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PREFACE

.
The work described in this report was performed under contract

COT-FR-11 ~7806~ entitled CcUrban Storm Runoff Inlet Hyd'rogxaphBt.udy?"
between the Federal Highway Administration and Utah State University •.
This research contract aimed at the development of an accurate design
method for computing inlet hydrographs of surface runoff under intense
rainstorms on urban highways. One of the major tasks in 'this research
project was the development of synthetic (design) storms for highway
runoff study. Available rainstorm models and rainfall data were reviewed
extensively and the most comprehensive technique was developed to compute
the values of the rainstorm model parameters which characterize the storm
pattern. The storm-modeling method reported herein supersedes a'method
previously developed by J.E. Fletcher in the interim report on C'Storm
Design Cdteria for Highway Inlets" submitted to the Federal Highway
Administration in 1973.

The research was conducted under the general superV1s10n of Dr.
Cheng-lung Chen, Professor of Civil and Environmental Engineering at Utah
State University. During this study, several students helped analyze
rainfall data obtained from the U.S. Weather Bureau Technical Paper Nos.
25 and 40, NOAA Atlas 2, ARS Black Book Series, and field measurements
on two urban highway watersheds in the Salt Lake City area.

The contract was monitored by Dr. D. C. Woo, Contract Manager,
Environmental Design and Control Division, Federal Highway Administration.
The author is indebted to him for his ideas to initiate this study and
overall research plan, detailed discussions of research condUct of all
phases~ and critical reviews and comments of the results durtng the course
of the work.
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INTRODUCTION

To design an economic and efficient urban storm drainage system
req~ires 'an accurate estimation of inflows at all drainage inlets. How­
ever, to accomplish this objective, one must first know the manner in
which storm rainfall occurs. Temporal and spatial variations in rainfall
intensity or depth within an urban drainage area are reflected in the
varying inlet discharges which must be accommodated in all considerations
of the sizing and economics of storm sewer design. Knowledge of the time
and space distribution of rainfall in heavy storms thus constitutes a
basis for design of an urban storm drainage system.

To develop a design hyetograph for an urban highway watershed is a
formidable task. The elemental urban highway watershed is a small drain­
age area of less than 0.1 square miles between two highway cross-sections
which pass two adjacent highway drainage inlets (spaced from 400 to 1,000
feet) within the right-of-way (varied from 200 to 400 feet). The drainage
areas under consideration consist of paved roadway, paved shoulder, side­
slope or back slope (paved or grassed), median, gutter (paved or grassed),
side ditch, and natural drainage areas. All the urban interstate highway
cross-sections are by and large standardized in the design. However,
runoff from physiographically similar urban highway watersheds may differ
due mainly to rainfall input. Therefore, the formulation of a desired
design hyetograph for each of such elemental watersheds is essential to
the accurate computation of runoff hydrographs at the drainage inlets and
hence the successful design of a storm sewer system including all the
inlets. In view of a great variety of rainfall records collected for
many years at many weather stations over the country, to develop a single
design hyetograph for all urban highway watersheds is impractical, if not
impossible. No attempt will be made to develop such a unified design
hyetograph except for some general guidelines and criteria set in the
evaluation of storm parameters.

Several methods have been developed to formulate the synthetic
(design) storm pattern for runoff study. Most of the approaches can be
grouped into four general types. Storm patterns formulated on the basis
of the first approach are more or less arbitrary temporal distributions
of intensity, assumed symmetrical in time or in some fashion that appears
reasonable (e.g., Horner and Jens, 1942; Schiff, 1943; Ogrosky, 1964).
In the second approach, storm patterns are derived from the rainfall
intensity-duration-frequency relationship to represent merely a series of
average values from a variety of storms rather than a sequence of
intensities in a particular burst of intense rainfall (e.g., Rousculp,
1927, 1940; Williams, 1943, 1950; U.S. Corps of Engineers, 1948; Kiefer
and Chu, 1957; Bandyopadhyay, 1972; Preul and Papadakis, 1973). The
third approach is the development of average storm patterns for complete
storms, rather than intense bursts of individual rainfall, based on
observed rain gage records (e.g., Blumenstock, 1939; Leopold, 1944;
U.S. Weather Bureau, 1947; Hershfield and Wilson, 1960; Bock, 1960;
Hershfield, 1962; Huff, 1967, 1970; Pilgrim and Cordery, 1975). A



method combining the second and third approaches using the rainfall
intensity-duration-frequency relationship has been developed by Uiller
and Frederick (1972) and Frederick et al. (1973) for long-duration storms.
The fourth approach is the formulation of a stochastic model_ to generate
a sequence of short-period rainfall (e.g., Raudkivi and Lawgun, 1970).

If there is no reliable record of single bursts of intense rain for
a particular region-usually the case for the design of urban highway
drainage facilities, it appears that the second approach- is the only way
to formulate the temporal storm patterns without resorting to such intense
rainfall records, yet gives a theoretically sound basis for the derivation
of design temporal pattern. It is true that storm patterns derived from
the second approach in no way represent the characteristics of complete
storms with long durations. It may be justified, however, for such a
small drainage area as an urban highway watershed to have a design hyeto­
graph which represents an intense burst of a short duration rather than
a complete storm of a long duration. For lack of a better method present­
ly available in the formulation of design hyetographs for such small water­
sheds, the second approach will be generalized by using a unified time­
coordinate system to describe a temporal pattern before and after the
peak of a storm.

Following the extensive review of literature on the development of
the rainfall intensity-duration-frequency relationships and the subsequent
development of design storm patterns based on such relationships, a method
will be developed to formulate the generalized design hyetograph equations
using the unified time-coordinate system. An optimization technique
similar to the method of steepest descent for optimizing an unconstrained
problem will be devised to evaluate the storm parameters appearing in the
resulting hyetograph equations. The' 'standard" rainfall Lareust ty­
duration data for a number of major cities in the United States will be
calculated from Weather Bureau Technical Paper No. 40 (1961) and supple­
mented by NOAA Atlas 2 (Miller, Frederick., and Tracey, 1973). These
"standard" data will be further utilized to evaluate the' 'standard"
storm-pattern parameters, the. values of which are expected to vary slight­
ly with localities, but not with frequency.

For completely describing a storm pattern based on the rainfall
intensity-duration-frequency relationship, the skewness of the temporal
pattern must be specified or evaluated by other means. There seems to
be no way to estimate the skewness except by analyzing the most intense
rainfalls of various durations recorded at the location lIDder considera­
tion. Major storms for a number of stations will be selected from ARS
experimental watersheds (ARS Black Book Series, 1933-67) and analyzed, in
addition to the major storms collected in the Salt Lake City area (Fletcher
and Chen, 1975). However, the analysis may fail to produce the average
storm skewness, if meaningful at all, for each station under study.

Finally, a graphical method will be proposed to evaluate the
"standard" storm-pattern parameters, which with the help of Weather
Bureau Technical Paper No. 40, will be used to derive a storm pattern
for any station with a desired frequency.
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For understanding the characteristics of the generalized design
storm-pattern equations, the equations will be normalized so that
dimensionless parameters which playa significant role'in the formula­
tion of the design hyetograph will be identified. Sensitivity and
interaction of the parameters in the generalized design storm pattern
will' be studied.
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REVIEW OF LITERATURE

Because the rainfall intensity-duration-frequency relationships will
be ut.Lld.zed to, develop the design storm patterns, existing formulas used
in the description of such relationships were first extensively reviewed.
After the review of the rainfall intensity-duration-frequency formulas,
t.he design storm patterns based on such formulas are appraised in terms
of theoretical concepts behind their developments.

Rainfall Intensity-Duration-Frequency Formulas

A designhyetograph for a station under study can be formulated
from the corresponding rainfall intensity-duration-frequency relation­
ship that may be either graphically portrayed as a family of curves or
expressed as a formula. Very often a formula, though derived from a
mere exercise in curve fitting, looks more advantageous than a family
of curves for use on an electronic computer. Several formulas have been
proposed for expressing intensity-frequency relations. Most of the early
ones were simple in form and were summarized by Gilman (1964).

The earliest formula was probably the one developed by Meyer (1917,
1921,1928) who analyzed excessive precipitation data from 1,962 storms,
at 43 stations (east of Rockies) from 1896 to 1914. This was a hyper­
bolic-type formula simplest in form, but with a limitation in application.

(1)
a

r =av t d + b

in which r is the average rainfall intensity in inches per hour, td is
the time d~~ation of rainfall in minutes, and a and b are parameters,
the values of which depend upon specific localities under consideration.
The formula can be alternatively expressed in terms of the total rainfall
depth, R, by multiplying Eq. 1 by t

d
as follows:

(2)

In view of inaccuracy resulting from the use of Eq. 1 for estimating
rainfall intensities of long duration, Bernard (1932) proposed a parabolic
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type formula which was applicable to duration from 120 to 1,440 minutes.

r =av
C

t n
d

(3)

in which C is the coefficient and n is the exponent ranging from 0.70
to 0.82 with the data of Meyer and Morgan. If n·= 1, Eq. 3 was Nipher's
formula of 1885 for St. Louis, Mo. (Schafmayer and Grant~ 1936). Actually
Sherman (1931) in 1905 applied Eq. 3 to Boston data with the values of C
and n found to be 38.64 and 0.687, respectively, for 50-year storm and
25.12 and 0.687, respectively~ for 10-year storm. Sherman (1931) further
proposed that the coefficient, C, in Eq. 3 could be expressed in terms of
frequency, F, as

(4)

in which k is the coefficient and x is the exponent. The value of x
was suggested to be 0.27 for Boston, Mass., by Sherman (1931). Powell
(1932), however, in his discussion of Bernard's (1932) paper suggested
that because the exponent, x, would probably vary so little with the
location, an average value of x could be used. In view of the in­
accuracies inherent in the rainfall records and the method of compiling
them, the refinement gained in varying the exponent value of x was
not judged to be warranted when many other greater discrepancies were
still accepted in the course of design. Bernard (1932), nevertheless, on
combination of Eqs. 3 and 4, proposed the following general intensity­
duration-frequency formula for rainfall intensities of long duration such
as 2 hours to 6 days.

kFx
r

av t n
d

(5)

in which the exponent, n, need not vary with frequency, but only vary
with geographical location, as may the exponent, x.

A more general formula, which incorporates the characteristics of a
hyperbolic-type formula, Eq. 1, with those of a parabolic-type formula,
Eq. 3, was first developed by Sherman (1931). It had the form:

r
av

a
(6)

in which a, b, and c are parameters, the values of which depend on
meteorological localities. The value of a may be evaluated by using
the same expression as C -in Eq. 4.

5



Another formula similar to Eq. 6 was proposed by Kiefer and Chu
(1957).

r
av

a
(7)

From Eqs. 6 and 7, two different types of design storm patterns could be
formulated. There seems no apparent advantage of using one equation
over the other as far as the derivation of the synthetic hyetograph equa­
tion is concerned. However, there is certainly a slight advantage of
using Eq. 6 over Eq. 7 in the case of computing a, b, and c values
because Eq. 6, but not Eq. 7, can readily be transformed into a 'linear
form in unknowns on log-log scale.

Hathaway's (1945) study of Yarnell's (1935) rainfall intensity­
frequency data for a large number of precipitation stations indicated
that there were fairly consistent relationships between the average
intensity of rainfall for a period of 1 hour and the average rates of
comparable frequency for shorter and longer intervals, regardless of
the geographical location of the stations or frequency of 1 hour rainfall.
These relations were referred to as the "standard" intensity-duration
curves (Williams, 1950), the use of which might eliminate the need for
the formulas mentioned above. The similarity between standard intensity­
duration curves for various localities was explained by Williams (1950)
as the fact that high-intensity short-duration storms from which most of
the data were obtained are of the convective type, accompanied by electri­
cal phenomena. Since the physical laws governing the rainfall-producing
characteristics of such storms are the same everywhere, the only variable
is the frequency with which various intensities occur.

Design Storm Temporal Patterns

The customary rainfall-duration curve or formula for any specific
frequency gives only the average rainfall intensity for any particular
duration and applies no information as to how the intensity varies from
the average during the duration period. However, the rainfall intensity
practically always does vary in nature. Nature never allows a rain to
fall at one rate for the whole duration. The importance of the role
played py the variation in the rainfall intensity in the design of urban
drainage facility was recognized by Bernard as early as in 1936 in his
discussion of Horner's (1936) paper. Sound design demands the assumption
of limiting conditions, and therefore, rainfall is arranged in critical
order. This special temporal arrangement of rainfall intensities tends
to modify the conception of the storm as having a desired frequency.
Breihan (1940) determined the probable rates at which the rainfall
actually occurred.

Hicks (1944) derived the storm temporal pattern by plotting the
major storms of the Los Angeles station of the U.S. Weather Bureau as

6



mass curves with the center of the most intense 5-minute duration at a
common point (90-minute elapsed time 'for design purposes). The result
was a storm pattern between "medium" and "delayed'"types.

, Kiefer and Chu (1957) developed a method for determining a storm
temporal pattern based on the rainfall intensity-duration-frequency
formula, Eq. 7. They applied the method to a Chicago urban area for
storm sewer design. Later the method using Eq. 6 'was applied by
Bandyopadhyay (1972) and Preul and Papadakis (1973) to an urban drainage
area in Guhati, India, and Cincinnati, Ohio, respectively. In all of
these previous investigations, different time-coordinate systems were
utilized for the description of temporal patterns before and after the
peak of a storm. From the engineering point of view, however, e~pressions

of the storm pattern equations in two different time-coordinate systems
present a big problem because they cannot be readily solved on an elec­
tronic computer.

Three types of synthetic storm patterns could be formulated from
the rainfall intensity-duration-frequency formula. The storm patterns
were called (1) a completely advanced (initial burst) type; (2) a
completely delayed (final burst) type; (3) an intermediate type. In
application, the evaluation of the storm parameters such as a, b, and
c in Eq. 6 or 7 as well as the rainfall duration, td' and the skewness,
Y, of the time distribution appearing in the pattern ,equation becomes a
major task.

Determination of design storm parameters

Some investigators such as Bleich (1935) and Preul and Papadakis
(1973) determined the a, b, and c values by plotting rainfall data
points with various assumed values of b on log-log paper until a
straight line was established while others such as Wagnitz and Wilcoxen
(1931) evaluated a, b, and c values using the method of least squares.
The duration, td' of a design hyetograph must be the one that produces
the maximum runoff from a given drainage area. The maximum runoff hap­
pens at the time of concentration, t c' at which all parts of the drainage
area may contribute to the flow concurrently. Although in the actual
hyetograph, td' may be greater than, equal to, or less than t c' all
previous investigators (Kiefer and Chu t 1957; Bandyopadhyay, 1972; Preul
and Papadakis, 1973) set the duration of the design hyetograph equal to
t c •

Time concentration. The strict determination of t c is very
difficult because t c depends not only on the physiographical factors
such as the slope and character of runoff surfaces, but also on the
meteorological factors involved in the rainfall-runoff process. According
to Jens and McPherson's (1964) study, where the drainage area served by
an inlet is entirely paved, t c is assumed to vary from about 5 to 10
minutes as the length of runoff to the inlet varies from 100 ft to about
500 ft. For turfed areas, t c is usually considered to vary from about
10 minutes for lengths of runoff less than 100 ft to about 30 minutes
for 400 to 500 ft. For bare ground, t c may be taken somewhere between

7



the values of paved and turfed areas, decreasing with the expected
smoothness of the surface. However, detailed consideration of the
several components constituting inlet concentration times is often
circumvented through establishment of a fixed t c fat' particular
types of highly developed urban areas, with 5 to 15 minutes in common
use, (ASCE Manual No. 37, 1960).

Jens and McPherson (1964) have found that in small watersheds such
as most urban drainage areas, the brief interval between the occurrence
of short, intense rainfall and succeeding peak runoff has a more signifi~

cant effect on the magnitude of the peak rate than the time of concentra­
tion. The influence of this effect becomes less, however, as the size of
the watershed increases. In general urban drainage areas possess neither
the overall detention storage nor long times of concentration aqd other
peak-flow-reducing characteristics of large watersheds. Note that use of
a uniform rainfall intensity for a duration equal to t c is only a
simplifying assumption since rainfall does not truly persist at a uniform
intensity for even as short a time as ,5 minutes.

Storm pattern skewness. The critical arrangement (i.e., time distri­
bution) of rainfall intensities is essential to the sound design of urban
drainage systems. The most recent study by Pilgrim and Cordery (1975)
has clearly indicated that heavy storms, with the exception of isolated
thunderstorms, vary almost randomly in the time patterns because very
heavy rainfalls are generally associated with highly, turbulent unstable
air-streams. A temporal pattern with average variation of intensities
within the design burst can be formulated by using their method which,
however, requires the recorded intense burst of a given duration.

Huff (1967) has found, after analyzing data from two concentrated
rain gage networks in central Illinois, a trend for the longer, heavier
storms to dominate the fourth quarter of the storm period, whereas short­
duration storms account for a major portion of the first and second
quarters of the storm. period. His classification of the storms according
to whether the heaviest rainfall occurred in the first, second, third,
or fourth quarter of the storm period as well as dimensionless representa­
tion of the time distribution minimizes the effects of mean rainfall,
storm duration, and other storm factors on the variability in the. time
distribution. Huff (1970) has also found that time variability increases
with decreasing sampling area, the relative variablity (percentage distri­
bution) with respect to average rainfall intensity decreases with increas­
ing intensity, and the absolute variability increases as the mean intensity
increases.

The skewness (y value) of a storm pattern varies greatly with
numerous factors so that its accurate determination seems impractical,
if not impossible. Various storm factors such as mean rainfall intensity
and storm duration cause relatively large variations in the quartile
distributions between storms, but no single parameter dictates the
characteristics of the distribution (Huff, 1967). To select approximately
the y value for a specified frequency by using Huff's (1967) rainfall
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mass curves is possible, but his method is subjected to the quartile
groupings of the storms recorded only in central Illinois.

Miller and Frederick's (1972) analysis of the sample of 1,484
storms over the Ohio River Basin resulted in a typical time distribution
of storm which contained two bursts with the smaller one near the begin~

ning and the larger near the end of the long duration (4 to 10 days) in
their study. They found that the number of bursts and time of occurrence
within the storm were independent of geography, magnitude, and season. A
similar study was also conducted by Frederick (1973) for storms over the
Arkansas-Canadian River Basins. Miller and Frederick (1972) suggested
that the positions of the bursts could be reversed if that is determined
to be hydrologically the more critical situation. However, thei~ view on
the arrangement of bursts was not shared by Pilgrim and Cordery '(1975) who
contended that the sequence of intensity blocks arranged arbitrarily to
give a maximum value of peak runoff in several design patterns would give
the joint occurrence of a rainfall intensity of low probability and a
pattern of low probability. Consequently, the frequency of exceedence of
the resulting flood estimate would then be lower than that of the storm
causing it.

A method proposed by Kiefer and Chu (1957), and later adopted by
Bandyopadhyay (1972) and Preul and Papadakis (1973), to determine the
skewness (y value) of the temporal pattern was entirely based on ante­
cedent rainfall records of arbitrarily specified durations of 15, 30, 60
minutes, etc., up to t c' the time of concentration. The y value ob­
tained for each specified duration was weighted in proportion to the
amount of antecedent rainfall preceding that duration so that weighted
average value of y was computed. The y value so obtained should vary
with the a, b, and c values used in the rainfall intensity~duration­

frequency formula, Eq. 6 or 7, as well as the t c value found in the
drainage area under study. Therefore, by using this method, the y
value so obtained cannot be made independently of frequency and t c. This
result in a sense is contradictory to their original assumption that the
y value is independent of frequency.

Another method of evaluating the y value developed by Kiefer and
Chu (1957) is to calculate the mean locations of the peak within all
specified durations such as 15, 30, 60, and 120 minutes and then to have
the results weighted proportionally to the time of duration. In this
method, the average value of y for all durations considered, despite
being adjusted through the weighting process, still could be biased by
inaccuracy in the computed mean locations of the peak for such durations
as small as 15 minutes which have only three 5-minute periods.
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SYNTHETIC HYETOGRAPH EQUATIONS

Asynthetichyetographto be developed for design of drainage
faci:litias is not the one seen or measured in an actual storm. It is
rather a temporal pattern with average variation of intensities ,_rithin
the design burst and the most likely sequence of these varying Lnt.ensl des,
Weallrecognizethats.uch a synthetic hyet.cgr-aph vde'r'Lved from the r.atrr­
;fallintensity~duration-frequencydata does not generally represent the
rainfall in complete storms, but rather represents intense bursts w:i.thin
storms.' It is possihlethat a number of bursts may come at any time
within the actual storms with much, or little, additional rain falling in.
betweent.hebursts. Therefore, without the recorded intense bursts of a
given duration,itisunlikelythat a hyetograph can be constructed which
represents the average rainfall in complete storms.

Since an elemental urban highway cross-section, as described before~

is a small wat.ershed 'with drainage area less than 0.1 square mile. it may
be justified to develop a synthe.tic hyetograph which represents an intense
burst rather than a complete storm of a long duration which consists of a
series of single intense bursts. This in a sense is equivalent to as sum­
ingthat a synthetic hyetograph for urban highway watersheds is a sf.ngl.e­
hurst storm pattern having the duration of rainfall equal to the time of
concentration for an entire storm sewer system which drains storm water
collected at all drainage inlets. The basic equations to be used are the
rainfall intensity-duration-frequency relationships, Eq., 6 or 7, which can
be formulat.ed by 'using 'rainfall data in Weather Bureau Technical Paper No.
25 or 40.

Formulation of Hyetograph Equations

As mentioned i:nthe previous section, the rainfall intensity-duration­
frequencyr.elationship, Eq. 60r 7, can be used to derive a synthetic
hyetograph equation which produces the sametotalamouut (or depth) of
rainfall as described by the corresponding intensity-duration-frequency
curve up to anytime, t, forgiven frequency (or return period),F. Math­
ematically it is expressed as

s
o

t

r dT r t
av

(8)

in which r is the rainfall int.ensity in inches per hour at any time in
the synthetic storm; T is the integration variable for time; and r av is
the average rainfall intensity in inches per hour and is assumed to be
expressible in the form of Eq , 6 or 7. Because of the reasons as stated
previously, only Eq. 6 is' used in the present analysis.

The rainfall intensi.ty-durati'on-frequency formula, Eq , 6, has a param­
eter, b , the value of which may be either. positive or negative. In the
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case of a negative b , Eq , 6 is not valid for t d Sib I. A preliminary
analysis of rainfall data obtained from Weather Bureau Technical Paper
Nos. 25 and 40 has indicated that a positive b mainly applies to a large
section of the country-perhaps to the portion east of the Rocky Mountains­
while a negative b generally applies to the west of the Rocky Mountains.
However, in some special meteorological areas such as Hawaii (Weather
Bureau Technical Paper No. 43, 1962; Cheng and Lau, 1973), the value of
b was found to be, or almost, zero. In light of the variety of the b
value to be found in nature, it is suggested that Eq. 6 be modified to
include the cases of negative and zero b. Therefore, Eq. 6 is expressed
in the following form in order that the b value is always kept positive.

r av
a

(9)

Substituting the expression of r av (from Eq. 9 after changing its td to
t) into Eq. 8 and then differentiating the result with respect to t
yields a set of hyetograph equations for three types of storm patterns,
which are defined according to the skewness of the pattern, y, (i.e., the
ratio of the time before the peak to the total time duration). Because
of the nature of Eq. 9 which also breaks down for t d S b in the case of
-b, the hyetograph equations need to be separately formulated for both
cases of +b and -b.

Hyetograph equations for positive b

Three types of storm patterns are specified by using the different
values of Y. A completely advanced (initial burst) type storm pattern
has Y = 0 and a completely delayed (final burst) type storm pattern,
Y = 1. Both types which seldom occur in nature may be regarded as extreme
cases of the third type, namely an intermediate type storm pattern, which
has 0 < Y < 1. Hyetograph equations for the three types are derived and
listed as follows:

(1) For Y = 0

r = a] (1 - c) t + b I
(t + b) 1 + c

(2) For Y

a[ (1 - c)(t - t ) + b ld
r =

[(t
d

- t) + b]1 + c

11
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(3) For 0 < y < 1

aL(1 - c)(td-t!y) +b]
. r =

[(t
d

-t!y) + b]1 + c
o :s t:S ytd (12)

r =
a[(1 - c)(t - ytd)!(1 - y) + b]

1 + c[(t - ytd)!(1 - y) + b]
(13)

Hyetograph equations for negative b

In this case, the value of c cannot exceed unity. Moreover, be­
cause of the nature of Eq. 9, a small portion of hyetograph for all three
types must be given a constant intensity, (a/b C)[(1 - c)/(1 + c)]C in
order to avoid the breakdown when t:S b. Hyetograph equations for the
three types are derived and listed as follows:

(1) For y = 0

(~) c
1 + c

t:S 2b

1 - c
( 14)

r = a[(1 - c) t -b]
(t; _ b) 1 + c

2b

1 - c
(15)

(2) For y = 1

r =
a[(1 - c)(t

d
- t) - b]

1 + c
[(t - t ) - b ]

d

2b
O:S t:S t d - 1 _ c (16)

r=ba c (1 -c) c
1 + c I

t ­d
2b

1 - c

:St:St
d

(17)
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(3) For 0 < y < 1

a[ (1 - c) (t
d

-tIY) - b]
, r =

(t - tty) _ b]1 + c
d

0::: t::: yt ­
d

2by
1- c

(18)

a
r = yt ­

d
2by

1 - c

s t::: t + 2b ( 1 .. y)
Y d

1 - c
( 19)

r =
a(1 - c)(t - yt

d
) / ( l - y) - b]

1 + c
[ (t; - ytd) / (1 - y) - b]

t + 2b( 1 - y) < t::: t (20)
y d 1 - c d

For exam~n~ng the validity of Eqs. 10 through 20, substituting the
equation or equations for each case into Eq. 8 and performing the integra­
tion over the respective integration limits as specified gives exactly
ravtd• However, for negative b, if Eq. 8 is satisfied, there is an
apparent discontinuity in r, for example, at+ t = 2b/(1 ~ c) in the case
of y = 0 with r = (a/b C)[(1 - c)/(1 + c)]l c obtained by substituting
t = 2b/(1 - c) into Eq. 15. For application, the values of the parameters
characterizing the hyetograph equations such as a, b, c, t d, and y need
to be evaluated.

Evaluation of Hyetograph Parameters

Parametric values, a, b, and . c

Taking logarithm of both sides of Eq. 9 yields

log r = log a - clog (td ± b)av (21 )

Preul and Papadakis (1973) determined the a, b, and c values by plotting
data points (raj, tdj) for j = 1, 2, ••• , n with various assumed values
of b on 10g-lZg paper until a straight line was established. Because Eq.
21 is linear in log r av and log (t ± b) for a given value of b, the
determination of the a, b, and c values can be accomplished in a system­
atic way by using the method of least squares and an optimization technique
similar to the method of steepest descent for optimizing an unconstrained
problem. The optimization problem formulated herein is tantamount to the
one to find the a, b, and c values for minimizing the expression
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F (a,b, c)
n
z

j=1
[log r j - log a + clog (t; j ± b)] 2 •

av d '
(22)

The·rainfall intensity-duration-frequencydata obtained from Weather
Bureau Technical Paper Nos. 25 and 40 can be used for this computation,

Duration of rainfall, td

Although the rainfall duration,td' of an actual storm can be almost
any length of time, the design td of a synthetic hyetograph may be assum­
ed to be the one that produces the maximum runoff from a given h;i.ghway
drainage area which consists of a number of elemental urban highway water­
sheds, as described previously. For a storm of uniform intensity, the
maximum runoff happens at the time of concentration, t c' at which all parts
of the drainage area may contribute to, the flow concurrently at the outlet
of a storm sewer system. However, for a storm having time- or space-vary­
ing intensities,the preceding statement is no longer true. Even under a
uniform-intensity storm, the strict determination of the t c value is very
difficult because t c depends on hath the meteorological and physiograph­
icalfactors involved in the rainfall-runoff process on the given drainage
area as well as the hydraulic characteristics of a storm sewer system
under study. Many methods (see, e.s.g , Jens and McPherson, 1964) are avail­
able in urban hydrology for evaluating the t c that includes the time of
lot runoff; time of flow in gutters, open swales, or channels to an inlet;
and time of flow in the storm drain. However, they are not further dis­
cussed herein because it is beyond the scope of the present study.

In an actual storm, td may be greater than, equal to, or less than
t c' However, for design purposes, it may be more appropriate to set

t ~ t
d c -. • (23)

since td < t c yields a smaller peak discharge at the inlet.

