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PREFACE

Aﬁm—m“m'ummdfmmmcnmmmwmnda lized rainfall infi
for planning and design purposes in ion with its Wi and Flood P ion Program (auth
zation: P.L. 566, Ssd(}ongm,mdumandodj

Seope. —Prmwhnm data for various hydrologic design problems involving areas up to 400 square miles and dura-
tions from 2 to 10 days are presented. The data consist of generalized estimates of rainfall-frequency dsta for return

Mm#mm.—nndwol -y of the g lized esti d on the rainfall-frequency maps
presented in this report is believed to be ad for practically all engt pm'pmw It should be expected that
mmhumntu‘m\n'uynughthnwbssnabhmedhndlhnmlpbunbuodondahﬁnmlhnnmdlhomd
availuble precipitstion gages instead of from a few hundred. Howerver, the collection and Jyuis of rainfall
dnhfwdurahmuphI.Ddlylfwlfwthomndwwouldhanbmnlomdlhhmkmdauaxm&bemuy
dtheru\ﬂhobwnadummhwwthumdluhdby&hnrﬂnunbmnﬂ
nmbcrnfmnmmadameat.he ppr Ived the projection of the 24-hour rainfall-frequency maps of Technical
Paper No. jO[l],wh:ehmhndundn&ah-mmannhomdnuhnm ‘The possible greater acouracy that might
have been obtained by use of data from a much larger number of gages was judged to be incommensurate with the
much greater cost involved.

.—The project was under the general supervision of J. L. H. Paulhus, Chief of the Cooperative
Studies Section of the Office of Hydrology, W. E. Histt, Acting Director. L. L. Weiss nesisted with the investigations,
W. E. Miller and N. S. Foat supervised the collection and processing of the basic data. Drafting was supervised by
©. W. Gardner. Coordination with the Soil Conservation Service was maintained through H. 0. Ogrosky, Chief,

Hydrology Branch, Engineering Division.

CONTENTS
Page
Pwlw........ - i Figure 8.—Pointa for which data were
4 1 Figure 9.—Smoothing values read from maps.
Bame Dama 1 Figure 10.—Depth-srea curves
mm«m—w-ﬂmdwm nmzu-wm«mwwmmwamwdmm
....... e 3 Figure 12.—3-year I-day i
n-bour v cheervational-day Duration- lstion dingram. Figure 18, —5-year 2-day n.n _____
ANALTAIS, 2 Figure 14.—10-year 3-dny (in.)
Two types of series—Frequency conshderstions—Construction of return-period disgram—~Use of return-period disgram— . Figure 15.—25-year 2-day (i8]
General applieability of return-period disgram—Secular trend. 16.—50-year S-day (in),
I Mars, 2 Figure 17.—100-year 2-day {in.)
Relation between 2-year 24- and 240-hour amounts—Smoothing of isopluvial maps—3-year 10-day map—Ratio of 100-year Fligure 18.—2-year 4-day precipitation (in.).
to Z-year values—100-year 10-day map—22 additionsl maps—Reliability of results—Tsoline interval—Smoothing values Figure 10.—5-year 4-day p )
read from maps. Figure 20,—10-year d-day i {in.).
Durmn-Anes R 4 Figure 21.—25-year 4-day {in)
Dt used: of area of k of the our waristion. Figure 22.—50-year d-day precip {in.).
& V. 4 Figure 23, —~100-year 4-day (in.).
1 Figure 24.—2-year T-day p (im.)
25, —G-year T-day i} fon (In.).
Fi 26.~11 Tedin; {in.).
LIST OF ILLUSTRATIONS mgﬂ—mwmg'f.h;' itation (i)
Figure 1.—F stations - 1 Figure 28.—50-yeah T-day procip i)
Figure 2L—Relstion between Z-year 2-observational-day and 2-year 48-hour p 5 Flgure 20.—100-year 7-day precipl (in)
i Durstioni ik 2 Figure 30.—2-year 10-day precip (i),
Figare 4.—Relation betwean 2-year 4-day precipitation computed by extreme value analysis and 2-year 4-day precipitation Figure 31.—5-year 10-day precip {in.).
d from duratiy diagram (fig. 3) 2 Figurs 32 —10-year 10-day p (in.)
Figue 65— perfod—k gk 2 Fagure 33.—25-year 10-day fin).
Figure 6.—Relationship for estimaking 2-year 10-day 3 34.—50-year 10-day p (i)
Figure T.—Relation between 2-year 10-day precipitation computed by extreme value snalysis and Z-yesr 10-day precipitation Figure 35.—100-year 10-day {in.).
3

estimnted from figure 6.

