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INTRODUCTION
MHistoricnl review

Uil about 1953, ec ic und enginecering design requiring rain-
full frequency dutn was basod lugely on Yarnell’s paper {1} which
contuins a serics of generalized mapa for several combinations of
durations and retorn pariods.  Yarueli's mape are based on duta
from sbout 200 first-order Weather Buresu stations which main-
tnined complete recording-gage records.  Tn 1940, about § years
after Yarucll's paper was published, a hydrologie nctwork of record-
ing gages was installed Lo supplement both the Weather Burenu
reconding gages wnd the relatively lurger number of nonrecording
gages.  The additional recording gnges have snbsequently increased
the amount of short-duration duta by & factor of 20.

Weather Burcau Technical Paper Na. 24, Pusts | and I 2], pre-
puted for the Corps of Engineers in councction with their military

constriction program, rontuined the first studies covering an ex-.

tended wren which exploited the bydrologic network duta. The
results of this work showed the importance of the additional dats in
defining the short-duration rainfull frequency regime in themoun-
tainous regions of the West.  In many instances, the differencea
between Techuical Paper No. 2§ und Yuruell rench  fuctor of three,
with the foriner generally being lurger.  Relationships developed wnd
kinowledge gained from these studics in the United States were then
usedd to prepare similar reports for the coastal regions of North
Africn (3] und severnl Arctic regions (4] where recording-gage dats
were Incking.

Cauperation between the Weather Bureun and the Sail Conserva-
tion Service began in 1955 for the purpose of defining the depth-
wien durntion-frequency regime in the United Stutes. Techaical
Paper No. 25 (5], winchi was partly u by-product of provious work
performed for the Corps of Engincers, was the firt paper published
undder the sponsorship of the Soil Conservation Service,  This paper

« coutains u series of rainfull intensity-duration-frequency curves for
first-order Weather Burcau stations.  This was followed by

o canical Paper No. 28 (5], which is un expunsion of Techuical Paper
No. 24 to longer return periods sad durstions.  Next to be published

. were the five parts of the Technical Paper No. 29 series {7], which cover

the region east of 90° W, lucluded in this sevies ure seasonul varia-
Vion an 4 feequency bnsis sud arcazdepth curves so that the point
frequency vulies can be transformed to aresl frequency.  Except
for the region between 90° W. aud 105° W, the contiguous United
Seutes has been covered by gencralized ruinfull frequency studies
prepuced by the Weather Bureau since 1953,

General approach

The approach followed in the present study is bagically that
utilized in (6] and [7). 1o theso referonces, simplified duration and
return-period relationships and several key maps were used to deier-
mine additional combinations of return periods and durations.  In
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this study, four key maps provided the basic dsta for these two
relutionships which were programimed to permit digital computer
computations for a 3500-point grid on each of 456 additional maps.

PART I: ANALYSES

Basic data

+'ypes of duta.—The duta used in this study are divided into three
categories.  Firat, there ure the recordingguge duta from the long-
record first-order Weather Buread stations. There are 200 such
stutions with records long enough to provide adequate results within
the runge of return periods of this puper. Theso data are for the
n-minute period containing the maxi infall. S d, there
are the recording-guge duta of the hydrologic network which sre
publishied for clock-hour intesvals. These data woro processed for
the 24 consecutive clock-hour intervals containing the maximum
rainfull-- not calendar-duy. Finally, there is the very large amount
of nonvecording-gage dutn with observations made once duily.  Ulse
wus made of these dutu to help define both the 24-hour ruinfull
regime and also the shorter duration regimes through spplications of
empirical relutionships.

Stativn data.—The sources of duta are indicated in tablo 1. The
duta from the 200 long-record Weather Burcau stutions were used to
develop mout of the relationships which will be doscribed luter.  Long
records from wore than 1600 stations were analyzed to define the
relutionships for the rarer frequencies (return periods), and utatistics
froms short portions of the record from about 5000 stations were used
a3 an nid in defining the regional puttern for the 2-year rcturn period.
Several thousund additional stations were comsidered but not plotted
where the station density was sdjudged to bo adequate.

Period and length of record.-—The nonrecording short-rocord data
were compiled for the period 1038-1057 and long-record duta from
the earlieat year available through 1957, The rocordinggage data
cover the period 1040-1858. Data from the long-record Weather
Burenu stations were processed through 1958, No record of less
than five years was used to esiimato the 2-year values.

Tanrx L. —Svurces of point rainfall datn

No. of Average Relorence
Dueation slations beugth of Neot
rocord (yr.)

