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This i intenibesd as n nel magw, usolul
in proclical problems requirmg minfall frequency d.s.. It is an oulgrowlh of severnl pm-m- Weather r!.m-...
publications on this subjeet prepared under the direction of the suthor and contains an s g

"Thin sty was pregare in the Coaperative Studica Sectien (Joseph L. H. Pasilis, Clial} nrll_nh"lngw Services
Dj\um; (Willizm E. Wiste, Chicl).  Coordination with the Sail wns

ol' the ideas mind results i onrlier papers.  This work has been supported nnd finneed by e Soil Oammambcnme.
Department of Apriculture, o provide materisl for wse in developing planning and design eriterin for the Watershed
Pmlgﬂ.mu and Floo Prevention program (P 506, 531 Congress and ns anicnded).

The paper is divided into two parts,  The first port preseats the minfull woslyses.  Inchusded are mensares of the
quality of the various relationshipe, compurisons with previous works of o sinilar pature, manerienl examples, discus-
sions of the I 1 remalis, trunsl from point to wreal fr vuriation,
part presents 49 pinfall l'nqbobq‘ |m|- bsed on n compreliensive and lanp-!ad collection of up-to-date statisties,
sovernl related maps, al scasorn verintion dingrems. The rainfall frequency (opluial) mugs arc for selected

irough Tarold O, Ogrosky, Cliiel, Hydrology Branch, B Division,  Asei in the study won
reecived from severnl people. 1o particular, the awthor wishes to acknowledge the holp of William E. Miller whe
programmed the frequency snd duration Tunctions and supervised the processing of all the data; Normalee 5. Foat
who supervised the collection of the basic datn; Howard Thompson who propared the maps for snalysis; Wal
Wilson, a forer colloague, who wns sssocinted with the dovelopment of u large portion of the material presented here;
Mux A, Koller, A Shinds, and Leomard L., Weiss, of the Weather Turean, and V, Mockus awd B, G. Androws, of
the Soil Conservation Servien, who roviewed the mususcript and nade many helplul sggestions.  Caroll W. Garduer
performed the drafting.
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INTRODUCTION
Historical review

series of gen s for severn wm hinntions
durntions and retuns pnak Yarmell’s maps are o datn
frown whout 200 first-order Wenther Duresu stations wlurlu nmin-
tmined complete recording-gnge rocords.  In 1940, about 5 yonrs
alter Yarncll's puper wis |mbl.|slu<|. s hydrologse nelwork of record-
i gen Wi

recording gnges anad the relatively larger number of nenrceording
pages. The siditions] recording gares hive subsoquently inoreased
the wmount of shorl-durition data by & factor of 20,

Weather Burcan Tecknical Paper No. 2§, Parts T und 1T [2], pre-
pared for the Corps of Enginecrs in connection with their militnry
ronstruction program, contained the fint studics covering sn_ex-
exploited hydrologic network data. The
this work showed the importanee of ﬂmaddnnld dala in
deiining ihe rivori-durniion

wwinons. regions of the West, In many

RAINFALL FRE(Q CY ATLAS OF THE UNITED STATES
for Durations from 30 Minutes to 24 Hours and Return Periods

from 1 to 100 Years

DAVID} M. HERSHFIELD
Cooperative Studics Scetion, U.S. Weathor Bureau, Washington, D0

Clock-howr ve, 0-mimute and obseroational-doy ve. 1{f0-minute
rainfall.—In order to exploit the cock-hour sind observationnl-dny
datn, it wis necosary to delermine ilieir reltionship to the 60-
minute and L4D-misute periods conl % the mnsinum rainfall,  wes

rl- My. l‘uur h_\ mn[- proviskod I]lu busic dutn for these two
| i it digital computer
computations l'w » a.'m-pum grid on oncli of 45 sdditional waps.

3

nl
was equivalent (o the nmount for the sune return period oltained
from & series of G0-minute reinfalle. By coincidence, it was found
that. the same factor can be usedd 10 transform olerevationsladay

Types of data.—Tho dala used in this study are divided into three
cntegorics.  Firet, thore are the recondingguge data from the long.
record first-order Weather Durenu stations.  There sre 200 sucl
stations with records long enough 1o provide sdequate rosults within
the range of return periods of this paper. These data are for the
wemimate pesiod containing the wnsimam minfull. Seeond, there
are the recording-page dntn of the hydrologic network which wre
published for dock-lour intervals,  These dota were processed for
the 24 consceutive clock-lour lutervals containing the nuxi
muinfull - not calendar-duy. I’Sn-ll,. there i the very luge am

af
was mude of I.In:u data o lndp define I-oll| the 24-hour mml'nl.l
rogritne il mlso the shorter duration rogitnes throwgd npplications of

aaounis iod amonnts,  The
cqundion, f-yenr i440-minute minfaii {or G0-aminute) equais 1,13
times s-yenr obsorvitional-dny {or clock-lour) rainfall, @ not uall
on a camsal rclationship. This s o averngo index relationehip
because the distriluti ruinfall are
very irmyplar or unpcwflcl-lule during their rospective time inter-
wals.  In addition, the annual midms from the two sories for the
cole
B g
sented liglll!' 1, wllu'll shows very pood ngrecment.
#§ comerculive clock-fowr rainfoll vs. 1{40-minute roinfall.—