-mqahuq-i



INTRODUCTION

Thu“mmhuwcyilﬂndmﬂmudm [1] presents
to 24 hours and
mmpmodlfmltnlm:m Thpm«ntnpmmmutw
narnofthnwwh Inauriasofmpsmddng)mthsnpm

generalized of the cy regime
ulﬂ:seUml.edStlhs for durations from 2 to iOdlywmlifwmmn
periods from 2 to 100 years.

A relation for obtaining 10-day values from 1- and 24-hour data
was developed and was applied to the 1- and 24-hour values of [1].
Two key maps, the 2-year and 100-year 10-day maps, were then con-
structed. These maps, together with two key maps from the Atlas,
the 2-year and 100-year 24-hour, were used with generalized duration
and return-period diag to provide esti for a 3300-point
grid for 22 additional maps.

BASIC DATA
&mmnnofWMdaﬂydeMmm

Their dsta were the basis for the conversion factors for adjusting
observational- dny nmuw.\tu hon-}mnr amounts and for the duration-
and return-p ‘One- and 10-day data
were then d for 276 additional stati (plain dots in fig. 1).
These data were used to supplement the data from the first group
of 94 stations to develop the relation between 1- and 10-dey amounts.
Period and length of record—Data for the 94 stations in the first
category were tabulated for the 50-year period, 1012-61, except for
& few cases of missing or incomplete data, The average length of
record available from all stations was 49 years. Data for the 276
stations in the second group were tabulated for the 20-year period,
1942-61. Breaks in record at a few stations necessitsted tabulation
of a few years of data prior to 1942 to obtain & 20-year record. In
a few cases, 18 or 19 years of data were used when a 20-year record
was not available. In no case, h -, wag less than 18 years of
data used.

Station exporire.~In rofined analysis of mean annual and mean
seasonal rainfall data it is necessary to evaluate station exposures by

hods such as doubl rve analysis (2]. Such methods are

no attempt has been made to adjust
exposure.

Two- to Ten-Day Precipitation for Return
Periods of 2 to 100 Years in the
Contiguous United States

JOHN F. MILLER

Cooperative Studies Section, Office of Hydrology, U.S. Weather Bureau, Washington, D.C.
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DURATION ANALYSIS

Observational-day va. n-hour i the basic data
eonmsudnnsﬂyofnbmmm:l—d;yammu,:ﬂntmhdwh
established between observational-day data and the corresponding
n-hour amounts, L., the 2-observational-day to 48-hour, the 3-obser-
vational-day to T2-hour, ete. These relations are ratios of the mean
of the annusl series (seo section on Frequency Analysis) of the
n-hour precipitation to the mean of the annual series of the cor-
responding observational-day data. The adjustment factors are
shown in table 1. The conversion factor between the observational-
day and n-hour amounts is an average relationship. Agraplnul
illustration of the quality of the relationships, based on data from
Wmtkiyd:m'huladm“s,nsmmﬁgnnsforﬂu%—]eﬂ
48-hour and 2-cheervational-day pmlplnhm Differences between
mwnmfmlha!ﬁ-hmrmdlmg& and the ponding

1o,

‘Tamiz 1—Empirical foctors for converting observational-doy amounis fo the
correaponding n-hour amounis

{

Condianiig
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mdludagsfor.sﬁmdmpmodwhmthes-mdm-dly
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)
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2-YEAR 2 OBSERVATIONAL-DAY PRECIPITATION (INCHES)
Frguzs Z—Relation between I-year 2observational-dsy apsd 2-rear 458-hour
precipitation.
were collected, analyzed, and the resulting fi d to

amounts for that return period are given (fig. 8). This i

hunmoumnsdmpmmﬂ’fmmdmfwthnﬂm The
umlopeﬂuumgdmﬁwﬂw
&mmmwnr]. Tnmﬁuld; i is laid
mﬂarﬂmmmﬁmﬂmﬂlﬁd‘mmmmhm
durations are read at the proper intersections, mqmll.tyoilhm
relationship is illustrated in figure 4 for the 96-hour d and

may be
gwilmhble%,whndlkhseﬂmd&hﬂmﬂmdﬂb
stations. The two types of data series show no apprecishle differ-
ences for return periods greater than 10 years. These conversion
iuﬂmmlhumuﬂ:mmdin[l].

9-year return period. Tests have shown negligible differences for

F P 3

FREQUENCY ANALYSIS

T'wo types of series —F Iyses of precipi dats are
bnsedonnmnftwotypesofdlhm 'I‘homulmasmm
only of the highest valus for each year. The partial-durstion series
recognizes that the second highest of some year occasionally exceeds
the highest of some other year, snd utilizes all items above a base
value which is selected to yield n-items for n-years. The highest
valoe of record, of course, is the top value of either series, but the
Jower values in the partial-duration series tend to be higher than
thoss of the annual series.