- Lo 24-| 200 48 4,9, 10
Hourly . ..__. 2081 1 1,13
Daily (recording).- . . 1350 16 1,12
Daily (nonrecording) .. 3400 15 ]
Daity (nonsceording) - ... .- - 1428 41 13

US. w
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Clock-hour wa. 60-minute and observational-day ve. 14{0-minute
rainfall.—In order to exploit the clock-hour and obeorvational-day
data, it was noceseary to determine their relationship to the 60-
minuto and 1440-minute periods containing the maximum rainfall,
It was found that 1.13 times a rainfall value for a particular return
period based on & series of annua) maximum clock-hiour rainfalls
waus equivalont to the amount for the wame retum period obisined
from a series of 60-minute rainfulls. By coincidence, it was found
that the sume factor can be used to transform obsorvativnal-day
amourits to correaponding 1440-minute return-period amounts. The
equation, n-year 1440-minute rainfall (or 60 te) equals 1.13
times n-year ohservational-day (or clock-hour) rainfall, is not built
on a causal relationship. This is an average index relationship
because the distributions of 80-minuto and 1440-minute rainfall are
very irregular or unpredictuble during their respective time inter-
vals. Ju addition, the snnusl maxima from the two series for the
same yeur from corresponding durations do not neccsparily comne
{rom the yame storm.  Graphical comparisous of these data are pre-
sented in figure 1, which shows very good agreement.

24 conseculive clock-hour rainfall ve. 1440-minute rainfall—The
recording-guge dats were collected from published sources for the
24 consccutive clock-hours containing the maximwin rainfall.  Be-

cause of the arbitrary beginning and ending on the hour, » series
of these data provides statistics which are slightly smaller in mag-
nitude than those from the 1440-minute series. The average bias
was found to be approximately one percent. Al such duta in this
paper have been adjusted Ly this factor.

Station exposure.—In refined analysis of mean snnusl und mean
sonsonal ruinfall data it ie y to evaluate station exp
by methods such as doublo-mass curve analysis {14]. Such methods
do not appear 1o apply to extreme values. KExcept for soms sub-
jective selections (particularly for long recoris) of atations that have
had consistent exposurce, no attempt has been made to adjust rain-
fall values to a standard exposure. The effects of varying sxposure
are implicitly included in the areal smmpling error and are probubly
averaged out in the process of smoothing the isopluvial lines.

Rain or snow.—The term rainfall has heen used in reforence to
all durations even though some snow as well as rain is included in
some of the smaller 24-hour amouants for the high-elovation stationa.
Comparison of arrays of all ranking snow events with those known
to have only rain has shown trivial differencea in the frequency
rolutions for several high-clevstion stations tested. The heavior
(rarer Irequency) 24-hour events and all short-duration events con-
sist entirvely of rain.
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Ducution analysis

Duration interpolation diagram.—A generalized duration relation-
ship was developed with which the reinfull depth for s selocted
return period can be computed for sny durstion between | and 24
hours, when the 1- and 24-hour values for that particulsr return
period are given (see fig. 2). This geacralization was obtained
empirieally from Jduta for the 200 Weather Bureau first-order sta-
tions. To use this disgram, a straightedge is laid across the values
given for 1 wud 24 hones and the valuea for other durations sre read
st the proper intenicctivim,  ‘The quality of this relationship for the
2- uad §-howr durations is illustrated in figures 3 and 4 for stations
with & wide range in rainfall mugnitude.

Belationship betunen 30-minute and 60-minute rainfull.~ 10 & 30-
winute ordinate is positioned to the left of the 80-minute ordinate
on the ducation intecpolution dingram of figure 2, scceptuble esti-
wates can be wade of the 30 [} infull.  This relationshiy
wus wyed in several previous studies.  Howover, tests showed that
better rosults enn be ehtained by simply mualtiplying the 60 minute
ruinfull by the average 30- to Ghaminute ratio,  The empiricn) re-
lationship used for estimating the 30-minute suinfall is 0.79 times
the 60-minute ruinfull.  The quality of this relationship is itlustrated
in figure 5.

Frequency anulysis

Two types of series.—This diseussion requires consideration of two
methods of selecting wnd analyzing intense rainfall date. One
method, using the partial-durstion series, includes sl the high values.
The wher wses the wnnual sories which consists wnly of the highest
value for cuctr vear  Flie highest value of record, of course, ik the
top value of ench serics, but ut lower frequency lovels shurter return
pertods) the twe wevies diverge The pactinl-duration serics, having
the highest vulues regardiess of the year in which they ocear, recog-
sizes that the second highest of some yenr ocensionally I3 the
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froquoncies. Iu order to avuid laborious processing of partial-

duration data, the annual sories vere callesied nuslyeed, and the
resulting stutistics transformed o purtinl-duration statistics,

Conversion fuclors for two series.—Tuble 2, bused on a sumple of a

ber of widcly scatterod Weather Bureau first-order stations,

highest of soue other year.  The purposes (o be served by the atlas
requise that the results be expressed in terms of partinl-duration

2

gives the empirical fuctors for convorting the partisl-durstion sorica
to tho anvual series,
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RETURN PERIOD IN YEARS, PARTIAL -OURATION SERIES

Fruuse 7.~ Rainfald depth versus returm period.

EXAMELE. M the 2-, 8-, and 10-yeus partial-duration serics values
estimuted from the bings st s pasticulur poiut are 3.00, 3.75, and 4.20
inthes, veape clively, what ase the annusl scrics valuea for cor
rwluen perinds?  Mulliplying by the appeuptinte conversion factors of
tuble 2 gives 264, 360, und 4.7 inches, .