O

wmane your from corresponding duraticns do. ot

y the
between Technical mp- No. s{ and anndl mrh s Taetor of throe,
with il I ang | developed sund
knowledge gﬁllll‘\‘ Trom tlsese -:mJ-m i the United States were then
weedd Lo propure similar reports for the constal regiors of North
Afrien [3] and several Arctic rogions B] whore reconding-gnge dats
wors lanl
Coaperstion between the Westher Bureny amd the Seil Conscrva-
Lion Serviee began in 1955 for the purpese of defining the depth-
arca-duration-frequency regime in the United States. Teahaioal
Paper Ne, 25 5], which was parily s by-prodiet of previous work
performed for the Corpe of Engincers, wes the first paper publisbid
wnder the sponsorsdiip
containg o srion of minfall mmmbdunlm frequeney curves for
200 first-order Weather Bureou stations.  This was followed by

Techuieal Pager Ne. 28 [0], which is an expansion of Tecknical Paper
Na. 2§ 1o longer retarn persods and durations.  Next to be pablished
were the five parts of the Tecknioal Paper No. 29 scries [7], which cover
e veghon enst af 90° W Included in this sorics nre seasonal varin-
tion on o frequeney basis nnd aren-depth corves so that the point
frequency values can be transformed to areal llu]uulry. Is}:wtp:

canpirical rel, i
Statien date.—The sources of data are indicated in table 1. The
dlata Trenn tho m Innu\-n‘mﬂ'\d Weather Burean stations were used 1o
of the relntiomships which will be descriled bnter.  Long "

rocording-gage data were eollected from published sourees for the
Py e tlock

-hours inang {he z rainfall.  Te-

of these data provides stal
nitude then those from the L440-misute scrics.

o

e ave boen iy i
Station exposire.—~1n refined annlysis of mesn annual and mean
sensonal rainfall daia il i necossary Lo evaluste sistion expesures
Ty metliods such ss doulde-mass curve analysis [14].
do not appesr (o apply to extrome valus,  Fxeept for
jertive seloctions (particalnrly for long records) of stations i
hand consistent exposures, no altempl has beon ninde to adjust rmin.
Tall vnlues to 0 standard expesure. The effects of varying exposare
are implicitly included in the ancal sampling ervor and are probably

one poreent,

cnuse of the arbitrary beginning and ending on the lour, & serica.
isticn which nre m;ml; wmalles

ning-
“Ihe nversge bins
Al such dain in this

Bucl methods
uab-
have

the process of smoathing the isopluvial lines.

1o have only rain has |Lwl'n mml daﬂmnm-
relations for soversl bigh-clovation
(rarer frequency) 24-hour events and all shori~huration events con-
sist entirely of min.

rmnll from wore than 1600 stations were analyzed to define e ! T LI
for tho rarer frequeaicics riods! ml imlive 20—
T

i SRR

s uil i e g the regioal pattern for the 2-ycar return

for the region between 90* W. and 105° W, the

Stntes hns boon covered by guun\lmnl rainfall frequency ll.udm
prepared by the Weather Burcan sinee 18953,
Ganeral approach

“The npproach followed in the prosent study s buiu]lh- tiat

wlilized in [6] wrd 171 In these references, simplified duration and

return-period relutionslhips and several key maps were used 1o deter-
mine additional combinutions of returmn periods and durutions.  Tn

=

.

Hain or snow—The term minfoll has been used in reference 10
all durntions even though some snow ss well 0s rain i inchuded in
sofue of the smaller 24-bou; amo!mle for the Iu;l 1-Ic.-«1hm unhunL

Several Ususand additionnl sistions were sonsidered bt not plotted 8
where the station densily wos sdjudged Lo be sdequate. I~ 2
Puriod and length of record —The nourcording short-record data - z
. were cosnpiled fo period 1981057 and lowg-rocond data from L 1 .
SES P the cardiest yenr avnilable through 1957, The recording-gage dats H
eover the period 1040-1058.  Dats from the long-recond Weather 2 =
Thurean stations were processed through 1058, No record of bes P Safl—
than fve years was msed to estimnte the Z-year vales. ; - _ :
& 3
- -1 3
4 - ;
Tamass 1, Sources af peint raisfall dotn “ : /)/ i a5
- 2 B 3 y —y o i | =
T by Ao | e | e i ] .
oL 11 [ . ]_._L_ L |
7] 20 24 3 0
£ F 2-THAR SRSl RnPaLL B R ST o A A T
1m0 i
b H Fisuen 1.—WNelathon helwerm Z-year Mhminite rainfall aid 2opoar dwl-lm':d‘l::“, Fvlation brtweos 2pear 1400-mimite rainfall and Zyesr observationsl-day
u
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S e o a3 Helution betwoen obeorved 3-year 3 hour rainfall aa 2-yrar 2-beur
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L]
DURATION [HOURS)