‘The purposes served by this publication require that the results
be expressed in terms of partisl-duration frequencies. In order to
avoid laborious processing of partial-duration dats, the annual series

rmwmwmmmmmw #o annual

Canversion.
[

0.8
o

8
2

Fregquency s f rainfall depth form
a frequency distrit wllmhmqbodeﬁnedmmohhmﬁa-
tical ts. i of hundreds of rainfall distributions
with lengths of record ordinaril tered in (usually

less than 50 years) indicates that these records sre too short to
pmﬂomlllﬂomhmbmdmﬁmmdmdm ‘The

jon must theref ded &8s & fi of the first
w0 moments. m&ymvdmu;mdmwmmb—
the central tendency of the distribution. The relationship of the
2.year to 100-year value is s measure of the second moment—ths
dispersion of the distribution.

Conatruction of return-period diagram.—The return-period dia-
grum of figure 5 was obtained by the method described by Weiss
[3]. If values for return periods between 2 and 100 years are read
from the return-period disgram, then converted to annual series
values by applying the factors of table 2 plotted on either ex-
treme or log-normal probability paper, the will very nearly
define e straight line.

Use of the return-period The two intercepts needed for
the frequency relation of figure § are the 2-year and 100-year values
obtained from the maps of this report. Thos, given the 2- and 100-
3nrmpmodn]nesﬁmlpnumllrdunum,sstrmghmdgu
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Frgrae §.—Duratlon-laterpolation dlagram.

less than 24 hours [1] has shown only negligible differences. Studies
have not disclosed any regional pattern thet would improve the
relationship.

Secular trend.—The use of short-record data introduces the ques-
tion of possible secular trend and biased sample. Routine tests
mthuubsnmpksofuqnl]mﬁvmdmmpmodsnfrmdm
each of several stations showed no iable trend, indi g that

BVEAR DAY PAIDATIATION HMCHES) COMPUTED Y CXTHEML VALWE AMALYSH
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value analysis and 2-year d-day
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ISOPLUVIAL MAPS

is laid across thess values on the diag dinte values
are determined. Relation between 2.
. 5 : -year 8- ond 2i0-hour amounts—]

General applicability of return-period Tests have of hourly data for durations in excess of 24 hours is a lat
ﬁmmmﬂummqeofu_:gd:hwdthgpm?offhu and costly task. For this reason, it was decided to estimate rather
pnper thentnmpariodl p is J: of than compute 2- to 10-day rainfulls for the majority of the stations.

ison of this rel ship with that developed for d Relationships, using in part data already available for the shorter

5 L] E ] =
RETURM FERIOD | Yonra |

Frovme 5—Return-period—isterpolation diagram.
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ions, were developed to esti for longer d il of fit. Any analysis must strive for s balance between the

5i st i lation and return-period di two, ificing some cl of fit for b and vice verss.
wmuvnuhla.mio-dudnnhmmadwudfnrdmdupmmtﬂ 'Ihmpsofununponwmdmmwthu&hemndndunmuf
such a relation. A total of 285 stations with hourly data p was with the pling and other errors in
the basic data, The parameters used to estimate the 10-dsy  the data and methods used.

2-year
valnes were: (1) the 2-year 24-hour rainfall, (2) the 2-year 1-hour
run‘kll,lndfa)hhtmh The uss of latitude as a parameter im-
plies a smooth geog with isopleths of d of
mmudﬁmwmpatds-wm-dnymmnpam]ﬂmm
latitude circles. To test this hypothesis departures from the com-
puted 2-year 10-day amounts were plotted on a map. The isopleths
shmdﬁut,ingweml.ﬂmmmmdu-lylaﬂmdmnlvmnhm
in these depart In the devel of this relati (6g.6)
aﬂ%mﬂlhmrdmm;dwwthammmdmgmmu

amounts. The 10-day values were adj P re
240-hour amounta.

Tntrod of additicnal 0. the relationship of f
Gdadnotmpmthemdu Other tested included

parameters
elevation and mean annual numborofd.ya with pzwpumwugmm
than 0.49 in. The index of l
estimated amounts was 0.99, wiﬂlnmdsrdmof estimate of
0.58 in. lemmoithempuudnluaswuﬁmm. The scatter
of estimated va. computed values is shown in figure 7.