The quulity of the relationshup between the meun of the partial-
duration scries and the wiean of the annual serics duta for the 1-, 8-,
and 24-hour durations is ilhstrated in igure 6. The means for both
neries nre cquivalent 10 the 2.3-year return period.  Tests with
sumples of vecard lesgth from 10 to 50 years indicute that the (xctors

of table 2 wre independent of record leagth.
Tamia 2 - Empirical factors for converting parfiol-duration
sérirs o aanunl scrics

Retura gueriod Couverston Inctor
- 4 .
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Frequency considerations..  Exteeme values of rainfall depth form
a Irequency distribution which mmy be defined in termns of its mo-
ments. Investigations of hundreds of rwinfull distributions with
lengths of record ordinasily encountered in practice (less than 50
yeurs) indicute that these reconds sro oo short to provide relinble
stutistics beyond the fust and second moments.  ‘The distribution
must therefore be regarded us o function of the fimt two moments,
The 2-yeur value is w mensure of the first moment-—ths central
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tendoncy of the distribution. ‘The relutionship of the 2-year to the
100-year value is & messure of the second nwnent—the dispersion
of the distribution. Thede two parameters, 2-year and 100-year
rainfall, are used in conjunction with the seturn-period dingram of
figure 7 lor estimating values for other retuen periods,

Constraction of return-period diagram . —The scium-period dingram
of figuro 7 i based on dutn from the long-record  Wenther
Burean stations.  ‘The spacing of the vertical lines on the dingram
is purtly empirical aud partly theoretical.
entirely empirical, based on frechand curves drawn through plottings
of partisl-durution scries duta.  For the 20-year and longer seturn
periods reliance was placed on the Guinbel procedare for fitting
wnnunt serics datu to the Fisher-Tippett typo 3 distribution [15).

The transition was smoothed subjectively botween 10- und 20-yenr

return periads. 1 rwinfull valucs for return periods between 2 and
100 yenrs wre tuken from the return-period dingram of figuro 7, con-
verted to annunl serics values by applying the fuctons of table 2, und
plotted on either Guinbel or log-normal papes, the points will very

nenrly approximate w straight line. :
Lo Not wald

From 1 (o 10 years it i3

Use of diagram.—The iwo intercopt. Jod for the frequency
relution in the disgruim of ligurs 7 wre the 2-year values obtained
from the 2-ycar maps und the 100-your valucu from the 100-yonr
waps.  Thus, given the infall valued for both 2- and 100-year
roturn peviods, valucs for other veturn poriods aro functionally
reluted and mny bo dotermined from the froqaency dingram which is
ontered with the 2- and 100-year values.

General applicability of return-peciod relationship. Teuts have
shown thut within the renge of the date and the purpese of this
puper, the retuen-pesiod selutionship is ulso independent of duration.
In other words, for 30 minutes, or 24 hours, or uny other duration
within the scope of this veport, the 2-year and 100-yesr valucs
define the values for other return periods in o consistent manner.
Studies have disclosed no regional pattern that would improve the
return-period dingrum which appesrs to huve upplication over the
entive United States,

Secular trend. —The use of short 1 datn inl the ques-
tion of passible seculne trend und binsed snmnplo.  Routine tests with
subsumples of equal size from differcnt periods of record for the same

station showed no appreciablo trend, indicating that the divect use
of tho relatively recont shost-record duta is legitimete.

Storms combined into one distribution.--The gquestion of whether u
distribution of extrems rainfall is a function of storm type (lropical
or nontropical storm) hus been investigated and the vesults presented
in n pocent paper [16). 1L was found that ne well-defined dicholomy
existy between the hydrologic characteristics of burricane or tropical
storm rainfall and those of ruinfull from other typea of storms.  The
conventional o of wonlyzing the annunl maxims without
regand (o storm type iv 1o be prefesced beenuse i avoids non-
syatamntic sumpling. 1L also eliminates having (0 attuch o stonn-
type lnbel to the vuinfall, which in some cases of intermedinte stormn
type (a8 when a tropical storm becomes extrateopicnl) is arbitrary.

Predictive value of theoretival distribution.-  Estimation of veturn
perioda requices an assumption concerning the parametric form of
the distribution function.  Since liss than 10 percent of the more
than GOOD atntionn used in this stady have recorda for 60 years or
lonyzer, this rnises the question of the predictive value of the results -
particuturly, for the Jouger return periods.  As indicated previously,
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reliance was pluced on the Qumbel procedure for Btting dats to the
Fisher-Tippett type T distribution to determine the louger eluran
periods. A recent study [17) of 60-minute data which was designed
o appraise the predictive value of the Quinbel procedure provided
definite evidence for its acceptability.

Tsopluvial mape .