Pattern skewness, y

Theoretically, the Y value of a design storm pattern should be
evaluated on the basis of the same criterion as used in the determination
of the td value. In other words, the des.Lgn Y value must be such that
the design storm pattern, if applied as an input to the surface runoff
computation, will produce the maximum runoff from a given drainage area.
The most practical, if not the best, way to determine the Y value is
thus to maximize the computed runoff discharge by using the surface run­
off model subjected to an excitation of the designhyetograph (Eqs. 12 and
13 for +b and Eqs. 18 through 2:0 ·for -b) with various assumed values of
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Y. It is conceivable that the Y value so determined for geometrically
different drainage areas at the same meteorological locality may be
different even though the a, b, and c values used in the hyetograph
equations are exactly the same. Conversely) if a drainage area (or t c)
is given ,such as in the present case of an elemental urban highway water­
shed, the Y value so determined depends on the a, b, and c values and
hence on the frequency of a design storm. This unique feature of the
design Y value cannot reflect in the computation based solely on rain­
fall records.

The determination of the Y value based on the design criterion of
the maximum runoff would give the joint occurrence of a rainfall intensity
of low probability and a pattern of low probability (Pilgrim and Cordery,
1975). From the engineering point of view, it would be too conservative to
use such Y value. Because an actual storm pattern is a meteorological
phenomenon resulting from the interaction of meteorological and physio­
graphical variables relevant to the study basin, the runoff computation
and hence drainage design based on the' Y value determined from rainfall
records alone may be acceptable.

The Y value determined from the maximum runoff criterion will be
included in another phase of this research project and it is not further
treated herein. Instead, the Y values will be computed directly from
actual rainfall records for both selected ARS experimental watersheds
(ARS Biack Book Series, 1933-1967) and two urban highway watersheds in
the Salt Lake City area (Fletcher and Chen, 1975).

Normalized (Dimensionless) Hyetograph Equations

For gaining an insight into the significant parameters that control
the design hyetograph, Eqs. 10 through 20 are further normalized. The
normalizing quantities selected in the case of +b are r o = a/b c, the
maximum intensity in the hyetograph) and to = td and those in the case
of -b are r o = (a/b C)[(l - c)/(l + c)]C, also the maximum intensity in
the hyetograph, and to = td. -The normalized hyetograph equations for +b
are obtained as follows:

(1) For Y = 0

[(1 - c)t* + (b/td)]

[t* + (b/t
d)]l

+ c
(24)

in which r* = r/ro is the normalized rainfall intensity and
is the normalized time.

(2) For Y = 1
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r =(.. E.-).. c* ·t .d

[(l-c)(l-t*) + (b/t
d)]

[(l-t*) + (b!t
d
) ] 1 + c

(25)

(3) For a < y < 1

((l-c)(l-t*!y) + (b/t
d)]

[(l-t*!Y) + (b!t
d)]

1 + c
(26)

[(l-c)(t*-y)!(l-y) + (b!t
d)]

1 + c
[(t*-y)!(1-y) + ~b/td)]

(27)

The following normalized hyetograph equations for -b are derived by
normalizing Eqs. 14 through 20.

(1) For y= 0

r. = 1 t. S 1 2 c (~J (28)

[(1-c)t*- (b/td) ]

(t*-Cb / t
d

) ] l + c

(2) For y= 1

r = (•... E.-)C (.... 1 + c)C* t 1 - Cd

(29)

[(1-c)(1-t*)- (b!t
d

) ]

1 + c
[(l-t*) - (b/td) ]

o s t.s 1 - 1 : c ( ~J (30)

1 - 1
2
- c

(31)
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(3) For 0 < y < 1

r = (E.-. )c(~).c* t 1 - cd

[ (1 - c) (1 -

_ b/t )]1 + c
d

_ --'b.- (L):s t :S
Y 1 - c t *d

o ~ t* s y - 1:yc (~d )
y + 2 ( 1 - Y) (h)

1 - c d

(32)

(33)

[ (1 - c)( t * - y) 1(1 - y) - (b I t d) ]

[(t* -'y)/(l - y) - (b/t
d

) ] l + c

y + 2(1 - y) (L):s t :5 1
1 - c t *d

(34)

An inspection of Eqs. 24 through 34 reveals that there are three
dimensionless parameters which control the storm pattern. They are
b/td' c, and y. The y value that indicates the position of the peak
in the hyetograph ranges from 0 to 1, but the ranges of the other two
values are unknown. There seems to be no apparent physical meaning £or
b/td and c. For illustration, Eqs. 26 and 27 for +b are plotted in
Fig. 1 for y = 0.3 with various values of bit and c. It can be seen
readily from Fig. 1 that the hyetograph is uni~orm as c + 0 or b/td + 00.

For given b and c values, the storm pattern with b/td + 00 corresponds
to the one with td approaching zero. This implies that as a first-order
approximation a uniform design hyetograph can be applied to a small drainage
area which has a very short time of concentration, t c' In this case, the
y value is no longer important. However, when a drainage area and hence
t c under consideration are larger and longer, respectively, the position
of the peak in the hyetograph (i.e.,y value) becomes more important. In
the limit as td + 00 or b/td + 0, r* becomes zero everywhere in the
hyetograph.

The fact that the parameter, a, is not one of the controlling factors
in the formulation of a storm pattern, as manifested itself in the normal­
ized hyetograph equations, Eqs. 24 through 34, suggests the possibility of
"standardizing" for eaGh location the values of band c which do not
seem to vary with duration. This and other interesting aspects of design
storms derived on the basis of the rainfall intensity-duration-frequency
relationships will be further discussed in the following section.
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STANDARD INTENSITY·"DURNTION
RELATIONSHIPS

To answer a question of whether there are fairly consistent relation~

ships between the average intensity of rainfall for a period of one hour
and the average rates of comparable frequency for shorter and longer inter­
vals', regardless of the geographical location of the stations or frequency
of 1-hour rainfall, rainfall values for various durations and return peri a

ods at selected stations must be examined. Rainfall data obtained from
the U.S. Weather Bureau Technical Paper No. 40 are used for this purpose.
However, before any conclusion can be drawn from the standard intensity­
duration relationships formulated by use of 49 isopluvial maps in the
Technical Paper No. 40, attention is first called to the procedures with
which these isopluvial maps have been constructed.

There are 49 isopluvial maps in the Technical Paper No. 40, among
which the following four are the key maps: 2-year 1-hour, 2-year 24-hour,
100-year 1-hour, and 100-year 24-hour. These four key maps were used
jointly with the duration and frequency relationships for obtaining rain­
fall values for the other 45 maps. Actually, only the 2-year 1-hour and
2-year 24-hour key maps were directly plotted from all available rainfall
data through smoothing isopluvial lines. The other two 100-year 1-hour
and 100-year 24-hour maps were plotted by use of rainfall values which
were the product of the values from the 2-year maps and the 100-year to
2-yearratio maps. Programming of the duration and return-period relation­
ships plus the four rainfall values for each of 3,500 selected stations
permitted digital computer computation for the 45 additional rainfall val­
ues from which the other 45 isopluvial maps were constructed. The key de­
vice in these mapping procedures apparently lay in the use of the duration­
frequency relationships developed at each (or a group) of the stations.
Are they unique enough to be standarized? If so, would it not be much
simpler to derive the standard intensity-duration formulas than construct
49 isopluvial maps? While the derivation of such standard intensity-dura­
tion formulas will be attempted, the basic questions regarding the unique­
ness and implications of the results obtained from the isopluvial maps
need to be answered.

A generalized duration relationship was developed in the Weather Bureau
Technical Paper No. 40 to compute the rainfall depth for a selected return
period for any duration between 1 and 24 hours when the 1- and 24-hour val­
ues for that particular return period are given. This generalization was ob­
tained empirically from data for the 200 Weather Bureau first-order stations.
The ratio of 1-hour to corresponding 24-hour values for the same return per­
iod does not vary greatly over a small region. On the windward sides of high
mountains in western United States, the 1- to 24-hour ratio is as low as
10 percent. In southern Arizona and some parts of midwestern United States,
it is greater than 60 percent. In general, except for Arizona, the ratio
is less than 40 percent west of the Continental Divide and greater than 40
percent to the east. A 1- to 24-hour ratio of 40 percent is approximately
the average for the United States. There is a fair relationship between
this ratio and the climate factor, mean annual number of thunderstorm days.

19



The two parameters , 2-yeardaily'rainfalland the mean annual number of
':thunderstormdays,havebeen.usedj ointlytoprovideanestimate ofsshor.t;­
durationrairifallsbyHershfield ,Weiss ,aridWilson (1955).

Are,turn"petioddia,gramus,ed in the TechnicaLPaper,No. ·40 is partly
':empiricaLand partly theoretical. From 1 to 10 years .itisentirely
empirical,'basedon freehand .curves drawn through p.l.ct.t.Lngs vof partial­
duration series data • For the 20-yearand Longer vrezurn periods reliance
was p.Laeed on the Gumbelproeedure for fitting .annualseties ..datato the
Fisher-Tippett~TypeIdistribution.The transition was smoothed sub­
jectiveJy .. between 10- -and 20"year:return'periods.Consequently, if:rain­
fall values for return periods between 2 and 100 years:areplotted on
either Gitmbel or . log-normal paper, the points will nearly approximate a

. s.tmafsght:line, but are found to be independent cf cdur.atLon • Undoub tedly
these features in the ,.return"period relationship will manifest . themselves
in the standard duration..frequency relationships which are developed herein.

Rairifall:depths.forvariousdurationsand',frequency:at a number 0 f
geographical:pointsin the United States need to be estimated for the
construction of .,thestandard.intensity-durationrelationships. The

TechnicaLRap er No. 25 that contains:aseriesofxainfall. intensity­
dura.tion-fre.quencycurves for the 200 .Weather Bureau stations can also
be used forthispurpoBe , although the average differenee :between the two
TechnicaLRapers is .approximately 10 pereent<withno bias. The.differences
were ascribed 'mainIy:to theconsiderab Ie areal generalization used in the
TechnicaL Paper No • :40 , except for the fact that the Technical Paper No.
40 is for the:parfial..durat±onser:i=es arid .No .25 is.fortheannual series.
In thts study,orily. the.is()pluvialmapsinTechnicaLPaper No . 40 are
used.

A'totalDf ,34:mCijorcities.inc.hidiIl,g.23 :metropolis in order of popula..
tion size and 11 capitals of the western United States were selected and
rainfall depths for loo, .2- ,5~, 10- ,.25- ,50- ,and 100-year return periods
for 30-Iilinute, '-,2-,3-,6-, 12-,and':.24-hour durations at each city are
estimate:d'fromthe corresponding isopluvialmaps in the Technical Paper
No .40,,cas : appended to this 'report (see Appendix A) •

It,is,noted in:fheTechnicalZRflperNo. 40:that .the .empirical relation­
ship ,0,:19 ;-:times .the 60-minute ::rairifall, .. wasused .. inthe .es timation of the
30:-minuterainfall. ,In·the:caseofthosewhichhaveduration shorter than
30 minutes such 'as the 5- , 10~, :and 15 ..mtnutierrafrifa.Ll,s , rainfall depths
.are estimated on the'hasi s cif:the:average relationships between 30 -mtnute
rainfallandshorter:duration-rainfall:for' nhess.amer re turn period, as given

.inTab.le36fthe:TechnicaLPaperNo.40 . Because . the empirical ratio
between :the30 ....Iilinuterairifallarid:the':60:-minuterainfall is 0.79, the 5-,
1O~ ,an!i lS-minuterainfallscan::a1.sobe:estimatedbased on 'the same 60­
minuterairifalLwith.themodifie:dratiosshown· respectively in Table 1.
From.the:ratioshetween the 60..minute rainfall and the shorter-duration
rairifalls,therelationshipsbetween~:the;60~minuteintensity and the
shorter~duration.±ntensities.can.::b£:derived,.aslisted in Table 1. These
intensityratios,ifderived'from:the.TechnicalPaper No. 40, should also



Table 1. Average relationships between 60-minute rainfall and shorter
duration rainfalls for the same return period.,

Duration'
(minutes)

5
10
15
30
60

Rainfall depth

0.292
0,450
0.569
0,790
1.000

Ratio for

Rainfall intensity

3.51
2.70
2.28
1.58
1.00

appear in the standard intensity-duration relationships. Any deviations
from these ratios may be attributed to the smoothing and areal generaliza~

tion during construction of the 49 isopluvial maps, errors in estimation
from the maps, or a combination thereof.

Supplemental rainfall values for 2-, 5-, 10-, 25-, 50-, and 100-year
return periods for 6- and 24-hour durations can be obtained from the NOAA
Atlas 2 (Miller, Frederick, and Tracey, 1973) which provides precipitation­
frequency isopluvial maps for the 11 western states. Rainfall values for
the selected points in the NOAA Atlas 2 were estimated and entered in the
same tables in parenthesis for comparison with those values obtained from
the Technical Paper No. 40. However, it appears that the supplemental
values obtained from the NOAA Atlas 2 cannot be used in the present
analysis because of the difficulty in maintaining the internal consistency
between the two sources of data.

The rainfall depths in inches obtained for each station are next con­
verted to the average rainfall intensities in inches per hour by multiply~

ing (for shorter than 60-minute durations) or dividing (for longer than
60-minute durations) the corresponding rainfall depths by the ratios of
their durations to 1 hour. The results are also tabulated and appended
to this report (see Appendix B).

The so-called standard intensity-duration curves (Hathaway, 1945;
Williams, 1949) were plotted on the basis of the relations of 1-hour
rainfall intensity to those for other durations. The formulation of these
curves is equivalent to find the ratios of various-duration intensities to
60-minute intensity for the same frequency at each station, as tabulated
in Appendix C. It is not surprising to see from Appendix C that the ratios
for duration shorter than 1 hour have the values very close to those listed
in Table 1. Any deviations from the listed ratios, as reasoned before, are
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probably caused by the smoothing and areal generalization during the con~

struction of the 49 isopluvial maps in the Technical Paper No. 40 or
errors' in estimation from the maps, or both.

In the Technical Paper No. 40, the generalized duration relationship
used in the computation of rainfall values between 1 and 24 hours is the
ratio of l-hourto corresponding 24-hour values. However, this ratio,
though it appears to be independent of frequency, .varies from 10 to 60
percent with the average of 40 percent in the United States, as mentioned
previously. Rainfall values for other durations between 1 and 24 hours
wereiriterpolated linearly by means of the rainfall depth-duration diagram
given in the Technical Paper No. 40. If the 1-hour rainfall depth is
arbitrarily chosen as 1 inch, the range of the preceding 1- to 24-hour
ratio can readily be plotted in the rainfall depth-duration df.agram, as
shown in Fig. 2. The range of rainfall depths and corresponding intensi­
ties for durations between 1 and 24 hours can thus readily be computed
from this diagram (see Table 2). For convenience in later analysis, the
rainfall depth-duration relations for the intermediate ratios of 15, 20~

and 30 percent are also plotted in Fig. 2. Incorporating the values for
the intermediate ratios with those listed in Tables 1 and 2 results in the
standard intensity-duration relationships for various ratios of 1-hour to
corresponding 24-hour rainfall depth, as shown in Table 3 and Fig. 3. The
storm parameters, a, b., and c (Eq , 6) for the standard intensity-duration
curves can be evaluated by using the method of least squares with the aid
of an optimization technique similar to the method of steepest descent for
optimizing an unconstrained problem. The possible relationships between
these parameters and the ratio of 1-hour to corresponding 24-hour rainfall
depth were investigated. Such relationships, if existent, can be used to
estimate the a, b, and c values .at any location in the United States
without resorting to all of the 49 isopluvial maps in the Technical Paper
No. 40. For this method to be valid, at most two isopluvial maps for any
frequency, say 10-year 1-hour and 10-year 24-hour, are needed so that the
ratio of 1-hour to corresponding 24-hour rainfall depth can be computed.

Since the ratio of 1-hour to corresponding 24-hour rainfall depth in
the Technical Paper No. 40 was shown to be nearly independent of frequency
as mentioned previously, accuracy-wise it does not really matter which
frequency of the two maps is used ,as long as the present method is valid.
However, due mainly to convenience in application, there is definitely an
advantage of using 10-year 1-hour and 10-year 24-hour maps over the 2-year
1~hour and 2-year 24-hour key maps, as will be 'compared later.

Applying the method of least squares and the optimization technique
to a set of the rainfall intensities in Table 3 for the same ratio of 1­
hour to corresponding 24-hour rainfall depth, yields the values of the
"standard" storm parameters, a1' b 1, and c1 as shown in Table 4. Note
that computation of standard data points for the 10- and 15-percent ratios
resulted ina negative b1 which must be treated differently from the case
of a positive b1' as mentioned previously. The values of other relevant
parameters identified in the normalization of the hyetograph equations are
also computed and given in Table 4. For general use in engineering
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Table 2. Range of rainfall depths and corresponding intensities for
various durations between 1 and 24 hours based on unit I-hour

depth and intensity rainfall.

Upper limit Average Lower Limit
(10% Ratio)* (40% Ratio)* (60% Ratio)*

Duration
(hours) Rainfall Rainfall Rainfall Rainfall Rainfall Rainfall

Depth Intensity Depth Intensity Depth Intensity
(inches) (in/hr) (inches) (in/hr) (inches) (in/hr)

1 1.0 1.000 1.0 1.000 1.0 1.0
2 2.0 1.000 1.25 0.625 1.1 0.55
3 3.0 1.000 1.4 0.467 1.2 0.400
6 5.5 0.917 1.75 0.292 1.4 0.233

12 7.75 0.646 2.1 0.175 1.55 0.129
24 10.0 0.417 2.5 0.104 1.667 0.0694

* Ratio of l-hour to corresponding 24-hour rainfall depth

Table 3. Standard rainfall intensity-duration relationships for various
ratios of I-hour to corresponding 24-hour rainfall depth.

Duration Ratio* (%)

10 15 20 30 40 60

5 min. 3.51 3.51 3.51 3.51 3.51 3.51
10 min. 2.70 2.70 2.70 2.70 2.70 2.70
15 min. 2.28 2.28 2.28 2.28 2.28 2.28
30 min. 1.58 1.58 1.58 1.58 1.58 1.58
60 min. 1.00 1.00 1.00 1.00 1.00 1.00

2 hrs. 1.00 0.850 0.750 0.650 0.625 0.550
3 hrs. 1.00 0.767 0.650 0.517 0.467 0.400
6 hrs. 0.917 0.650 0.500 0.375 0.292 0.233

12 hrs. 0.646 0.438 0.333 0.229 0.175 0.129
24 hrs. 0.417 0.278 0.208 0.139 0.104 0.0694

* Ratio of l-hour to corresponding 24-hour rainfall depth
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Table 4. Values of standard storm parameters for various ratios of
I-hour to corresponding 24-hour rainfall .depth computed from
thes;tandard intensity...,duration relationships in Table 3 and
Figure 3.

Rainstorm
Parameter

a1
b1
c1

a1
b]l

~. (l-c1\Cl
bYl \1+c

1
:')

Ratio#(%) .

10 15 20 30 40 60

4.58 6.57 8.9.1 14.35 22.57 40.01

-2.84 -0.80 1.04 4.12 7.48 11.52

0.309 0.420 0.507 0.632 0.738 0.872

8.74 5.86 5.11 4.75

2.72* 4.95*

a (1 C ~1 +c 11 • 1
b~l ,. 1 +cr

1.43*

8.22*

2.02*

2.77*

* Fornegative.b-only.
#Ratio of l-hour to corresponding 24"hour rainfall. depth.
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practice, the values of a1' b1' and c1 are plotted against the ratio
of 1-hour to corresponding 24-hour rainfall depth, as shown in Fig. 4.
The validity of these storm parameters versus 1- to 24-hour rainfall ratio
curves can be examined by comparing the a1' b1' and ~1 values obtained
from thes~ curves with those estimated directly from the 49 isopluvial
maps ..

The standard intensity-duration relationship .(Appendix C) that seems
independent of frequency may be written in a mathematical form:

T,tdr av
T, 1

r av

=
(t; + b ) c1

d 1

., (35)

. h· h T, t d . h T h ( lnut;e) . f 111n w lC r av T 1~ t e -year td- our or mlnute average raln a
intensity; r av is the T-year 1-hour average rainfall intensity; and
a1' b1' and c1 are the standard storm parameters describing the ratios
of various-duration intensities to 1-hour intensity for the same frequen­
cy, as shown in Appendix C. If Eqs. 6 and 35 are identical, comparing
the parameters of both equations yields .

T, 1a = a
1r av

b

whence

(36)

(37)

(38)

= (39)

Given or knowing the ratio of 1-hour to corresponding 24-hour rainfall
depth for any frequency, the values of a1' b J (= b), and c1 (= c) can
readily be determined from Fig. 4. Substitutlng the a1' b, and c val­
ues so estimated and the known T-year 1-hour average intensity, rT~v1,
into Eq. 39 gives the average rainfall intensity for T years and td hours
(or minutes), rT~td. The method of determining the r T

av
1 value can be

simplified if the relationships between 10-year intensity and those for
other return periods can be established. The possibility of formulating
such relationships is explored herein.
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Ac co rd.i.ng to the f re-quency analysis made in the Tecbnf ca.L Paper No,
40 ~ a semt.-emp Lr.Lcal, frequency diagram was actually used :Ln the computa­
tion of rainfall values for return periods other than 2 and 100 yean; and
hence in the construction of the 49 isopluvial mapso Thus~ in reverse,
the intensity~f:requency relationship to be formulated from the isopluvia.l
maps should be independent of duration and should approximate a straight
line,on log-normal paper if the smoothing and areal adjustment durifig the
construction of the maps did not take placeo To examine this~ the ratios
of various-frequency intensities to 10-year intensity for the same dura=
tion at each of the 34 cities are calcu.lated and listed in Appendix D.
&1 inspection of the tables given in Appendix D reveals that these ratios
so calculated vary, though slightly with duration for the SffiTI8 frequency,
in a much less distinguishable manner than with return period for the
same duration on semi=log papero For illustration, these ratios for 6Q~

minute duration for the 34 cities are plotted on semi=log paper, ,as
shown in Fig. 50 The figure demonstrates different ranges of the ratios
for various return periods 0 In Fig. 5 a straight line is drawn to pass
approximately through the middle ranges of the ratios~ but in no way it
represents the average return=period relationship. Despite these dis=
crepancies, if we still assume for simplicity that the '~standard~9

intensity-frequency relationship is independent of duration and nearly
approximate a straight line on serat.-Tog paper. the relationship can be
expressed mathematically as

(4.0)

in which x is the ratio of 100-year to corresponding 10-year intensity
for the same duration, defined as

x

r 100 , t d
av

(41)

For the "center" line shown in Fig. 5, the value of x is always equal
to 1.5 so that Eq. 40 can be further simplified. However, it is felt that
this assumption is not necessary. We assume that the standard intensitya
frequency relationship is a straight-line relationship, but not necessar­
ilya "central" one. Specifically for 1-hour rainfall, Eqs. 40 and 41
become

T, 1
r

av
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100 ~ 1r
av

x = _10,1-
l-

av
respectively. Subs t.Lt.utLng Eq. 42 into Eq, 39 yields

T,tdr .
av (44)

This is the general expression of the rainfall intensity~durati{)n·':fre.q.1k'T"

cy relationship. To make use of Eq. 44, onE. must first determine the va.!.
ues of the parameters. a1' b, c, and x from the three isopluvial maps
with the help of Fig, 4.' The three isopluvial maps used in the present.
study are ones for lO-year l-hour rainfall (Rl0,1). lO-year 24-hour rain­
fall (R10,24). aXld lOa-year l-hour rainfall (Rl00,1). In other words 0

from the ratio of 1-hol1.r to 24~hour rainfall depth for 1O-yea:c f rcquency ,
Rl0,1/Rl0,24, the values of a1' b'l (= b), and cl (= c) can be estimate:
from Fig. 4. The ratio.of 100·ooa f t0

1
10-year rainf~ll intensity. (or

depth) for l-hour duratlon~ r 1
av) I r'~vl = Rl00, I / R10,1 ~ ~s

actually equal to the value of x, as expressed by Eq. 43. Therefore"
use of Eq. 44 with Fig. 4 greatly reduces the number of the isopluvial
maps (from 49 to 3) needed in the evaluation of the storm parameters.
a, b, and c (Eq. 6) at any location in the United States. Because
Eq. 44 is expressed in the same form as Eq. 6, the parameters, a and
a1' must be related by

([:.5)

If the 2~year 1-hour and 2-year 24-hour key maps "Jere used in the
evaluation of the parameters~ a1' hi (= b), and cl (= c), it would be
better to express the parameter, a. in terms of r~v1 than r1~~1 as
shown in Eq , 45. In that case, the standard intensity-frequency relatior)'"
ship, as portrayed in Fig. 5, should be calculated on the basis of 2 n

year intensity rather than 10-year intensity and the eA~ressions of Eqso
40 through 45 would change accordingly, possibly becoming more complicated
than the present forms due mainly to the odd expression of 108102 instead
of log1010 which is unity. The validity of the present method using the
three isopluvial maps with the help of Eq, 44 and Fig. 4 is examined by
comparing the rainfall intensities of various durations and frequencies
obtained from the present method with those obtained from the 49 iso~

pluvial maps in the Technical Paper No. 40.

31



EXAMp:LE. The values of zhe storm parameters, .a, b, and c for
New¥ork,N.Y. (40AoN., 74.00 W.) are required in the .formulation of
.design :stormpatt,erns. The 10-year 1-hour, 10-year 24-hour ,and 100-
year l-hourrain£all values are estimated from the maps (Figs. 6 , 7, and
8)tobe:?15" 5.20, and 3.•11 inches, respectively (s,ee -al.so TableA-1
in Appendix .A)..The ratios ·0£2. 15/5. 20 and 3. 11/2.1 5 .are O. 413 an d
1.447 (:;=x),respectively. (Note that the ratio of 2-year l-hourand
2-year 24-lrour rainfall val.ues is 1.43/3.38=0.423 from Table A-1 in
Appendix ,A.) From Fig. 4, corresponding to the ratio of .O. 413, one can
readily find a1= 23.9, b(= b1) = 7.85, and c(= cl)=0.75;, which are
within the .accuracy ·ofthe values directly computed from.the correspond­
ing .stiandaed intensity-duration relationships (TableC-1 in Appendix C),
as tabulated in Appendix ,E (see Table E-1). Because r 1gt'1(= R10 , 1) =:

2.15 :in./hr.,fromEq.45, on substitution of the x value, the panamete r ,
a,isnowexpressedas

(46)

For various 'return periods, T"years ,the corresponding values of a
canthus be computedf:romEq. 46. For instance, the a values so com­
puted for T= 1, 2, 5, la, 25, 50, and 100 years are 28.42, 35.33, 44.48,
51.39,60'.53,67.45,and 74.36., respectively. Substi·tutingthe a, b , and
cvaluessoohtained into Eq , 6 yieldscthe following intensity-duration
relationships for various return periods:

28.42

(t; d + 7. 85) 0 .75
T 1 (47)

r
av

35.33 T = 2 (48)

_
_ --'-44.;;.;;.'-'4.;;..8--:-~r = ..

av (ta + 7.85)0.. 75

51-e39r- --~...:...;;.~---=--=-=-

av (ta + 7 •85yO.75

T = 5

T = 10
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r
av

60.53
T 25 cst)

r =
av

67.45

(t
d

+ 7.85)°·75

74.36

T = 50

T - 100

(52)

. (53)

Average rainfall intensities for durations of 5 min~ 10 min~ 15 min~

30 mdn , 60 min. 2. hxs, 3 h ra , 6 b.rs , 12 hrs •. and 24 hrs are computed by
using Eqs, 47 through 53 for various return periods •. one at. a time. and
tabulated in Table 5. A comparison of. Table 5 with Table B-1 in Appendix
B reveals that the average rainfall intensities computed from Eqs •. 47
through 53 (or. in general, from Eq. 44) are about of the same magnitudes
as those obtained directly from the 49 isopluvial maps within thetoler­
able accuracy. This comparison in a sense leads to the conclusion that
Eq , 44 or. more specifically for New York Ci ty. the relationship

r
av

51.39 10glO(100.553 TO. 447)

(t; d + 7. 85) O. 75
(54)

can be used to compute the average rainfall intensity, rav(in.!p.r) ~ for
any duration, td(min) ~ and return period~ T (years). Consequenjtly, the
a, b. and c values so determined are believed to be as accuraze as
those computed directly from the 49 isopluvial maps.

{

The advantage of using Eq. 54 over the 49 isopluvial maps lis obvious
because Eq , 54 can compute the average rainfall intensity for dny dura­
tion and any return period including those which do not belong ito one of
those specified in the 49 maps. Thus, Eq , 54 (only for New York City) or
a general form t.hexeof", Eq , 44, (for any location) is believed to be in
the most suitable form fo·t: use in the computer modeling of the rainfall
intensity-duration-frequency relationship.