Fanunm & Haisdali dopiiedurntion disgram,

TDuration analysis

Duration inferpelation dingram.—A gencralized dhuration nlntion-
ship was developed with which the rninfall depah for & selocted
Tetumn period ean be conputed for any duration belween 1 nnd 24
bours, when the 1- sml 24-hour val et particuter s
period ure given (see fig. 2). This genernlization wes olinined
empirically from datn for the 200 Weather Burean first-onler sta-
tions, To use this dingran, n straightedpe in lid neross the vaducs
given for 1 and 24 hours and the values for other durations sre road
b the proper interscctions.  The quality of this reltionship for e
2wl G-hour durntions is ilustrated in fgures 3 and 4 for stations
with & wide range in rainfull imugnitedo,

feelationship betiveen SOominute ond E0-minute roinfoll.—If o 30-
minute ordinate is positioned to the beft of the S-minute ordinate
on the duration interpolation dingram of figure 2, neceptaldo veti-
mpies can bo made of the 30-minute minfall. This rolutionship
was used in severnl previous studies.  However, tests showed Uit
better results con be olanined by bring the S0minute
rinfall by the sverage 30- (o G0-minute ratio. The empirical Fo-
Iationsbip usod f imnting the C rainfall s 0.79 tines
the 60-minute minfall,  The quality of this relationsliy is illustrated
in figure 5.

Frequency annlysis

Tive types of serics—Thin discusson requires considderntion of two
methods of welecling wnd anulyzing intense rinfall dotn. One
method, sirg; the partisl-durstion series, iscludes ull the igrh values.
The other uses the annual serics which consists ouly of the highest
value for ench yenr. The highest value of wecord, of course, i the
top walise of cach sories, but ot lower frequency levels (shorter returs
periteds) the (wo series divorge. The partinl-duration serics, having
the highest values regardles of the year in which they occur, recog-
nizes that the second highest of some year ocensionally excoeds e
bighest of some other year. The purposes to be served by the atlss
require that the results be exprossed in torms of purtial-thiration
z

frequencis.
duration

resulling wtatistios

muindull eomguted from

CBSERVED 2«VEAR GMOUR RAINFALL (INCHES]

' z 3
COMPUTED 2-YEAR G-HOUR RAINFALL (INCHES)

- Tickathon botwoem obwerved Zyear 6-hour énfalt snd -year G-hour
ensdill computed from durntion dingram.

part
Suctors for two series—Tuble 2, based on o sunple of a

Conrersion,
aumber of widely scattered Wentlor Bureau first-order sladions,
ipives the empirical factors for converting the partisl-duration series
to the #
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EXAMPLE. 1 the 2-, &, amil 1-year

fmchicn.
mmﬂﬁwdllmmﬂ“p between the mean of the purtind-
duration series and the mean of the nanunl series duta for the 1+, 0,

unmﬁwul‘rwm‘iuwﬁafm i i
of table 2 are independent. of rocord length.

Tanus .~ Kwpiricol fociors for coneeriing partickduratirs

sevies fo annsad scri

Frequeney considerations.—Rxtreme values of rainfull deptls form

n l'mquuu-,- distribution whicl muy be defined in tenns of its mo-
ments,  Investiputions of hundreds of rinfall distributions with
lengths of meond erdmanly encountered i praclice (hss Uian 50
years) indiente that these records are too short (o provide reliable
statistics Loyond U first wml secoml moments,  The distribation
st terefore be regandod us u function of the first twoe moments.
The Zyear value is u messure of the first moment—the central

tendency of the disribution.  The reiatonship of e 2-year to tbe
lm-mrvlhm s mesire af the second moment—the dispersion
of the These two Z-yrar mml 1-yrar
ruinfull, are used in conjunetion with the retumeperiod dingran of
f'gum 7 for estimmting \mlum Inrmhw roban poriods,

—The persod disgraim
of ﬁgm T i bewed o8 dm from  Uhe Weathor
Turean stations, “The spacing of the vortical lines on the disgran
s partly esnpirical and partly Usoretical, From 1 to 10 years it is
entirely espirieal, bused on frochnnd curves drawn throngh plot
of partisl-durntion series data. For the 20-year sud longer rel
periode relinnee was pluced on the Gumbel procedure for Gitting
annanl serses data to the Fishor-Tippett type 1 distribution [15]).
The tramsition wes ssoothed suljectively bebween 10 and 20-year
return periods.  1f painfall values for return periods Letween 2 and
100 years are taken from the returm-period dingram of e 7, con-
verted to nnnual serics values by wpplying the factors of talble 2, sud
plotted on either Guimbel or log-nonmasl paper, the points will very
nearly approxiniuto n steaight lone

Frevmn &— Distribmtion of 1-hous sixtions.

e of diggram.— nm wo interoepls needed for Lbe frogueney
mhm.- the dingram of figure 7 e the Zeyoar values alitaimed
from the 2-year sunps wnd the 100-year values from the 1060-year
waps. This, given the rainfull values for both 2 and 100-year
reluen » values for other pelum periods are

related nnd yLn m.m] fronn the frequency dingram which s
entored wi and 100-year vahues.