Smoothing of sopluvial maps—The analysis of a series of maps
involves the question of how much to smooth the data. An under-
standing of the degres of thing in the analysis is ¥ to the
most effective use of the maps. The problem of drawing isopluvial

£-year 10-day map (fig. 30).—The relationship (fig. 8) described
in the preceding paragraphs, and the 2-year 1-hour and 2-year 24-
hour maps of [1] were used to estimate the 2-year 10-day values for
u grid of 3300 points (fig. 8). Also plotted on the map were the
data for the 370 stations (fig. 1) for which 10-day data had been
tabulated. On this and other similar maps all precipitation data
have been adjusted by the factors of table 1 to n-hour amounts, i.e.,

the 2-day map p 48-hour , the 4-day | 96-hour
amounts, ete,

Ratio of 100-year to $-year val A king map was d
shmngthaloo—ymm!yurnhoiwthemdny samounts, A

| patterr was d. The ratio varied from
lb«ubl.sms.ﬂ'm!hmnvmgenhnlbnmﬁ.ﬁ. ‘The highest ratios
were found in southern Californis and along the western slopes of
the Sierrs, with the Jowest ratios in western Oregon and Washington.
100-year 10-day map (fig. 35)—The 100-year 10-day values were
computed for the grid points of figure 8 by multiplying the values
read from the 2-year 10-day map by those from the 100- to 2-year
ratio map. Asa further aid in the analysis of the isopluvial pattern,
the 100-year 10-day values computed for the 870 stations for which
dats had been processed were also plotted, in addition to the grid
points.

lines through » field of data is analogous, in some img

to drawing regression lines on s scatter diagram. Juut.umlrwg—
u]lrngmhnaﬂmbeduwnm"uj-mntwnmtmmm
50 isolines may be drawn to fit every point. Such a complicated
pubmofmmym-ﬂhghsmdlowswuldhaunmhuhamm
cases, There is a degree of i and

22 additional maps~For the 22 intermediate maps required for
this report, values were computed for the 3300 grid points (fig. 8).
First, values were read from the 2-year 24-hour and 10-day maps and
the 100-year 24-hour and 10-day maps. Then, the duration-interpo-
lation diagram (fig. 3) and the return-period disgram (fig. 5) were
used to compute amounts for the grid points. The frequency values

i I i [

Bl— MN=285
R=99
STANDARD ERROR =0.53 INCH

2.YEAR 10-DAY PRECIPITATION (INCHES) COMPUTED BY EXTREME VALUE AMNALYSIS
- )
I [

-
|

o | | | |

MEAN OF COMPUTED 2-YEAR 10-DAY PRECIPITATION =5.31 INCHES

| | | | |
L3

<] 3 L]

L] B [} 2 "
2-YEAR 10-DAY PRECIPITATION (INCHES) ESTIMATED FROM FIGURE &

Frovee T—Relution between Syear 10-day precipitation computed by extreme valoe analysls and 2-year 10-day precipitation estimated from figore 6.

x

computed for stations forwmdnhwmprmdwmﬂmplom

cussed in that report. Tbemhlhlhtyoftherehuumhlpsdmﬂuped
may be partially 1 by ref to the various figures indicat-

on each of the maps. Isolmswmthmdnm Pr
“highs” and “lows” are ions on all the
maps. ‘I‘heﬂpmpahﬂmfnqmmummalwwntmemdd
the text (figs. 12-35).

Reliability of results—The term reliability is used here in the
statistical sense to refer to the degree of confidence that can be placed
in the acouracy of the results. Thnml.mblhtymmﬂumcedhyﬂw
sccuracy of [1] and the of the relati loped for
this report. Mnemmyufﬂum]bpwladm[l]w&udn

mgnmmmnfﬂmrquﬂrty The scatter of points in these dia-
grams is a result of sampling error in time snd space. Sampling
error in space is & result of : (1) the chance oceurrence of an anoma-
lous storm which has & disproportionate effect on the record st a
station as compared with Ihatnflmrbynahm,md{ﬂ)thsm
of station data that are not representative of th.mmh.ﬂmpma
the surrounding area. Similarly, sampling error in time results
ﬁum&omofhﬂhnmmmuwmﬂmmnhr
a longer period.

