 95' 1 13
Apr.4-5 1947 0 33 0 58 0 73' 0 86 098* 1 06 1 10' 115 I 19 1.26- 1.48 1 53 1 75 1.91
July 6 0 38 0 6 76 0 7 0 86 1 10 1 29 1 43' 1 55* 1 66 1 74* 1 92 2 28 232 2.37
July 13 0 31 0 44 0 57' 0 62 0 641 0 66 0 68' 0 70* 0 72 0 73* 075 0 81 0 84 0 84
Aug. 29 0 36 0 60 0 72' 0 77 0 81' 083 085' 087 0 8 090* 0 91 0 91 0 91 091
Sept. 11 0 25 0 50 0 72' 0 77 0 77' 0 78 0 78' 0 78* 0 78 0 78* 0 78 0 78 0 78 0.78
Sept. 21 01 0 tS 0 W 0 42 050* 0 57 062* 067' 072 077' 085 098 1 18 1 4
Oct. 26 0 19 0 t9 0 38* 0 43 0 45* 0 48 0 48* 0 49* 049 50- 0 58 0 55 0 56 0 56



APPENDIX IV
MAXIMUM EXCESSIVE PRECIPITATION DATA AT CHICAGO,
ILLINOIS, 1913-1947, EXTENDED BY THE EXTENDED
DURATION PRINCIPLE