Methodology. —The fuct idered in the constr of the
isopluvisl mups were svailubility of duta, sefiability of the return
period catimates, snd the range of durstion and return periods re-
quired for this puper.  Becuuse of the large amount of dats for the
1- and 24-howr durstions and the relatively wnall stundurd error
agsocinted with the estimutes of the 2-year values, the 2-yesr - and
24-hour mups were constructed first.  Except for the 30-minute
duration, the 1- and 24-hour dusations envelop the durations required
for this study. The 100-year 1- and 24-hour maps were then pre-
pured beenuse this is the upper limit of roturn period.  The four key
nmaps: 2-year U-hour, 2-year 24-hour, 100-year t-hour, and 100-ycur

4
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24-hour, provided the data to he used ‘omﬂy with the duration and
frequency relationships of the previ for obtaining values
for the other” 45 mups  This procedure permite varintion in two
divections --one for duration snd the other for return period. The
49 iopluvisl maps sre prescated in Part 1] as Charts | to 49,

Dauta for $-year 1-hour mup.--The dot wmup of figure 8 shows the
location of the stations for which dute were sctually plotied on the
map.  Additional stations were considered in the sualysis but uot
;nlonul in regions whore the phynognphy could have no conceivable

fl on systematic chunges in the rainfall regime.  All available
rocording-gage data with at leust 8 yeurs of record wors plotted for
the mountuinous region west of 104° W.  In all, & total of 2281
stetions were used 1o define the 3-yoar 1-hour pattern of which 60
percent are for the western third of the country.

Duta for 2-year 24-Aour map.—Figure 9 shows the locations of the
6000 sintions which provided the 24-hour duta used to define the
2-year 24-hour isopluvinl pattesn. Use was made of most of the
stations in mountainous regivns including those with ouly § yeurs of
record.  As indicated previously, the date have boon adjustod where

n.rmu‘ycotlulth.yml’ortlm 1440. te period containing

Ratio of 100-year to $-year |- and $§-howr rainfoll —Two working
maps were prepared showing the 100-year to 2-year ratio for the 1-
and 24-hour durstions. In order to mininize the sxuggerated effect
that an outlier (anoinulous event) from u short record has on the
magnitude of the 100-year value, only the data from stations with
minimum rocord lengths of 18 years for the 1-hour and 40 years for
the 24-bour wers used in this analysis.  As a result of the large suin-

. pling errors associated with these ratios, it is not unususl o find o
. station with a ratio of 2.0 located near & 3.0 ratio even in regions

where orographic influences on the rainfall regime are abwent. As
s group, the etations’ ratics mask out the station-to-station dis-
purilies and provide a more relisble indication of the direction of
distribution than the individual station data. A macro-examination
revealed that some systematic geographical varistion was present
which would justify the construction of smoothed ratio mape with
o small range. The isopleth patterns constructed for the two mape
are not identical but the ratios on both maps range from about 2.0
t0 3.0. The average ratio is about 2.3 for the 24-hour dusation and
2.2 for the 1-hour. )

100-year 1-hour and 24-hour mape.—The 100-year valuce which
were ted lor 3500 selocted points (fig. 10) are the product of
the values from the 2-year mape cml the 100-year to 2-year ratio
mape. Qood definition of the complexity of pattern and steep of
gradiont of the 2-year 1- and 2¢-hour mape determinod the geo-
graphically unbalanced grid denwity of figure 10.

46 additional maps.—The 3500-point grid of figurs 10 was aleo used
10 define the isopluvial patteriw of the 45 additional maps. Four
values—one from esch of the four key maps—wers read for esch
grid point. Programming of the duration aud return-period rels-
tionships plus the four values for each point permitted digital com-
puter computation {or the 45 additional points. The isclines were
positioned by interpolation with velerenco to numbers at the grid
points. This was necessary Lo maintain the internal consistency of
the series of mups. Pronounced “highs’ and “lows" are positioned
in consistent Jocutions on all maps. Whero the - to 24-hour ratio
for a particular ares is small, the 24-bour valucs have the greatest
influence on the pattern of the intermediate duration maps. Where
the 1- to 24-hour ratio is lurge, the 1-hour value sppears to bave the
most influence on the intennedisto duration pattern.

Reliability of results.—The term reliability is used hore in the
statisticul sense to refer to the degree of confidences that can bo placed
in the accuracy of the resulta. The reliability of results is influenced
by sampling error in time, sampling esror in space, and by the
manner in which the maps were constructed. Sampling error in.
space is a result of the two fact (1) the ¢l once of an
anomalous storm which has a disproportionste effoct on one station’s
statistics but not on the statistics of a nearby station, aud (2) the
geographical distribution of atations. Where stations are further
apart then in the dense networke studied for this project, stations
may oxperionce rainfalls that sre nonrepresentative of their vicinity,
or may completely iniss ruinfails that are representative. Similarly,

pling ervor in time results from rainfalle not occurring according

the maximum rainfall rather than observational-day.