[ ”ﬁmb.'my af returi-period relationship —Tests lave
shown 1 thin the raige of the data aiwd the purgose of this
papser, 1
I

in also of duration
wer wonls, m 30 minules. or xl hours, or any other durtion
within the seope of this report, the Z-yenr and 100-year values
define the values For other retum periods in & nmmum manmner.
Siien ave siisciosed ne rogronad puliern Gt would improve the
return-period dingram which sppears o have application over the
entire United States.
Srewlar trend.—The use of short-reeonl doia introduces e gues-
tion of poasible seclar trend and binsed n|l|p|= liuulmr feats with
mulmamplon of cquul sizo from dilferent. poriods of rocond for the same

sation showed no appreciabie trend, i
of e relatively recent short-recond data is |

Storme combined inte one distribution.—The qlMlnn of whether a
distribation of extrense rainfall is o function of stermy Lype (tropical
or nentropical storms) has heen investigaird and the resnlis prescuted
in n reeent paper [16]. 11 was found that no well-defined dichatomy
onists between Uhe lydrologic chareloristion of hurricane or Lropecal
stoem rainfall and those of rainfall from other types of storms.  The
conventionnl procedure of analyzing the snnual maxing without
regand o storm ype is 1o be preferred s il avoids non-
atie sampling. 1L abso climinates having 1o attach o storms-
bl o the rainfal ‘lml\ i some cases of |nl.nrl||u||nlr storm

g et the direct wee

Frodiciive raiure of thewrotiond sfisfrifuiion,— Fstimation of Rlunl
periods. pequires wn nssmaption. concening the paranctric foan of
the distribution function.  Sinee less than 10 percent of the maore
than G000 stations werd i this stady have reconls far 60 years or
Nemgzer, this muiscs the question of e predictive value of the remlis —
particularly, for the bosger revarn poriods,  As indicnted previously,

3
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innee was phaced an the Guabel procedure for fitting data to the
Fiswr-Tippett type 1 distribution 1o detormine the lomger el
periods. A rocent stady [17] of 60arinute daln which was alesigmed
to appraize the prodictive value of the Guanbel provedure provided
definite evidenes for its neeeptability.

Tsoplusvinl maps

A “The factors idercd in of the
mopluvial maps were svnilability of doto, relibility of the rowen
perioed estimates, and U ruge of durstion mwl return periods re-
quired for this paper.  Feocause of the binge smount of dats for the
1= and 24-hour durntions and the relutively small standand crmar
nssocintnd with the estimates of Ui 2-year valisos, the Z-year 1- and
E4-hour maps were constructod fist. Kxeopt for the 30aninute
duration, the 1- aml 24-l Hinrsti lop the diurmti uired
for this study. The 100-year 1- and 24-Jiour maps were then pre-
pared beenuse this is the upper limit of relum penod.  The four koy
mnpa: Z-yoar |-hour, E-yenr Za-hour, 100-year 1-hour, wnd 100-year

Funains: 11— Distribastion of 28 heoor stations.

24-hour, provided the duta to be used y with i)
frequency relulionslips of the previons seetions for ohtnining
for the other 45 mnps. This proselun pernila varislion in two
directions e for durntion wmd the other for retum period.  The
49 isopluvinl neaps are prosented in Past 11 ns Charts 1 (o 49,
Data for 2-year 1-haur map.—The dot sanp of fipure § shows the
location of the stations for which data were actunlly pletted on the
map, Adklitional stations were considered in the analysis bat not
plotted i rogions where the physiogmeaphy coubl lave ivabil
inflisenee s ayslomatic changes in the minfall rgie.  All available
reconlinge-gnge data with at bosst & yoars of record wore plotiel for
the mountainous region west of 104° W, In all, n total of 2281
i r pattern of which 00

Fijrure
G000 siations which provided the 24-hour dats used o define the
2-your 2-hour woplavial puitem,  Use was msile of most of the
slutions in wountainous regiots including those with only & years of
record.  As inddicated previoussly, the dat huve boon adjusted wheeo

they are jor the 1440-minute period rontainig
i eninfall eather than olservationsl-day.

Smoothing of 2-year 1-hour and S-year 2i-howr isoplusial aes.—
The manner of construction involves the question of how much 1o
smoolh the data, and an wndertunding of the problem of dats
smoothing is neorssary to the most effective use of the mops.  The
problon of drswing isophuvinl lines through o feld of data is analo-
O i sotne i respecis Lo drawing ropression lincs (hrosgh
the data of & seniter dimgram,  Just s iwolines e be drown 5o as 0
fit. every point on U neap, an irregular regrossion line can be drawn
o pass through every point; bt the complicated paticrn in cach
cuse would be unrealistic in most instanees. The two ualitios,
smoothness and fit, are basically inconsistent in the sense that
siooiimess may nob be improved beyond s certain paint without
some sarvifice of coseness of fit, and vice vorsa. The Z-year 1- and
24-hour maps were deliberntcly drawn so that the standurd seroe of
estimate (the inherent error of interpolation) wins commensurate
with the sumpling and other errors i the data nnd methods of
nnalysis.