Date Duration (min)
5 10 15 so0 i so s 40 4 50 60 80 100 1g0

July 14 1913 0.16 0.59 0.40 0.80 0.59 0.67 0.74 0.79 0.79 0.79 0.7» 0.79 0.79 0.79
Aug. 7* " 0.31 0.3710.37 0.7 0.37 0.97 0.3 7 0.T 0.37 0.37 0. 7 0.87 0.37 0.87
Aug. 7-8* " 0.30 0.44 0 0.56 0.56 0.56 0.56 0.60 O.5 0.56 0. 0.5 0.56 0.56
Aug. 18 " 0.28 0.49 0.63 0.67 0.67 0.67 0.67 0.67 0.67 0.67 067 0.67 0.7 0.67
Apr. 27 1914 0.270.7 0.7 0.7 0.57 0.1 .17.7 0.57 0.7 0.7 0.57 0.t7 0.7 0.57
May 27 0.18 0.33 0.41 0.49 049 0.4 0.4 0.4 0 . 490 49 0 49 049 0 40 0.49
June 4 0.21 0.35 0.40 | 0.40 0.4 0.40 0 .40 040 0 40 0.40 040 0.40 0.40 0.40
July 16 0.33 0.66 0.79 0.97 1.21 1.48 1.61 1.61 1.61 1.61 1 .61 1.61 1.6 1.61
Aug. 9 " 0.35 0.62 0.83 0 0.91 0. .9 00.91 0.91 0.91 0.91 0 91 0.9 91 0.91 0.91 0.91
Aug. 13 0.19 0.36 0.50 0.60 0.66 0.68 0.68 0.68 0.68 O.S08 08 0.68 0.68 0.68
Sept. 1 0.14 0.7 0.38 0.40 0.40 0.40 0.40 040 0.40 0 40 0.40 0.40 0.40
May 15, 1915 0.17 0.I5 0.89 0.40 0. 0 08 0 0.48 0 48 0.48 0.48 0.48
June 12 0.18 0.31 046 0.56 0.72 .89 0.98 098 0.98 0.98 0.5
July 7 0.50 0.33 0.45 0.45 0.4 0.45 0.45 0.45 0.45 0 45 0 45 0 45 0.45 0.45
July 18 0.51 0.59 037 0.87 0. 7 0.37 0.87 0.37 0.37 0.37 0.37 0.37 0.37 0.57
Aug. 3 0.10 0.09 0.44 0.52 0.58 0.58 0.58 0.58 0.58 058 0 58 0.58 0.58 0.58
Aug. 23 0.19 0.3 0.45 0.45 0. 045 . 045 045 0.45 0.4 0 .45 0.45 0.45 0.46
Sept. 10 0.26 0.32 0.37? 0.7 0 .7 0O.7 0. 7 0.57 0.37 0.37 05 7 0.87 0.87 0.37
May 14 1916 0.30 0.32 0 S 0 S0 0. S 0. 0 0.8 O. 0 S0 0.8 0.5S 0.S 0.S O.SI
July 19 0.35 0.58 0.60 0.84 0.89 093 1.05 1.08 1 .08 1.08 1 06 108 1.08 1 08
Aug. 20 0.30 0.360 0. 06 O. 0 O 0 0 0 .s 0 o. 0 .3 0 3 0o S
Sept. 5 0.17 0.31 0.37 0.43 0. 0 43 0.43 0 .4 0 043 0 48 0 43 0 48 0 48
May 19 1917 0.15 0.5 O.M 057 0.47 0 47 0.47 0.47 0.47 0.47 0 47 0.47 0 47 0.47
June 28 0.f4 0.32 0.8$ 0 S O.3 0 S8 08.5 0 S 0.S 0. S 05 S 0.S 0 5 0. S
July 26 0.58 0.41 0 57 0 57 0.57 0657 0.57 057 0.57 057 0.57 0.57 0.57 0.57
July 24 1918 0.54 0.38 0 41 0. 4 0 4 3 0 48 0 .4 43 0.43 0 43 0 45 0 48 0 48 0 49