Swmoothing of S-yeur 1-hour and S-year $§-hour isopluvial lines.—
The manner of construction involves the question of how much to
wncoth the data, and an understanding of the problem of data
smoothing is noccssary to the most offoctive use of the mapa. The
problem of druwing isopluvial lines through « fiekd of duta is anslo-
gous in some important respects to drawing rogression lines through
the data of a scatter dingrum. Just as isolines can be d 80 s 0
fit every point on the muap, an irregular regression line ean be drawn
to pass through every poinl but tlw complicated pattern in each

to their average regime during a brief record, A brief period of
record may include some nonrepresentative lurge storins, or may
tuiss some importaut storms that accurred bofore or after the period
of record at a given stati In evalusting the offects of sreal and
timme sampling errors, it is pertinent o look for snd Lo evaluate bias
and dispervion. This is discussed in the following paragraphs.
Spatial sampling error.—In daveloping the arva-depth relations,
it was necessary Lo exanine data from soveral donse networks. Soine
of these dense networks wore in regions where the physiography could
have little or no effect on the rainfall regime. Examination of these

cave would be Jiatic in mout inst The two qualiti

smoothness and t, are busically inconsistent in the sense that
simoothness say sot be improved beyoud & certain point without
some sacrifice of closencss of fit, and vice verss. The 2-year I- and
24-hour maps were deliberately drawa so that the standard error of

data sbh 1, for le, that the standerd devialion of point
rainfall for the 2-year return period for & flat area of 300 square miles
is about 20 porcent of the mean value. Seventy 24-hour stations
in Jowa, each with more than 40 years of record, provided another
indication of the effect of spatial sampling vrror. lowa's rainfall

gime is not infl d locally by erogruphy or bodies of water.

cutimate (the inheront error of interpolution) was teo
with the sumpling and other errora in the duta and methods of
anulysis.

The 2-year 24-hour isopluvials in lowa show & runge from 3.0 o 3.3
inchiea. The uverago doviation of the 70 2-year valuce from the
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Frcuire 9.— Distribution of 24-hour statious.



smoottied isopluvinls is about 0.2 inch.  Since there are no asignable
enuses for these dispersions, they must be reganded as u rosidual
erroc in sumpling the relutively snll ¢ of oxtr lue data
availuble for ench station.

The geographical distribution of the stations used in the anslysis
is portrayed on the dot wnaps of figures 8 und 9. Even thia relutively
dense network cunnot reves! very accurately the fine structure of
the isupluvisl puticrn in the mountainous regions of the West. A
mensure of the sumpling evor is provided by a comperison of & 2-
yenr t-hour generslized map for Los Angeles County (4000 square
wiles) based on 30 stations with one bused on 110 stations. The
averuge dilferenee for values from rundomly selucted points from both
mmps was found o bo approsimately 20 percent.

Sumpling crror in time.~ Sumpling error in timn is presont berause
the dutw at individual stations sre intended to vej L & mean
condition thut would hold over a long pesiod of time. Daily data
from 200 geographically dispersed long-record stations were anal yzed
for 10- and 50-yeur records to determine the relinbility or level of
confidence thut should be placed ou the results from the short-record
dutn.  The dingran of figure 11 shows the ucatter of the meana of
the extrene-value distributions for the two different lengths of record.
‘The slight bias which is exhibited is s reault of the skewuess of the
extreme-value distribution.  Accordingly, more weight was given to
the longer-record stations in the construction of the isopluvials.

Isoline interval—The isoline intervala are 0.2, 0.5, or 1.0 inch
depending on the range and mugnitude of the ruinfull values. A
uniform intervul has been used on u patticulasr map except in the
two following instsuces: (1) & dashed intermediate Jine has been
pluced between two widely separated lines as an aid 10 interpolation,
and (2) & larger interval was used where necossitated by a steep
gradient.  “Lows™ that close within the boundarics of the United
Statey huve boen hatched inwardly.

Muintenance of consistency.— Numerous stalistical maps were
made in the course of thess investigations in order (o maintsin the
internal tency. In situstions where it has been necessary to
estimute hourly data from daily observations, expericnce hus demon-
struted that the ratio of 1-hour to corseapouding 24-hour values for
the sume retuin period ducs not vary grestly over a small region.
This huowledge served as a uselul guide in swoothing the isopluvials.
On the windward sides of high mountains in western United States,
the 1- to 24-holir ratio is us low as 10 perceat.  In southern Arizona
and some purts of midwestern United States, it in greater than 60
percent. Iu generul, except for Arizons, the ratio is less than 40
percent west of the Coutinental Divide and groater than 40 percent
to the eust. Thers is s fuir relatiouship betweon this rutio and the
climatic fuctor, mesn } ber of thurderstorm days. The
two pursineters, 2-yesr duily ruinfull and the mean annual nuinber
of thunderstorin days, have been used jointly to provido an estimate
of shoit-duration rainfulls {18]. A 1- to 24-hour ratio of 40 percent
is approximately the average for the United Statos.