Katio of 100-year to 2-pear 1- and 24-hour reinfoll —Two working
s wore prepaned showing the 100-venr (o Z-year mtio for the 1.
and 24-howr durstions.  Tn order to mininse il xampersy,
that an outlice (anonnlous cvent) from a recond on the
magmitide of the 100-year valie, only the datn from stations with
mininswin rocond bengthe of 18 yenr for the 1-hour amd 40 wenrs for
the 24-hour were used in this analysis.  As o result of the large sani-
plingt ervors associalad with these ratios, it is not unususl to find »
station with a ratio of 2.0 located near a 3.0 rtio cven in regions

where orographic inflacnees on the minfall regime are abwont, As
n group, (he stations’ rtios mnsk outl the station-to-station dis-

fom of

ties and provide s more 2 o
ibation thn the indi Anta. A
revealed that some systematic geographical variation was prosent
which would justify the construction of smoothed ratio niape with
n sl range. The isopletl patterns constructed for the two WA
are not idestical but the ratios on both maps range from sbout 2.0
030 The nvernge ratio is sbout 2.3 for the 24-hour durstion and
2.2 for the 1-hour,

100-year I-hour and 24-howr mape.—The 100-year values which
were computed for 1500 selocted poinis (fig. 10) are the product of
the values from the 2-year maps and the 100-year 1o year rotio
maps. Giood definition of the complesity of pattern and steepnoss of
wradient of tie Z-year 1+ and Z4-hour mups determined the e
grophically unbalanced grid density of figure 10,

48 additional waps.—The 3800-point grid of figure 10 was alao s
to define the isoplivial patierns of the 45 additional maps. Four
valucs—one from ench of the four key maps—wore read for each
rid point.  Programuming of the durtion snd refar.p
tiouships plus the four valies for each point permitted d
puler compatation for the 45 additional ports. The
positioned by interpalation with referenee to numbers o e grid
points. This was neeessary Lo maintain the internal comsmstency of
e sories of maps.  Pronouneed “highs and “lows™ re postioned
in consistent locations on all maps Whore the 1- to 24-hour ratio
for a particulnr aren is smiall, the 24-hour values hnve fhe Eremtest
infiucnce on the pritern of the internedinte diration minps. Where
the 1- ko 24-hour ratio s large, the 1-ho
moat influence on Uhe intormedinte durstion pattorn.

Reliability of results~The term reliability is used here in the
statistionl sense Lo refer 1 sbegree of confidence that can be placed
in the nceurney of the “The refigbility of rosulis is influcnced
Iy wampling error in time, sampling emor in spuce, and by the
mmner in which the mape were constructed, Sampling crror in
space is & rosull of the fwo factors: (1) the chance occurrence of an

y which has porti Hect i
statistics bul nol on the statistics of & nearby stal
erogmphical distribution of stations. Where
apart than in the dense networks studicd for 1
may expericnee rminfalls that are nonrepresont.
or may completely s rinfolls thay .
sampling orvar in tine rults from rainfalls no1 oceurring seeordi
to their avorage egime during o bricf rocord, A brief pericsl of
record mny indude some Bonrepresentative large storis, or niay
Misisss S0 iniporiant storms that occursed before or ofier the perioed
of record at & given slation. In ovalusting the effects of areal and
time sanpling ervors, it is pertinent 1o look for and 1o evaluate Tins
nnl dispersion. This is discussed in the following pargraphs.

Spatial sempling error.—In d:wlupiqg the aren-depth relations,
i e & 14

iy,

i Some
of these drmse networks were in rogions where the physiegmphy could
have litsle or no effect on the minfall regime.  Exnnination of tsese
dutn showed, for example, that the i i

rainfall for the 2-year return poriod 1

ie alout 20 porcent of the men valun. Seventy 24-hour slations
in Towa, cach with more than 40 years of record, provided another
ndication of the eifect of spatial wnmpling error.  Towa's eainfall
rogime i ot influcnced bocally by orogmaphy or bodies of water
Tha 2-year 24-bour isopluvials in Town show n range from 3.0 to 3.3
inchies.  The average deviation of thoe 70 Z-yenr values from the




sanoothed isophuviols s about 0.2 inch.  Since there are no ssdgnable
caissen for these dispersions, they must be reganded s s rossdund
error in ssmpling the roatively smail amouni. of exires
nvnilable for ench station.

evopraphieal distribution of the stations used in the ennlyss
s partrayod on the dot maps of fgures 8 and B, Kven this relatively
dense network cannot pevesl vory securately the fine structure of
the isopluvinl pattern in the mountainous regoms of the West. A
measre of tho snmpling error is provided by n comparivon of s 2-
yeni I-hosir L= County (4000 nqunre
miles) Dased on 30 n 110 stodions.  The
average difference for values from rndomiy selectid poinis from both
mapa was found Lo e approximniely 20 perocnt.