If the value of x defined in Eq. 41 is assumed to be alway~ 1. 5~
as portrayed as the '-Ccenter~~ line relationship in Fig. 5, Eq. 54 can be
further simplified and hence a new set of intensity-duration relationships
for various return periods corresponding to Eqs. 47 through 53 can be
obtained. Howeve.r , average rainfall intensities computed from this new
set of the relationships based on x = 1. 5- were found to be not so accurate
as those obtained from Eqs. 47 through 53; therefore they are not tabulated
herein for comparison.
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Table 5. Rainfall intensity in inches per hour for various duration and
frequency at New York City computed from Eq. 54.

Return Period (Years)
Duration

2 5 10 25 50 100

5 min. 4.19 5.21 6.55 7.57 8.92 9.94 10.96
10 min. 3.27 4.07 5.12 5.92 6.97 7.77 8.56
15 min. 2.71 3.38 4.26 4.92 5.79 6.45 7.11
30 min. 1.86 2.32 2.91 3.37 3.97 4.42 4.87
60 min. 1.20 1.49 1.88 2.17 2.56 2.85 3.15

2 hrs. 0.75 0.93 1.17 1.35 1.59 1.77 1.96
3 hrs. 0.56 0.70 0.88 1.01 1.19 1.33 ' 1.47
6 hrs, 0.34 0.42 0.53 0.61 0.72 0.80 0.89

12 hrs. 0.20 0.25 0.32 0.37 0.43 0.48 0.53
24 hrs. 0.12 0.15 0.19 0.22 0.26 0.29 0.32

For further eXamlnlng the validity of the present method, data of
several major cities obtained directly from the Technical Paper No. 40,
as appended to this report, are compared with those computed by using the
present method. The rainfall data for cities representing typical meteo­
rological localities of the northeast, southwest, Midwest, southeast, deep
south, Rocky Mountains, and northwest areas in the United States, one from
each area, are investigated. The general rainfall intensity-duration-fre­
quency relationship, Eq. 54, for New York City which represents the north­
east region was already developed and tabulated in Table 5. Other cities
investigated include Los Angeles, Chicago, Miami t Houston, Denver, and
Olympia. The values of storm parameters, as tabulated in Appendix E, were
consulted in the selection of the cities, for a broad spectrum of the
ratio of 1-hour to corresponding 24-hour rainfall depth is desired in the
verification of the intensity~duration-frequencyrelationship that for
each city investigated is formulated as follows: For Los Angeles,

I' =av

10.95 log10(100. 412 TO.588)

(t
d

+ 1.15)°·512
(55)

For Chicago,

(56)
log10(100• 596 TO. 404)

(t
d

+ 9.56)°·808

60.90
r =------'-"---------av
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For Miami,

r av,

79.94 10g10(100.65 8 TO. 3 42)

(t
d

+ 7.24)°·732
. (57)

For Houston,

98.26

For Denver,

10g10(100• 638 TO.3 62)

(t
d

+ 9.30)°·798
(58)

50 . 81 1 '(10°. 503 TO. 497)
og10 . .

r
av

For Olympia,

(59)

.r =
av

6.3010glO(100.667 TO. 333)

(t
d

+ 0.6)°·485
(60)

Rainfall intensities c.alculatedby using .Eqs , 55 and 6° for var~ous

durations and frequencies aretabulated:i.nTables 6 through 11, irespec­
tively, which are then compared with Tab1esB-.2, ,B~3,B-14,B-l~, B-26,
and B-32, respectively, in Appendix E. It:Ls foundfromtheseicomparisons
that in most cases the calculated values compatible with data optained
directly .from the Technical Paper No. 4.0.. Gonsequently,the vajlues of the
standard storm parameters al' b 1,and clso determined are juk:tged to be
unique and adequate for each location studied. j

I
The values of the parameters a, b,and c for any .other di.ties in

the United States can be determined.. Dat'aof several major cities append­
ed to this report have been examined and :itis found that theparaIl1eter
values so obtained for most of the cities examined produce as good as, if
not better than, rainfall results provided for New York City. However,
for simplicity, they are not further discussed herein. It will bein­
teresting to see whether maps wifhiso-a,iso-b, andiso-c lines can be
constructed for the United States. It appears very promising in the
light of the limited number of graphs (threeisopluvialmaps and Fig. 4)
being used in the determination of the parameters. To do this, however,
is another major taskw'hich is beyond the scope of the present study.
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Table 10. ,Rainfall intensity in inches per hour for various duration
and frequency at Denver computed from Eq. 59.

Duration Return Period (Years)

'1 2 5 10 25 50 100

5 min. 2.57 3.34 4.35 5.11 6.12 6.89 7.6510 min. 2.03 2.64 3.44 4.04 4.84 5.45 6.0515 min. 1.69 2.20 2.86 3.37 4.03 4.54 5.0430 min. 1.15 1.49 1.94 2.29 2.74 3.08 3.4260 min. 0.72 0.94 1.22 1.44 1.72 1.93 2.152 hrs. 0.43 0.56 0.73 0.86 1.03 1.15 1.283 hrs. 0.31 0.41 0.53 0.6Q 0.75 0.84 0.936 hrs. 0.18 0.23 0.30 0.36 0.43 0.48 0.5412 hrs. 0.10 0.13 0.17 0.20 0.24 0.27 0.3024 hrs. 0.057 0.074 0.097 0.11 0.14 0.15 0.17
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PATTERN SKEWNESS IN ACTUAL STO&'18

The computation of the storm pattern skewness, Y, 'can proceed by
means of either Eqs , 12 and 13 (for positive b) or Eqs , 18, 19, and 20
(for, negative b) with the help of an optimization technique. However,
the a, b, and c values in these equations for each actual hyetograph
to be analyzed must be determined first before the Y value can be com­
puted. A computation procedure similar to the one used in the formulation
of the rate-duration relationship (Eq. 6) can be set up for each hyeto­
graph to determine the a, b, and c values.

The values of a, b, and c for an actualhyetograph are readily
determined by first arranging the hyetograph in the order of int~nsity

in a way similar to the formulation of Eq. 6 and then computing the a,
b, and c values by means of the least squares of the expression shown
in Eq. 22. On substitution of the a, b, and c values just obtained
from Eq. 22 into Eqs. 12 and 13 (for p~sitive b) or Eqs. 18, 19, and 20
(for negative b), the Y value is determined by minimizing the following
expression. For positive b,

n [rL a[ (1-c) (td-t
j

/Y) + b]rY
F(y) 2:

[(td-t/y) + b ] 1j=l + c

[ a[(l-c)(t
j-yt

d)/(l-y) + b] ] 2n
r

j
-+ L:

j=n +1 [(tj-yt
d)/(l-y)

+ b]l + c . (61 )
y

and for negative b,

nyl

[rJ a[ (1-c) (td-t
j

/y) - b]rF(y) = L:
1 + cj=l [(td-t/Y) - b]

ny2 [rJ - ~ (1 -ctr+ L:
j=nyl+l

bC 1 + c

[J . Jn a[(l-c)(tJ_yt
d)/(l-y) -b]

+ L: • (62)
j 1 + cj=ny2+1 [(t -yt )/(1-y) - b]d
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in which ny is the nmUber of measured data points before the peak in
the case of positive b; n is the total number of measured data points
within td; and ny1 and ny2 are respectively the nhmbers of measured
data points before and after the constant rate around the peak zone as
pos~ulated in Eq. 19 for negative b. An optimization technique similar
to that for minimizing the objective function in Eq. 22 can be used to
determine the Y value. Note that in the optimization process the num­
bers of measured data points before and after the·peak~ ny for positive
b (and nY1 and nY2 for negative b)~ vary depending on the location of
the peak assumed in thehyetograph. It is expected that the best-fitted
hyetograph does not necessarily have the theoretical peak fall within the
duration of the highest intensity in the actual hyetograph.

The optimization technique described above was developed primarily
for evaluating the pattern skewness ( y value) in actual storms. In appli­
cation of the preceding method t however t one must be aware of all the
assumptions made in the optimization process. The most questionable ap­
proach in the method is~ of course~ related to the suitability of the equa­
tions and optimization criterion developed in order for the synthetic hyet­
ograph to best fit the recorded hyetograph. For example~ if the actual
storm under study is double- or triple-peaked or t sometimes even more com­
plicated, multiple-peaked~ the hyetograph equations (i.e. t Eqs. 12 and 13
for positive band Eqs·. 18 through 20 for negative b) which were derived
based on the assumption of a single-peak storm do not seem to be accurate
enough to describe the actual hyetographs, as will be seen later from
given examples. The numbers of measured data points such as n~ nyt nY1'
and nY2 in Eqs. 55 and 56 could also become another source of errors.
Since the accuracy of the result depends greatly on a number of data points
used in the curve-fitting process~ as a general rule in this simplified
"univariate~' optimization technique, the more data points should yield
the better result. Unless a multivariate optimization method can be re­
aortedto minimize the expression as shown on the right-hand side of Eq.
61 or 62 in which the C'objective" function is now a function not only
of y~ but also of a, b~ and c, to equalize the areas under the measured
and synthetic hyetographs appears to be a better means and optimization
criterion for best fitting the design hyetograph to the recorded hyeto­
graph. The latter optimization techniques should be explored in future
study.

The data points used in the present analysis are only limited to
those places in a recorded hyetograph where either time or intensity
changes in value. Therefore~ the limited number of data points may often
result in big errors in the estimation of the at b t and c values in the
recorded hyetograph and hence the Y value.

Major storms for six stations in ARS experimental agricultural water­
sheds (ARS Black Book Series, 1933-67) as well as those collected by six
automatic recording rain gages in each of the two urban highway watersheds
in the Salt Lake City area (Fletcher and Chen, 1975) are selected and
analyzed. Actual hyetographs of intense bursts may have double peaks,
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sometimes even more (i. e., multiple peaks), but they are all treated as a
single peak and then applied with the equations. One of the most difficulL
problems encountered in the analysis is the selection 9f td for the
"isolated" burst. Some storms are very distinctively isolated, but others
are not, ~epending upon the intensity of the antecedent and the trailing
parts. Especially some prolonged storms with the intensity less than 0.1
in.Jhr in the trailing part lasted for tens of hours. For maintaining
consistence and the range of interest, storm burs t.s with the duration
longer than 24 hours are excluded from this analysis.

Major Storms for Selected Stations from ARS
Experimental Agricultural Watersheds

In the design of a drainage inlet, criticism may arise if all the
significant factors which affect runoff from the urban highway watershed
are not taken into account. One such factor is the infiltration capacity
that varies due to different species of turf planted on the urban highway
sideslopes.

The urban highway watersheds may be classified according to the
following six major species of turf planted on the highway sideslopes:
Bermuda grass (Cynodon dactylon), Crested wheat grass (Agropyron dactylon) ,
Fescue grass (Festuca elation var arundinacea), Kentucky blue grass (Poa
pratensis), Red top grass (Agrostis palustris; Agrostis alba), and Rye-­
grass (Lolinum perenne; Lolinum multiflorum). Six grass zones were de­
lineated by Fletcher' in accordance with the adaptability of a species of
grass for highway sideslopes in an area under study (see Fig. 9). Note
that this delineation is not unique because other species may also be
planted on the same areas. Unspecified areas in Fig. 9 are either plant­
ed with other than the six species of grass or are not taken into con­
sideration in the delineation for lack of available data.

The U.S. Weather Bureau Technical Paper No. 40 was consulted for
the selection of most intensive stations, one from each grass zone, from
the ARS experimental agricultural watersheds (ARS Black Book Series, 1933­
67) at which official records of actual hyetographs have been kept. The
six stations representing approximately the points of the most intensive
rainfall for any duration and frequency in the respective six grass zones
are marked in Fig. 9. Major storm bursts at the six stations were ob­
tained from the ARS Black Book Series and then analyzed, and the storm
parameters for each storm were calculated and tabulated in Table 12.

Typical hyetographs for the six stations~ one from each grass zone,
with their best-fitted counterparts are shown in Figs. 10 through 15 for
comparison.

1Fletcher, J. E., Storm design criteria for highway inlets, Unpublish­
ed Interim Report for Federal Highway Administration. Utah Water Res. Lab.,
Utah State University. Logan. Utah. 1973.
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.Table 12. A list of .major rainfall events with computed values of storm

parameters for. sixstationsselectedfromARS.experimental
agricultural watersheds CARS B:lackB:o.okS~ries) 1933":67) .

Location Date td a b C a/bc , ' b/td 'Y

; Gity,State M/D/Y min. min. in./hr.

;;Riese1, 6/10/41 86 282.18 37.73 1.138 4.54 0:439 0.417
..

:Texas 6/15/42 94 16938 26.13 1.129 4.25 0.278 0.114
10/ 8/45 .. 224 52937 73044 1.164 3:57 0328 0.397
3/12/53 52 98.79 16.05 1.100 4:67 0309 0:859
5/ 6/55 18 144.29 10,74 1.086 10.96 0597 0:231
7/ 9/61 48 262:61 28.52 1.143 5.70 0.594 0:132
7/16/61 56 310.72 36;29 1.169 4.66 0.648 0
7/16/61 48 183.57 24.88 LL21 5.01 0.518 0.352
7/23/61 28 . 118.90 16.80 L111 5.18 0.600 0.785
6/ 4/62 91 361.54 39.22 L137 557 0.431 0.568
6/ 9/62 68 13038 19.26 L083 5:29 .0:283 0.223
4/26/64 70 293.23 28:55 1.145 6.33 0.408 0.531
4/26/64 117 233.87 24.4~ 1.109 6.74 0.209 0.441
3/29/65 340 971:22 94.37 1.144 536 0.278 0:274
5/10/65 3m 167.63 24;88 1.083 5.16 0;082 0.006
2/ 8/66 175 626.25 '71:56 1.176 4.13 0.409 0.927
8/12/66 520 310.,04 110.00 1.035 2.39 0.212 0.289

.;.Hastings, 6/20/39 237 97.68 _23:87 1.011 3.95 0.101 0;043
Nebraska 7/10/51 102 333.91 3430 1.117 6,44 0336 0.270

7/10/51 187 404.71 40,94 1.110 6.56 0.219 0.405
5/15/60 108 316;14 34.22 1.119 6.06 0317 0.663
5/15/60 105 378.53 45:55 1.148 4..72 0.434 0.683
5/L5/60 275 1277.80 165.00 1.297 1.70 0.600 0510
8/11/61 82 262.85 27.85 1.142 5.89 0340 0.L61
8/23/64 50 261.57 26.87 1.144 6.07 0.537 0.422
9/ 9/63 LIS 220.45 27:15 1.L09 5:67 0.236 0.287

JO/17/63 50 58.35 18.95 1.116 2.19 0.379 0;299
6/2L/64 33 103.30 8.87 LOn 9.97 0.269 0
7/26/64 14 L27.95 8.87 1.077 12.20 0.634 0
S/21/65 100 133231 81.25 1.260 5.23 0.813 0
5/22/65 127 73:63 13.40 1.055 4.76 0.106 0.075
5/22/65 155 557.15 67.50 1.166 4.10 0.435 0.622
6/ 1/65 .65 450.73 .56.09 1.223 3.27 0.863 0.186
6/12/65 65 15434 18.79 1.111 .5.94 0.289 0.137
6/12/65 115 176.53 51048 1.205 1.53 0.448 0326

>Oxfdrd, 1/22/57 120 2284.04 .255.00 1.593 0.34 2.125 1.000
{Mississippi 4/ 3/58 348 71163.35 615:00 L895 0.37 1.767 0.189

9/11/58 470 6669.58 375.00 1583 0:56 0:798 0.120
1/17/60 230 4144.07 325.00 1;549 0:53 1.413 0
3/ 2/60 540 4879.47 380:00 ,L517 0;60 0.704 0.148
8/31/61 135 1402.70 135:62 1.366 l:n 1.005 0.522
8/31/61 105 2'18:32 54.37 LIn 2.11 0.518 0.341
6/11/62 75 1235.92 72.50 1.263 5.53 .0.967 0.035
9/4/62 195 '7052.05 225.00 1.522 L86 1.154 0.207
7/20/63 140 396:45 34.10 1.144 6.99 0,244 0.695

46



rable 12. Continued.

Location Date td a b c a/b c b/td 'Y

City, State M/D/Y min. min. in./hr.

8/29/63 165 1659.97 118.75 1.299 3.36 0.720 0.218
3/ 4/64 286 2475.18 171.25 1.384 2.01 0.599 0.780
4/13/64 217 114.69 30.20 1.066 3.03 0.139 0.135
3/ 1/65 645 4998.24 505.00 1.511 0.411 0.783 0.543
7/ 8/65 45 217.51 29.18 1.154 4.44 0.648 1.000
5/24/66 345 311.88 111.87 1.141 1.43 0.324 0.265

12/27/66 420 7639.31 430.00 1.562 0.59 1.024 0.382

lafayette, 7/ 5/43 63 89.62 10.20 1.060 7.64 0.162 0.356
Indiana 6/19/46 25 67.76 13.63 1.096 3.87 0.545 0.445

6/ 7/47 68 220.22 37.50 1.163 3.26 0.551 0.347
6/24/50 51 133.91 8.48 1.061 13.87 0.166 0.062

Placerville, 4/ 1/37 204 122.84 142.50 1.202 0.32 0.699 0.666
California 12/ 4/42 200 80.11 58.59 1.065 1.05 0.293 0.856

12/28/42 212 25.49 28.67 0.930 1.12 0.135 0.030

Cohocton, 6/ 7/38 25 52.49 2.81 1.030 18.08 0.112 0.109
New York 7/21/38 70 525.91 47.19 1.205 5.05 0.674 0.379

9/12/38 62 274.99 52.73 1.213 2.24 0.850 0.413
7/17/42 58 122.04 9.02 1.063 11.76 0.156 0.074
7/18/42 80 356.27 38.52 1.149 5.36 0.482 0.564
5/26/43 218 173.14 16.09 1.033 9.81 0.074 0.009
5/26/43 180 105.24 25.00 1.003 4.18 0.139 0.705
7/23/45 63 113.06 22.34 1.096 3.75 0.355 0.279
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Figure 11. Typical hyetograph occurred on September 9, 1963, at Hasting~, Nebraska, and its best­
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Analysis of thehyetograph e.quacaons , Eq.s , 24 through 34, has 1"',;"'

suIted in the derivation of the important dimensionless parameters, b
c~ and Yt for the design storm formation. The values of these parameters
were examined in an effort to establish the relationships among them fOT

each station investigated. However, plots of these patameters on Llnear,
semi-log, or log-log paper failed to reveal the existence of such rela­
t.Lonard.ps ; For examp Le , the computed Y value for each station varies
almost independently of any of 'the other parameters. No at.t.emp-t was made"
to calculate the statistical mean Y value of each station for those ac­
tual hyetographs analyzed. It would probably require more data points in
the analysis in order for any statistical mean Y value to be meaningful."

Major Storms for Two Salt Lake City.
Urban Highway Watersheds

Major storms for two Salt Lake City urban highway watersheds
(Fletcher and Chen, 1975) were analyzed in similar ways as for ARS water­
sheds and the values of the storm parameters calculated accordingly. There
were six recording gages for each s catLon and hyetographs measured at the
six gages somehow show slight variations from each other, even under the
same storm. The variations in the measured hyetographs at different gages
in a small watershed under an identical storm are not surprisingly un­
usual, considexing extremely high turbulent air stream always accompanying
the rainstorm. Despite these variations, however, most of the Y values
so computed, as listed 'in Table 13., are about equal for the six gages un­
der the same storm, except for very few events.

An inspection of Table 13 reveals that the Y values for different
stoxms vary almost randomly. The present analysis thus fails to establish
any relationships among the storm parameters investigated.

For illustration, typical hyetographs with their best-fitted counter­
parts are plotted, as shown in Figs. 16 through 20. These hyetographs with
the corresponding storm parameters so computed will be input into a mathema­
tical model to compute surface runoff from an urban highway watershed. The
best-fitted hyetographs developed herein are thus essential to the verifica­
tionof the mathematical model that was formulated and reported in another
phase of the research project (Chen" 1975).

Inadequacy of the present optimization technique fox best fitting the
parametric hyetograph equations to the recorded hyetograph manifested it­
self in some unsatisfactory results, as shawn in Ff.gs., 14,17,18, and
20. As mentioned previously, a single-peak aaaump t.Lorr, the limited number
of data points in analysis, and deficiency in an univariate optimization
method among many other drawbacks in the present method may be attributed
to such failures. For lack of a better method presently available in the
determination of Y value, the future investigation should be focused on
the development of a new method to tackle with these deficiences and draw­
backs.
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Table 13. A list of major rainfall events with computed values of storm
parameters for two urban highway watersheds in the Salt Lake
City area (Fletcher and Chen, 1975).

Location Date Rain td a b C a/bc b/td 'Y
City, State M/D/Y Gage min. min. in./hr.

No.

layton, 9/ 5/72 L-1 210 51.87 24.80 1.051 1.78 0.118 0.358
Utah " L-2 345 28.19 11.21 0.980 2.64 0.032 0.177

" L-3 216 75.90 36.95 1.126 1.30 0.171 0.317
" L-4 210 56.07 31.56 1.081 1.34 0.150 0.324
" L-5 424 33.71 22.89 1.013 1.41 0.054 0.173
" L-6 207 67.72 35.23 1.111 1.29 0.170 0.312

4/17/73 L-1 398 22.87 26.25 0.900 1.21 0.066 0.635
" L-2 413 87.76 90.00 1.090 0.65 0.218 0.904
" L-3 180 297.93 106.25 1.291 0.72 0.590 0.155
" L-4 555 5.58 0.82 0.673 6.37 0.001 0.009
" L-5 480 229.20 152.50 1.175 0.63 0.318 0.505
" L-6 635 43.83 47.19 0.951 1.12 0.074 0.605

5/25/73 L-1 10 18.53 6.13 1.067 2.68 0.613 0
" L-2 30 23.37 8.87 1.073 2.25 0.296 0.430
" L-3 5
" L-4
" L-5 10 12.00 0.00 1.000 0.00 0.000 0.500
" L-6 90 18.53 6.13 1.067 2.68 0.613 0

5/25-26/73 L-1 75 163.84 122.50 1.356 '0.24 1.633 0
" L-2 65 57.30 65.31 1.217 0.355 1.005 0.894
" L-3 75 29.12 47.19 1.145 0.353 0.629 0.481
" L-4
" L-5 60 54.62 40.55 1.156 0.755 0.676 0.322
" L-6 75 163.84 122.50 1.356 0.242 1.633 0

7/19/73 L-1 389 16.09 12.54 0.845 1.90 0.032 0.282
" L-2 404 42.27 43.44 0.983 1.04 0.108 0.311
" L-3 425 44.61 46.41 0.985 1.02 0.109 0.311
" L-4 364 28.72 21.21 0.934 1.66 0.058 0.318
" L-5 394 39.09 34.69 0.973 1.24 0.088 0.296
" L-6 367 18.28 16.80 0.854 1.64 0.046 0.263

Parleys, 9/ 5/72 P-1 254 15.62 . 17.66 0.790 1.61 0.070 0.348
Utah " P-2 257 56.91 18.09 1.023 2.94 0.070 0.999

" P-3 261 59.98 23.20 1.055 2.17 0.089 0.307
" P-4 128 57.42 21.37 1.087 2.06 0.167 0.641
" P-5 291 33.81 17.27 0.979 2.08 0.059 0.828
" P-6 412 56.26 42.97 0.984 1.39 0.104 0.410

9/19/72 P-1 140 194.86 116.25 1.299 0.41 0.830 0.545
" P-2 96 57.31 51.87 1.153 0.60 0.540 0.929
" P-3 190 102.72 114.37 1.230 0.30 0.602 0.429
" P-4 97 42.15 38.67 1.090 0.784 0.399 0.896
" P-5
" P-6

10/4-5/72 P-1 253 11.37 4.34 0.890 3.08 0.017 0.040
" P-2 253 14.91 2.70 0.925 5.96 0.011 0.044
" P-3 262 18.31 5.00 0.956 3.93 0.019 0.047
" P-4 210 26.92 6.45 1.011 4.09 0.031 0.024
" P-5
" P-6 286 16.43 2.15 0.938 8.01 0.008 0.052
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Table 13. Continued.

Location Date Rain t d a b c ajb!; b/td
'Y
I

City, State M/D/Y Gage min. min. in./hr.
No.

7/19/73 P·l 107 119.69 43.59 1.131 1.68 0.407 0.2<
" P·2 93 67.03 27.11 1.054 2.07 0.291 0
" P·3 145 62.39 19.10 1.027 3.02 0.132 0.216
" P·4 90 88.15 38.28 1.105 1.57 0.425 0.209
" P·5 89 57.12 23.36 1.014 2.34 0.262 0.157
" P·6 115 93.20 37.58 1.101 1.72 0.327 0.281

8/16/73 P·1
" P·2
" P·3
" P·4 99 29.02 11.05 L003 2.61 0.112 0.378
" P·5 73 27.57 3.01 1.019 8.98 0.041 0.096
" P·6 20 31.17 3.24 1.026 9.32 0.162 0.735

9/ 1/73 P·1 776 9.98 6.29 0.769 2.43 0.008 0.025
" P·2
" P·3 468 30.21 27.50 0.962 1.25 0.059 0.126
" P·4 479 48.70 44.37 1.032 0.97 0.093 0.046
" P·5 421 36.09 28.79 0.966 1.41 0.068 0.029
" P·6 333 80.14 57.97 1.125 0.83 0.174 0.606

10/ 8/73 P·1
" P·2 588 105.51 155.00 1.202 0.25 0.264 0.564
" P·3 637 107.10 167.50 1.182 0.25 0.263 0.524
" P·4 567 28.47 63.12 1.034 0.39 0.111 0.626
" P·5
" P·6 397 806.84 260.00 1.457 0.24 0.655 0.903
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Eqa. 12 and 13
with a::: 28.19

b::: 11.11
c =0.980
'Y =0.177
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Figure 16. Typical hyetograph occurred on September 5, 1972, at gage L-2 in Layton, Utah, and its
best-fitted counterpart.
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SUMMARY AND CONCLUSIONS

The formulation of a synthetic hyetograph of desired frequency and
duration for an urban highway watershed is essential to the successful
design of a storm sewer system which drains storm water collected at all
drainage inlets. The derived synthetic hyetograph equations that also
contain storm frequency and duration can readily be built into the surface
runoff model for computing the inlet hydrographs of corresponding frequency
andduratibn. For general use in engineering practice, a simple graphical
method was developed to evaluate the storm parameters that characterize the
rainfall intensity-duration-frequency relationships at any location in the
United States.

The principal conclusions drawn from this study may be summarized as
follows:

1. The rainfall intensity-duratiDn-frequency relationships and a
unified time-coordinate system have been utilized to develop the gener­
alized synthetic hyetograph equations for all types of storms. Three
parameters, a, b, and c, which describe the intensity-duration-frequency
curves also control the time distribution of rainfall in heavy storms. In
general, the hyetograph equations so formulated were classified according
to whether they are positive or negative b. A brief analysis of rainfall
data obtained from the Weather Bureau Technical Paper Nos. 25 and 40 has
indicated that the equation for positive b mainly applies to a large sec­
tion of the country-perhaps to the portion east of the Rocky Mountains­
whi~e that for negative b generally applies to the west of the Rocky
Mountains.

2. The storm parameters, a, b, and c, can be evaluated by using
the method of least squares and an optimization technique similar to the
method of steepest descent for optimizing an unconstrained problem. The
rainfallintensity-duration-frequency data obtained from the 49 isopluvial
maps in the Weather Bureau Technical PaperNo. 40 may be used for this com­
putation.

3. A simple graphical method was developed to evaluate the a, b,
and c values without using all of the 49 isopluvial maps in the Weather
Bureau Technical Paper Nb. 40; The method has been described in detail
in the section under STANDARD INTENSITY-DURATION RELATIONSHIPS. The a,
b ,and c values so determined were found to be compatible with those com­
puted directly from the 49 isopluvial maps.

4. Analysis of the Technical Paper No. 40 reveals that the standard
storm parameters, a1, b1 (= b), and c1 (= c), vary only with the ratio of
1-hour to corresponding 24-hour rainfall depth which is unique for each
location in the United States and independent of frequency. On the other
hand, the storm parameter, a, which can be expressed in terms of a1, de­
pends upon return period, as shown in Eq. 45. Therefore, given the ratio
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of 1-hour to corresponding 24-hour
of the storm parameters, a, b, and
tern skewness ( y value) yet to be

rainfall depth and frequency, the values
c are already fixed, leaving only pat­

determined from other means.