July 28 0.2• 0.47 0.53 0 0 53 053 0.53 0.53 0.3 0 53 0 53 05 3 0 SS 0 58
June 11 1919 0.29 0.42 .42 0.42 0.48 0 48 0.49 0.49 0.40 0.40 0.4. 0.40 0.48 0.4W
June 14 0.19 0.35 39 0.9 0 09 0 SO 9 90.9 O0.39 0.9 0 .9 0.5 0 39 0 S9
June 19 0.51 0.33 0 40 0.40 0.40 0.40 0.40 0.40 040 040 0.40 040 040 040
Sept. 10 0. 4 038 047 0.47 047 0 047 047 0.47 0.47 047 047 047 047 0.47
Oct. 5 0.41 0 74 0 93 1 10 1 29 1.44 1 3 1.53 1 53 1.53 1 53 1.53 1.53 1 53
Oct. 9-10 011 0 19 0.27 0 34 0 00 0 O56 6 0 61 0O61 0 61 061 O61 0.61
June 14 1920 0.55 0.41 0 41 0 41 0 41 0 41 0 41 041 0 41 0.41 0 41 0 41 041 0.41
June 14 " 01 0 39 0.43 043 048 0.43 0.48 0.43 0.48 0.43 048 0.43 043 0.48
June 29 " 053 0.53 0.53 0.53 0.53 0.53 0.58 0.58 0.S 0.M 3 0.53 05.8 0 63 0 85
July 13 0 .1 0 I5 0.83 0.37 00 54 0 .54 O054 0.54 054 054 0 54 054 054
Sept. 5 0.39 052 0 69 0.88 1.05 1.12 1.16 1.22 1 22 1 22 1 22 1.22 1.22 1 S2
July 7 1921 0.39 0 76 1 08 1.35 1.45 1 49 149 1.49 1.49 1.49 1 49 149 1 49 1 49
Aug. 19 " 0.15 0.38 0.58 0.58 0.58 0.58 0.58 0.58 0.65 0.74 1.12 1 45 1.45 1 45
Sept. 2 0.25 0.42 048 048 0 48 0. 0.4 048 0 48 0 48 048 0 48 0 48 0 48
Sept. 29 " 0.28 0 320 O 0S 0 5 0 S5 0 S5 0 5 0 S5 0 0 0 S0 0 Sl 0 S
Spt.29 " 0.25 034 1034 084 0 4 034 084 084 0 34 034 014 034 04 034
Apr. 10 1922 0.15 0 o 0 84 0040 0 40 0 .40 0 0 0 04 040 040 040
Apr. 10 0" 15 0.30 0.39 0.50 0.55 0.60 0.65 0 60 0 73 0 0 78 0 78 078 078
July 11 0" 2 0.42 061 0.72 0.82 0.88 0.92 098 1 06 1 12 121 1 21 1 21 1 S1
July 22 " 01 0.36 0.41 0.41 0 41 0.41 041 0 41 041 0 41 0 41 041 0 41 041
Aug. 24 " 029 0.57 0.69 0 77 0 79 0 79 0 79 0 79 0 79 0 79 0 79 0,79 0 79 0.79
Sept. 10 0 IS 044 0 65 0.66 0 67 0 79 094 110 1.14 1 23 1 53 1 55 1 55 155
June 25 1923 0 17 0 30 0.35 035 0 8 0 5 0 5 085 0 85 0 SS 0 85 0 85 0 55 0 8
July 6 " 0 14 0£7 0. 4 042 0.451 0 45 045 045 0 45 045 0 46 045 0 45 0 0
Aug. 7 " 0. 0 0 30 1 0.0 0.0 0 0 08 0 0.0 0 0 0 0 50 ,0 0 80.0 0 0O 0 00
Aug. 11 " 0.45 0.80 1.12 1 39 1.49 1 61 171 1 77 1.80 1.85 202 230 2 30 2 30
Aug. 11 " 0.27 050 0.66 082 r0 82 0.82 0.82 082 0.82 0 82 0.82 0 8S 0 8S 088