Sampling ervor in time.—Sampling error in thee is present bocause
the dotn st individual stations sre intended o represent & mean
condition that would bokd over n lang period of time. Daily duta
from 200 geographically dispersed bong-record stations were snalyzed
for 10- nne S0-year records to determine the relinbility or level of
confidence that should be pluced on the results from the short-record
data. The dingram of figure 11 shows the sestter of the means of
the extreme-value distributions for the two different lengts of record.
The slight bins which s exhibited n result of the skewnes of the
axtretne vals ditributi moro weiht was given to

mwmmmmdmhhﬁm.
Tsoline inderval.—The isoline intervals are 0.2, 0.5, or 1.0 inch
depending on the range and magmitude of the rinfall values, A
uniform interval bins been used on s purticular map except in the
& dashod intermedinte line hos hoon
5 Iernade
4o interpela

by n steop

i

and (2) & larger interval wis wsed wl
proddicot. “Lows' that dose witlin the boundarics of the United
States have been batched inwardly. .

I

¥ maps were
mnde in the course of these investigntions in order to mnintsin the
consistency.  In situstions where it hin botn necomary te

= bipurly dutn £ sily obwervations, expericoce has demon-

strated that the ratio of 1-bour to cormesponding 24-heur values for

the sunG TEMET period does Bot vary greaily Son.
s e

“This s he isophuvi

On the windward sides of high mountains in western United States,
the 1- to Z4-hour ratio is as low as 10 pereent.  In southern Arizann
and some parts of midwestern United States, it is greater than 60
. TIn general, except for Arizons, the ratio is less than 40
¢ west of the Continental Divido and greater than 40 pereent
cast. Thors is & fair relatioedin between this ratio and the
climatic fnctor, mesn annusl number of thundersiorm day=. The
two parnmeters, Z-year daily rainfall and the mesn snounl number
ol Uumdorstorm duys, have been used jointly to provide sn estimate
af short-durntion rainfalls (18], A 1- to 24-hour rtic of 40 pereent
i approximately the avernge for the United Shm;h

< phpsograp

mnnund and menn sensonal rainfal
cmpiri defined purnmeters relating rainfall dats to the physiog-
raphy of & region. Elevation, slope, orientation, distance (roin
moisture source, and other parnmeters have been wseful in drawing
maps of mean minfll, These and other parsmelers were exiunined
in an efort to refine the meps presented here. Tlowever, tests
showed that the use of thess wonlld result in no i
ment in the rinfall-frequency pattern beenuse of the sampling and
other error inherent in valus obtained for each stution.

Evaluntion —In genersl, the standord crror of estimate moges
from o minimum of about 10 percent, where s point value can be
used dirvetly s taken from a flat region of onc of the 2-yeur maps to

P

50 percent wivere s 100-year vaine of shori-dursiisn
estimated Tor nn spprecinble aren in o mors rapged region.

Internal inponsistency.—Om some mnaps the isoline nterval doos
wot rovesl the fact that the magnitude does nol vary linearly by
i Anti Therelore, i lation of several anati of
durations sl return periods for the point of inlerest might result
in such inconsstencies na a 12-hour value being buger than o 24-

hour value for the same retum period or thot s S0-year valie ex-
coedds (ke 100-yeer valoo for the swme dumtion, These errors,
however, are well within the scksowledged warn of eror. 1f
the render s interested in wore than one duration or return period
this potentinl source of inconsistency s be climinated by con-
structing & series of depth-duration-Trequency earves by fitting
snwotlicd eurven on bygsrithumic paper o the values interpolnted
from all 49 maps. Figure 12 illustrules & sol of eurves for the point
st 35° N, 60% W. The intorpolated values for o particalsr duration
shotbd very nearly npproximnte a stright line on the return-period

eal stations rther than longer rocords will
speed oteolescrner nidl lesen the current necurney. of e mops.
The compurison with Yaruell's paper [1] is a cuso in point, Whero
data for new stations sre evailable, particularly in the wonntainous
regions, the iopluvisl puiteras of the two papers show pronounced
Aifforencos. At stations which were uscd for botls papors, even with
25 yoars of additional data, the differences are negligiblo.

Bg% ﬁithn ‘I.i
BT ',\\%ﬁt“(\s
|| e
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Frovse 10— Grid donsity used 10 coustruet sdditional mags.

Cuides for estimoting durations und for retuen periods not
presented on the maps

Frtermediate durations and roturn pericds —1n some instances, it
enight. e reqquired to obtuin values within the mnge of return periods
and durations prosested i this paper but for which no maps have
been prepared. A disgmm similor to that illostrated i Fgure 12
can serve us & nomogrum for ostinting these required values.

Return periods longer than 100 years,—Values for retum periods
Jonger than 100 yesrs ean be obuined by plotting several values
from 2 to 100 years Troms the sanve on all the maps on either
Tog-normnl or extreme-valee prodmd ighl
Bt Lo the sdata and exirapoinicd [l e
mnte of, say, ihe 200-year value, 10 shouhd Te renmbered (hat
the vulues on the uaps are for the partinldurstion series, thorefore,
tse 2=, 5, aned 10-yoar walses should first be redueed Ly the faetors
ol table 2,

EXAMPLE. The 200yenr 1-hour vabuo is required for the poist

b 5% K., 80° W, The 2 & 10, 25,

wad e 10-yoar vabue by 099,

sl 100-year vabues are
estimated from the mags (o be 1.7, 22, 25, 2.9, 3.1, asd 3.5 inches.
After wwdtiplying the Z-prar value by (188, the S-year value by G0,

he six valum s plotbed on exirome

wadue peobabilsty gager, o fine is Giied 19 the data aod extimpolaied
Nincarly, The F00-year valoo bs thus estimated to be sbout $8 iecho

{ace g, 13).
Durations shorter than SO mintdes.