5. Normalization of the derived hyetograph equations reveals that
three dimensionless parameters, b/td, c, and y, control the storm pat­
tern. The parameters, b and c, are more or less "standardized" for each
location in the United States, while the other parameters, td and y, re­
main to be evaluated from actual rainfall records. For a storm of uniform
intensity, t d may take the time of concentration, t c' which in actual
storms is, of course, trivial.

6. The hyetograph equations so formulated were used to best fit ac·
tual hyetographs. The best-fitted a, b, and c values for an actual hy·
etograph were determined by first arranging the hyetograph in the order of
intensity in a way similar to the formulation of Eq. 6 and then computing
the a, b, and c values by means of the least squares to minimize the
objective function as shown in Eq. 22. ' The Y value was finally determin·
ed by minimizing the expression shown inEq. 61 for positive b or Eq. 62
for negative b. An analysis of major storms for six selected ARS experi­
mental watersheds and two Salt Lake City urban highway watersheds revealed
that the y value so determined varied almost randomly for each station
studied. The establishment of any relationships between y and the other
storm parameters did not look very promising. The statistical mean y
value for each station could be calculated, but it would be meaningless
unless more actual hyetographs for each station are analyzed.
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RECOMMENDATIONS

The results obtained from the present study certainly indicate the
need for continuing efforts in pursuit of the formulation of a better
expression for design storm patterns. The areas recommended for further
investigations are:

1. The present analysis has been based solely on rainfall data ob­
tained from the U.S. Weather Bureau Technical Paper No. 40 that is too
old (14" years) to be always reliable. The most recent publication, NOAA
Atlas 2, although it provides isopluvial maps for 6- and 24-hour durations
for 2-, 5-, 10-, 25-, and 100-year return periods for the 11 western
states, cannot be used in the present study because of the difficulty in
mafnt.afrrtrig the internal consistency between the two sources of data. Up>
dated rainfall data for the whole United States is urgently needed.

2. Maps with iso-a1' iso-b1' and'iso-c1 lines need to be constructed
for the United States. The determination .o f the a1, b l' and c1 values by
means of the proposed graphical method warrants the feasibility of con­
struction of such maps.

3. The storm parameter, t d, should be the statistically-determined
time duration of local storms, which is independent of the runoff produced
by these storms. For the first-order approximation, however, it may be
assumed as the time of concentration, t c' at which the maximum runoff oc­
curs under a storm of uniform intensity for a given watershed. Whether or
not this assumption is valid needs to be investigated by analyzing all
recorded storms.

4. The determination of the statistical mean Y value for any point
in the United States appears extremely difficult in view of the intrinsic
nature of randomness in highly turbulent air stream that always accompanies
the rainstorm. Thousands of actual hyetographs at each station may be re­
quired for such determination in order for the statistical mean value to be
meaningful.

One alternative for circumventing this difficulty is to determine
the Y value on the basis of the design criterion of the maximum runoff.
Only a limited number of design storm patterns were tested based on this
criterion in another phase of this research project. For lack of a better
method presently being available, it is suggested that more design storm
patterns with various a, b, and c values representing various locations
in the United States be examined on the basis of the maximum runoff
criterion. The Y value so determined would evidently vary with the a,
b , and c values and local td so that the development of an Ls o-Y map
without specifying td for an urban highway watershed does not seem to be
feasible.

64



REFERENCES

Allen, K. 1921. The prediction of probable rainfall intensities. Eng.
News~Records 86(14):588-590.

Bandyopadhyay, M. 1972. Synthetic storm pattern and run-off for Gauhati,
India. J. Hydraul. Div •• Proc. Am. Soc. Civil Engrs. 98(HY5):845­
857.

Bernard~ M. M. 1932. Formulas for rainfall intensities of long duration.
Trans. Am. Soc. Civil Engrs. 96:592-606.

Bleich, S. D. 1935. Rainfall studies for New York, N.Y. Trans~ Am. Soc.
Civil Engrs , 100:609-627.

Blumenstock, D. I. 1939. Rainfall characteristics as related to soil
erosion. Tech. Bull. 698, U.S. De~t. of Agriculture.

Bock, P. 1960. Discussion of "Hydrology of urban runoff" by A. L.
Thol and C. J. Kiefer. Trans. Am. Soc. Civil Engrs. 125:1361­
1365.

Breihan, E. R. 1940. Relation to hourly mean rainfall to actual intensi­
ties. Civil Eng. 10:303-305.

Buerger, C. B. 1915. A method of determining storm-water runoff. Trans.
Am. Soc. Civil Engrs. 78:1139-1164.

Chen, C. L. 1975. Urban storm runoff inlet hydrograph study. Vol. 1.
Computer analysis of runoff from highway watersheds under time- and
space-varying rainstorms. Utah Water Res. Lab. Rept. PRWG106-1,
Utah State University, Logan, Utah.

Cheng, E. D. H., and L. S. Lau. 1973. Some statistical analyses of
Hawaiian rainfall. Water Resour. Res. Center Tech. Rept. No. 72,
Univ. of Hawaii, Honolulu, Hawaii.

Design and Construction of Sanitary and Storm Sewers. 1961. American
Society of Civil Engineers Manuals and Reports on Engineering Prac­
tice No. 37. (Also published as Water Pollution Control Federation
Manual of Practice No.9, 1960).

Fletcher, J. E., and C. L. Chen. 1975. Urban storm runoff inlet hydro­
graph study. Vol. 3. Hydrologic data for two urban highway water­
sheds in the Salt Lake City area, Utah. Utah Water Res. Lab. Rept.
PRWG106-3, Utah State University, Logan, Utah.

Frederick, R. H. 1973. Time distribution of precipitation in 4- to 10~

day storms-Arkansas-Canadian River Basins. NOM Tech. Memo. NWS
HYDRO-15.

65



Gi.1man, C. S. 1964. Rainfall. Handbook of Applied Hydrology (ed , by
V. T. Chow), Section 9, McGraw-Hill Book Co., New York, N.Y.

Grunsky,C. E. 1922. Rainfall and runoff studies. Trans. Am. Soc. Civil
Engrs. 85~66-105.

Hathaway, G. A. 1945. Military airfields-design of drainage facilities.
Trans. Am. Soc. Civil Engrs. 110:697-703.

Hershfield, D. M. 1962. Extreme rainfall relationships. J. Hydraul.
Div., Proc. Am. Soc. Civil Engrs. 88(HY6):73-92.

Hershfield, D. M., L. L. Weiss, and W. T. Wilson. 1955. Syntheqis of
rainfall intensity-f~equency regime. Proc. Am. Soc. Civil Engrs.
81:1-6.

Hershfield, D. M., and W. T. Wilson. 1960. A comparison of extreme rain~

fall depths from tropical and nontropical storms. J. Geophys. Res.
65(3) :959-982.

Hicks, W. I. 1944. A method of computing urban runoff. Trans. Am. Soc.
Civil Engrs. 109:1217-1253.

Horner, W. W., and F. L. Flynt.
off from small urban areas.

1936. Relation between rainfall and run­
Trans. Am. Soc. Civil Engrs. 101:140-183.

Horner, W.W., and S. W. Jens. 1942. Surface runoff determination from
rainfall without using coefficients. Trans. Am. Soc. Civil Engrs ,
107: 1039-1075.

Huff, F. A. 1967. Time distribution of rainfall in heavy storms. Water
Resour. Res. 3(4):1007-1019.

Huff, F. A. 1970. Time distribution characteristics of rainfall rates.
Water Resour. Res. 6(2):447-454.

Huff, F. A., and S. A. Changnon. 1960. Distribution of excessive rain­
fall amounts over an urban area. J. Geophys. Res. 65(11):3759-3765.

Jens, S. W., and M. B. McPherson. 1964. Hydrology of urban areas. Hand­
book of Applied Hydrology. (ed , by V. T. Chow), Sec. 20, McGraw­
Hill Book Co , , New York, N.Y.

Kiefer, G. J., and H. H. Chu, 1957. Synthetic storm pattern for drainage
design. J. Hydraul. Div., Proc. Am. Soc. Civil Engrs. 83:1332-1~

1332-25.

Leopold, L. B.
Arizona.

1944. Characteristics of heavy rainfall in New Mexico and
Trans. Am. Soc. Civil Engrs. 109:837-892.

66



Meyer, A. F. 1921. The probable frequency of given rates of rainfall.
Eng. News-Records 87(26):1067-1069.

Meyer, A. F. 1928. The Element of Hydrology. John Wiley and Sons, Inc.,
New York, N.Y. (1st ed., 1917; 2nd ed., 1928).

Miller, J. G., and R. H. Frederick. 1972. Time distribution of precipita­
tion in 4- to 10-day storms-ohio River Basin.' NOAA.Tech. Memo. NWS
HYDRO-13. National Oceanic and Atmospheric Administration.

Miller, J. F., R. H. Frederick, and R. J. Tracey. 1973. Precipitation­
frequency atlas of the western United States, NOAA Atlas 2, Vol. 1,
Montana; Vol. 2, Wyoming; Vol. 3, Colorado; Vol. 4, New Mexi,co; Vol.
5, Idaho; Vol. 6, Utah; Vol. 7, Nevada; Vol. 8, Arizona; Voi. 9,
Washington; Vol. 10, Oregon; and Vol. 11, California, National
Weather Service, National Oceanic and Atmospheric Administration,
U.S. Department of Commerce, Silver Spring, Maryland.

Morgan, A. E. n.d. Storm rainfall of eastern United States, Tech. Repts.,
Miami Conservancy Dist.

Ogrosky, H. O. 1964. Hydrology of spillway design: Small structures­
limited data. J. Hydraul. Div., Proe. Am. Soc. Civil Engrs. 90(HY3):
295-310.

Pilgrim, D. H., and I. Cordery. 1975. Rainfall temporal patterns for
design floods. J. Hydraul. Div., Proc. Am. Soc. Civil Engrs. 101
(HY1) :81-95.

Powell, R. W. 1932. Discussion of "Formulas for rainfall intensities of
long duration" by M. M. Bernard. Trans. Am. Soc. Civil Engrs. 96:
609-611.

Preul, H. C., and C. N. Papadakis. 1973. Development of design storm
hyetographs for Cincinnati, Ohio. Water Resour. Bull., Am. Water
Resour. Assoc. 9(2):291-300.

Raudkivi, A. J., and N. Lawgun. 1970. Synthesis of urban rainfall. Water
Resour. Res. 6(2):455-464.

Rousculp, J. A. 1927. Rainfall-runoff analysis in storm-sewer design,
Eng. News-Records 98(7):270-271.

Rousculp, J. A.
capacity.

1940. Storage basins as a supplement to storm sewer
Civil Eng., Am. Soc. Civil Engrs. 10(11):715-718.

Schafmayer, A. J., and B. E. Grant. 1936. Rainfall intensities and
frequencies. Trans. Am. Soc. Civil Engrs. 103:344-368.

Sherman, C. W. 1931. Frequency and intensity of excessive rainfalls at
Boston, Massachusetts. Trans. Am. Soc. Civil Engrs. 95:951-960.

67



Soil and Water Conservation Research Division, Agricultural Research Ser­
vice, U.S. Dept. of Agriculture. Selected runoff events for small
agricultural watershed in the United States. 1933754; hydrologic data
for experimental agricultural watershed in the United States, 1956~59~

USDA Miscellaneous Publication No. 945; 1960-61, USDA Miscellaneous
. Publication No. 994; 1962, USDA Miscellaneous Publication No. 1070;

1963, USDA Miscellaneous Publication No. 1164; 1964, USDA Miscella­
neous Publication No. 1194; 1965, USDA Miscellaneous Publication No.
1216; 1966, USDA Miscellaneous Publication No. 1226; 1967, Preprint.

Schiff, L. 1943.
face runoff.

Classes and patterns of rainfall with reference to sur~

Trans. Am. Geophys. Union 24:438-482.

Tholin, A. L., and C. J. Kiefer. 1960. The hydrology of urban runoff.
Trans. Am. Soc. Civil Engrs. 125:1308-1379.

U.S. Corps of Engineers. 1948. Hydrologic and hydraulic analyses, flood
hydrograph analyses and compilations. Engineering Manual, Civil Works
Construction, Part CXIV, Chapt. 5.

U.S. Weather Bureau. 1947. Thunderstorm rainfall. Hydrometeorological
Rept. 5.

Wagnitz, M. F., and L. C. Wilcoxen. 1931. Discussion of "Frequency and
intensity of excessive rainfalls at Boston, Mas s'achuse tts " by C. W.
Sherman. Trans. Am. Soc. Civil Engrs. 95:963-966.

Weather Bureau, U.S. Dept. of Commerce. 1955. Rainfall intensity-duration­
frequency curves for selected stations in the U.S., Alaska, Hawaiian
Islands, and Puerto Rico. Tech. Paper No. 25. 53 p ,

Weather Bureau, U.S. Dept. of Commerce. 1961. Rainfall frequency atlas
of the U.S. for duration from 30 minutes to 24 hours and return per­
iods from 1-100 years. Tech. Paper No. 40. 61 p.

Weather Bureau, U.S. Dept. of Commerce. 1962. Rainfall frequency atlas
of the Hawaiian Islands for areas to 200 square miles. Tech. Paper
No. 43. 60 p.

Williams G. R. 1943. Drainage of leveed areas in mountainous valleys.
Trans. Am. Soc. Civil Engrs. 108:83-96.

Williams, G. R. 1950. Hydrology. Engineering Hydraulics. (ed. by H.
Rouse), Chapt. IV, John Wiley and Sons, Inc., New York, N.Y. pp. 229­
320.

Williams, H. M. 1948. Discussion of c'Drainage of airport surfaces-some
basic design considerations" by G. R. Williams. Trans. Am. Soc.
Civil Engrs. 113: 810-813.

68



Yarnell, D. L. 1935. Rainfall intensity-duration data. u.s. Dept. of
Agriculture. Misc. Pub. 204.

69



APPENDICES

70



Appendix A

Rainfall Depth Tables of 23 Major Cities in
the United States and 11 Capitals of

the Western States

The 23 major cities and 11 western state capitals selected for

this study are:

Table No. City. State Name
:

LOGation

A-1
A-2
A-3
A-4
A-5
A-6
A-7
A-8
A-9
A-10
A-11
A-12
A-13
A-14
A-15
A-16
A-17
A-18
A-19
A-20
A-21
A-22
A-23
A-24
A-25
A-26
A-27
A-28
A-29
A-30
A-31
A-32
A-33
A-34

New York, New York
Los Angeles, California
Chicago, Illinois
Detroit, Michigan
Philadelphia, Pennsylvania
San Francisco, California
Boston, Massachusetts
Washington, -D.C.
Cleveland, Ohio
St. Louis, Missouri
Pittsburg, Pennsylvania
Baltimore, Maryland
Minneapolis, Minnesota
Miami, Florida
Houston, Texas
Buffalo, New York
Cincinnati, Ohio
Milwaukee, Wisconsin
San Diego, California
Dallas, Texas
Atlanta, Georgia
Kansas City, Missouri
Seattle, Washington
Helena, Montana
Cheyenne, Wyoming
Denver, Colorado
Santa Fe, New Mexico
Boise, Idaho
Salt Lake City, Utah
Carson City, Nevada
Phoenix, Arizona
Olympia, Washington
Salem, Oregon
Sacramento, California
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o
40.4 N.,

o
34.1 N.,

o
41.8 N.,o
42.4 N.,o
35.9 N.,

o
37.8N.,

o
42.3 N. ,

o
38.5 N.,o
41.5 N.,

o
40.0 N.,

o
40.5 N.,

o
39.2 N.,

o
45.0oN. ,
25.7 N.,

o
29.5 N.,

o
42.5 N.,

o
39.1 N.,

o
43.0 N. ,

o
32.4 N.,

o
32.4 N.,

o
33.5 N.,

o
39.0 N.,

o
47.6 N.,

o
46.7 N.,

o41.2 N.,
o

39.8 N. ,
a

35.5 N.,a
43.6 N.,

o
40.8 N.,

o39.1 N.,
o

33.4 N.,
o

47.1 N.,
o

44.9 N.,
o

38.5 N.,



,;Uata: are.vobnaaned-or . calculated from U.S. Weather Bureau Technical

'P.aper,No.40(t961),exc~ptforthoseinparenthesiswhich are obtained

'or calculated from NOAA Atlas 2 (Miller,' Frederick ,and Tracey, 1973).
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Table A-i. Rainfall depth in inches for various duration and frequency at New York.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 0.34 0.42 0.54 0.63 0.71 0.81 0.89
10 min. 0.52 0.64 0.83 0.97 1.10 1.25 1.37
15 min. 0.66 0.81 1.05 1.22 1.39 1.58 1.73
30 min; 0.91 1.12 1.46 1.70 1.93 2.19 2.40
60 min. 1.23 1.43 1.86 2.15 2.48 2.78 3.11

2 hrs. 1.48 1.77 2.32 2.70 3.15 3.45 3.80
3 hrs. 1.62 1.98 2.55 2.88 3.40 3.82 4.28
6 hrs. 1.97 2.40 3.12 3.65 4.30 4.60 5.38

12 hrs. 2.40 2.88 3.70 4.30 5.08 5.50 6.40
24 hrs. 2.72 3.38 4.40 '5.20 5.90 6.52 7.40

Table A-2. Rainfall depth in inches for various duration and frequency at Los Angeles.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 0.19 0.22 0.29 0.35 0.43 0.50 0.54
10 min. 0.29 0.34 0.45 0.54 0.66 0.77 0.84
15 min. 0.36 0.42 0.57 0.68 0.83 0.97 1.06
30 min. 0.50 0.63 0.79 0.95 1.15 1.35 1.47
60 min. 0.65 0.78 0.97 1.19 1.45 1.70 1.89

2 hrs. 0.78 0.98 1.40 1.78 2.00 2.35 2.60
3 hrs. 0.95 1.30 1.90 2.20 2.60 2.90 3.30

(6 hrs.) (1.68) (2.19) (2.60) (3.00) (3.45) (3.85)
6 hrs. 1.45 1.95 2.85 3.40 4.10 4.50 5.40

12 hrs, 1.80 2.60 3.60 4.70 5.50 6.10 7.00
(24 hrs.) (2.93) (4.26) (4.90) (6.00) (6.90) (7.86)
24 hrs. 2.10 3.30 4.50 5.80 6.80 7.70 8.60

Note: Numbers in parentheses are obtained from NOAA Atlas 2 (Miller et al., 1973).
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Table A,3. Rainfall depth in inches for various duration and frequency at Chicago

Return Period (Years)

'Duration

2 5 10 25 50 100

5 min. 0.37 0.43 0.53 0.60 0.69 0.76 0.84
10 min. 0.58 0.67 0.81 0.93 1.06 1.17 1.29
15 min. 0.73 0.84 1.02 1.17 1.34 1.48 1.63
30 min. 1.01 1.17 1.42 1.63 1.86 2.06 2.26
60 min. 1.22 1.47 1.82 2.03 2.35 2.57 2.85

2 hrs. 1.50 1.72 2.10 2.45 2.78 3.06 3.40
3 hrs. 1.60 1.85 2.33 2.67 3.02 3.38 3.70
6 hrs. 1.87 2.18 2.77 . 3.10 3.57 4.00 4.35

12 hrs. 2.20 2.59 3.22 3.65 4.18 4.60 5.23
24 hrs. 2.48 2.90 3.65 4.20 4.83 5.47 5.95

Table A4. Rainfall depth in inches for various duration and frequency at Detroit,

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 0.30 0.37 0.45 0.53 0.61 0.68 0.74
10 min. 0.46 0.58 0.71 0.82 0.93 1.04 1.15
15 min. 0.58 0.73 0.89 1.03 1.18 1.32 1.45
30 min. 0.81 1.01 1.24 1.43 1.64 1.83 2.01
60 min. 1.05 1.28 1.60 1.81 2.10 2.35 2.60
2 hrs. 1:25 LSO 1.82 2.18 2.46 2.78 3.06
:3 hrs. 1.38 1.68 2.02 2.30 2.75 2.97 3.28
6 hrs. 1.63 1.85 2.32 2.78 3.12 3.48 3.82

12 hrs. 1.88 2.25 2.81 3.20 3.65 3.92 4.55
24 hrs. 2.23 2.58 3.22 3.66 4.10 4.65 4.95

74



75



Table A-7. Rainfall depth in inches for various duration and frequency at Boston.

Return Period (Years)

Duration

1 2 5 10 25 50 100

5 min. 0.27 0.32 0.44 0.51 0.58 0.65 0.73
10 min. 0.42 0.50 0.67 0.78 0.90 1.01 1.13
15 min. 0.53 0.63 0.85 0.99 1.14 1.27 1.43
30 min. 0.73 0.87 1.18 1.37 1.58 1.77 1.98
60 min. 0.92 1.09 1.46 1.73 1.97 2.27 2.45

2 hrs. "1.18 1.46 1.88 2.27 2.60 2.90 3.26
3 hrs. 1.34 1.72 2.25 2.50 2.87 3.26 3.60
6 hrs. 1.70 2.12 2.76 3.23 3.59 4.00 4.55

12 hrs. 2.12 2.55 3.30 3.80 4.50 4.85 5.50
24 hrs. 2.55 2.93 3.85 '4.50 5.10 5.75 6.50

Table A-8. Rainfall.depth in inches for various duration and frequency at Washington, D.C.

Return Period (Years)

Duration

1 2 5 10 25 50 100

5 min. 0.41 0.53 0.65 0.76 0.90 1.02 1.18
10 min. 0.64 0.81 1.00 1.17 1.39 1.57 1.82
15 min. 0.81 1.02 1.27 1.48 1.75 1.99 2.30
30 min. 1.12 1.42 1.76 2.05 2.43 2.76 3.20
60 min. 1.43 1.80 2.23 2.64 3.08 3.47 4.20

2 hrs. 1.66 2.04 2.60 3.10 3.60 4.10 4.60
3 hrs, 1.83 2.12 2.74 3.37 3.87 4.55 5.06
6 hrs. 2.13 2.60 3.26 4.00 4.50 5.20 6.12

12 hrs. 2.41 3.05 3.80 4.62 5.37 6.00 7.20
24 hrs. 2.75 3.30 4.39 5.30 6.00 6.65 8.16
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Table A-II. Rainfall depth in inches for various duration and frequency at Pittsburg.

Table A-l2. Rainfall depth in inches for various duration and frequency at Baltimore.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 0.37 0.46 0.61 0.68 0.81 0.91 1.01
10 min. 0.58 0.71 0.94 1.04 1.25 1.41 1.56
15 min. 0.73 0.89 1.19 1.32 1.58 1.78 1.97
30 min. 1.01 1.24 1.65 1.83 2.20 2.47 2.74
60 min. 1.31 1.60 2.08 2.40 2.72 3.05 3.50

2 hrs, 1.56 1.88 2.40 2.88 3.29 3.56 4.28
3 hrs, 1.71 2.03 2.60 3.10 3.64 4.19 4.60
6 hrs, 2.12 2.43 3.06 3.63 4.12 4.85 5.24

12 hrs. 2.30 2.86 3.62 4.35 5.06 5.60 6.20
24 hrs. 2.63 3.23 4.24 5,10 5.74 6.45 7.18

________..___·_.__r_~_
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Table A-lO. Rainfall depth in inches for various duration and frequency at St. Louis.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 0.39 0.46 0.56 0.64 0.73 0.80 0.88
10 min. 0.60 0.70 0.87 0.99 1.12 1.24 1.36
15 min. 0.76 0.89 1.09 1.25 1.41 1.56 1.72
'30 min. 1.06 1.23 1.52 1.74 1.96 2.17 2.39
60 min. 1.31 1.54 1.91 2.17 2.49 2.75 3.06

2 hrs. 1.60 1.83 2.28 2.60 2.98 3.33 3.68
3 hrs. 1.74 2.03 2.55 2.93 3.28 3.62 3.95
6 hrs. 2.04 2.44 3.03 3.40 3.93 4.32 4.80

12 hrs. 2.42 2.87 3.55 4.06 4.60 5.06 5.73
24 hrs. 2.75 3.24 4.06 4.65 5.25 5.90 6.49
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Table A-13. Rainfall depth in inches for various duration and frequency at Minneapolis.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 0.33 0.41 0.53 0.62 0.70 0.78 0.89
10 min. 0.51 0.63 0.82 0.95 1.08 1.21 1.37
15 min. 0.65 0.79 1.03 1.20 1.37 1.53 1.73
30 min. 0.90 1.10 1.43 1.67 1.90 2.12 2.40
60 min. 1.15 1.40 1.80 2.10 2.41 2.72 3.00

2 hrs. 135 1.65 2.10 2.45 2.70 3.15 3.52
3 hrs. 1.48 1.76 2.26 2.65 3.06 3.41 3.87
6 hrs. 1.70 2.06 2.65 3.10 3.50 4.05 4.42

12 hrs. 1.96 2.43 3.18 3.61 4.20 4.62 5.20
24 hrs. 2.37 2.75 3.55 4.,15 4.70 5.30 5.90

Table A-14. Rainfall depth in inches for various duration and frequency at Miami.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 0.67 0.78 0.93 1.05 1.18 1.30 1.43
10 min. 1.03 1.20 ·1.44 1.62 1.82 2.01 2.21
15 min. 1.30 1.51 1.89 2.05 2.30 2.53 2.79
30 min. 1.80 2.10 2.52 2.85 3.20 3.52 3.87
60 min. 2.30 2.60 3.20 3.65 4.10 4.50 4.90

2 hrs. 2.65 3.20 4.00 4.60 5.20 5.80 6.50
3 hrs. 2.88 3.50 4.38 5.25 5.78 6.65 7.30
6 hrs. 3.40 4.20 5.30 6.35 7.40 8.30 8.55

12 hrs. 4.00 4.90 6.50 7.68 9.00 10.00 10.91
24 hrs. 5.52 6.72 7.65 9.30 10.52 12.00 13.45
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Table A-lS. Rainfall depthin inches for various duration and frequency at Houston.

Return Period (Years)

Duration

1 2 5 10 25 50 100

5 min. 0.58 0.69 0.87 0.98 1.12 1.18 1.35
10 min. 0.90 1.06 1.33 LSO 1.72 1.82 2.08
15 min. 1.14 1.34 1.68 1.89 2.17 2.30 2.63
30 min. 1.58 1.86 2.34 2.63 3.02 3.20 3.65
60 min. 2.02 2.37 2.93 3.40 3.82 4.12 4.63

2hrs. 2.40 2.87 3.60 4.35 4.94 5.55 6.10
3 hrs, 2.60 3.15 4.04 4.60 5.16 5.43 6.39
6 hrs. 3.02 3.76 4.56 5.10 5.94 6.18 7.20

12 hrs. 3.50 4.45 6.00 7.20 8.00 9.10 10.23
24hrs. 3.98 5.18 6.50 7.44 8.88 9.60 11.04
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Table A-I7. Rainfall depth in inches for various duration and frequency at Cincinnati.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 0.33 0.40 0.49 0.57 ·0.66 0.73 0.81
10 min. 0.50 0.61 0.76 0.88 1.01 1.12 1.24
15 min. 0.63 0.77 0.96 1.12 1.28 1.41 1.57
30 min. 0.88 1.07 1.33 1.55 1.78 1.96 2.18
60 min. 1.11 1.33 1.68 1.96 2.24 2.50 2.73

2 hrs. 1.41 1.62 2.06 2.37 2.67 3.00 3.31
3 hrs. 1.50 1.76 2.20 2.55 2.99 3.24 3.57
6 hrs. 1.83 2.10 2.62 3.06 3.48 3.88 4.13

12 hrs. 2.13 2.55 3.10 3.60 4.10 4.41 5.06
24 hrs. 2.34 2.92 3.61 4.10 4.76 5.13 5.62
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Table A-19. Rainfall depth in inches for various duration and frequency at San Diego

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 0.11 0.17 0.24 0.30 0.36 0.41 0.46
10 min. 0.18 0.26 0.37 0.46 0.55 0.63 0.71
15 min. 0.22 0.33 0.47 0.58 0.70 0.79 0.90
30 min. 0.31 0.46 0.65 0.80 0.97 1.10 1.25
60 min. 0.38 0.56 0.80 0.99 1.18 1.36 1.51

2 hrs. 0.49 0.65 0.94 1.25 1.48 1.65 1.85
3 hrs. 0.57 0.75 1.10 1.40 1.63 1.85 2.20
6 hrs. 0.70 1.00 1.50 1.85 2.20 2.62 3.00

12 hrs. 0.90 1.29 1.75 2.00 2.62 2.95 3.50
24 hrs. 1.00 1.70 2.00 2.72 3.00 3.55 3.78

Table A-20. Rainfall depth in inches for various duration and frequency at Dallas.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 0.48 0.58 0.77 0.88 1.01 1.15 1.26
10 min. 0.74 0.89 1.18 1.36 1.56 1.77 1.94
15 min. 0.94 1.13 1.49 1.71 1.97 2.24 2.45
30 min. 1.30 1.57 2.07 2.38 2.78 3.11 3.40
60 min. 1.61 1.94 2.60 2.94 3.43 3.87 4.30

2 hrs. 1.88 2.34 3.10 3.63 4.25 4.76 5.26
3 hrs. 2.05 2.56 3.38 4.00 4.66 5.25 5.83
6 hrs. 2.47 3.05 4.05 4.76 5.63 6.37 7.12

12 hrs. 2.76 3.55 4.78 5.70 6.70 7.55 8.56
24 hrs. 3.30 4.12 5.50 6.60 7.74 8.76 9.76
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Table A-21. Rainfall depth in inches for various duration and frequency at Atlanta.