76



Bul. 414. FREQUENCY ANALYSIS OF HYDROLOGIC DATA

Date Duration (min)
5 10 15 10 i5 SO 85 40 456 0 60 80 100 110

Aug. 27 1923 0.1i 0.31 0 40 0 0 00400 00 40 0. 0 0 10 040 0 40 0.40 0 40 0.40
Aug. 27 " 029 0.45 0 56 0 .6 0.56 056 0 56 0.56 0 56 0 5s 0.56 0.50 0.56 0.56
July 20 1924 0.39 0.M 086 1.05 1.25 1.43 1 53 1 75 I 1.75 175 1.75 1.75 1 75 1.75
Aug. 4 " 0.36 059 0 0.87 096 1.02 1 1.02 02 1.02 102 1.02 1 02 10O 1.05
Aug. 5 " 0 4S 0.35 0.47 057 0.69 080 0 88 I 0 1 12 1.15 1.22 1.541 1.54 1.54
Aug. 5 " 0.16 0.7 036 0 450.45 045 045 0 45 045 045 045 0.45 0 45 0.45
Aug. 6 " 0 19 034 0 41 0 41 0 41 04J 0 41 0 41 0 41 0 41 041 041 0 41 0.41
Aug. 8 " 0 34 0 4 0 4 0 4 0 4 0 4 0 34 0 4 0 4 084 0 34 0 4 0.S4
Apr. 13 1925 0 260 3 0 38 0s8 0.89 0 38 08 08 088 8 018 0. 8 0 8 038
May 16 " 025 0 0.85 045 02 0 025 0 5 05 0 5 0 5 045 0 5 0 •5 0.5
June 15 0.81 0.40 0 52 0 57 057 0 65 0.69 0 70 0 82 087 I0.87 0.87 087 0.87
June 17 " 0 . 0.40 0 53 0.53 0.53 0.53 053 0 .5 O.5 0.5 0 .5 0 53 05 8 0 SS
June24 " 0.19 0.36 0.51 0,58 06 0.78 0.96 1.13 1. 25 1 25 1.25 1 25 1.25 1.85
Aug. 13 " 0.41 0.8 0.84 106 1.21 1.31 1 38 1.38 138 1.38 138 1 38 138 1.$8
Sept. 8 " 0O.0 0 32 0.41 0 47 0.52 0r52 0.55 0 5S 0 5S 05 l 0 St 0 .5 0.5 0 St
May 18 1926 0.38 05 0.82 0.95 1 04 1 04 104 104 104 1.0104 104 1.04 104 1.04
June 11 " 0 1 0.32 0.43 0 52 0 62 07 0 67 067 067 0.87 087 0.67 0.67 067
June 11 " 0.30 0 47 054 054 054 054 054 0 54 0 54 0 54 0 64 0 54 0.54 0.54
June 11 " 0.17 0.34 0 4 0 84 0 84 0 t 0 4 0 4 0 4 08 4 0.84 0 34 0 34 0 $4
June 13 " 0.33 059 087 1 13 1.34 15I 177 I, 1 85 15 5 85I 85 185 185
June25 " 0.35 0.53 0.6 077 093 1.03 109 I I0 8 1 09 1.09 109 109 1.09 1.09
Sept. 23 " 0S . O. 0SS 0 7 0 45 0 50 055 0.59 0.68 0.68 0.1 0 81 0.81 0 81
May 9 1927 0.2S 0 38 0 44 44 0 44 0 44 0.44 0.44 0.44 0 44 044 0 44 0 44 0.44
May 24 " 0.11 0.11 0 0S 0 460 0 4 048 0 4604 0.46 0.46 0 46 0.46
July I " 0.30 0.55 0 77 094 1 .05 11I 1. 1 1 1.11 1 1.11 1.11 1.11 111 1.11
July 6 0.04 0.32 1 85S 030 Sl 0 S8 0 S8 0 St 0 S5 0.SI 0 Sl 0.SI 0 S1 0 S8
Aug. " 0 48 0 61 0 73 0.79 0 87 0 87 0.87 0 87 0.87 0 87 0 87 0 87 0 87
Sept. 17 0.32 0.51 063 0. 0.75 07 1 0.61 0.81 0.81 0.81 0 81 0 81 0.81 0.81
Sept. 17 " 0.17 0.M 040 0.49 058 0O64 0.68 0.70 0.74 0.80 0907 0897 097 0.97
June20 1928 0.50 088 1. 1.38 158 1.70 186 1.92 204 206 230 230 230 230
June 24 " 0 16 0.31 0.37 0.41 047 057 0.64 0.67 0.71 0.78 0.99 0. 9 0.99 0.09
July 2 0.84 0.41 1 0.41 0.41 0 4 1 41 0 4 041 04 0 41 0 41 041 0.4 0.41 0,41
July 3 " 0 f 0 43 0 54 064 0 70 0 78 0 78 078 0 78 0 78 0.78 0 78 0 78 0 78
Aug. 3 027 07 0 55 061 1 0 61 0.61 0 61 0 061 061 061 0.61 0.61
Aug. 29 0.28 048 0 59 0.83 1 02 1 20 30 1 30 1 .30 30 1 30 1 30 1 30 1 50
Sept. 14 0.15 0.19 0.40 0 50 0 54 0 61 0 61 0.61 0.61 0,61 0. 1 0 61 0 1 0 1I