Il durations shorter than 30

minuics are roquined, (e avermpe relationships between 30-minute
ruinfull co the one hand sl the 5-, 10, and 1S-minute minfall on
ihe olhor can be oblained fron table 3. Theso relntionslips were
developedd from the date of the 200 Weather Bureau first-crder

stations.

the snme Fefurn

Tamas L—Awrage wh:mjzim S mivte vasinfall and thorter duration

Duration (mis).

5
o
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Comporisons with previous minfall frequency studics
Farnll.— A comparison of the results of this paper with Unnn
obtained by Yamnell's papor (1] brings oul sever] mtereating points.
Fimt, both papers abow upprosimately the same vulaes for the
Weather Bureau frst-order stations cven though 25 years of addi-
tional dutu are mow weilsble. Second, even though ol

il parely exered 10 pereont. However, in Use moninitous regions
of the West, the enlurged inventory of dal.. i avnilablbe has lnd
n prurw-n] welfees on the isopluvial pattern.  In genceal, e rosulls
from this paper mre lurger in e West with the dilferences occnsions
ally renching w fnctor of three.
TM Hlpcr Na, ﬂ'_ Techmiond Paper No, 25 15] voninins o
ity-durtan-frequeney carves for the 200
tiona, The curves weee deveboped Trom encl
slation's data with no consideration given o snoanlous events or
l'n arenl groerulizstion.  The average dilfevcoms belween (he Lwo
Afte
ks -I—lum
Technical .Hs,pn- Na. £5 in for the sunaal m serics, Uhe
B mrribiend tn Uhe considern bile sres] geaneeslization sl in (his paper,
Technionl Paper No. 24, Parts I and 11; Techwical Paper No. 25—
The differeswes in relinement between Tecknical Paper No. 24 2]
el Feckniond Pajer No, 28 (6] on U vne haad nsd 8his paper on the
olber o not, bowever, seem 1o infuence tse ond resolts 10 an
impartant degree.  Inspection of te vahies in several raged anens,
as well ns in flat arcas, reveals disparitios which aversge about 20
percent. This is atiribitable to the muoch larger amount of dado
(botly lotger reconds aml more stations) snd the greater aral gean-
eralization used in this plpnr
Teel apes Mo ol
b comparison of Treeknical Paper 2a|3] with this paper is the
very |m-I1 <IMpnnll\ between llm Tour Iarg' mnps and the dightly

of ndditional stations were wsed in this study, s differonoes between
mnlmm-ummhmelummw-mqmwml

Iarger ies between the i manps. The average
differences are of the onder of magitude of 10 and 20 pereent,

respectively.  The larger differonce etweon the intermediate s
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Froune 13 Faample of rtrapolatiog bo bong relum periods.
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these maps in s
for this paper,
Probubility consideratbons

Gemeral. The analysin presentes thus far has been 1
cottied with staching ton pa
l-ll alm mn-—n‘-y loration, O
n I e givess 10 the corollary qucstion.
5\1|-|nl:lu~ pml..ﬂnluy b thie s-yenr event will oeenr al least onee
i the next w yenrs?
v probability theory it is known that there is =
h

ring particular year (nssunie the anoenl sries s
Taving usesl), where w is 10 or greater, the probulility, P, of e event
socurring al loast once among » olservations (or years) is

Fostm (1= 1) == 0,03

Thus, for example, the probabitity that e 10y ear event will oocur

ot lrast aitico in ihe nest 10 years b 0.63, or sbout 2 chanees ou of 3.

Helatianthip between design relurn period, T years, t‘fu"wr pmai

i, und peobabitity af wot being escveded in T, yoo
prepared from th shown. the. rolatio

between the design rolum period, 7‘ years, ‘Imm periedd, Ty, and

prolability of not bedng v

EXAMPLE. Whal design retuns prviod .m the cegineer e

10 I approximately 90 percent. eortain that i will ot be exccedod

i the pest 10 yean? Faterimg the design pevsod

re 14,

s eriod s
. In wrins of Faindll s, e 100-
s approsimately 50 pesent larger than the 10-year vabue,

BEbtn mrTems pEnSn T reass

3

= -
s remoe, 1, Toam

Froum 14— m.mhq.mw 0 retinm period, T years, design presed,
Andl peotabality of not heing exeeeded in Ta vears.
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PERCINT OF POINT AAINFALL FOR GIVEN AREA

Figus 15— Ara-depth carves.