Return Period (Years)

Duration.

2 5 10 25 50 100

5 min. 0.48 0.55 0.68 0.76 0.85 0.95 1.04
10 min. 0.74 0.85 1.04 1.17 1.32 1.47 1.60
IS- min, 0.93 1.07 1.32 1.48 1.66 1.86 2.02
30 min. 1.29 1.49 1.83 2.06 2.31 2.58 2.80
60 min. 1.64 1.86 2.32 2.63 2.94 3.26 3.60

2 hrs. 1.95 2.28 2.80 3.25 3.73 4.00 ' 4.50
3 hrs. 2.13 2.42 3.10 3.50 3.98 4.41 4.93
6 hrs. 2.42 2.85 3.75 4.27 4.75 5.50 5.89

12 hrs. 2.83 3.35 4.33 4.94 5.70 6.55 7.00
24 hrs. 3.35 3.87 4.98 5.85 6.74 7.80 8.05

Table A-22. Rainfall depth in inches for various duration and frequency at Kansas City.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 0.44 0.50 0.64 0.74 0.86 0.95 1.07
10 min. 0.67 0.77 0.99 1.15 1.32 1.47 1.64
15 min. 0.85 0.97 1.25 1.45 1.67 1.86 2.07
30 min. 1.18 1.34 1.74 2.01 2.32 2.58 2.88
60 min. 1.49 1.69 2.18 2.55 2.92 3.26 3.62

2 hrs. 1.74 2.08 2.62 3.05 3.50 3.91 4.38
3 hrs. 1.90 2.24 2.92 3.40 3.88 4.35 4.82
6 hrs, 2.23 2.63 3.43 3.98 4.33 5.14 5.75

12 hrs. 2.55 3.13 4.00 4.75 5.40 6.10 6.86
24 hrs. 2.98 3.53 4.65 5.39 6.26 6.99 7.88
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Table A·25. Rainfall depth in inches for various duration and frequency at Cheyenne.

Return Period (Years)

'Duration

1 2 5 10 25 50 100

5 min. 0.21 0.26 0.37 0.43 0.53 0.59 0.67
10 min. 0.32 0.40 0.57 0.66 0.82 0.91 1.03
15 min. 0.41 0.50 0.72 0.83 1.03 1.15 1.30
30 min. 0.57 0.70 1.00 1.15 1.43 1.60 1.80
60 min. 0.66 0.90 1.26 1.56 1.83 2.05 2.30

2 hrs. 0.77 1.00 1.39 1.65 2.06 2.27 2.63
3 hrs. 0.87 1.12 1.51 1.80 2.20 2.50 2.77

(6 hrs.) (1.19) (1.58) . (1.86) (2.37) (2.59) (2.80)
6 hrs. 1.00 1.28 1.75 2.12 2.55 2.82 3.30

12 hrs. 1.19 1.45 2.00 2.40 2.85 3.21 3.68
(24 hrs.) (1.59) (2.00) (2,39) (2.79) (3.12) (3.37)

24 hrs. 1.30 1.64 2.28 2.69 3.20 3.65 4.00

Note: Numbers in parentheses are obtained from NOAA Atlas 2 (Miller et al., 1973).

Table A-26. Rainfall depth in inches for various duration and frequency at Denver.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 0.17 0.23 0.34 0.43 0.51 0.59 0.65
10 min. 0.26 0.36 0.52 0.67 0.78 0.91 0.99
15 min. 0.32 0.45 0.66 0.84 0.99 1.15 1.26
30 min. 0.45 0.63 0.91 1.17 1.37 1.60 1.75
60 min. 0.62 0.82 1.20 1.49 1.72 1.92 2.23

2hrs. 0.72 1.00 1.38 1.62 1.85 2.25 2.58
3 hrs. 0.82 1.05 1.45 1.81 2.10 2.40 2.75

(6 hrs.) (1.45) (2.00) (2.24) (2.85) (3.17) (3.55)
6 hrs. 1.00 1.30 1.70 2.10 2.55 2.75 3.20

12 hrs. 1.15 1.50 1.95 2.30 2.80 3.25 3.62f,.,,. l._o \ (,., ()Q\ (,., '7'1\ ('1 1 ()\ ('1, Of)\ (A 4n\ (4 Q?)

24hrs. 1.32 1.68 2.25 2.80 3.20 3.62 ·4.15

Note: Numbers in parentheses are obtained from NOAA Atlas 2 (Miller et aL, 1973).
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TableA~28.RainfaILdepthjn inches for various duration and frequency at Boise.
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Table A-29. Rainfall depth in inches for various duration and frequency at Salt Lake City.

Return Period (Years)

Duration.

2 5 10 25 50 100

5 min. 0.089 0.13 0.19 0.23 0.27 0.33 0.35
10 min. 0.14 0.19 0.29 0.35 0042 0.50 0.54
15 min. 0.17 0.24 0.37 0.45 0.53 0.63 0.68
30 min. 0.24 0.34 0.51 0.62 0.73 0.88 0.95
60 min. 0.33 0042 0.63 0.78 0.92 1.09 1.20

2 hrs. 0.44 0.61 0.81 1.03 1.17 1.55 1.57
3 hrs. 0.60 0.75 1.03 1.10 1.25 1.57 1.63

(6 hrs.) (0.95) (1.22) (1040) (1.80) (1.95) (2.07)
6 hrs. 0.76 0.95 1.20 1.55 2.02 2.20 2.50

12 hrs. 1.01 1.30 1.75 2.05 2048 2.75 3.00
(24 hrs.) (lAO) (1.80) (2.20) (2.60) (2.98) (3.20)
24 hrs. 1.26 1.50 2.05 2.50 2.70 3.05 3.50

Note: Numbers in parentheses are obtained from NOAA Atlas 2 (Miller et al., 1973).

Table A-30. Rainfall depth in inches for various duration and frequency at Carson City.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 0.093 0.13 0.19 0.22 0.26 0.31 0.34
10 min. 0.14 0.20 0.29 0.34 0040 0048 0.53
15 min. 0.18 0.25 0.36 0043 0.50 0.61 0.67
30 min. 0.25 0.35 0.50 0.60 0.70 0.85 0.93
60 min. 0.30 0.40 0.60 0.76 0.81 1.00 1.19

2 hrs. 0041 0.60 0.80 1.00 1.30 1.38 1.50
3 hrs. 0.57 0.77 1.00 1.22 1.43 1.60 1.77

(6 hrs.) (1.20) (1045) (1.65) (1.75) (2040) (2.70)
6 hrs. 0.79 1.00 1.35 1.75 2.00 2048 2.58

12 hrs. 1.10 1.35 1.95 2.38 2.55 2.90 3.00
(24 hrs.) (2.10) (2.35) (2.60) (3.00) (3.60) (4.20)
24 hrs. 1.33 1.62 2.25 2.65 2.95 3.20 3.50

Note: Numbers in parentheses are obtained from NOAA Atlas 2 (Miller et al., 1973).
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Table A-31.. Rainfall depth.in.inches for various duration and frequency at Phoenix.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. .0.21 0.26 0.36 0.44 0.51 0.59 0.68
10 min. 0.32 0.41 0.55 0.67 0.79 0.91 1.05
15 min. 0040 0.51 0.69 0.85 1.00 1.15 1.33
30 min. 0.56 0.71 0.96 1.18 1.39 1.60 1.85
60 min. 0.69 0.92 1.25 1.57 1.79 2.01 2.32
2hrs. 0.86 1.07 1.53 1.80 2.23 2.50 2.80
3 hrs. 0.90 1.23 1.70 2.12 2.38 2.75 3.10

(6 hrs.) (1.19) (1.68) (1.98) (2.50) (2.85) (3.20)
6 hrs. 1.06 1.39 1.90 2.30 2.77 3.27 3.70

12 hrs. 1.23 1.64 2.30 2.72 3.21 3.70 4.30
(24 hrs.) (1.39) (1.98) . (2.40) (3.00) (3.70) (4.25)
24 hrs. 1.38 1.73 2.65 3.20 3.73 4.38 4.90

Note: Numbers in parentheses are obtained from NOAA Atlas 2 (Miller et al., 1973).

Table A-32.Rainfall.depth in inches for various duration and frequency at Olympia.

Return Period (Years)

Duration

1 2 5 10 25 50 100

5 min. 0.13 0.16 0.19 0.22 0.24 0.26 0.30
10 min. 0.21 0.24 0.29 0.34 0.37 0.40 0.46
15 min. 0.26 0.30 0.36 0.43 0.47 0.50 0.58
30 min. 0.36 0.42 0.50 0.60 0.65 0.70 0.80
60 min. 0.43 0.54 0.64 0.75 0.85 0.93 1.00

2 hrs. 0.67 0.80 0.98 1.12 1.37 1.50 1.75
3 hrs. 0.95 1.00 1.35 1.50 1.75 1.87 2.23
6 hrs. LSO 1.90 2.40 2.77 2.90 3.00 3.85

12 hrs. 2.25 2.78 3.00 3.75 4.00 4.45 5.00
24 hrs. 2.80 3.00 3.85 4.00 4.40 4.89 6.00
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Table A·33. Rainfall depth in inches for various duration and frequency at Salem.

Return Period (Years)

Duration

2 5 10 25 50 100

. 5 min. 0.13 0.16 0.21 0.26 0.30 0.34 0.38
10 min. 0.19 0.25 0.32 0.40 0-.46 0.52 0.59
15 min. 0.24 0.32 0.40 0.50 0.58 0.66 0.75
30 min. 0.37 0048 0.56 0.70 0.80 0.91 1.04
60 min. 0.42 0.55 0.72 0.88 1.02 1.18 1.28

2 hrs. 0.60 0.90 1.00 1.33 1.50 1.70 1.86
3 hrs. 0.92 1.11 lAO 1.80 1.92 2.30 2.42

(6 hrs.) (1.13) (1.40) (1.60) (1.82) (2.00) (2.20)
6 hrs. 1.39 1.85 2.60 2.78 3.00 3.70 3.95

12 hrs. 1.90 2.62 2.90 3.72 3.90 4.75 4.90
(24 hrs.) (2.58) (3.08) (3.48) (3.90) (4.25) (4.60)
24 hrs. 2.68 2.80 3.75 5.25 5.50 5.80 6.00

Note: Numbers in parentheses are obtained from NOAA Atlas 2 (Miller et aI., 1973).

Table A-34. Rainfalldepth in inches for various duration and frequency at Sacramento.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 0.15 0.19 0.23 0.27 0.30 0.34 0.38
10 min. 0.23 0.30 0.35 0.42 0.47 0.53 0.59
15 min. 0.29 0.37 0044 0.53 0.59 0.67 0.74
30 min. 0040 0.52 0.61 0.73 0.82 0.93 1.03
60 min. 0.49 0.60 0.73 0.92 1.05 1.21 1.29

2 hrs. 0.70 0.80 1.00 1.25 lAO 1.48 1.75
3 hrs. 0.80 1.00 1.25 1.50 1.75 1.90 2.00

(6 hrs.) (1.16) (1.50) (1.68) (2.00) (2.25) (2.50)
6 hrs. 1.30 1.50 1.90 2.25 2.60 3.00 3.10

12 hrs. 1.62 2.00 2.55 3.00 3.50 3.80 4.00
(24 hrs.) (1.97) (2040) (2.80) (3.35) (3.75) (4.20)
24 hrs. 2.25 2.60 3.25 3.77 4.00 5.10 5.50

Note: Numbers in parentheses are obtained from NOAA Atlas 2 (Miller et aI., 1973).
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Appendix B

R3infall Intensity Tables of 23 Major Cities in
the United States and 11 Capitals of

the Western States

The 23 major cities and 11 western state capitals selected for

this study are:

Table No. City, State Name Location

B-1
B-2
B-3
B-4
B-5
B-6
B-7
B-8
B-~

B-10
B-11
B-12
B-13
B-l4
B-15
B-16
B-17
B-18
B-19
B-20
B-21
B-22
B-23
B-24
B-25
B-26
B-27
B-28
B-29
B-30
B-31
B-32
B-33
B-34

New York, New York
Los Angeles, California
Chicago, Illinois
Detroit, Michigan
Philadelphia, Pennsylvania
San Francisco, California
Boston, Massachusetts
Washington, D.C.
Cleveland, Ohio
St. Louis, Missouri
Pittsburg, Pennsylvania
Baltimore, Maryland
Minneapolis, Minnesota
Miami, Florida
Hous ton, Texas
Buffalo, New York
Cincinnati, Ohio
Milwaukee, Wisconsin
San Diego, California
Dallas, Texas
Atlanta, Georgia
Kansas City, Missouri
Seattle, Washington
Helena, Montana
Cheyenne, Wyoming
Denver, Colorado
Santa Fe, New Mexico
Boise, Idaho
Salt Lake City, Utah
Carson City, Nevada
Phoenix, Arizona
Olympia, Washington
Salem, Oregon
Sacramento, California
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40.4ON. s
o

34·.1 N.,
o

41.8 N.,
o

42.4 N.,
o

35.9 N.,o
37.8 N.,

o
42.3 N.,

o38.5 N.,
o

41.5N.,
o

40.0 N.,
o

40.5 N ••o
39.2 N.,

o
45.0 N.,

o
25.7 N.,

o
29.5 N.,

o
42.5 N ••

o
39.1 N••

o43.0 N.,
o

32.4 N••
o

32.4 N.,
o

33.5 N.,
o39.0 N••
o

47.6 N.,
o

46.7 N. ,
o

41.2 N.,
o39.8 N.,
o

35.5 N.,
o

43.6 N.,
o

40.8 N••
o39.1 N.,
o

33.4 N.,
o

47.1 N••
o

44.9 N.,
o38.5 N.,



Data are obtained or calculated from U.S. Weather Bureau Technical

Paper No. 40 (1961) except for those in parenthesis wtiich are obtained

or calculated from NOAA Atlas 2 (Miller, Frederick, and Tracey, 1973).
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Table B-l.Rainfall intensity in inches per hour for various duration and frequency at New York.

Return Period (Years)

Duration

1 2 5 10 25 50 100

5 min. 4.08 5.04 6.48 7.56 8.52 9.72 10.68
10 min. 3.12 3.84 4.98 5.82 6.60 7.50 8.22
15 min. 2.64 3.24 4.20 4.88 5.56 6.32 6.92
30 min. 1.82 2.24 2.92 3.40 3.86 4.38 4.80
60 min. 1.23 1.43 1.86 2.15 2.48 2.78 3.11

2 hrs. 0.74 0.89 1.16 1.35 1.58 1.73 1.90
3 hrs. 0.54 0.66 0.85 0.96 1.13 1.27 1.43
6 hrs. 0.33 0.40 0.52 0.61 0.72 0.77 0.90

12 hrs. 0.20 0.24 0.31 0.36 0.42 0.46 0.53
24 hrs. 0.11 0.14 0.18 0.22 0.25 0.27 0.31

Table B-2.Raipfall intensity in inches per hour for various duration and frequency at Los Angeles.

Return Period (Years)

Duration

1 2 5 10 25 50 100

5 min. 2.28 2.64 3.48 4.20 5.16 6.00 6.48
10 min. 1.74 2.04 2.70 3.24 3.96 4.62 5.04
15 min. 1.44 1.68 2.28 2.72 3.32 3.88 4.24
30 min. 1.00 1.26 1.58 1.90 2.30 2.70 2.94
60 min. 0.65 0.78 0.97 1.19 1.45 1.70 1.89

2 hrs. 0.39 0.49 0.70 0.89 1.00 1.18 1.30
3 hrs. 0.32 0.43 0.63 0.73 0.87 0.97 1.10

(6 hrs.) (0.28) (0.37) (0.43) (0.50) (0.58) (0.64)
6 hrs. 0.24 0.33 0.48 0.57 0.68 0.75 0.90

12 hrs. 0.15 0.22 0.30 0.39 0.46 0.51 0.58
(24 hrs.) (0.12) (0.18) (0.20) (0.25) (0.29) (0.33)
24 hrs. 0.087 0.14 0.19 0.24 0.28 0.32 0.36

Note: Numbers in parentheses are obtained from NOAA Atlas 2 (Miller et al., 1973).
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Table B-3. Rainfall intensity in inches per hour for various duration and frequency at Chicago.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 4.44 5.16 6.36 7.20 8.28 9.12 10.08
10 min. 3.48 4.02 4.86 5.58 6.36 7.02 7.74
15 min. 2.92 3.36 4.08 4.68 5.36 5.92 6.52
30 min. 2.02 2.34 2.84 3.26 3.72 4.12 4.52
60 min. 1.22 1.47 1.82 2.03 2.35 2.57 2.85

2 hrs. 0.75 0.86 1.05 1.23 1.39 1.53 1.70
3 hrs. 0.53 0.62 0.78 0.89 1.01 1.13 1.23
6 hrs. 0.31 0.36 0.46 0.52 0.60 0.67 0.73

12 hrs. 0.18 0.22 0.27 0.30 0.35 0.38 0.44
24 hrs. 0.10 0.12 0.15 0.18 0.20 0.23 0.25

Table B-4. Rainfall intensity in inches per hour for various duration and frequency at Detroit.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 3.60 4.44 5.40 6.36 7.32 8.16 8.88
10 min. 2.76 3.48 4.26 4.92 5.58 6.24 6.90
15 min. 2.32 2.92 3.56 4.12 4.72 5.28 5.80
30 min. 1.62 2.02 2.48 2.86 3.28 3.66 4.02
60 min. 1.05 1.28 1.60 1.81 2.10 2.35 2.60

2 hrs. 0.63 0.75 0.91 1.09 1.23 1.38 1.53
3 hrs. 0.46 0.56 0.67 0.77 0.92 0.99 1.09
6 hrs, 0.27 0.31 0.39 0.46 0.52 0.58 0.64

12 hrs, 0.16 0.18 0.23 0.27 0.30 0.33 0.38
24 hrs. 0.093 0.11 0.13 0.15 0.17 0.19 0.21
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Table B-8. Rainfall intensity in inches per hour for various duration and frequency at Washington,D. C.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 4.92 6.36 7.80 9.12 10.80 12.24 14.16
10 min. 3.84 4.86 6.00 7.02 8.34 9.42 10.92
15 min. 3.24 4.08 5.08 5.92 7.00 7.96 9.20
30 min. 2.25 2.84 3.52 4.10 4.86 5.51 6.40
60 min. 1.43 1.80 2.23 2.64 3.08 3.47 4.00
2 hrs. 0.83 1.02 1.30 1.55 1.80 2.05 2.30
3 hrs. 0.61 0.71 0.91 1.12 1.29 1.52 1.69
6 hrs. 0.35 0.43 0.54 0.67 0.75 0.87 1.02

12 hrs. 0.20 0.25 0.32 0.39 0.45 0.50 0.60
24 hrs. 0.11 0.14 0.18 0.22 0.25 0.28 0.34
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Table B-9. Rainfall intensity in inches per hour for various duration and frequency at Cleveland.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 3.24 4.08 5.16 6.00 6.84 7.68 8.52
10 min. 2.46 3.12 3.96 4.62 5.28 5.94 6.54
15 min. 2.08 2.64 3.36 3.88 4.44 5.00 5.52
30 min. 1.44 1.84 2.32 2.70 3.08 3.46 3.84
60 min. 0.92 1.12 1.48 1.70 1.96 2.16 2.43
2 hrs. 0.55 0.67 0.84 1.03 1.15 1.32 1.43
3 hrs. 0.42 0.49 0.61 0.73 0.83 0.95 1.06
6 hrs. 0.24 0.28 0.36 0.43 0.48 0.54 0.60

12 hrs. 0.14 0.17 0.22 0.25 0.28 0.31 0.35
24 hrs. 0.075 0.10 0.12 0.14 0.16 0.18 0.20
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Table B-11. Rainfall intensity in inches per hour for various duration and frequency at Pittsburg.

Return Period (Years)

Duration

1 2 5 10 25 50 100

5 min. 3.48 4.08 5.52 6.36 7.32 8.28 9.00
10 min. 2.64 3.18 4.20 4.86 5.70 6.36 6.96
15 min. 2.24 2.68 3.56 4.08 4.80 5.36 5.88
30 min. 1.56 1.85 2.46 2.83 3.32 3;72 4.07
60 min. 0.98 1.17 1.58 1.79 2.10 2.36 , 2.56

2 hrs. 0.60 0.72 0.94 1.12 1.23 1.43 1.56
3 hrs. 0.44 0.55 0.67 0.81 0.94 1.00 1.14
6 hrs. 0.28 0.33 0.40 0.46 0.56 0.60 0.66

12 hrs. 0.16 0.19 0.24 0.28 0.33 0.35 0.40
24 hrs. 0.094 0.11 0.14 0.16 0.19 0.20 0.22

Table 8-12. Rainfall intensity in inches per hour for various duration and frequency at Baltimore.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 4.44 5.52 7.32 8.16 9.72 10.92 12.12
10 min. 3.48 4.26 5.64 6.24 7.50 8.46 9.36
15 min. 2.92 3.56 4.76 5.28 6.32 7.12 7.88
30 min. 2.02 2.48 3.30 3.66 4.40 4.94 5.48
60 min. 1.31 1.60 2.08 2.40 2.72 3.05 3.50

2 hrs. 0.78 0.94 1.20 1.44 1.65 2.10 2.30
3 hrs. 0.57 0.68 0.87 1.03 1.21 1.40 1.53
6 hrs. 0.35 0.41 0.51 0.61 0.69 0.81 0.87

12 hrs. 0.19 0.24 0.30 0.36 0.42 0.47 0.52
24 hrs. 0.11 0.13 0.18 0.21 0.24 0.27 0.30
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Table B-13. Rainfallintensity in inches per hour for various duration and frequency at Minneapolis.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 4.00 4.92 6.36 7.44 8.40 9.36 10.68
10 min. 3.06 3.78 4.92 5.70 6.46 7.26 8.22
15 min. 2.60 3.16 4.12 4.80 5.48 6.12 6.92
30 min. 1.80 2.20 2.86 3.34 3.80 4.24 4.80
60 min. 1.15 lAO 1.80 2.10 2.41 2.72 3.00

2 hrs. 0,68 0.83 1.05 1.23 1.35 1.58 1.76
3 hrs. 0.49 0.59 0.75 0.88 1.02 1.I4 1.29
6hrs. 0.28 0.34 0.44 0.52 058 0;68 0.74

12 hrs. 0.16 0.20 0.27 .0.30 0.35 0.39 0.43
24hrs. 0.099 0.11 0.15 0.17 0.20 0.22 0.25

Table B-14. RainfaIlintensity in inches per hour for various duration and frequency at Miami.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. K04 9.36 U.16 12.60 14.16 15.60 17.16
10 min. 6.18 7.20 8.64 9.72 10.92 12.06 13.26
15 min. 5.20 6,04 7.56 8.20 9.20 10.12 11.16
30 min. 3.60 4.20 5,04 5.70 6.40 7.04 7.74
60 min. 2.30 2.60 3.20 3.65 4.10 4.50 4.90

2 hrs. 1.33 1.60 2.00 2.30 2.60 2.90 3.25
3 hrs. 0.96 1.17 1.46 1.75 1.93 2.22 2.43
6 hrs. 0.57 0.70 0.88 1.06 1.23 1.38 1.51

12 hrs. 0.33 0.41 0.54 0.64 0.75 0.83 0.91
24hrs. 0.23 028 0.32 0.39 0.4,4 0.50 0.56
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Table B-15. Rainfall intensity in inches per hour for various duration and frequency at Houston.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 6.96 8.28 10.44 11.80 13.44 14.16 16.20
10 min. 5.40 6.36 7.98 9.00 10.32 10.92 12.48
15 min. 4.56 5.36 6.72 7.56 8.68 9.20 10.52
30 min. 3.16 3.72 4.68 5.26 6.04 6.40 7.30
60 min. 2.02 2.37 2.93 3.40 3.82 4.12 4.63

2hrs. 1.20 1.52 1.88 2.18 2.47 2.78 3.05
3 hrs. 0.87 1.05 1.35 1.53 1.72 1.81 , 2.13
6 hrs. 0.50 0.63 0.16 0.85 0.99 1.03 1.20

12 hrs. 0.29 0.37 0.50 0.60 0.67 0.76 0.85
24hrs. 0.17 0.22 0.27 0.31 0.37 0.40 0.46

Table B-16. Rainfall intensity in inches per hour for various duration and frequency at Buffalo.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 3.12 3.96 4.92 5.76 6.60 7.56 8.16
10 min. 2.40 3.06 3.84 4.44 5.10 5.76 6.30
15 min. 2.00 2.60 3.24 3.76 4.28 4.88 5.32
30 min. 1.40 1.80 2.24 2.60 2.98 3.38 3.70
60 min. 0.88 1.13 1.40 1.62 1.88 2.09 2.28

2 hrs. 0.54 0.64 0.82 0.97 1.13 1.30 1.40
3 hrs. 0.40 0.48 0.60 0.73 0.84 0.94 1.04
6 hrs. 0.25 0.28 0.38 0.44 0.50 0.57 0.62

12 hrs. 0.14 0.18 0.23 0.26 0.30 0.33 0.37
241rrs. 0.088 0.10 0.13 0.15 0.18 0.20 0.21
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Table 8-17. ~I1fa1l intensity in indies pernourfor various duration andfrequency at Cincinnati.

Return Period (Years)

Duration

1 2 5 10 25 50 100

5 min. 3.96 4.80 5.88 6.84 7.92 8.76 9.72
10 min. 3.00 3.66 4.56 5.26 6.06 6.72 7.44
15 min. 2.52 3.08 3.84 4.48 5.12 5.64 6.28
30 min. '1.76 2.14 2.66 3.10 3.56 3.92 4.36
60 min. 1.11 1.33 1.68 1.96 2.24 2.50 2.73,
2 hrs. 0.71 0.81 1.03 1.19 1.34 1.50 1.66
3 hrs. 0.50 0.59 0.73 0.85 1.00 1.08 1.19
6.hrs. 0.30 0.35 0.44 0.51 0.58 0.65 0.69

12 hrs. 0.18 0.21 0.26 0.30 0.34 0.37 0.42
24hrs. 0.098 0.12 0.15 '0.17 0.20 0.21 0.23

Table B-18. Rainfall intensity inincnesper hourfor various duration and frequency at Milwaukee.
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Table B-19. Rainfall intenstiy in inches per hour for various duration and frequericy at San Diego.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 1.38 2.04 2.89 3.60 4.32 4.92 5.52
10 min. 1.08 1.56 2.22 2.76 3.30 3.78 4.26
15 min. 0.88 1.32 1.88 2.32 2.80 3.16 3.60
30 min. 0.62 0.91 1.30 1.60 1.94 2.20 2.50
60 min. 0.38 0.56 0.80 0.99 1.18 1.36 1.51

2 hrs. 0.25 0.33 0.47 0.63 0.74 0.83 0.93
3 hrs. 0.19 0.25 0.37 0.47 0.54 0.62 0.73
6 hrs. 0.12 0.17 0.25 0.31 0.37 0.44 0.50

12 hrs. 0.075 0.11 0.15 0.17 0.22 0.25 0.29
24 hrs. 0.042 0.071 0.083 0.11 0.13 0.15 0.16

Table B-20. Rainfall intensity in inches per hour for various duration and frequency at Dallas.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 5.76 6.96 9.24 10.56 12.12 13.80 15.12
10 min. 4.44 5.34 7.08 8.16 9.36 10.62 11.64
15 min. 3.76 4.52 5.96 6.84 7.88 8.96 9.80
30 min. 2.60 3.14 4.14 4.76 5.56 6.22 6.80
60 min. 1.61 1.94 2.60 2.94 3.43 3.87 4.30

2 hrs. 0.94 1.17 1.55 1.82 2.13 2.38 2.63
3 hrs. 0.68 0.85 1.13 1.33 1.55 1.75 1.94
6 hrs. 0.41 0.51 0.68 0.79 0.94 1.06 1.19

12 hrs. 0.23 0.30 0.40 0.48 0.56 0.63 0.71
24 hrs. 0.14 0.17 0.23 0.28 0.32 0.37 0.41
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~Table]J:21.Rairifalliritensityill inches-per'honr for various duration and frequency at Atlanta.