Mar.31 1929 0.15 0.1 0.28 084 0.45 0 50 0 56 064 0 72 0.79 094 1 23 1.23 1.t2
June II 054 0.40 052 063 0.72 077077 077 077 .77 0 77 0.77 0.77 0.77
June II " 028 039 0 4 0 8 0 78 084 0 84 084 0 84 0.84 0.84 0 84 0 84 0.84
June 27 " 030 0.49 054 0 54 0 54 0 4 0 54 0 54 0.54 0.54 0 54 0 54 0 54 0 54
Aug. 10 0 II 0.39 0 46 0 46 0 46 0 46 0 40 0 46 0 4 0.45 0 40 0.46 0.46 0.40
Aug. 26 0.26 040 0.63 0 74 0.74 074 074 0. 88 088 0.88 0 88 088 0.88 0.88
Sept. 28 0.25 0.39 0.48 051 0.5 8 0 058 0h58 0 .8 0.5 058 058 0.58
June 5 1930 040 0.32 0 St 0.- 0 0 a 0 0 0.M 0.M OH 0. s 0 S4 0.8I
July 5 0.19 0.33 0 40 041 04 055 0.58 0.63 067 072 0.82 0 8 096 M
June 23 1931 0.26 0.49 0.67 0.76 088 0.96 099 1.00 .00 .02 1.13 1.22 1.36 1.53
July 19 032 055 0.76 0.01 096 1.04 1.17 1.24 1.31 1.40 1.40 1.40 1.40 I1W
July 21 02286 02400 0. O06 0 . 06 6 00 .6 0 .6 0 .8
Aug. 10-11 " 0.37 0.43 055 063 0.73 0.78 0.83 0.92 1.05 1.17 127 1 27 1 27 1 7
Aug. 11 " 051 0.96 1 22 1 311.339 1 3 1 3 1.3 139 1.39 1.39 139 1.39 1.89
Aug.27 0.42 0.74 096 121 1 271 27 127 127 1.27 127 127 127 127 17
Sept. 2 " 01 0.43 055 066 0 6 0 .78 085 0 90 0.90 090 090 090 0.90 0 .0
Sept. 25 0.84 0.47 0062 070 0.74 0.81 081 0 81 081 081 081 081 0.81 0.81
May 7 1932 0 . 0 37 0 48 0540 059 0.59 0 0.59 059 0509 059 0.59 0.59 0.59
June 5 0.83 0 46 0 59 0.6 0.78 0.78 0 78 0 78 0 78 0 78 0 78 0 78 0 78 0.78
June26 055 0.94 116 1. 116 1 16 126 116 116 1.1 1.16 116 16
June30 " 04 0 43 0.43 048 0 4 0 48 043 041 043 048 043 0 4 04
July 7 " 029 0 56 0.76 0 78 076 0.76 0 76 0 76 0 76 0 76 O 70 076 076 0.76
July 7 " 0.0 031 0.35 1 0 5 0 35 050 0 H 5 0 35 0 5 0 •5 0 35 0 SS SS
July 26 0 IS O IS0. 0 SS 0 S9 0 4 0 57 072 0 7 78 0.78 078 78 0 78 0.78
June 29 1933 0.37 0.68 080 0 96 1 18 138 153 1 81 2 03 203 2 03 203 203 2.03
July 2 " 041 080 1 0 16 616 1 16 11 I 16 1 16 116 1 1I 116
June 22 1934 0 26 0.44 0 63 0 721 0 72 0 72 0.72 072 0 72 072 0.70 0 75 0.72 075
Aug. 15 036 0 62 0 82 0.95 1 07 19 1 21 1 23 1 23 1 23 1 23 1 23 1 23 1 23
Aug. 23 " 0 035 0 40 045 0 48 0.50 050 0 51 0 51 0 51 051 051 051 051
Sept. 29 021 035 0 53 0.64 0 72 0.78 0 85 0 88 088 088 0 88 0 88 088 0.88
May 12 1935 0 11 0.42 0 47 060 0 67 077 0 89 0 95 095 0 95 0 95 0 95 095 0 95
June 16 015 IS 0 8 0 39 0.45 0 45 0 46 0 0 47 0 47 047 047 047 0 47 0.47
June 16' " 0 11 0 ft 0 1 0 8 0 47 0 57 0 47 0 7 0.47 047 047 047 047 0.47
June 18 038 067 0 86 0 94 0 95 0 96 I 02 1 03 1.03 103 103 1 03 1 03 1 08
June 26 0 27 0. 8 0 28- 8 0 8 0 8 08 0 t8 0.58 0 8 0 8 04.8 028 0 8 0 28
July 5 026 0 41 0 46 0 48 0 49 0 50 0 60 0.50 0 50 0 50 0.50 0 0 0 50 0 50
July 23 0 1I 030 036 0 7 038 0 89 0 40 1 0.40 0-40 040 0 40 0.40 0 40 040
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Date Duration (min)
5 10 II gO S5 so 5 40 45 50 6o W 100 110