Probable maximum precipitation (VI
The Gshoner PALF and ite relationship to the 100-year 6-howr revin-
M Onpnmi to the probability method of minfull estimation
i thie poper is the probalde maximum precipitation
(I'MI’J method which uscs o combinntion of physival model and
novern] nted meteorological parameters. The mnin. purpose
of the metlod is to provide comipletesafely design crileria in
enses where structure failure would be dissstrons.  The G-hour
PME map of Clart 50 is based on the 10-square-mile valucs of
Hydrometeorelogical Repert No. 83 [20] for the region cast of 105° W.
wind on Weathor Burcan Technical Paper No. 8% [21] for the West,
Chart 51 presents ihe ratios of e walues to the 100-yenr
point rinfalls of this paper.  Fxamination of this map shows that
thie rutios vary from less tlnn 2 to about 6. These results must be
ive of the arder of i of extremoly

rare raindalls,



Area-depth relationships

General.— For dminage arcas larger than s few square miles con-
sidderntion must Lo given not only Lo pomt reinfall, but o e wvemge
depth over the entire drinoge arce. The average area-degih
relationship, ns u pereent of the point vahues, lus been determined
for 20 derse netwarks up (o 400 square miles frons various regions
in the United States [7],

Th nren-depth curves of figare 15 must be viewed aperationally.
"nm upmt-n s n-t-lnl e llr purpse and application.  In appl

“This poink value fs the avernge depth for the Jocation concerned. for
w iven froquoncy wid durstion,  10is o composite.  The arem-depth
eurve relites Lhis avernge point value, for o gaven dumtion sl [
quency nal within o given ares, o the sverage depth over thit ares
for the corresponding durntion and frequency.
'ﬁm ilats used 1o develop U areasdepth curves of fgure 16 ex-
ibitedd ) systematic regionn] pattern [7].  Durntion turned out to
be the major pormneter.  Noe of the dense networks haed salficent
tength of recond 10 evalunte the effect of magnitude (or returm period)
om the arca-topth relationship.  For anns up to 400 syusee miles,
it is tentatively secepted that storm mapgmitude (or rebumm poriod )
is vl mmnelu e -n-«lrpuu n-l.unmlup The rrlmhlnl,

n_mwswnq».!ni.d_i.m..m.m
deptls for points is the sn.  Howeve, Uhe svernge 3-lour depth over
the dmmisge arca would be e thin 2.0 inches for the 2-year returm
e han the 3 hour sure e
sects the aren seslde sl 200 square smiks b ratho 08 Acoordingly, he
Dyear Mbatnar averse depih over 200 suare miles b= 08 times 2.0, or
1.0 ke,

Sensonal varintion

Introduetion.—Ta this poinl, the fequeney nslysis s followed
llbe Qnmllﬂ:ﬂ pm«luru of using ouly the -numl mnxima or Lhe

wemsrs of tord,  Deioody
record. Owionaly, semm
uml.nl..ulr e events 1o these series than others wml, in fncl, somne
months might ot contribute ot all o these two soris. Soasonn]
vorigtion serves the purpose of showing bow often these rminfall
events ocenr during » speeifie month.  For example, a practienl
problem coneormed with sensonsl vaistion may be ilustmted by the
fuct that the IW-'\ﬂr] Bour pnin may eone from o summer thunder-
storm, with rinfiltrtion, wherens e 100-year tood mny
come | Irom  lesser storm oceurring on frozen or snow-coverod growml
2

Seasenal A total of 24 ) varintion d
grms = presentod in Cliarts 52, 53, aal 54 for the 1-, G-, ard 24-hour
dumtions for & subregions of the United Sintes cost of 106% W,
The 15 disgrusms covering e region vast of $50° W, are ideation] w0
those prosented previously in Technical Paper No. 285
smoothed isoplethe of u dingraen for o patticulsr durmtion m: based
on the wverage relationship from approxinmtely 15 stations in eocly
subrogion.  Some varistion exists from station 1o slation, suggvsting
n slight subregional puitern, bul mo sitempl was made o define it
Boenuse there is 1o sonclusive methsd of determining whetlwr this
pattern = o climatic fact or wn secident of sompling.  The slight
regionnl discontinuitics helwren curves of adjncend subrgsons oo
b saiwothesl ol forall pactieal purposes. o sessoral vasintion
mhlmnlm-n wre prosentod Bor the mountainous region west of 1
W. beenuse of the influence of local dimatic aml topographic mmh.
tions,  “This would call for semsonal distrilution errves construeted
Troan encd statbon’s duta ietesd of wremge wid more relinble curves
based on groups of stations.

Application to arcal reinfoll.—The snlysis of s limited smount of

areal mnl’nll .J-u ny th g i 1 h pm-l At prve sensonal

from 4hose of

the pnnll dn 1‘1.- lmk soamn m.m«..m in wsing these disgrmns
s u guidde for sanll sros.

EXAMPLE.  Ixtermine the probslility of socurrenes of n 10-yesr

48% N, 85" W. From Chart 52, the probabilities for cach month are
inerpoiated 1 be 1, 2, 4, a 2 pereen, rspretively. In olber words,
wmamu.mw e mindall i Mny of

i 1 g 2 jevin
mel-mnm i all five puts of Troknioat Fuper
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