Table B.22. 'RainfaU'iritensityin inches per hour for various duration and frequency.atKansas City.

Return-Period (Years)

Duration

2 5 10 25 50 100

5 min. 5.28 6.00 7.68 8.88 10.32 11.40 12.84
10 min. 4.02 4.62 "5.94 6.90 7.92 8.82 9.84
15 min. 3.40 3.88 5.00 5.80 6.68 7.44 8.28
30 min. 2.35 2;69 3.48 4.02 4.64 5.16 5.76
60 min. 1.49 1;69 2.18 2.55 2.92 3.26 3.62

2 hrs, 0.87 1.04' ..~.,,~ 1.31 1.53 1.75 1.96 2.19
3 hrs. 0.63 0.75 0;97 1.13 1;29 1.45 L61
6hrs. 0.37 0.44 0.57 0;66 0.72 0.86 0.96

12 hrs. 0.21 0.26 0.33 0.40 0.45 0.51 0.57
24hrs. 0.12 0.15 0.19 0:22 0.26 0.29 0.33
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Table B-23. Rainfall intensity in inches per hour for various duration and frequency at Seattle.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 1.32 1.56 1.92 2.28 2.52 2.64 3.36
10 min. 1.02 1.26 1.44 1.74 1.92 2.04 2.58
15 min. 0.88 1.04 1.20 1.48 1.60 1.72 2.16
30 min. 0.60 0.72 0.84 1.02 1.12 1.20 1.50
60 min. 0.36 0.42 0.52 0.60 0.70 0.85 0.98

2 hrs. 0.27 0.33 0.41 0.48 0.55 0.59 0.68
3 hrs. 0.25 0.28 0.38 0.42 0.48 0.53 0.60
6 hrs. 0.18 0.23 0.28 0.33 0.38 0.42 0.47

12 hrs. 0.13 0.15 0.21 0.23 0.25 0.28 0.32
24 hrs. 0.079 0.087 0.12 0.14 0.16 0.18 0.19

Table B-24. Rainfall intensity in inches per hour for various duration and frequency at Helena.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 1.44 1.92 2.76 3.60 3.84 4.68 5.64
10 min. 1.14 1.50 2.16 2.76 3.12 3.60 4.32
15 min. 0.96 1.28 1.80 2.32 2.64 3.04 3.64
30 min. 0.66 0.88 1.26 1.60 1.84 2.10 2.54
60 min. 0.42 0.60 0.83 1.02 1.23 1.41 1.53

2 hrs. 0.27 0.36 0.52 0.63 0.75 0.85 0.90
3 hrs. 0.21 0.27 0.37 0.45 0.52 0.60 0.72

(6 hrs.) (0.12) (0.16) (0.18) (0.23) (0.25) (0.28)
6 hrs. 0.13 0.18 0.23 0.27 0.32 0.37 0041

·12 hrs. 0.088 0.11 0.13 0.16 0.19 0.22 0.24
(24 hrs.) (0.054) (0.070) (0.080) (0.099) (0.11) (0.12)
24 hrs. 0.049 0.065 0.078 0.095 0.11 0.13 0.14

Note: Numbers in parentheses are obtained from NOAA Atlas 2 (Miller et aI., 1973).
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Table B~25 .RairifaIl intensity in inches,per .hour-for various duration and frequency at.Cheyenne.

Return Period (Years)

Duration.

.2 5 10 25 50 100

5 min. 2.52 3.12 4.44 5.16 6.36 7.08 8.04
10 min. 1.92 2.40 3.42 3.96 4.92 5.46 6.18
15 min. 1.64 2.00 2.88 3.32 4.12 4.60 5.20
30 min. 1.14 1.40 2.00 2.30 2.83 3.20 3.60
60 min. 0,66 0.90 1.26 1.56 1.83 2.05 2.30

2 hrs. 0.39 0.50 0.70 0.83 1.03 1.14 ' 1.32
3 hrs. 0.29 0.37 0.50 0.60 0.73 0.83 0.92

(6hrs.) . (0.20) (0.26) (0.31) (0.40) (0.43) (0.47)
6 hrs. 0.17 0;21 0.29 0.35 0.43 0.47 0.55

12 hrs. 0.099 0.12 0.17 0.20 0.24 0.27 0.31
(24 hrs.) (0.066) (0.083) (0.099) (0.12) (0.13) (0.14)
24hrs. 0.054 0.068 0.095 0.11 0.13 0.15 0.17

Note: Numbers in parentheses areobtained from NOAA Atlas 2 (Miller et al., 1973).

Table B-26: •Rainfall intensity in inches per hour for various duration and frequency at Denver

Return Period (Years)

Duration

1 2 5 10 25 50 100

5 min. 2.04 .2.76 4.08 5.16 6.12 7.08 7.80
10 min. 1.56 2.16 3.12 4.02 4.68 5.46 5.94
15 min. 1.28 1.80 2.64 3.36 3.96 4.60 5.04
30min. 0.90 1.26 1.82 2.34 2.74 3.20 3.50
60 min. 0.62 0.82 1.20 1.49 1.72 1.92 2.23

2 hrs. 0.36 .0.50 0.69 0.81 0.93 1.13 1.29
3 hrs. 0.27 0.35 0.48 0.60 0.70 0.80 0.92

(6 hrs.) (0.24) (0.33) (0.37) (0.48) (0.53) (0.59)
6 hrs. 0.17 0.22 0.28 0.35 0.43 0.46 0.53

12 hrs. 0.096 0.13 0.16 0.19 0.23 0.27 0.31
(24 hrs.) (0.087) (0.11) (0.13) (0.16) (0.18) (0.21)
24hrs. 0.055 0.070 0.094 0.12 0.13 0.15 0.17

Note: Numbers in parentheses areobtained fromNOAA Atlas. 2.(Miller et al., 1973).
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Table B-27. Rainfall intensity in inches per hour for various duration and frequency at Santa Fe.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 1.80 2.64 3.60 4.44 5.40 6.24 6.96
10 min. .1.38 2.04 2.76 3.42 4.14 4.80 5.34
15 min. 1.16 1.68 2.32 2.88 3.48 4.04 4.52
30 min. 0.80 1.18 1.62 2.00 2.42 2.80 3.14
60 min. 0·.57 0.80 1.07 1.38 1.60 1.80 1.98

2 hrs, 0.32 0.45 0.66 0.75 0.95 1.03 1.23
3 hrs, 0.24 0.34 0.49 0.58 0.69 0.77 0.85

(6 hrs.) (0.20) (0.27) (0.30) (0.33) (0.42) (0.44)
6 hrs. 0.15 0.21 0.27 0.33 0.40 0.45. 0.52

12 hrs. 0.088 0.12 0.16 0.19 0;23 0.26 0.29
(24 hrs.) (0.067) (0.083) (0~096) (0.11) (0.13) (0.14)
24 hrs. 0.053 0.065 0.093 0.11 0.13 0.15 0.17

Note: Numbers in parentheses are obtained from NOAA Atlas 2 (Miller et al., 1973).

Table B-28. Rainfall intensity in inches per hour for various duration and frequency at Boise.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 0.89 1.07 1.92 2.04 2.40 2.64 3.12
10 min. 0.66 0.84 1.50 1.56 1.86 2.04 2.40
15 min. 0.56 0.68 1.24 1.28 1.60 1.72 2.00
30 min. 0.40 0.48 0.86 0.90 1.10 1.20 1.40
60 min. 0.24 0.33 0.48 0.58 0.68 0.80 0.83

2 hrs. 0.16 0.21 0.31 0.37 0.42 0.45 0.50
3 hrs. 0.14 0.17 0.25 0.27 0.33 0.38 0.46

(6 hrs.) (0.13) (0.17) (0.20) (0.23) (0.25) (0.29)
6 hrs. 0.13 0.14 0.18 0.21 0.25 0.26 0.31

12 hrs. 0.075 0.083 0.12 0.14 0.15 0.17 0.19
(24 hrs.) (0.049) (0.067) (0.079) (0.095) (0.11) (0.12)
24 hrs. 0.047 0.063 0.071 0.083 0.091 0.10 0.11

Note: Numbers in parentheses are obtained from NOAA Atlas 2 (Miller et al., 1973).
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Table B·30.. Rainfall intensity in inches per hour for various duration and frequency at Carson CitYA

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 1.12 1.56 2.28 2.64 3.12 3.72 4.08
10 min; 0.84 1.20 1.74 2.04 2.40 2.88 3.18
15 min. 0.72 1.00 1.44 1.72 2.00 2.44 2.68
30 min. 0.50 0.70 1.00 1.20 lAO 1.70 1.86

. 60 min. 0.30 . 0040 0.60 0.76 0.81 1.00 1.19
2 hrs. 0.21 0.30 0040 0.50 0.65 0.69 0.75
3 hrs. 0.19 0.26 0.33 0.41 0.48 0.53 0.59

(6 hrs.) (0.20) (0.24) (0.28) (0.29) (0.40) (0.45)
6 hrs. 0.13 0.17 0.23 0.29 0.33 0.41 0.43

12 hrs. 0.092 0.11 0.16 0.20 0.21 0.24 0.25
(24 hrs.) (0.087) (0.098) (0.11) (0.13) (0.15) (0.18)
24 hrs. 0.055 0.068 0.094 0.11 0.12 0.13 0.15

Note: Numbers in parentheses are obtained from NOAA Atlas 2 (Miller et al.,1973):
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Table B-32. Rainfall intensity in inches per hour for various duration and frequency at Olympia.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 1.56 1.92 2.28 2.64 2.88 3.12 3.60
10 min. 1.26 1.44 1.74 2.04 2.22 2.40 2.76
15 min. 1.04 1.20 1.44 1.72 1.88 2.00 2.32
30 min. 0.72 0.84 1.00 1.20 1.30 1.40 1.60
60 min. 0043 0.54 0.64 0.75 0.85 0.93 1.00
2 hrs. 0.34 0040 0.49 0.56 0.69 0.75 0.88
3 hrs. 0.32 0.33 0.45 0.50 0.58 0.62 0.74
6 hrs. 0.25 0.32 0040 0.46 0048 0.50 0.64

12 hrs. 0.20 0.23 0.25 0.31 0.33 0.37 0042
24 hrs. 0.12 0.13 0.16 0.17 0.18 0.20 0.25
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Table B-33. Rainfall intensity in inches per hour for various duration and frequency at Salem.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. LSI 1.96 2.52 3.12 3.60 4.08 4.56
10 min. 1.15 LSO 1.92 2.40 2.76 3.12 3.54
15 min. 0.95 1.27 1.60 2.00 2.32 2.64 3.00
30 min. 0.74 0.96 1.12 1.40 1.60 1.82 2.08
60 min. 0.42 0.55 0.72 0.88 1.02 1.18 1.28

2 hrs. 0.30 0.45 0.50 0.67 0.75 0.85 0.93
3 hrs. 0.31 0.37 0.47 0.60 0.64 0.77 0.81

(6 hrs.) (0.19) (0.23) (0.27) (0.30) (0.33) (0.37)
6 hrs. 0.23 0.31 0043 0.46 0.50 0.62 0.66

12 hrs, 0.16 0.22 0.24 0.31 0.33 0040 0041
(24 hrs.) (0.11) (0.13) . (0.15) (0.16) (0.18) (0.19)
24 hrs. 0.11 0.12 0.16 0.22 0.23 0.24 0.25

Note: Numbers in parentheses are obtained from NOAA Atlas 2 (Miller et al., 1973).

Table B-34. Rainfall intensity in inches per hour for various duration and frequency at Sacramento.

Return Period (Years)

Duration

1 2 5 10 25 50 100

5 min. 1.80 2.28 2.76 3.24 3.60 4.08 4.56
10 min. 1.38 1.80 2.10 2.52 2.82 3.18 3.54
15 min. 1.16 1048 1.76 2.12 2.36 2.68 2.96
30 min. 0.80 1.04 1.22 1.46 1.64 1.86 2.06
60 min. 0.49 0.60 0.73 0.92 1.05 1.21 1.29

2 hrs. 0.35 0.40 0.50 0.63 0.70 0.74 0.88
3 hrs. 0.27 0.33 0.42 0.50 0.58 0.63 0.67

(6 hrs.) (0.19) (0.25) (0.28) (0.33) (0.38) (0.42)
6 hrs. 0.22 0.25 0.32 0.38 0.43 0.50 0.52

12 hrs. 0.14 0.17 0.21 0.25 0.29 0.32 0.33
(24 hrs.) (0.082) (0.10) (0.12) (0.14) (0.16) (0.18)
24 hrs. 0.094 0.11 0.14 0.16 0.17 0.21 0.23

Note: Numbers in parentheses are obtained from NOAA Atlas 2 (Miller et al., 1973).
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Appendix C

Relationships between Various-Duration Rainfall
Intensities and60-Minute Intensity for the

same Frequency in 23 Major Cities
and 11 Western State Capitals

The 23 major cities and 11 western state capitals selected for

this study are:

Table No. City, State Name Location

C-1
C-2
C-3
C-4
C-5
C-6
C-7
C-8
C-9
C-10
C-11
C-12
C-13
C-14
C-15
C-16
C-17
C-18
C-19
C-20
C-21
C-22
C-23
C-24
C-25
C-26
C-27
C-28
C-29
C-30
C-31
C-32
C-33
C-34

New York, New York
Los Angeles, California
Chicago, Illinois
Detroit, Michigan
Philadelphia, Pennsylvania
San Francisco, California
Boston, Massachusetts
Washington, D.C.
Cleveland, Ohio
St. Louis, Missouri
Pittsburg, Pennsylvania
Baltimore, Maryland
Minneapolis, Minnesota
Miami, Florida
Hous ton, Texas
Buffalo, New York
Cincinnati, Ohio
Milwaukee, Wisconsin
San Diego,California
Dallas, Texas
Atlanta, Georgia
Kansas City, Missouri
Seattle, Washington
Helena, Montana
Cheyenne, Wyoming
Denver, Colorado
Santa Fe, New Mexico
Boise, Idaho
Salt Lake City, Utah
Carson City, Nevada
Phoenix, Arizona
Olympia, Washington
Salem, Oregon
Sacramento, California
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o43.0 N.,
o32.4 N.,o32.4 N.,o33.5 N.,
o39.0 N.,
o47.6 N.,o

46.7 N.,
o

41.2 N.,
o39.8 N.,
o

35.5 N.,o43.6 N.,o
40.8 N.,

o
39.1 N.,

o33.4N.,
o47.1 N.,
o44.9 N.,o38.5 N.,



Data are obtained or calculated from U.S. Weather Bureau Technical

Paper No. 40 (1961) except for those in parenthesis wqich are obtained

or calculated from NOAA Atlas 2 (Miller, Frederick, and Tracey, 1973).
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Table C-1. Ratios of various-duration rainfall intensities to 60-minute intensity for the same frequency at
New York.

Return Period (Years)

Duration'

2 5 10 25 50 100

5 min. 3.32 3.52 3.48 3.52 3.44 3.50 3.43
10 min. 2.54 2.68 2.68 2.71 2.66 2.70 2.64
15 min. 2.15 2.27 2.26 2.27 2.24 2.27 2.23
30 min. 1.48 1.57 1.57 1.58 1.56 1.58 1.54
60 min. 1.00 1.00 1.00 1.00 1.00 1.00 , 1.00
2 hrs. 0.60 0.62 0.62 0.63 0.64 0.62 0.61
3 hrs. 0.44 0.46 0.46 0.45 0.46 0.46 0.46
6 hrs. 0.27 0.28 0.28 0.28 0.29 0.28 0.29

12 hrs. 0.16 0.17 0.17 0.17 0.17 0.17 0.17
24 hrs. 0.089 0.098 0.097 0.10 0.10 0.097 0.10

Table C-2. Ratios of various-duration rainfall intensities to 60-minute intensity for the same frequency at
Los Angeles.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 3.51 3.38 3.59 3.53 3.56 3.53 3.43
10 min. 2.68 2.62 2.78 2.72 2.73 2.72 2.67
15 min. 2.22 2.15 2.35 2.29 2.29 2.28 2.24
30 min. 1.54 1.62 1.63 1.60 1.59 1.59 1.56
60 min. 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 hrs. 0.60 0.63 0.72 0.75 0.69 0.69 0.69
3 hrs. 0.49 0.55 0.65 0.61 0.60 0.57 0.58

(6hrs.) (0.36) (0.38) (0.36) (0.34) (0.34) (0.34)
6 hrs. 0.37 0.42 0.49 0.48 0.47 0.44 0.48

12 hrs. 0.23 0.28 0.31 0.33 0.32 0.30 0.31
(24 hrs.) (0.1 5) (0.19) (0.1 7) (0.1 7) (0.1 7) (0.19)
24 hrs. 0.13 0.18 0.20 0.20 0.19 0.19 0.19

Note: Numbers in parentheses are obtained from NOAA Atlas 2 (Miller et al., 1973).
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Table C-3. Ratios of various-duration rainfall intensities to 6O-minute intensity' for the same frequency at
Chicago.

Return Period (Years)

Duration-

2 5 LO 25 50 100

5 min. 3.64 3.51 3.49 3.55 3.52 3.55 3.54
10 min. 2.85 2.73 2.67 2.75 2.71 2.73 2.72
15 min. 2.39 2.29 2.24 2.31 2.28 2.30 2.29
30 min. 1.66 1.59 1.56 1.61 1.58 1.60 1.59
60 min. 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 hrs. 0.61 0.59 0.58 0.61 0.59 0.60' 0.60
3 hrs. 0.43 0.42 0.43 0.44 0.43 0.44 0.43
6 hrs. 0.25 0.24 0.25 0.26 0.26 0.26 0.26

12 hrs. 0.15 0.15 0.15 0.15 0.15 0.15 0.15
24 hrs. 0.082 0.082 0.082 0.089 0.085 0.089 0.088

Table C-4. Ratios ofvarious-duration rainfall intensities to 60-minute intensity for-the same frequency at
Detroit.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 3.42 3.47 3.38 3.51 3.49 3.47 3.42
10 min. 2.63 2.72 2.67 2.72 2.66 2.66 2.65
15 min. 2.21 2.28 2.23 2.28 2.25 2.25 2.23
30 min. 1.54 1.58 1.55 1.58 1.56 1.56 1.55
60 min. 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 hrs. 0.60 0.59 0.57 0.60 0.59 0.59 0.59
3 hIS. 0.44 0.44 0.42 0.43 0.44 0.42 0.42
6 hrs. 0.26 0.24 0.24 0.25 0.25 0.25 0.25

12 hrs. 0.15 0.14 0.14 0.15 0.14 0.14 0.15
24 hrs. 0.089 0.086 0.081 0.083 0.081 0.081 0.081
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Table C-5. Ratios of various-duration rainfall intensities to 6O-minuteintensity for the same frequency at
Philadelphia.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 3.41 3.45 3.52 3.47 3.58 3.61 3.64
10 min. 2.59 2.70 2.73 2.68 2.75 2.77 2.80
15 min. 2.19 2.25 2.30 2.26 2.31 2.34 2.36
30 min. 1.52 1.45 1.60 1.57 1.61 1.62 1.64
60 min. 1.00 1.00 1.00 1.00 . 1.00 1.00 1.00
2 hrs. 0.63 0.59 0.62 0.63 0.62 0.62 0.64
3 hrs. 0.46 0.43 0.48 0.48 0.48 0.48 0.49
6 hrs. 0.27 0.28 0.30 0.30 0.31 0.31 0.31

12 hrs. 0.18 0.17 0.18 0.19 0.18 0.18 0.18
24 hrs. 0.11 0.11 0.11 ,0.11 0.10 0.11 0.11

Table C-6. Ratios of various-duration rainfall intensities to 60-minute intensity for the same frequency at
San Francisco.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 3.42 3.74 3.70 3.64 3.48 3.65 3.70
10 min. 2.63 2.89 2.86 2.80 2.68 2.81 2.85

15 min. 2.22 2.43 2.40 2.35 2.26 2.36 2.40
30 min. 1.54 1.69 1.67 1.64 1.57 1.64 1.67
60 min. 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 hrs. 0.66 0.71 0.72 0.68 0.70 0.66 0.73
3 hrs. 0.54 0.60 0.61 0.55 0.58 0.55 0.60

(6 hrs.) (0.31) (0.28) (0.26) (0.26) (0.26) (0.27)
6 hrs. 0.46 0.46 0.47 0.42 0.43 0.41 0.43

12 hrs. 0.25 0.27 0.29 0.26 0.25 0.27 0.28
(24 hrs.) (0.14) (0.13) (0.13) (0.12) (0.12) (0.13)
24 hrs. 0.15 0.19 0.19 0.18 0.18 0.17 0.17

Note: Numbers in parentheses are obtained from NOAA Atlas 2 (Miller et al., 1973).
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Table (-7. Ratios ofvarious-duration rainfall intensities to 6O-mmuteintensity for the same freq uency at
Boston.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 3.52 3.52 3.61 3.59 3.53 3.44 3.58
10 min. 2.74 2.75 2.75 2.71 2.74 2.67 2.77
15 min. 2.30 2.31 2.33 2.31 2.31 2.24 2.33
30 min. 1.59 1.60 1.62 1.58 1.60 1.56 1.62
60 min. 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 hrs. 0.64 0.67 0.64 0.66 0.66 0.64 0.67
3 hrs. 0.49 0.52 0.51 0.48 0,49 0.48 0,49
6 hrs. 0.30 0.32 0.32 0.31 0.30 0.30 0.31

12 hrs. 0.20 0.19 0.19 0.18 0.19 0.18 0.19
24 hrs. 0.12 0.11 0.11 0.11 0.11 0.11 0.11

Table e-8. Ratios of various-duration rainfall intensities to 60-minute intensity for the same frequency at
Washington, D. C.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 3.44 3.53 3.50 3.45 3.51 3.53 3.54
10 min. 2.64 2.70 2.69 2.66 2.71 2.71 2.73
15 min. 2.27 2.27 2.28 2.24 2.27 2.29 2.30
30 min. 1.57 1.58 1.58 1.55 1.58 1.59 1.60
60 min. 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 hrs. 0.58 0.57 0.58 0.59 0.58 0.59 0.59
3 hrs. 0.43 0.39 0.41 0.42 0.42 0.44 0.42
6 hrs, 0.24 0.24 0.24 0.25 0.24 0.25 0.26

12 hrs. 0.14 0.14 0.14 0.15 0.15 0.14 0.15
24 hrs. 0.077 0.077 0.081 0.083 0.081 0.081 0.085
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Table C-9. Ratios of various-duration rainfall intensities to 60-minute intensity for the same frequency at
Cleveland, .

Return Period (Years)

.Duration

2 5 10 25 50 100

5 min. 3.52 3.64 3.49 3.53 3.49 3.56 3.51
10 min. 2.67 2.79 2.68 2.72 2.69 2.75 2.69
15 min. 2.26 2.36 2.27 2.28 2.27 2.31 2.27
30 min. 1.57 1.64 1.57 1.59 1.57 1.60 1.58
60 min. 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 hrs. 0.60 0.60 0.57 0.61 0.59 0.61 0.59
3 hrs. 0.46 0.44 0.41 0.43 0.42 0.44 0.44
6 hrs. 0.26 0.25 0.24 0.25 0.24 0.25 0.25

12 hrs. 0.15 0.15 0.15 0.15 0.14 0.14 0.14
24 hrs. 0.082 0.089 0.081 0.082 0.082 0.083 0.083

Table C-10. Ratios of various-duration rainfall intensities to 6O-minuteintensity for the same frequency at
St. Louis.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 3.57 3.58 3.52 3.54 3.52 3.49 3.45
10 min. 2.75 2.73 2.73 2.74 2.70 2.71 2.67
15 min. 2.32 2.31 - 2.28 2.30 2.27 2.27 2.25
30 min. 1.62 1.60 1.59 1.60 1.57 1.58 1.56
60 min. 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 hrs. 0.61 0.60 0.60 0.60 0.60 0.61 0.60
3 hrs. 0.44 0.44 0.45 0.45 0.44 0.44 0.43
6 hrs. 0.26 0.27 0.27 0.26 0.27 0.26 0.26

12 hrs. 0.15 0.16 0.16 0.16 0.15 0.15 0.16
24 hrs. 0.084 0.091 0.089 0.088 0.088 0.087 0.088
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Table C-l1. Ratios of various-duration rainfall intensities to 60-minute intensity for tile same frequency at
Pittsburg.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 3.55 3.49 3.49 3.55 3.49 3.51 3.52
10 min. 2.69 2.72 2.66 2.72 2.71 2.69 2.72
15 min. 2.29 2.29 2.25 2.28 2.29 2.27 2.30
30 min. 1.59 1.58 1.56 1.58 1.58 1.58 1.59
60 min. 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 hrs. 0.61 0.62 0.59 0.63 0.59 0.61 0.61
3 hrs. 0.45 0.47 0.42 0.45 0.45 0.42 0.45
6 hrs. 0.29 0.28 0.25 0.26 0.27 0.25 0.26

12 hrs. 0.16 0.16 0.15 0.16 0.16 0.15 0.16
24 hrs. 0.096 0.094 0.089 0.089 0.090 0.085 0.086

Table e-12. Ratios of various-duration rainfall intensities to 60-minute intensity for the same frequency at
Baltimore.

Return Period (Years)

Duration

1 2 5 10 25 50 100

5 min. 3.39 3.45 3.52 3.40 3.57 3.58 3.46
10 min. 2.66 2.66 2.71 2.60 2.76 2.77 2.67

. 15 min. 2.23 2.23 2.29 2.20 2.32 2.33 2.25
30 min. 1.54 1.55 1.59 1.53 1.62 1.62 1.57
60 min. 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 hrs. 0.60 0.59 0.58 0.60 0.61 0.69 0.66
3 hrs. 0.44 0.43 0.42 0.43 0.44 0.46 0.44
6 hrs. 0.27 0.26 0.25 0.25 0.25 0.27 0.25

12 hrs. 0.15 0.15 0.14 0.15 0.15 0.15 0.15
24 hrs. 0.084 0.081 0.087 0.088 0.088 0.089 0.086
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Table C-14. Ratios of various-duration rainfall intensities to 60-minute intensity for the same frequency at
Miami.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 3.50 3.60 3.49 3.45 3.45 3.47 3.50
10 min. 2.69 2.77 2.70 2.66 2.66 2.68 2.71
15 min. 2.26 2.32 2.36 2.25 2.24 2.25 2.28
30 min. 1.57 1.62 1.58 1.56 1.56 1.56 1.58
60 min. 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 hrs. 0.58 0.62 0.63 0.63 0.63 0.64 0.66
3 hrs. 0.42 0.45 0.46 0.48 0.47 0.49 0.50
6 hrs. 0.25 0.27 0.28 0.29 0.30 0.31 0.32

12 hrs. 0.14 0.16 0.17 0.18 0.18 0.18 0.19
24 hrs. 0.10 0.11 0.10 0.11 0.11 0.11 0.11
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Table C-15. Ratios of various-duration rainfall intensities to 60-minute intensity for the same freq uency at
Houston.

_e,

.'
Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 3.45 3.49 3.47 3.42 3.52 3.44 3.50
10 min. 2.67 2.68 2.72 2.65 2.70 2.65 2.70
15 min. 2.26 2.26 2.29 2.22 2.27 2.23 2.27
30 min. 1.56 1.57 1.60 1.55 1.58 1.55 1.58
60 min. 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 hrs. 0.59 0.64 0.64 0.64 0.65 0.67 0.66
3 hrs. 0.43 0.44 0.46 0.45 0.45 0.44 0.46
6 hrs. 0.25 0.27 0.26 0.25 0.26 0.25 0.26

12 hrs. 0.14 0.16 0.17 0.18 0.18 0.18 0.18
24 hrs. 0.082 0.093 0.092 0.09:L 0.097 0.096 0.099
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Table C-17. Ratios of various-duration rainfall intensities to 60-minute intensity for'the same frequency at
Cincinnati.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 3.57 3.60 3.50 3.49 3.54 3.50 3.56
10 min. 2.70 2.75 2.71 2.68 2.71 2.67 2.73
15 min. 2.27 2.32 2.29 2.29 2.29 2.26 2.30
30 min. 1.59 1.61 1.58 1.58 1.59 1.57 1.60
60 min. 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 hrs. 0.64 0.61 0.61 0.61 0.60 0.60 0.61
3 hrs. 0.45 0.44 0.43 0.43 0.45 0.43 0.44
6 hrs. 0.27 0.26 0.26 0.26 0.26 0.26 0.25

12 hrs. 0.16 0.16 0.15 0.15 0.15 0.15 0.15
24 hrs. 0.088 0.090 0.089 0.087 0.089 0.084 0.084

Table C-18. Ratios of various-duration rainfall intensities to 60-minute intensity for the same frequency at
Milwaukee.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 3.50 3.51 3.49 3.50 3.48 3.55 3.47
10 min. 2.65 2.70 2.69 2.72 2.66 2.73 2.69
15 min. 2.23 2.26 2.26 2.27 2.24 2.30 2.27
30 min. 1.56 1.57 1.57 1.58 1.56 1.60 1.57
60 min. 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 hrs. 0.59 0.59 0.59 0.61 0.59 0.60 0.59
3 hrs. 0.43 0.41 0.42 0.43 0.43 0.43 0.43
6 hrs. 0.24 0.24 0.24 0.26 0.25 0.26 0.25

12 hrs. 0.13 0.14 0.15 0.15 0.15 0.15 0.15
24 hrs. 0.081 0.079 0.081 0.083 0.086 0.088 0.085
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.Table. C:l9•.~Ratios of·various,.duration ramfaUmtensities to 60·mmute intenstty.Ior.the.same.frequency at
.San Diego.