July25 195 0.19 0.31 0.01 I O .5 O. . 0 '. 0. 0.S1 O.SM 0.85 0O. 0.2M O.5
July 28 " 0. 0.36 0.48 05.M 0.9 0.59 0 .6 0.0 0o. 0 0.90 0 0 6.00 o.4 0.00
Aug. 2 0.37 0.71 0.87 0.96 1.03 1 .0 I.M 1.0 1.06 I0 .0 1.0 1.0
Aug.17 " 0.95 0.30 0.37 0.8 0.58 0.88 0.80 9 0. 0.80 0S9 0.M 05 5 0. O0.5M
May I 196 0.91 0.38 0.4 0.50 0.57- 0. 0.B O .r 06 0 0 0 .67 0 07 0.75
Jume29 " 0.1 0.32 0.36 0.58 0.88 0.39 0.8 0.85 0.9 0.40' 0.40 040 0 4 1
Aug. 16 0.33 0.46 0.46 0.46 0.4 0.46 0.40 0.4- 0.4 0.45' 0.47 0.48 04 0
Sept. II 0.84 0.40 0.54' 0.M 0.76 0.8M 0.900 0.93* 0.94 0.9P 095 0.98 1.04 1.00
Sept. 1

3  
0.01 1.11 1.28 1.45 1.64* 1.81 1.90 1.98 2.04 2.08 2.15 2.20 2.26 2.30

Sept.15 " 0.29 0.31 0.41 0.43 0.44' 0.44 0.4 0.4 0.48 0.50 0.157 0. 0.4 1.0
Oct.L " 0.35 0.54 0.63' 0.6 0.71' 0.73 0.74 0.794 0.82 0.83 0.84 1.00 1.08 1.1
June 4 1937 0.1 0.33 0.3 0.87 0.40' 0.41 0.41* 0.4PI 0 0., 0.4 1 O.U l 04 0 0.48
June 13 " 0.28 0.43 0.46 0.47 0.48 0.49 0.0'- O.1 0.51 O.uf 0 O.1 O.1 | O.2 5
June 13 0.41 0.57 0.006 0.62 0.2' 0.43 0.62 0.0.03 . .0 S 0.. 510 S 0 .69 0. 0.6
June21 0.34 0.64 0.8P 1.00 1.10- 1.20 1.26 1.31 1.34 1.3 1.3T 1.37 T.381f.I
Aug. 19 0.01 0.28 0.38 0.48 0.51* 0.53 0.55* 0.56 0.57 0.58 0.00 0. 1 04.1 0.0
Oct. 4 " 0.. 0.37 0.48 0.59 0.6 0.72 0.0' 0.85' 0.91 0.93* 0.97 O.9 1.00 1.0I
June I 1938 0.30 0.48 0.654 8 .5 0.64 0.61 0.61* 0.612' 0 0.0 0 . 0 0.4 06 0
June " 0.27 0.39 0.54 0.57 0.64' 0.08 0.71* 0.72 0.73 0.74' 0.780 08 0.8S 0U.7
July 22 " 0.37 0.52 0.57' 0.61 0.64* 0.67 0.71' 0.74* 0 76 I0.76 0.70 0.70 0.70 0t0
July25 " 0.35 0.48 0.56 0.62 0.64' 0.9 0.70" 0.72' 0.73 0. 7 0.8 0 91 0.01 O.
Aug. 5 " 0.27 0.42 0.47' 0.50 0.53' 0.54 0.54' 0.655 0.U 0.55' 0.64 0.17 0. 8 0O.6
Sept. 9 " 0.0 0.33 0.45* 0.56 0.601 0.66 0.75' 0.81' 0.86 0.898 0.91 1.05 1.36 1 46
Sept. 11 0.05 0.41 0.56 0.65 0.66 0.6 0.' 0.700 0.70 0.71* 0.75 0.77 0.78 0.79
May27 1939 0.37 0.64 0.72' 0.78 0.81 0.9385 1.05 1.15 1.20 1.28 1.34 1.34 1.74
June 10 " 0.35 0.49 0.6