Erumination of physiographic parameters.— Work with mean
annual and mean seusons! reinfall has resulted in the deorivation of
empitically defined parsmeters relating sninfall data to the physiog-
ruphy of u region.  Elevation, slope, orientation, distance from
moisture soucce, snd other parameters have been useful in deawing
maps of menn tuinfull  "These und other § (ers were
in wn effort b reline the maps presented here.  However, tests
showed thut the use of these parancters woulld result in no improve-
ment in the ruinfull-frequency pattesn L of the pling and
other erior inherent in valucs obtained for cach stution.

Fralustion.- In general, the standurd crror of estimate ranges
from & minimum of about 10 percent, where & point value can be
used directly as tuken from a flat region of ane of the 2-year mupa to
50 percent where u 100-year vatue of short-duration suinfull must be
estimuted for wn wpprecinble area in w more rugged region.

Internal snconsistency.— On some maps the isoline interval does
not reves) the fact thut the maguitude does not vary linently by
interpolation.  Fherefore, interpolution of several combinutions of
durations and return periods for the point of interest might result
in such inconsistencies us a 12-hour value being larger than & 24-

hour value for the same ruturn period or that a 50-year value ex-
ceeds the 100-year value for the ssine duration. These errors,
however, are well within the ackunowledged margin of error. If
the seader is interested in mure than one duration or roturn period
this potential of i istency can be eliminated by con-
structing & series of depth-dJuration-frequency curves by fitting
soothied curves on logarithmic paper 0 the. values interpolated
from all 49 mapa. Figure T illustrites a set of curves for the point
8t 35° N., 90° W. The interpolated valuea for a particular duration
should very nearly approximate u straight line on the return-period
disgram of figure 7.

Obsolescence.~ Additions) stations rather than longer records will
speed obsolescence and lessen the current accuracy of the maps.

The compurison with Yarnell's paper [1] is u cano in point. Whera /
duta for new stations ure availuble, particulurly in the mountainous/
1

regions, the isopluvinl patterns of the iwo pupers show pr
differences. At stations which were used for both pupers, even with

25 yeurs of additional dutu, the diff are negligibl

Fiauus 10.--Grid density uscd 10 conatruct additivnal mape.

Guldes for estimating duratious and/or

presented on the maps

periods not

Intermediate durations aud return periods.—-In, some instances, it
might be required to obtain values within the range of return periods
and durations presented in this paper but for which no maps have
been prepared. A ding imilar to thaut illustrated in figurs 12
can serve us e grumn for estimating these roquired values.

Return periods longer than 100 years.—Valucs for roturn periods
longer thun 100 yenrs can be obtained by plotting seversl values
yeurs from the same point on sl the maps on either
or extremo-value probability puper. A straight line
© the duta and extrapolated will provide an acceptable esti-

muts of, say, the 200-year value. 1t should be semembered that
P

g

b i -

e .

et 36° N, 90° W. The 3, §, 10, 25, 80, nsed 100-yeur valucs are
ostimated from the maps to be 1.7, 2.2, 25, 29, 3.1, and 3.8 lnches.
After multiplying the 2-year valus by 0.88, the 6-yoar value by 0 08,
and the 10-year valus by 0.40, Lho six values are plottud on extrenie-
value probability pupur, & line in fitted to the duta and extrapolnted
tinearly. Tho 200-yenr value is thuw eutimuted Lo bo shout 3.8 inches
(wou 8g. 13).
Durati Aorter than 30 minules.- -} durations shorter than 30
minutes ure required, the averuge relutionships between 30-minute
rainfull on the one hand and the 5-, 10-, and 15-minute reinfall on
the other can be obtuined from table 3. Theso relutiouships were
developed from the duta of the 200 Weather Bureau first-order

stations.

Tasix 3. —Average uhﬁuu;’rlwmn J0-minute rainfall and shorter duraison

the values on the mups ave for the partisl-ducation series, th ,
the 2-, 5-, and 10-year values should first be rixluced by the fact

e of table 2.

T UEXAMPLE. The 200-yeur I-hour value is required for the point

SAME A8 Log DLoBAGLTY

rasnfall for the same refurn persod
Durstion (min). ... ... ... ... [ ) 10 113
Ratio_............ .. 037 0.87 072
Aversge evror (pereent) .. ... ....... - 8 1 8
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Compurisons with previows rinfull frequency studies

Yarnedl. A compuiiion of the vesults of this paper with those
obtained by Yamell's puper [1] brings out severnl intercsting points.
Firat, both papers show upproximately the smno values for the
Wenther Burenu first-order stations even though 256 years of adili-
tional dutn are now wvailuble, Secomil, even though thousands
of additionul stalions were usesd in this study, the differences between
the two pupers in the enstern bl of the comtry are quite smal)

and rurely exceed 10 percent.  Howaever, in the mountainous regions
of the West, the entarged inventory of data now available has had
s profound effect on the isopluvial pattern.  In general, the resulla
from this paper ace larges in the West with the dilferences ocension-
ully veaching a factor of thyee.