Table C20.· Ratios ofvarious-duration rainfall intensities to 60-mmute intensity for the same frequency at
Dallas.

Duration

5 min.
10 min.
15 min.
30 min.
60 min.

2 hrs.
3 hrs.
6 hrs,

12 hrs.
24 hrs,

.Return Period(Years)

.2 5 10 25 50 100

.3.58 3~~59 3.56 3.59 3.53 3.57 3.52
2.76 2'.75 2.72 2.78 2.73 2.74 2.71
234 233 2.29 233 2.30 2.32 2.28
1.61 1.62 1.59 1.62 1.62 1.61 1.58
1.00 1.00 1.00 1.00 1.00 1.00 1.00
0.58 0.60 0.60 0.62 0.62 0.61 0.61
0.42 0.44 0.43 0.45 .0.45 0.45 0.45
0.25 0.26 0.26 0.27 0.27 0.27 0.28
0.14 0.15 0.15 0.16 0.16 0.16 0.17
0.087 0.088 0.088 0.095 0.093 0.096 0.095
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Table C-21. Ratios of various-duration rainfall intensities to 60-minute intensity for the same frequency at
Atlanta.

Return Period (Years)

Duration

1 2 5 10 25 50 100

5 min. 3.51 3.55 3.52 3.47 3.47 3.50 3.47
10 min. 2.71 2.74 2.69 2.67 2.69 2.71 2.67
15 min. 2.27 2.30 2.28 2.25 2.26 2.28 2.24
30 min. .1.57 1.60 1.58 1.57 1.57 1.58 1.56
60 min. 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 hrs. 0.60 0.61 0.60 0.62 0.64 0.61 0.63
3 hrs. 0.43 0.44 0.44 0.44 0.45 0.45 0.46
6 hrs. 0.24 0;26 0.27 0.27 0.27 0.28 0.27

12 hrs. 0.15 0.15 0.16 0.16 0.16 0.17 0.16
24 hrs. 0.085 0.086 0.091 .0.091 0.095 0.10 0.094
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Table C-24. Ratios of various-duration rainfall intensities to 60-minute intensity for the same frequency at
Helena.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 3.43 3.20 333 3.53 3.13 3.32 3.68
10 min. 2.71 2.50 2.60 2.71 2.54 2.55 2.82
15 min. 2.29 2.13 2.17 2.27 2.15 2.16 2.38
30 min. 1.57 1.47 1.52 1.57 1.50 1.49 1.66
60 min. 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 hrs. 0.64 0.60 0.63 0.62 0.61 0.62 0.59
3 hrs. 0.50 0.45 0.45 0.44 0.43 0.43 0.47

(6 hrs.) (0.20) (0.19) (0.18) (0.19) (0.18) (0.18)
6 hrs. 031 0.30 0.28 0.26 0.26 0.26 0.27

12 hrs. 0.21 0.18 0.16 0.16 0.15 0.16 0.16
(24 hrs.) (0.090) (0.084) (0.078) (0.080) (0.078) (0.078)
24 hrs, 0.12 0.11 0.094 0.093 0.089 0.092 0.092

Note: Numbers in parentheses are obtained from NOAA Atlas 2 (Miller et al., 1973).
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Table C-26. Ratios of various-duration rainfall intensities to 60-minute intensity for the same frequency at
Denver.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 3.29 3.37 3.40 3.46 3.56 3.69 3.50
10 min. 2.51 2.63 2.60 2.70 2.72 2.84 2.66
15 min. 2.06 2.20 2.20 2.26 2.30 2.40 2.26
30 min. 1.45 1.54 1.52 1.57 1.59 1.67 1.57

·60 min. 1.00 1.00 1.00 1.00 1.00 1.00 1.00
2 hrs. 0.58 0.61 0.58 0.54 0.66 0.59 0.58
3 hrs. 0.44 0.43 0.40 0.40 0.41 0.42 0.41

(6 hrs.) (0.29) (0.28) (0.25) (0.28) (0.27) (0.26)
6 hrs. 0.27 0.27 0.23 0.23 0.25 0.24 0.24

12 hrs. 0.15 0.16 0.13 0.13 0.13 0.14 0.14
(24 hrs.) (0.11 ) (0.092) (0.087) (0.093) (0.094) (0.094)
24 hrs. 0.089 0.085 0.078 0.081 0.076 0.078 0.076

Note: Numbers in parentheses are obtained from NOAA Atlas 2 (Miller et al., 1973).
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Table C-27. Ratios of various-duration rainfall intensities to 60-minute intensity for the same frequency at
Santa Fe.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 3.16 3.30 3.36 3.22 3.38 3.47 3.51
10 min. 2.42 2.55 2.58 2.48 2.59 2.67 2.70
15 min. 2.04 2.10 2.17 2.09 2.18 2.24 2.28
30 min. 1.40 1.48 1.51 1.45 1.51 1.56 1.59
60 min. 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 hrs. 0.56 0.56 0.62 0.54 0.59 0.57 0.62
3 hrs. 0.42 0.43 0.46 0.42 0.43 0.43 0.43

(6 hrs.) (0.25) (0.25) (0.22) (0.21) (0.23) (0.22)
6 hrs. 0.26 0.26 0.25 0.24 0.25 0.25 0.26

12 hrs. 0.15 0.15 0.15 0.14 0.14 0.14 0.15
(24 hrs.) (0.084) (0.078) (0.070) (0.069) (0.072) (0.071)
24 hrs. 0.093 0.081 0.087 0.080 0.081 0.083 0.086

Note: Numbers in parentheses are obtained from NOAA Atlas 2 (Miller et al., 1973).

Table C-28. Ratios of various-duration rainfall intensities to 60-minute intensity for the same frequency at
Boise.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 3.77 3.23 4.17 3.52 3.53 3.30 3.76
10 min. 2.74 2.55 3.26 2.69 2.24 2.55 2.89
15 min. 2.33 2.06 2.69 2.21 2.35 2.15 2.41
30 min. 1.67 1.46 1.87 1.55 1.62 1.50 1.69
60 min. 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 hrs. 0.67 0.64 0.67 0.64 0.62 0.56 0.60
3 hrs. 0.58 0.52 0.54 0.47 0.49 0.48 0.55

(6 hrs.) (0.39) (0.35) (0.34) (0.34) (0.31) (0.35)
6 hrs. 0.54 0.42 0.39 0.36 0.37 0.33 0.37

12 hrs. 0.31 0.25 0.26 0.24 0.22 0.21 0.23
(24 hrs.) (0.15) (0.14) (0.14) (0.14) (0.14) (0.14)
24 hrs. 0.20 0.19 0.15 0.14 0.13 0.13 0.13

Note: Numbers in parentheses are obtained from NOAA Atlas 2 (Miller et al., 1973).
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Table C-29. Ratios of various-duration rainfall intensities to 60-minute intensity for the same frequency at
Salt Lake City.

Return Period (Years)

Duration

2 5 10 . 25 50 100

5 min. 3.24 3.70 3.62 3.54 3.52 3.63 3.50
10 min. 2.55 2.71 2.76 2.69 2.74 2.75 2.70
15 min. 2.06 2.29 2.35 2.31 2.30 2.31 2.27
30 min. 1.45 1.62 1.62 1.59 1.59 1.61 1.58
60 min. 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 hrs. 0.67 0.74 0.65 0.67 0.64 0.72 0.66
3 hrs. 0.61 0.60 0.54 0.47 0.46 0.48 0.45

(6 hrs.) (0.38) (0.32) (0.29) (0.33) (0.30) (0.29)
6 hrs. 0.39 0.38 0.32 0.33 0.37 0.34 0.35

12 hrs. 0.25 0.26 0.24 0.22 0.23 0.21 0.21
(24 hrs.) (0.14) (0.12) (0.12) (0.12) (0.11) (0.11)
24 hrs. 0.16 0.15 0.13 0.13 0.12 0.12 0.13

Note: Numbers in parentheses are obtained from NOAA Atlas 2 (Miller et al., 1973).

Table C-30. Ratios ofvarious-duration rainfall intensities to 6O-minuteintensity for the samefrequency at
Carson City.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 3.73 3.90 3.80 3.47 3.85 3.72 3.43
10 min. 2.80 3.00 2.90 2.68 2.96 2.88 2.67
15 min. 2.40 2.50 2.40 2.26 2.47 2.44 2.25
30 min. 1.67 1.75 1.67 1.58 1.73 1.70 1.56
60 min. 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 hrs. 0.70 0.75 0.67 0.66 0.80 0.69 0.63
3 hrs. 0.63 0.65 0.55 0.54 0.59 0.53 0.50

(6 hrs.) (0.50) (0.39) (0.37) (0.36) (0.40) (0.38)
6 hrs. 0.43 0.43 0.38 0.38 0.41 0.41 0.36

12 hrs. 0.31 0.28 0.27 0.26 0.26 0.24 0.21
(24 hrs.) (0.22) (0.16) (0.14) (0.16) (0.15) (0.15)
24 hrs. 0.18 0.17 0.16 0.14 0.15 0.13 0.13

Note: Numbers in parentheses are obtained from NOAA Atlas 2 (Miller et al., 1973).
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Table C-33. Ratios of various-duration rainfall intensities to 60-minute intensity for the same frequency at
Salem.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 3.60 3.57 3.50 3.55 3.53 3.46 3.56
10 min. 2.73 2.70 2.67 2.73 2.71 2.64 2.77
15 min. 2.25 2.30 2.22 2.27 2.27 2.24 2.34
30 min. 1.76 1.75 1.56 1.59 1.57 1.54 1.63
60 min. 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 hrs. 0.72 0.81 0.70 0.76 0.74 0.72 0.73
3 hrs. 0.74 0.67 0.65 0.68 0.63 0.65 0.63

(6 hrs.) (0.35) (0.32) (0.31) (0.29) (0.28) (0.29)
6 hrs. 0.55 0.56 0.60 0.52 0.49 0.53 0.52

12 hrs. 0.38 0.40 0.33 0.35 0.32 0.34 0.32
(24 hrs.) (0.20) (0.18) (0.17) (0.16) (0.15) (0.15)
24 hrs. 0.26 0.22 0.22 0.25 0.23 0.20 0.20

Note: Numbers in parentheses areobtained from NOAA Atlas 2 (Miller et al., 1973).

Table C-34. Ratios of various-duration rainfall intensities to 6O-minute intensity for the same frequency at
Sacramento.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 3.67 3.79 3.78 3.52 3.43 3.37 3.53
10 min. 2.82 3.00 2.88 2.74 2.69 2.63 2.74
15 min. 2.37 2.47 2.41 2.30 2.25 2.21 2.29
30 min. 1.63 1.73 1.67 1.59 1.56 1.54 1.60
60 min. 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2hrs. 0.71 0.67 0.68 0.68 0.67 0.61 0.68
3 hrs. 0.55 0.55 0.58 0.54 0.55 0.52 0.52

(6 hrs.) (0.32) (0.34) (0.38) (0.31) (0.31) (0.33)
6 hrs. 0.45 0.42 0.44 0.41 0.41 0.41 0.40

12 hrs. 0.29 0.28 0.29 0.27 0.28 0.26 0.26
(24 hrs.) (0.14) (0.14) (0.16) (0.15) (0.13) (0.14)
24 hrs. 0.19 0.18 0.19 0.17 0.16 0.17 0.18

Note: Numbers in parentheses areobtained from NOAA Atlas 2 (Miller et al., 1973).
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Relationsh!Es betwe~n Various-Freguency Ra~nfa~l

Intensities and 10~Yearlntensity for ~he

same Durati~n ,in 23 .~.§,:L~r .,9ities <lftd
11 Weste:qt State Capitals

The 23 m.ajar cities and 11 we s t.ern s t at.e capitals aei.ect.ed for

this study are~

Table No.

D~1

D~2

D~3

D'~4

D~S

n-6
D-]
D-8
D-9
D-10
D-11
D-12
D-13
n-14
D-15
D-16
D-17
Doo18
D-19
D-20
Do·21
D-22
D-23
D-24
D-2S
D-26
D-27
D-28
D-29
D-30
D-31
D~32

D-33
D-3/+

New York~ New York
L08 Angeles~ California
Chf.cago , Illinois
Detroit. Michigan
Philadelphia, Pennsylvania
San Francisco, California
Boston, ~fu.ssachusetts

~'lashington. D, C,
Cleveland, Ohio
St. Louis s Hissouri
Pittsburg, Pennsylvania
Baltimore. Maryland
¥Li.nneapolis. Ki.nnesota
Miami. Florida
Houston~ Texas
Buffalo o New York
Cincinnati, Ohio
Ydlwaukee. Wisconsin
San Diego~ California
Dallas, Texas
Atlanta, Georgia
Kansas Ci t.y , 1>li.ssouri
Seattle. Washington
Helena, Montana
Cheyenne. l\lyoming
Denver, Colorado
Santa Fa , New Me.xico
Boise. Idaho
Salt Lake City~ Utah
Carson City, Nevada
Phoenix. Arizon.a
Olympia, Washington
Salem, Oregon
Sacrament.o , Ca~tiforn:t.a

]/+. OO'(/!.

118 1
0 W

87:7oW:
83. 1°1\1 <

7S.20W,

122.SoW,
71.1 oW.
77,OoW.
81.7

oW"

89.6°W,
SO.OoW,
76.4oH.

93.2oW,

80.2°t-1o
o

95.2 W.
78.SoW.
34. 30~{.
87.SoW.

117. 1oW.
96.SoW.

°84.2 W.
9Lf.4oW.

122,30W.

112.0oW,
10ll,8oW.
10S.0oW.

o
105. 9 ~\f.

116.3
0W.

111 •9
0W.

119.8oW.

112 • 1°11•
122.90H.

123.0°'VJ.
121,6°H.



Data are obtained or calculated from U.S. Weather Bureau Technical

Paper No. 40 (1961) except for those in parenthesis which are obtained

or calculated from NOAA Atlas 2 (Miller, Frederick, and Tracey, 1973).
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Table D-l. Ratios of various-frequency rainfall intensities to IO-year intensity for the same duration at
New York.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 0.54 0.67 0.86 1.00 1.13 1.29 1.41
10 min. 0.54 0.66 0.86 1.00 1.13 1.29 1.41
15 min. 0.54 0.66 0.86 1.00 1.14 1.30 1.42
30 min. 0.54 0.66 0.86 1.00 1.14 1.29 1.41
60 min. 0.57 0.67 0.87 1.00 1.15 1.29 1.45

2 hrs. 0.55 0.66 0.86 1.00 1.17 1.28 1.41
3 hrs. 0.56 0.68 0.89 1.00 1.18 1.32 1.49
6 hrs. 0.54 0.66 0.85 1.00 1.18 1.26 1.48

12 hrs. 0.56 0.67 0.86 1.00 1.17 1.28 1.47
24 hrs. 0.50 0.64 0.82 1.00 1.14 1.23 1.41

Table D-2. Ratios of various-frequency rainfall intensities to Hl-year intensity for the same duration at
Los Angeles.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 0.54 0.63 0.83 1.00 1.23 1.43 1.54
10 min. 0.54 0.63 0.83 1.00 1.22 1.43 1.56
15 min. 0.53 0.62 0.84 1.00 1.22 1.43 1.56
30 min. 0.53 0.66 0.83 1.00 1.21 1.42 1.55
60 min. 0.55 0.66 0.82 1.00 1.22 1.43 1.59

2 hrs. 0.44 0.55 0.79 1.00 1.12 1.33 1.46
3 hrs. 0.44 0.59 0.86 1.00 1.19 1.33 1.51

(6 hrs.) (0.65) (0.86) (1.00) (1.16) (1.35) (1.49)
6 hrs. 0.42 0.58 0.84 1.00 1.19 1.32 1.58

12 hrs. 0.38 0.56 0.77 1.00 1.18 1.31 1.49
(24 hrs.) (0.60) (0.90) (1.00) (1.25) (1.45) (1.65)
24 hrs. 0.36 0.58 0.79 1.00 1.17 1.33 1.50

Note: Numbers in parentheses are obtained from NOAA Atlas 2 (Miller et al., 1973).
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Table D-3. Ratios of various-frequency rainfall intensities to IO-year intensity for the same duration at
Chicago.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 0.62 0.72 0.88 1.00 1.15 1.27 lAO
10 min. 0.62 0.72 0.87 1.00 1.14 1.26 1.39
15 min. 0.62 0.72 0.87 1.00 1.15 1.26 1.39
30 min. 0.62 0.72 0.87 1.00 1.14 1.26' 1.39
60 min. 0.60 0.72 0.90 1.00 1.16 1.27 lAO

2 hrs. 0.61 . 0.70 0.85 1.00 1.13 1.24 1.38
3 hrs. 0.60 0.70 0.88 1.00 1.13 1.27 1.38
6 hrs. 0.60 0.69 0.88 1.00 1.15 1.29 lAO

12 hrs. 0.60 0.73 0.90 1.00 1.17 1.27 1.47
24 hrs. 0.55 0.67 0.83 1.00 1.11 1.28 1.39

Table D-4. "Ratios of various-frequency rainfall intensities to IO-year intensity for the same duration at
Detroit.

Return Period (Years)

Duration

1 2 5 10 25 50 100

5 min. 0.57 0.70 0.85 1.00 1.15 1.28 lAO
10 min. 0.56 0.71 0.87 1.00 1.13 1.27 lAO
15 min. 0.56 0.71 0.86 1.00 1.15 1.28 1.41
30 min. 0.57 0.71 0.87 1.00 1.15 1.28 1.41
60 min. 0.58 0.71 0.88 1.00 1.16 1.30 1.44

2hrs. 0.58 0.69 0.83 1.00 1.13 1.27 lAO
3 hrs. 0.60 0.73 0.87 1.00 1.19 1.29 1.42
6 hrs. 0.59 0.67 0.85 1.00 1.13 1.26 1.39

12 hrs. 0.59 0.67 0.85 1.00 1.11 1.22 1.41
24 hrs. 0.62 0.73 0.87 1.00 1.13 1.27 lAO
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Table D-5. Ratios of various-frequency rainfall intensities to 1(l·year. intensity for the same duration at
Philadelphia.

Return Period (Years)

Duration
--,._--~._-------_.~---~.~._~._--,---~,,'

2 5 10 25 50 IOU
....."._~----_ ..~~~"

5 min. 0.54- 0.71 0.88 1.00 1.20 1.36 1.53
lOmin. 0.54 0.72 0.88 1.00 1.19 1.35 1.53
15 min. 0.54 0.66 0.88 1.00 1.19 1.35 1.53
30 min. 0.54 0.68 0.88 1.00 1.19 l.3~ 1.52
60 min. 0.55 0.71 0.86 1.00 1.16 131 1.46

2 hIS. 0.55 0.67 0.86 1.00 1.14 1.30 1.49
3 hIS. 0.54 0.64 0.86 1.00 1..18 1.32 1.50
6 hrs. 0.50 0.67 0.86 1.00 1.19 1.35 1.51

12 hrs, 0.54 0.65 0.85 1.00 1.12 1.29 1,42
24 hrs, 0.57 0.70 0.87 1.00 1.13 1.33 1.50

Table D-6. Ratios of various-frequency rainfall intensities to H)-year intensity for the same duration at
San Francisco.

Return Period (Years)

Duration

2 5 10 2S 50 100

5 min. 0.56 0.66 0.83 1.00 1.09 1.28 1.39
10 min. 0.56 0.66 0.83 1.00 1.09 1.28 1.39
15 min. 0.56 0.66 0.83· 1.00 1.09 1.28 1.39
30 min. 0.56 0.66 0.83 1.00 1.09 1.28 1.39
60 min. 0.59 0.64 0.82 1.00 1.14 1.27 1.36

2 hrs. 0.57 0.67 0.87 1.00 1.17 1.24 1.47
3 hrs. 0.58 0.70 0.92 1.00 1.22 1.28 1.50

(6 hrs.) (0.76) (0.86) (l.OO) (1.14) (1.24) (1.38)
6 hrs. 0.65 0.70 0.91 1.00 1.17 1.26 1.41

12 hrs. 0.55 0.66 0.90 1.00 1.07 1.31 1.45
(24 hrs.) (0.70) (0.86) (1.00) (l.07) (1.21) (1.36)
24 hrs. 0.50 0.65 0.85 1.00 1.10 1.20 1.25

._-_.._.,->-~,-~----
Note: Numbers in parentheses are obtained from NOAA Atlas 2 (Miller et al., .\973).
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Table D-7. Ratios of various-frequency rainfall intensities to 10-year intensity for the same duration at
Boston.

Return Period (Years)

. Duration

2 5 10 25 50 100

5 min. 0.52 0.62 0.85 1.00 1.12 1.26 1.41
10 min. 0.54 0.64 0.86 1.00 1.15 1.29 1.45
15 min. 0.53 0.63 0.85 1.00 1.14 1.27 1.43
30 min. 0.53 0.64 0.86 1.00 1.15 1.29 1.45
60 min. 0.53 0.63 0.84 1.00 1.14 1.31 1.42

2 hrs. 0.52 0.64 0.82 1.00 1.14 1.27 1.43
3 hrs. 0.54 0.69 0.90. 1.00 1.16 1.31 1.45
6 hrs. 0.52 0.65 0.85 1.00 1.11 1.24 1.41

12 hrs. 0.56 0.66 0.88 1.00 1.19 1.25 1.44
24 hrs. 0.58 0.63 0.84 1.00 1.11 1.26 1.42

Table D-8. Ratios of various-frequency rainfall intensities to 10-year intensity for the same duration at
Washington, D. C.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 0.54 0.70 0.86 1.00 1.18 1.34 1.55
10 min. 0.55 0.69 0.85 1.00 1.19 1.34 1.56
15 min. 0.55 0.69 .0.86 1.00 1.18 1.34 1.55
30 min. 0.55 0.69 0.86 1.00 1.19 1.34 1.56
60 min. 0.54 0.68 0.84 1.00 1.17 1.31 1.52

2 hrs. 0.54 0.66 0.84 1.00 1.16 1.32 1.52
3 hrs. 0.54 0.63 0.81 1.00 1.15 1.36 1.51
6 hrs. 0.52 0.69 0.81 1.00 1.12 1.30 1.52

12 hrs. 0.51 0.64 0.82 1.00 1.15 1.28 1.54
24 hrs. 0.50 0.64 0.82 1.00 1.14 1.27 1.55
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Table 0-10. Ratios of various-frequency rainfall intensities to lO-year intensity for the same duration at
St. Louis.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 0.61 0.72 0.88 1.00 1.14 1.25 1.38
10 min. 0.61 0.71 0.88 1.00 1.13 1.25 1.37
15 min. 0.61 0.71 0.87 1.00 1.13 1.25 1.38
30 min. 0.61 0.71 0.87 1.00 1.13 1.25 1.37
60 min. 0.60 0.71 0.88 1.00 1.15 1.27 1.41

2 hrs. 0.62 0.71 0.88 1.00 1.15 1.28 1.42
3 hrs. 0.59 0.69 0.87 1.00 1.11 1.23 1.35
6 hrs. 0.60 0.72 0.89 1.00 1.16 1.26 1.40

12 hrs. 0.59 0.71 0.88 1.00 1.12 1.24 1.41
24 hrs. 0.58 0.74 0.89 1.00 1.16 1.26 1.42
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Table D-ll. Ratios of various-frequency rainfall intensities to IO-yearintensity for the same duration at
Pittsburg.

Return Period (Years)
Duration

2 5 10 25 50 100

5 min. 0.55 0.64 0.87 1.00 1.15 1.30 1.42
10 min. 0.54 0.65 0.86 1.00 1.17 1.31 1.43
15 min. 0.55 0.66 0.87 1.00 1.18 1.31 1.44
30 min. 0.55 0.65 0.87 1.00 1.17 1.31 1.44
60 min. . 0.55 0.65 0.88 1.00 1.17 1.32 1.43

2hrs. 0.54 0.64 0.84 1.00 1.10 1.28 1.39
3 hrs. 0.54 0.68 0.83 1.00 1.16 1.23 1.41
6 hrs. 0.61 0.72 0.87 1.00 1.22 1.30 1.43

12 hrs. 0.57 0.68 0.86 1.00 1.18 1.25 1.43
24 hrs. 0.59 0.69 0.88 1.00 1.19 1.25 1.38

Table D-12. Ratios of various-frequency rainfall intensities to lO-year intensity for the same duration at
Baltimore.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 0.54 0.68 0.90 1.00 1.19 1.34 1.49
10 min. 0.56 0.68 0.90 1.00 1.20 1.36 1.50
15 min. 0.55 0.67 0.90 1.00 1.20 1.35 1.49
30 min. 0.55 0.68 0.90 1.00 1.20 1.35 1.50
60 min. 0.55 0.67 0.87 1.00 1.13 1.27 1.46

2 hrs. 0.54 0.65 0.83 1.00 1.15 1.45 1.60
3 hrs. 0.55 0.66 0.84 1.00 1.17 1.36 1.49
6 hrs. 0.57 0.67 0.84 1.00 1.13 1.33 1.43

12 hrs. 0.53 0.67 0.83 1.00 1.17 1.31 1.44
24 hrs. 0.52 0.62 0.86 1.00 1.14 1.29 1.43
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Table 0-13. Ratios of various-frequency rainfall intensities to Hl-year intensity for the same duration at
Minneapolis.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 0.54 0.66 0.85 1.00 1.13 1.26 1.44
10 min. 0.54 0.66 0.86 1.00 1.14 1.27 1.44
15 min. 0.54 0.66 0.86 1.00 1.14 1.28 1.44
30 min. 0.54 0.66 0.86 1.00 1.14 1.27 1.44
60 min. 0.55 0.67 0.86 1.00 1.15 1.30 1.43

2 hrs. 0.55 0.67 0.85 1.00 1.10 1.28 1.43
3 hrs, 0.56 0.67 0.85 1.00 1.16 1.30 1.47
6 hrs. 0.54 0.65 0.85 1.00 1.12 1.31 1.42

12 hrs. 0.53 0.67 0.90 1.00 1.17 1.30 1.43
24 hrs. 0.58 0.65 0.88 1.00 1.18 1.29 1.47

Table D-14. Ratios of various-frequency rainfall intensities to Hl-year intensity for the same duration at
Miami.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 0.64 0.74 0.89 1.00 1.12 1.24 1.36
10 nun. 0.64 0.74 0.89 1.00 1.12 1.24 1.36
15 min. 0.63 0.74 0.92 1.00 1.12 1.23 1.36
30 min. 0.63 0.74 0.88 1.00 1.12 1.24 1.36
60 min. 0.63 0.71 0.88 1.00 1.12 1.23 1.34
2 hrs. 0.58 0.70 0.87 1.00 1.13 1.26 1.41
3 hrs, 0.55 0.67 0.83 1.00 LIO 1.27 1.39
6 hrs. 0.54 0.66 0.83 1.00 1.16 1.30 1.42

12 hrs. 0.52 0.64 0.84 1.00 LI7 1.30 1.42
24 hrs. 0.59 0.71 0.82 1.00 Ll3 1.28 1.44
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Table D-15. Ratios of various-frequency rainfall intensities to 10-year intensity for the same duration at
Houston.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 0.59 0.70 0.88 1.00 1.14 1.20 1.37
10 min. 0.60 0.71 0.89 1.00 1.15 1.21 1.39
15 min. 0.60 0.71 0.89 1.00 1.15 1.22 1.39
30 min. . 0.60 0.71 0.89 1.00 1.15 1.22 1.39
60 min. 0.59 0.70 0.86 1.00 1.12 1.21 1.36

2 hrs. 0.58 0.70 0.86 1.00 1.13 1.27 1.40
3 hrs. 0.57 0.69 0.88 1.00 1.12 1.18 1.39
6 hrs. 0.51 0.64 0.89 1.00 1.16 1.21 1.41

12 hrs. 0.48 0.62 0.83 1.00 1.12 1.27 1.42
24 hrs. 0.55 0.71 0.87 . 1.00 1.19 1.29 1.48
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Table D-17. Ratios of various-frequency rainfall intensities to HI-year intensity for the same duration at
Cincinnati.