A  
0.77 0.83* 0.88 0.91' 094' 0.94 0.96 0. O 1.00 1 01

July 6 " 0.25 0.39 0.46 0.55 0.64' 0.78 0.91 I. 003 1.14 1.19* 1.25 1.34 1.36 | l.M
Aug. 20 " 0.51 0.30 0.3P 0.88 0.40 0.45 0.47' 050* 0.81 0.51* 0.51 0.51 0.55 0.O.
Oct. 25 " 0.25 0.39 0.47* 0.51 0.53* 0.54 0.5W 0.5f 0.M 0.58- 0. 9 0.64 0. 8
Apr. 2 1940 0.17 0.30 0.35 0.41 0.46' 0 55 0 57* 0.9 0.60 0.61' 0.64 0 .8 0.75 0 .7
Aug. 10 0.31 0.34 0.37* 0.59 0.47' 0.56 0.58' 0.5M 0.60 0.6*S 0.M 0 75 0.00 1. 1
Aug. 12 0.94 0.32 0.42- 0.50 0.54' 056 | 0 56 0.80 .0 0.5M 0.650 0. 50 .T O
May 15 1941 0.16 0.95 0.35' 0.44 0.46 0 47 0.48' 0 49' 050 0 60' 0 51 0.5 O.l 0.5S
Aug. 14-15 " 0.25 0.49 0.55* 0.64 0.64' 065 0.704 0.786 0.85 0.85' 0 85 0 86 OW 0.5
Aug. 30 0.27 0.30 0.55 O.55 0.37' S.M O.-' 0.40' 040 0.404 0.41 |0 6! 0 4 0.41
Sept. 3 0.50 0.70 0.78* 0.93 0.83* 0.84 0.87' 0.92' 0.97 0.97' 0.98 I 0.98 0O.9 0.
Sept. 9 " 0.35 0.39 0.44* 0.48 0.531 0.67 0.61* O.P 0.70 0.70' 0.71 0 71 0 0 .W
Oct. 22 " 0.17 0.32 0.394 0.43 0.49* 0.56 0.67' 0.77' 035 0.18 0.95 1 00 1.00 1.01
May 11 1942 0.31 0.39 0.41' 0.42 0.4, 0 45 0.451 0.485 0.45 00 40 0.40 0 40
May31 0.25 0.41 0.82' 0.78 0. 8 0.91 1.04' 1.16t 1.26 1.30 I. 1.35 1.35 1 85
July 3 0.34 0.57 0.71' 0.78 0.8 0.81 0.81 0. 0. 0.82 00.2 0. . 0 .5
Aug. 22 033 0 49 0. 0.4 0 49 0. 0 O.. 04 0.4 0. 4 0.4 0.49 0.49
Sept. 5 0.28 0 35 0.37 0 40 0 44' 0 .4 0 510 - 0 « 0.7 0 f 0 ." 0 6I 0.6
Apr. 29 1943 0.26 0O. 0.8. 0.M .0 40' 0.41 . 1.t O. 0 0.41
June 3 " 0.26 0.32 0. S5 0.5 0 .59 0. 0 3- 04* 0 .0 4 S0 M 0 4 7 0 .50
June 13 0.25 M 5 0 0. 9 0.9 0 0a 0to . 0 90 0 6 a a 0 0. I
July 6 " 0.58 0.92 1.15- 1.32 1.450 157 l76 197 2 17 2 38 2.81 2 6 3 .6 3.36
Aug. 3 0.16 0.25 0.3P 0.45 0.49* 0.52 0.54' 0.57' 06.0 0. 1- 0.56 0O.6 0.68 09 .
May31 1944 0.50 0.66 0.67 0.67 0.70 0.72 0.72' 0.72 0.72' 0.72' 0 7-' 0 74' 0.85 1.0
June 12 0.32 0.4 0.72' 0.2 0.87' 0.91 0.92* 0.92' 0.93' 0.93* 0.94 0.94' 0.0.4 0 .9
July 8 " 0.10 0. 4 036 0 0.45 0.44 0.47 0.47' 0. 0. 0 . 0 0.54 0.4 0.48
Aug. 23 0.26 0.35* .36 0. 0.41 0.41 0.45 0 44. 0 44- 0 44 0. 4 I0 0.I i 0.45
Aug.30 " 0 ' 0.9 0.3' 0.3 0. 049 0.52