Technical Paper No. 23, Technical Paper No. 25 |5} contuine o
servies of rainfull intensity-duration-feegquency earves for the 200
Wenther Burenn stations.  The curves were developed from each
station's data with no consideration given to anoniulous events or
to arval genermlization.  The avernge ditference between the twe
pupers is approxinmicly 10 pereent with no bing.  After accounting
for the fact thet this atles is for the partinl-durntion sevies and
Technical Paper No. 25 is lov the sunual sevies, the differences can
be aseribead 10 the considerable wreal generalizstion used in this puper,

Technical Paper No. 25, arts § and 1§; Tecknioal Paper No, 28.---
The ilferences in sefinenient between Tecknical Paper No. 24 |2}
wind Tecknival Paper No. 28 [0 on the one hasd and this puper on tha
other do not, however, scem to influence the end results to an
iportant degree.  Inspection of the values in severnl rugged areas,
us well as in flat wrens, veveals disparitios which averspe abont 20
pereent.  This is sttributable to the wuch luger amount of duta
(both longer records and more stations) and the greater neeal gen-
evnlization ased in this paper.

Technioal Paper No. 29, Parts 1 through 5. - The salient leature of
the compurison of Technical Paper No. 29 [T} with this paper is the
very somll dispurities between the four key mnps and the slightly
furger ehispasities between the - intermedinte maps.  The average
diferences aee of the ovder of magnitade of 10 snd 20 percent,
vespectively.  The hurger diffesence between the intermedinte mnps
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is attributable to the smoothing of these maps in o consistent manner
for this paper.
Probability considerations

Generul - The wnalysis presested thus far hus been mainly con-
cerned with attaching s prabubility (o o particular magmitude of ruin-
fnll ut u purticular location.  Onee this probubility has been doter-
mined, consideration must slso he given (o the corollary question:
What is the probability that the n-year event will ocear at least once
in the next » yeans?

From elementary probability theory it is known that there is a
good chance that the a-year event will occur ut feast ones before
n years huve clupied.  For example, if un event has the probability
V/n of oceurring in a purticnlar year (assume the annuul ssries s
being used), wheee uis 10 or grester, the probability, £, of the event
acenrsing ut lenst onee among o ohservations (or ;’cnn) is

P = (1= i) g — et 063

Thus, for example, the probubility thet the 10-year event will occur
at teast once in the next 10 years is 0.63, or alwut 2 chances out of 3.
Nelationship between design returs period, I' years, design period,
Ty, and probability of not being esceeded in T years.— Figuro 14,
prepared from theorcticnl computations, shows the velutionship
between the design seturn period, T years, design period, 7, snd
probabilicy of not heing exceeded in 7', yenrs [19).

EXAMPLE. What design coturn period should the ongincer use

to be spproximately 90 percent certain that it will not be excoeded

in tho oext 10 yeura?  Entering the design poriod coosdinato at 10 yenrs

until the 90 pereent line i intersected, the design retors period js

exthmnted to be 100 years.  Tu terins of rainfall magnitude, the 100-

yenr vahue is spproxivutely 50 pereent Inrger than the H-yenr vatue.
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Fravan 16.— Arva-depth cusves.

Probable maximam precipitation (I'MP)

The G-Aour PAMI and its relationship to the 100-year G-Rowr rain-
Jall—Opposed 1o the probubility method of rainfull cstimation
presented in this paper is the probuble maximum precipitation
(PMP) method which uses u combination of physical model and
soversl estimated meteorological parameters.  The main purpose
of the PME micthod is to provide complete-safety design criterin in
cases where structure faihire would be disastrons.  The 6-hour
PMP mnap of Chart 50 is bused on the 10-square-mile values of
Hydrometeorological Report No. 33 |20} for the region east of 105° W.
and on Weather Burean Technical Paper Nu. 38 J21) for the West,
Chart 81 presents the ratios of the PMP values w the 100-year
point ruinfulls of this paper.  Exwmination of this map shows that
the rutios vary from less than 2 0 about 9. These results must be
considored merely indicative of the order of magnitude of extremely
rare rainfulls.




Area-depth relationships

feneral. ~For drminngs wreas larger than o fow square miles con-
gideration must be given not andy to point rainfall, but to the average
depth over the entive drainage wrea.  The average urea-depth
relutionship, us & peseent of the point values, has heen determined
for 20 dense networks up to 400 square miles from various regions
in the United States 7).

Phe wren-depth eurves of figure 15 must be viewed operationally.
The operation is velated to the purpose and application.  In applica-
tion the process is 1o select o point value from an isopluvial map.
"This point value is the average depth for the locstion concerned, for
a given frequency and duration. It is & composite,  The aren-depth
enrve relutes this averngo point value, for a given durstion amd fre-
quency and within u given area, to the aversge depth over that ares
for the conesponding duration snd frequency.

The data used to develop the wrea<depth curves of figure 13 ex-
hibited un systematic regional pattern (7). Duration turned out to
be the nmjor pusameter. - None of the dense networks had sufficient
length of record to evaluate the effect of magnitude (or return period)
on the aren-depth relutionship.  For arcas up to 400 square miles,
it is tentutively aceepted that storm mugnitude (or veturn period)
is not & purameter in the area<depth relationship.  The reliability
of this refationship appenss (o be best for the longer durations.