"--~'--~-~'~~'-"
"~~__' __~.T__V_~•.~

Return Period (Years)

Duration --------_. --_._._-~"~,,.~._--,------~_.~
2 5 10 25 50 lOG

___v_,_____

5 min. 0.58 0.70 0.86 1.00 1.16 1.28 1.42
10 min. 0.57 0.70 0.87 1.00 1.15 1.27 1.41
15 min. 0.56 0.69 0.86 LOa 1.14 1.26 lAO
30 min. 0.57 0.69 0.86 1.00 1.15 1.26' 1.41
60 min. 0.57 0.68 0.86 1.00 1.14 1.28 139

2 hI'S. 0.60 0.68 0.87 1.00 1.13 1.26 1.39
3 hrs. 0.59 0.69 0.86 1.00 1.18 1.27 1.40
6 hrs. 0.59 0.69 0.86 1.00 1.14 1.27 1.35

12 hrs. 0.60 0.70 0.87 1.00 1.13 1.23 lAO
24 hrs. 0.58 0.71 0.88 1.00 1.18 1.24 1.35

Table D-18. Ratios of various-frequency rainfall intensities to Ifl-year intensity for the same duration at
Milwaukee.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 0.63 0.73 0.89 1.00 1.14 1.27 1.39
10 min. 0.61 0.72 0.89 1.00 1.13 1.25 1.39
15 min. 0.61 0.72 0.89 1.00 1.14 1.27 1.40
30 min. 0.62 0.72 0.89. 1.00 1.13 1.26 1.39
60 min. 0.63 0.73 0.90 1.00 1.15 1.25 1.41

2 hrs. 0.61 0.70 0.86 1.00 1.12 1.23 1.36
3 hrs. 0.63 0.70 0.88 1.00 1.14 1.25 1.41
6 hI'S. 0.59 0.67 0.86 1.00 1.14 1.29 1.39

12 hrs. 0.57 0.71 0.89 1.00 1.17 1.29 1.43
24 hrs. 0.61 0.69 0.88 1.00 1.18 1.31 1.43
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Table 0-19. Ratios of various-frequency rainfall intensities to 10-year intensity for the same duration at
San Diego.

Return Period (Years)

Duration-

2 5 10 25 50 100

5 min. 0.38 0.57 0.80 1.00 1.20 1.37 1.53
10 min. 0.39 0.57 0.80 1.00 1.20 1.37 1.54
15 min. 0.38 0.57 0.81 1.00 1.21 1.36 1.55
30 min. 0.39 0.57 0.81 1.00 1.21 1.38 1.56
60 min. 0.38 0.57 0.81 1.00 1.19 1.37 1.53

2 hrs. 0040 0.52 0.75 1.00 1.17 1.32 ' 1048
3 hrs. 0040 0.53 0.79 1.00 1.15 1.32 1.55
6 hrs. 0.39 . 0.55 0.81 1.00 1.19 1.42 1.61

12 hrs. 0.44 0.65 0.88 1.00 1.29 1.47 1.70
24 hrs, 0.38 0.65 0.75 1.00 1.18 1.36 lAS

Table 0-20: Ratios of various-frequency rainfall intensities to 10-year intensity for the same duration at
Dallas.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 0.55 0.66 0.88 1.00 1.15 1.31 1.43
10min. 0.54 0.65 0.87 1.00 1.15 1.30 1.43
15 min. 0.55 0.66 0.87 1.00 1.15 1.31 1.43
30 min. 0.55 0.66 0.87 1.00 1.17 1.31 1.43
60 min. 0.55 0.66 0.88 1.00 1.17 1.32 1.46
2 hrs. 0.52 0.64 0.85 1.00 1.17 1.31 lAS
3 hrs. 0.51 0.64 0.85 1.00 1.17 1.32 1.46
6 hrs. 0.52 0.65 0.86 1.00 1.19 1.34 1.51

12 hrs. 0048 0.63 0.83 1.00 1.17 1.31 1048
24 hrs. 0.50 0.61 0.82 1.00 1.14 1.32 1.46
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Table D-21. Ratios of various-frequency rainfall intensities to to-year intensity for the same duration at
Atlanta.

Return Period (Years)

. Duration _._________L __~.~__·_·~____•___••

2 5 10 25 50 100

-~_._--......_....__..•__._,~.-

5 min. 0.63 0.72 0.89 1.00 1.12 1.25 1.37
10 min. 0.63 0.73 0.89 l.00 1.13 1.26 1.37
15 min. 0.63 0.72 0.89 1.00 1.12 1.26 1.36
30 min. 0.63 0.72 0.89 1.00 lJ2 1.25 1.36
60 min. 0.62 0.71 0.88 1.00 1.12 1.24 1.37

2 hrs. 0.60 0.70 0.86 1.00 1.15 1.23 1.38
3 hrs. 0.61 0.69 0.88 1.00 1.14 1.26 1.40
6 hrs, 0.56 0.68 0.89 1.00 1.11 1.30 1.38

12 hrs. 0.59 0.68 0.88 1.00 1.17 1.34 1.41
24 hrs. 0.58 0.67 0.88 1.00 1.17 1.38 1.42

Table D-22.. Ratios of various-frequency rainfall intensities to H)-year intensity for the same duration at
Kansas City.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 0.59 0.68 0.86 1.00 1.16 1.28 1.45
10 min. 0.58 0.67 0.86 1.00 1.15 US 1.43
15 min. 0.59 0.67 0.86 1.00 1.15 1.28 1.43
30 min. 0.58 0.67 0.87 1.00 1.15 1.28 1.43
60 min. 0.58 0.66 0.85 1.00 1.15 1.28 1.42

2 hrs. 0.57 0.68 0.86 1.00 1.14 1.28 1.43
3 hrs. 0.56 0.66 0.86 1.00 1.14 1.28 1.42
6 hrs. 0.56 0.67 0.86 1.00 1.09 1.30 1.45

12 hrs. 0.53 0.65 0.83 1.00 1.13 1.28 1.43
24 hrs. 0.55 0.68 0.86 1.00 1.18 1.32 1.50
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Table D-24..Ratios of various-frequency rainfall intensities to 10-year intensity fo~ the same duration at
Helena.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 0.40 0.53 0.77 1.00 1.07 1.30 1.57
10 min. 0.41 0.54 0.78 1.00 1.13 1.30 1.57
15 min. 0.41 0.55 ·0.78 1.00 1.14 1.31 1.57
30 min. 0.41 0.55 0.79 1.00 1.15 1.31 1.59
60 min. 0.41 0.59 0.81 1.00 1.21 1.38 LSO

2 hrs. 0.43 0.57 0.83 1.00 1.19 1.35 1.43
3 hrs. 0.47 0.60 0.82 1.00 1.16 1.33 1.60

(6 hrs.) (0.67) (0.89) (1.00) (1.28) (1.39) (1.56)
6 hrs. 0.48 0.67 0.85 1.00 1.19 1.37 1.52

12 hrs. 0.55 0.69 0.81 1.00 1.19 1.38 1.50
(24 hrs.) (0.68) (0.88) (1.00) (1.24) (1.38) (1.50)
24 hrs. 0.52 0.68 0.82 1.00 1.16 1.37 1.47

Note: Numbers in parentheses are obtained from NOAA Atlas 2 (Miller et al., 1973).
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Note: Numbers in parentheses are obtained from NOAAAtlas 2 (Miller et al., 1973).

Table D-26. Ratios ofvarious-frequency rainfall intensities to1o-yearintensity for the same duration at
Denver;

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 0.40 0.53 0.79 1.00 1.19 1.37 1.51
10 min. 0.39 0.54 0.78 1.00 1.16 1.36 1.48
15 min. 0.38 0.54 0.79 1.00 1.19 1.37 1.50
30 min. 0.38 0.54 0.78 1.00 1.17 1.37 1.50
60 min. 0.42 0.55 0.81 1.00 1.15 1.29 1.50
2 hrs. 0.44 0.62 0.85 1.00 1.15 1.40 1.59
3 hrs. 0.45 0.58 0.80 1.00 1.17 1.33 1.53

(6 hrs.) (0.65) (0.89) (1.00) (1.30) (1.43) (1.59)
6 hrs. 0.49 0.63 0.80 1.00 1.23 1.31 1.51

12 hrs. 0.51 0.68 0.84 1.00 1.21 1.42 1.63
(24 hrs.) (0.67) (0.85) (1.00) (1.23) (1.38) (1.62)
24 hrs. 0.46 0.58 0.78 1.00 1.08 1.25 1.42

Note: Numbers in parentheses are obtained froml'lOAA Atlas 2 (Miller et al., 1973).
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Table D-28. Ratios of various-frequency rainfall intensities to to-year intensity for the same duration at
Boise.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 0.44 0.52 0.94 1.00 1.18 1.29 1.53
10 min. 0.42 0.54 0.96 1.00 1.19 1.31 1.54
15 min. 0.44 0.53 0.97 1.00 1.25 1.34 1.56
30 min. 0.44 0.53 0.95 1.00 1.22 1.33 1.55
60 min. 0.41 0.57 0.83 1.00 1.17 1.38 1.43

2 hrs. 0.43 0.57 0.84 1.00 1.14 1.22 1.35
3 hrs. 0.52 0.63 0.93 1.00 1.22 1.41 1.70

(6 hrs.) (0.65) (0.85) (1.00) (1.15) (1.25) (1.45)
6 hrs. 0.62 0.67 0.86 1.00 1.19 1.24 t.48

12 hrs. 0.54 0.59 0.86 1.00 1.07 1.21 1.36
(24 hrs.) (0.62) (0.85) (1.00) (1.20) (1.39) (1.52)
24 hrs. 0.57 0.76 0.86 1.00 1.10 1.20 1.33

Note: Numbers in parentheses are obtained from NOAA Atlas 2 (Miller et al., 1973).
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Tab!eD-29. Ratios of various-frequency rainfall intensities to Ifl-yeardntensity for the same duration u~

Salt.Lake City. '

Table D-30.' Ratios of various..frequency rainfall intensities to IO-year intensity for the same duration at
Carson City.

Return Period (Years)

Duration
I

2 5 10 25 50 100

5 min. 0.42 0.59 0.86 1.00 1.18 1.41 1.55
10 min. 0.41 0.59 0.85 1.00 1.18 1.41 1.56
15 min. 0.42 0.58 0.84 1.00 1.16 1.42 1.56
30 min. 0.42 0.58 0.83 1.00 1.17 1.42 1.55
60 min. 0.39 0.53 0.79 1.00 1.07 1.32 1.57

2 hrs. 0.42 0,60 0.80 1.00 1.30 1.38 1.50
3 hrs. 0.46 0.63 0.80 1.00 1.17 1.29 1.44

(6 hrs.) (0.71) (0.86) (1.00) (1.04) (1.43) (1.61)
6 hrs. 0.45 0.59 0.79 1.00 1.14 1.41 1.48

12 hrs. 0.46 0.55 0.80 1.00 1.05 1.20 1.25
(24 hrs.) (0.79) (0.89) (1.00) (1.18) (1.36) (1.64)
24 hrs. 0.50 0.62 0.85 1.00 1.09 1.18 1.36

Note: Numbers in parentheses are obtained from NOAA Atlas 2 (Miller et al., 1973).
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TableD-31. Ratios of various-frequency rainfall intensities to lO-year intensity for the same duration at
Phoenix.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 0.48 0.59 0.82 1.00 . 1.16 1.34 1.55
10 min. 0.48 0.62 0.82 1.00 1.18 1.36 1.57
IS min. 0.47 0.60 0.81 1.00 1.18 1.35 1.56
30 min. 0.47 0.60 0.81 1.00 1.18 1.36 1.57
60 min. 0.44 0.59 0.80 1.00 1.14 1.28 1.48

2 hrs. 0.48 0.60 0.86 1.00 1.24 1.39 1.56
3 hrs. 0.42 0.58 0.80 1.00 1.11 1.30 ' 1.45

(6 hrs.) (0.61) (0.85) (1.00) (1.27) (1.45) (1.61)
6 hrs. 0.47 .0.61 0.84 1.00 1.21 1.45 1.63

12 hrs. 0.43 0.61 0.83 1.00 1.17 1.35 1.57
(24 hrs.) (0.53) (0.15) (1.00) (1.18) (1.36) (1.64)
24 hrs. 0.44 0.55 0.85 1.00 1.23 1.38 1.54

Note: Numbers in parentheses are obtained from NOAA Atlas 2 (Miller et al., 1973).

Table D-32. Ratios ofvarious-frequency rainfall intensities to lO-year intensity for the same duration at
Olympia.

Return Period (Years)

Duration

I 2 5 10 25 50 100

5 min. 0.59 0.73 0.86 1.00 1.09 1.18 1.36
10 min. 0.62 0.71 0.85 1.00 1.09 1.18 1.35
15 min. 0.60 0.70 0.84 1.00 1.09 1.16 1.35
30 min. 0.60 0.70 0.83 1.00 1.08 1.17 1.33
60 min. 0.57 0.72 0.85 1.00 1.13 1.24 1.33

2 hrs. 0.61 0.71 0.88 1.00 1.23 1.34 1.57
3 hrs. 0.64 0.66 0.90 1.00 1.16 1.24 1.48
6 hrs. 0.54 0.70 0.87 1.00 1.04 1.09 1.39

12 hrs. 0.65 0.74 0.81 1.00 1.06 1.19 1.35
24 hrs. 0.71 0.76 0.94 1.00 1.08 1.41 1.47
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Table D-33. Ratios of various-frequency rainfall. intensities to 10·yem: intensity for thee sameduratton d
Salem.

-----"'_.,._,..~_._,-~.,-.~'"
~,,-~-~-_._,_.,"

Return Period (Years)

Duration
._~.~~--~'_'-~~~-~-'~-'~-_'_"'.,~~,..--~~~,-,- ._-.",----- .._--,~.~-...-,--.-.,' .._.',.."

2 5 10 . 25 50 100
_.___._._~._'___--'__ '~J••" ___~_"~_"~

5 min. 0.48 0.63 0.81 1.00 1.15 1.31 1.46
10 min. 0.48 0.63 0.80 1.00 1.15 1.30 1.48
15 min. 0.48 0.64 0.80 1.00 1.16 1.32 1.50
30 min. 0.53 0.68 0.80 1.00 1.14 1.30 1.49
60 min. 0.48 0.63 0.82 1.00 1.16 1.34 1.45

2 MS. 0.45 0.67 0.75 1.00 1.12 1.27 1.39
3 MS. 0.52 0.62 0.78 1.00 1.07 1.28 1.35

(6 hrs.) (0.70) (0.85) (1.00) (1.11) (1.22) (1.37)
6 hrs. 0.50 0.67 0.93 1.00 1.09 1.35 1.43

12 MS. 0.52 0.71 0.77 1.00 1.07 1.29 1.33
(24 hrs.) (0.73) (0.87) (1.00) (1.07) (1.20) (1.27)
24 hrs. 0.50 0.55 0.73 1.00 1.05 1.10 1.15

Note: Numbers in parentheses are obtained from NOAA Atlas 2 (Miller et at, 1973).

Table D-34. Ratios of various-frequency rainfall intensities to to-year intensity for the same duration at
Sacramento.

Return Period (Years)

Duration

2 5 10 25 50 100

5 min. 0.56 0.70 0.85 1.00 1.11 1.26 1.41
lOmin. 0.55 0.71 0.83 1.00 1.12 1.26 1.40
15 min. 0.55 0.70 0.83 1.00 1.11 1.26 1.40
30 min. 0.55 0.71 0.84 1.00 1.12 1.27 1.41
60 min. 0.53 0.65 0.79 1.00 1.14 1.31 1.40

2 hrs. 0.56 0.63 0.79 1.00 1.11 1.17 1.40
3 MS. 0.54 0.66 0.84 1.00 1.16 1.26 1.34

(6 hrs.) (0.68) (0.89) (1.00) (1.18) (1.36) (1.50)
6 hrs, 0.58 0.66 0.84 1.00 1.13 1.32 1.37

12 hrs. 0.56 0.68 0.84 1.00 1.16 1.28 1.32
(24 hrs.) (0.68) (0.83) (1.00) (1.17) (1.33) (1.50)
24 hrs. 0.59 0.69 0,88 1.00 1.06 1.31 1.44

~.•-.~.~_....._~.•",~..,....=--<

Note: Numbers in parentheses are obtained from NOAA Atlas 2 (Miller et al., 1973),

lA6



Appendix E

Standard Rainstorm Parameters of 23 Major,
Cities in the United States and 11

Capitals of the Western States

The 23 major cities and 11 western state capitals selected for

this st.udy are:

Table No. City, State Name Location

E-l New York, New York ° 74.0
oW.

40.4 N.,
° °E-2 Los Angeles, California 34.1 N., 118.3 W.
° 87.7°W.E-3 Chicago, Illinois 41.8 N.,
° 83.1 0W.

E-4 Detroit, Michigan 42.4 N.,
° 75.2oW.

E-5 Philadelphia, Pennsylvania 35.9 N.,
° 122.50W.

E-6 San Francisco, California 37.8 N.,
° 71.1°W.E-7 Boston, Massachusetts 42.3N.,
° 77.00W.E-8 Washington, D.C. 38.5 N. ,

Cleveland, Ohio ° 81.7oW.
E-9 41.5 N.,

° 89.60W.E-l0 St. Louis, Missouri 40.0 N.,
E-ll Pittsburg, Pennsylvania ° 80.00W.40.5 N. ,

° 76.4°W.E-t2 Baltimore, Maryland 39.2 N.,
° 93.20W.E-13 Minneapolis, Minnesota 45.0 N.,
° 80.2°W.E-14 Miami, Florida 25.7 N.,
° 95.2oW.E-15 Houston, Texas 29.5 N.,

E-16 Buffalo, New York ° 78.50W.42.5 N.,
° 34.3OW.E-17 Cincinnati, Ohio 39.1 N.,

E-18 Milwaukee, Wisconsin ° 87.5OW.43.0 N.,
° 117. lOW.E-19 San Diego, California 32.4 N.,
° 96.5OW.E-20 Dallas, Texas 32.4 N.,
° 84.20W.E-21 Atlanta, Georgia 33.5N.,
° 94.4°W.E-22 Kansas City, Missouri 39.0 N.,

E-23 Seattle, Washington ° 122.3OW.47.6 N.,
° 112.0oW.

E-24 Helena, Montana 46.7 N.,
° 104.8oW.E-25 Cheyenne, Wyoming 41.2N.,
° 105.00W.E-26 Denver, Colorado 39.8 N.,
° 105.90W.

E-27 Santa Fe, New Mexico 35.5 N.,
° 116. 30W.

E-28 Boise, Idaho 43.6 N.,
° 111.90W.

E-29 Salt Lake City, Utah 40.8 N.,
° °E-30 Carson City, Nevada 39.1 oN., 119.8 W.

E-31 Phoenix, Arizona 33.4 N., 112.1 oW.
° 122.90W.

E-32 Olympia, Washington 47.1 N.,
° 123.0oW.

E-33 Salem, Oregon 44.9 N.,
° 121.60W.

E-34 Sacramento, California 38.5 N.,
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The values of the standard storm parameters for various return per'"

iods are calculated from the corresponding standard inte~sity-duration

relationships listed in Appendix C. The optimization technique described

iLl connection with Eq. 22 was applied to 10 duration values for each return

period to obtain the a1, b l' and c1 values. The values of' b 1 and c1 so

obtained are nearly constant for various return periods at each station

studied.
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Table &1. Storm parameter values for various frequencies at New York computed from the corresponding
standard intensity-duration relationships in Appendix C.

Table &2. Storm parameter values for various frequencies at Los Angeles computed from the corresponding
standard intensity-duration relationships in Appendix C.

Table E-3. Storm parameter values for various frequencies at Chicago computed from the corresponding
standard intensity-duration relationships in Appendix C.
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Table EA. Storm parameter values for various frequencies at Detroit computed hom the c<Oj~r"";fl"}i,(iili:g

standard intensity-duration relationships in Appendix C.

..._---"'----

Rainstorm
Parameters

Return Period (Years)

2 5 10 25 50 1.00

----_. -----------_._~---_..._._._._--_._--_.__._-------------_._-~ .._-------_......-

28.634
9.727

.795

31.682
9.922

.818

32.336
10.430

.825

31.551
9.883

.815

33.865
10.898

.830

33.1 01
10.508

.827

31.605
10.430

.817

._------_._--------_._-..._...__.__.__..~..-.-.._------.---....--.------_•..._..

Table B·S. Storm parameter values for various frequencies-at Philadelphia computed from the corresponding
standard intensity-duration relationships in Appendix C.

.-__~..__._~ ._~__·_. ~r__~-~ ~~_.

Rainstorm
Parameters

18.871
5.977

.711

2

18.409
5.293

.709

5

21.143
6.816

.723

Return Period (Years)

10

20,285
6.855

.714

25

23.691
7.793

.745

50

21.083
6.426

.722

100

22.039
6.816

.728

Table E·6. Storm parameter'Values for various frequencies at San Francisco computed from the corresponding
standard intensity-duration relationships in Appendix C.

Rainstorm
Parameters

2 5

Return Period (Years)

10 25 50 100

12.401
3.672

.594

11.140
1.626

.560

10.690
1.543

.549

150

11.105
1.714

.569

11.081
2.451

.568

11.370
1.812

.575

12.187
2.568

.580



Table E-7. Storm parameter values for various frequencies at Boston computed from the corresponding
standard intensity-duration relationships in Appendix C.

Table E-8. Storm parameter values for various frequencies at Washington, D. C. computed from the
corresponding standard intensity-duration relationships in Appendix C.

Table E-9. Storm parameter values for various frequencies at Cleveland computed from the corresponding
standard intensity-<luration relationships in Appendix C.
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Table E-I0. Storm parameter values for various frequencies at St. Lollis computed from the corresponding
standard intensity-duration relationships in Appendix Co

Return Period (Years)
Rainstorm
Parameters

32.442
10.078

.817

2

26.954
8.320

.781

5

28.247
9.102

.789

10

28.838
9.102

.794

25

29.099
9.375

.797

50 100

30.527 27.700
9.883 9.141

.806 .788

Table £-11. Storm parameter values for various frequencies at Pittsburg computed from the corresponding
standard intensity-duration relationships in Appendix C.

Rainstorm
Parameters

Return Period (Years)

._----_._---------_.-.._._-----_._---•._--_.
2·

_._-----------_.-.__ ..._--
5 10 25 50 100

25.660
8.320

.767

27.575
9.336

.780

27.471
8.633

.791

29.124
9.414

.794

27.572
8.945

.785

30.404
9.609

.808

30.168
9.766

.801

..._---_._---_._- ----------

Table £-12. Storm parameter values for various frequencies lit Baltimore computed from the corresponding
standard intensity..duration relationships in Appendix C.

============----~-------_..--
Rainstorm
Parameters

Return Period (Years)

1 2 5 10 25 50 100

--_._----~ ---.......,--_.-~'"

3,1 31.512 31.867 29.640 28.625 30.378 34.547 33.456
hI 10.898 10.586 9.023 9.727 9.258 11.289 11.289
c 1 .811 .817 .807 .797 .806 .820 .820

--------------_...._---_._----_.._..__.._._-_._......__..__ .._..._...-..._-----_._---_._----_.
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Table E-B. Storm parameter values for various frequencies at Minneapolis computed from the corresponding
standard intensity-duration relationships in Appendix C.

Table E-14. Storm parameter. values for various frequencies at Miami computed from the corresponding
standard intensity-duration relationships in Appendix C.

Table E-IS. Storm parameter values for various frequencies at Houston computed from the corresponding
standard intensity-duration relationships in Appendix C.
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Table E-16. Storm parameter values for various frequencies at Buffalo computed from the corresponding
standard intensity-duration relationships in Appendix C.

Table £-17. Storm parameter values for various frequencies at Cincinnati computed from the corresponding
standard intensity-duration relationships in Appendix C.

Rainstorm
Return Period (Years)

Parameters
1 2 5 10 25 50 100

at 30.037 27.827 29.137 30.179 29.308 30.713 31.916
b i 9.883 8.477 9.258 9.727 9.336 9.961 9.961
c t .798 .787 .798 .804 .798 .809 .816

Table &18. Storm parameter values for various frequencies at Milwaukee computed from the corresponding
standard intensity-duration relationships in Appendix C.
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Table E-19. Storm parameter values for various frequencies at San Diego computed from the corresponding
standard intensity-duration relationships in Appendix C.

Table £-20. Storm parameter values for various frequencies at Dallas computed from the corresponding
standard intensity-duration relationships in Appendix C.

Table £-21. Storm parameter values for various frequencies at Atlanta computed from the corresponding
standard intensity-duration relationships in Appendix C.

Rainstorm
Parameters

Return Period (Years)

1 2 5 10 25 50 100

30.275 31.066 26.884 27.599 27.123 23.385 27.252
9.414 9.727 8.633 9.297 9.219 7.539 9.375

.809 .809 .780 .784 .778 .750 .779
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Table E-22. Storm parameter values for various frequencies at Kansas City computed from the corresponding
standard intensity-duration relationships in Appendix C. •

Table E-23. Storm parameter values for various frequencies at Seattle computed from the corresponding
standard intensity-duration relationships in Appendix C.

Rainstorm
Parameters

Return Period (Years)

1 2 5 10 25" 50 100

9.702 9.745 7.871 8.667 8.120 7.455 8.867
1.216 1.060 -.171 .107 .227 1.001 1.099

.518 .513 .469 .487 .480 .481 .514

Table E-24. Storm parameter values for various frequencies at Helena computed from the corresponding
standard intensity-duration relationships in Appendix C.
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Table E-25. Storm parameter values for various frequencies at Cheyenne computed from the corresponding
standard intensity-duration relationships in Appendix C.

Rainstorm
Return Period (Years)

Parameters
1 2 5 10 ~5 50 100

at . 33.759 35.470 36.300 34.595 38.519 37.672 35.510
b t 8.945 10.742 10.469 10.977 11.367 11.289 10.664
c t .826 .848 .853 .851 .865 .860 .846

Table E-26. Storm parameter values for various frequencies at Denver computed from the corresponding
standard intensity-duration relationships in Appendix C.

Table E-27. Storm parameter values for various frequencies at Santa Fe computed from the corresponding
standard intensity-duration relationships in Appendix C.

Rainstorm
Return Period (Years)

Parameters
1 2 5 10 25 50 100

at 23.149 29.640 31.098 30.077 33.002 31.311 31.205
b t 9.023 10.664 11.250 10.898 11.250 9.883 10.039
c t .761 .806 .808 .815 .826 .817 .810
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Table E-28. Storm parameter values for various frequencies at Boise computed from the corresponding
standard intensity-duration relationships in Appendix C.

Rainstorm
Parameters

Return Period (Years)

2 5 10 25 50 100

9.059 9.112 15.135 12.870 15.657 13.959 15.848
.381 1.484 2.129 2.939 4.453 4.160 3.818
.516 .538 .630 .616 .653 .642 .652

Table E-29. Storm parameter values for various frequencies at Salt Lake City computed from the
corresponding standard intensity-duration relationships in Appendix C.

Rainstorm
Parameters

Return Period (Years)

1 2 5 10 25 50 100

11.624 13.808 15.785 15.735 16.165 18.686 15.603
3.984 3.848 4.375 4.512 4.805 5.996 4.512

.583 .612 .653 .657 .661 .687 .657

Table E-30. Storm parameter values for various frequencies at Carson City computed from the
corresponding standard intensity-duration relationships in Appendix C.

Rainstorm
Parameters

Return Period (Years)

2 5 10 25 50 100

10.788 13.189 12.316 13.609 15.645 16.842 15.748
1.567 2.646 1.899 4.043 4.277 4.902 5.059

.553 .590 .593 .617 .629 .655 .656
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Table &31. Storm parameter values for various frequencies at Phoenix computed from the corresponding
standard intensity-duration relationships in Appendix C.

Table E-32. Storm parameter values for various frequencies at Olympia computed from the corresponding
standard intensity-duration relationships in Appendix C.

Table E-33. Storm parameter values for various frequencies at Salem computed from the corresponding
standard intensity-duration relationships ia Appendix C.

Rainstorm
Parameters

Return Period (Years)

2 5 10 25 50 100

7.463 8.596 7.909 7.590 8.200 8.649 9.561
-.359 .962 .210 -.261 .210 1.025 1.328
.457 .486 .481 .468 .492 .502 .521

159



Table &34. Storm parameter values forvarious frequencies at Sacramento computed from the corresponding
standard intensity-duration relationships in Appendix C.

160
GPO 910-500