. 
0.5 7 0B.57 0.8. ' 0 . .61 0604 0.85 0.

June 10 1945 0.42 0.65 0.70 0.84' 0.90 0.96 1.00 1.905 1.06 1.0' 1.12 1 2P 140 1.57
Aug. 11 0-.2 0.40 0.576 0.70 0.88 1.05 1.11 1.14 1.17* 1.19 1.20 20
Sept. 22 O.0 0O.W 0 4 O.S 0.9 40* 00.4 0 4- 0 44* 0 44* 0.4•- 0 4 0 50' 0 57- 0 l
June 12 1946 0.31 0.48 0.59 0.70A 0.77- 0.83 0.86 0.89* 0.90' 092' 0.95 1 03 1.11I 1.18
June 27 0" 10 032 0.35 0.58. 0.40' 0.45 045' 0 43- 0 4 0 4 0. 0 45 0 4 0'
June30 0.40 0.40 0 40' 0.40' 0 40- 0.40 0.40- 0.40* 41 0 41 0 49 0 0- .57 0.73
June 9 0.37 0.63 0 80' 0.97' 1.12' 1.26 1 43' 1 .60 1.7 195' 2 15 235' 2.40' 2.43
Aug. 9 0.25 0,50 0.63

1 
0.70 0 75- 0.78 0.79 0.80 0.80 0 80 080 0 85 0 3S' I IS

Apr. 4-5 1947 0.33 0.58 0 73' 0.86 0.908 1.06 I 10 1.15- 1.19 1 264 1 48 1 53 1 75 1 91
July 6 0.38 060 0. 7 0.86 1.10- 1.29 1.43 1.55- 1 66 1741 192 228 2 32 237
July 13 0.31 0.44 0 57' 0.62 0641 0.66 0.68' 0704 0.72 073* 0 75 0 81 0 84 0 84
Aug. 29 0.36 0.60 072* 0.77 0 81* 0.83 0 85' 0 87' 089 090 0 91 I0 1 0 91 0S
Sept. 11 " 0.25 0.50 0172 0.77 0 77' 0 78 078 0 78 0 78
Sept. 21 0 .1 0 IS 0. SS 0.42 0.50' 057 0.62* 067* 072 077' 085 098 1 IS I14
Oct. 26 0.19 0.59 0 38' 0.43 0.45- 046 0• 48- 0 49- 0,49 0 SO- 0 53 055 0. 5 6

* Corrections for Dependency. (Owing to the dependent nature of the two storms occurring on the same day. the two storms
are considered as one storm and the larger value of the two is used in the analyses.)
Aug. 7-8 1913 0.31 0.44 0.56 0.56 0.56 056 056 0 58 0 S6 0 56 05O OS 10 9 0 93
June 16 1935 015 0O.8 0 39 0 45 0.47 0 47 0 47 0 47 0 47 0 47 0 47 0 57 0 94 0 94
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