EXAMUPLE. What is the average depth of 2-yeur 3-honr ruinfall
for n 200 squuri-mile drainnge area in the vicinity of 37° N, 86° W.?
Feow the 2.y 3-hour map, 2.0 inchey in catimated as the average
depth for pointa in the wrea.  Howaver, the average 3-hour depth over
the druinnge wres wonld be dess than 2.0 juches for the 2-yenr return
period - Referring to figure 15, it i scen that the 3-hour eurve intes-
sccts the wera scale a8 200 squure Miles 2t ratio 0.8.  Accordiugly, the
2-year J-hour aviruge depth over 200 square milcs is 0.8 times 2.0, o¢
1.6 inches.

' Scasonal variation

Tutroduction — To this point, the frequency analysis has followed
the conventionul procedures of using ouly the annual masima or the
-maxigum events for a years of record.  Obviously, some months
contribute more events to these serica than others and, in fact, some
months might not contribnte ut ull to these two serics.  Scasonal
variation serves the purpose of showing how often these rainfull
events ocenr during a speeific month  For exnmple, a practical
problem concerned with seusonal varintion may be illustrated by the
fuct that the 100-year 1-honr suin may come from » summer thunder-
storm, with consideruble infilteation, whercas the 100-year flood may
come from u lesser storm oceursing on frozen or snow-covered grouml
in the late winter or early spring.

Seasonal probubility disgrams - -A 10tal of 24 seasonal variation dia-
gramy is presented in Churts 52, 53, and 54 lor the 1-, 6-, and 24-hour
dusutions for 8 subregions of the United States esst of 105° W,
The 15 dingrams covering the region east of 90° W. are identical to
these presented previously in Technical Paper No. 29 (7). The
smoothed isopleths of  diagram for & purticulsr duration ase bused
on the wveruge: relationship from wpproximately 15 stations in cach
subregion.  Some varintion exists from station to station, suggesting
a slight subvegionul pattesn, but no sttanpt was made to define it
because thero is no conclusive method of determining whether this
pattern is a climutic faet or an accident of swmpling.  The slight
regional discontinustics between curves of adjucent subregions can
bo smoothed lovully for ull practicat purposes.  No scasonnl varintion
relutionships are presented for the mountainous region west of 105°
W. beesuse of the influcuce of loesl climatic wnd topographic condi-
tions  This woukl call for sensonal distribution enrves constructed
from ench stution’s data instead of average and more relinble curves
bazed on groups of stations.

i
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Application te arcal rainfall.—Tho analysis of & limited amount of
areal rainfall data in the same manner as the point data gave seusonal
variations which cxhibited no substuntial difference from those of
the point data.  This lends some confidence in using thess disgrams
an u guide for small arcas.

EXAMPLE. Dy ine the probability of of n 10-year
1-houe rainfall fur the hs May through August lor the poiut at
45° N., 83° W. From Chart 52, the probabilitics for each month are
Interpoluted to be 3, 2, 4, and 3 porcent, tenpuctively.  In othor words,
the probubility of ocourronce of & 10-yenr 1-hour rainfall in. May of
sny pasticulur yeur is 1 percent; for June, 2 percent; and so furth.
(Additionsl examples wro given in all Gve parts of Technical Paper
Ne. £9)
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PART 11

Charts 1-49:  Isopluvial maps.

Charts 50-61: The 6-hour probable maxi precipitation and its
relutionship to the 100-year 8-hour rainfall.

Charts 52-34: Diugrams of 1 probability of int infall,
for 1-, 8-, and 24-hour dusations,
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PREFACE

This publication is intended a2 & conveniont summary of empirical relutionships, working guides, and maps, uscfut
in pructical problema requiring rainfall frequency duta. Jt is an outgrowth of several previous Weather Burcau
publications on this subject prepared undor the direction of the suthor and contains an expansion and gonerslization
of the ideus and vesults in enrlier papers.  This work has been supported and finunced by the Soil Conservation Servics,
Departinent of Agriculture, to provide material for use in doveloping planning and design criteria for the Watershed
Protection und Flood T'revention program (P.L. 666, 83d Congress and as smiended).

T'he paper is divided into two parts, The first part presents the rainfall anulyses. Included are messures of the
quulity of the various relationships, comparisons with previous works of a similur nuture, numerical exumples, discus-
sions of the limitations of the results, transformation from point to areal freq y, and | variation, The second
purt presests 49 rainfall freq y maps based on a comprehiensivo and integrated collection of up-to-date statistics,
severnl veluted maps, and seasonal variation dingrams. The ruinfull frequeacy (isopluvial) maps are for sclecied
durations from 30 minutes to 24 hours and return periods from 1 to 100 years.
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PROBABILITY IN PERCENT OF OBTAINING
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THE RETURN PERIOD VALUES TAKEN
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