3
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data were

Isolina interval,—In general, a different isoline interval was used
east and west of 105° W. longitude. Within each region a dashed
mumodnmhmwuaddedﬁﬂmmphﬂlhmmﬂﬂyw
or if the spacing of isopluvials was to iza the errors
of interpolation, &mmdb,lhmgﬂnalow of the Sierras and
Cascades of Californis, Washington, and Oregon, it ‘was necessary
to omit an isopluvial because of the extremely steep gradient. Lows
that close within the boundaries of the United States have been

hatched inwardly.
Smoothing values read from the maps~The plex p
and steep gradients of the isopluvial bined with the difficulties

ofmlerpolntinnmdmnmaloﬂhmo‘fsnpmlﬁepomtmlw
ofmpmghtmﬂtinmmmmmumémmdfmthemp&
Such i istencies can be minimized by fitting smooth curves to
a plot of the data obtained from the maps. Figure 9 illustrates two
sets of curves on logarithmic paper, one for a point (a) 39° N., 80°
V. and the other (b) at 40°30" N, 111°15° W. Data for the 24-hour

4

values for these curves have been taken from [1]. An alternative
procedure would be to read these values from the duration-interpo-
lation disgram (fig. 3).

In one plot in figure § the curve of best fit is a straight line, while
in the other, s curve provides a better fit. In regions where the
isopluvial pattern is relatively simple and exhibits flat gradients,
minor differences in locating points have less effect on the interpo-
hbsdvﬂuu,undtheploﬂadpmumnmdm]yduﬁmlmmth
set of curves. In regions and steep
gradients pli i “',mdthecurvumﬂbemm
poorly defined.

Interpolated values for = particulsr duration should define an
almost straight line on the retarn-period diagram of figure 5. Also,
the interpolated values for a particular murnpmodﬂmuldvu'y
nearly define a straight line on the durati g g
of figare 3.

in deriving the 22 intermediste mans from the 4 key maps, the 2-year 24-hour and 10-day and the 100-year 24-boor and 10-day.

DEPTH-AREA RELATIONSHIPS

lmehn—Anyvﬂnomdﬁnmnmluw.dmphl
point is an average depth for the location, for a given return period
and duration. The depth-area curve attempts to relats this average
point value, for & given duration and frequency and within a given
area, to the average depth over that area for the same duration and
frequency. The curves of figure 10 depict the relatisnship for dura-
tions of 1 to 10 days and for areas up to 400 square miles, and are
to be used in reducing the point values of precipitation shown on
the maps of figures 12 to 85 to areal values.

Dmuud-—Dmfmﬂ?dmmmwmhmewdquop
the depth-area curves of figure 10. The networks, together with
ﬂummmmhrdmnmb&a!mhwtwwb,md)mgﬂl
#ﬂmu;u;da;;ﬁhﬂdmhble&md&hﬂrl@msmshmm

e lvmgoknmhofwdmdmlfym
networks that had at least 10 years of record wers consids 0111?

denser networks were subdivided to provide additional poeints for
the smaller areas.

5 PP TS

of area of #a.—There is no I satis-
hmqm&hndfordmmgby thamso!thelmiww}nehﬂu
to be representative. Thamoir.hanmmpnnmmdhyanutwwk
in this study was presumed to be equal to the ares of the smallest
circle encompassing the network. It should not be inferred, how-
ever, that such a circle actually delineates the shape and location
of the “true” representative ares.

Conatruction of the curves—The annual series for the period of
record for each network was tabulated for the 24- and 48-hour dura-
tlms,mdthe&,.’p-,lﬂ-.sb-.m mdmu-ymnlmmmwm
puted. The method of ion for the p
!nrud:mw«rkmthamumt_umdm{i] These per-
centage reductions were then plotted on a series of charts, one for
uchmmpnrmd,mdmmwmﬁmbym The curves for
the various return were compared, and a mean curve was
drawn for each duration. The individual curves drawn for the
different return periods varied by no more than about 1 percent from
the mean curve, indicating that there was no need for separate
curves for each return period.

The 24-hour curve showed only negligible differences from that
used in previous reports [1, 4], and it was therefore decided to nse
the curve originally developed for those reports. For durations
longer than 48 hours “cross section” at severnl sizes of aren were
taken, and the percentages for the 1-, 24-, and 48-hour values were
plotted on semilogarithmic paper. A smooth curve for each size
of area was then drawn through these plotted points and extrapolated
to 240 hours. Data for the longer durations for a few networks
were then tabulated and used to check the extrapolation.

Gwmyhcmmm”ndummmoiﬁgnm
10 are based on ks widely ughout the country,
&hmmmmykrgnmpmnm:mpmhdbyam{ﬁg 11).
In the process of ths the data from the dif-
ferent networks were closely examined in an attempt to detect re-
gional None was app However, it uhou'ldbakwl
mmmdtlmtthe k ling was not ad ford
raglmdvmummdﬂmﬂulukufmymdicmmofsuuh
varistion is not conclusive. Pending the availability of additional
dense network data, the curves of figure 10 must be considered
applicable to all parts of the country.

SEASONAL VARIATION

The basic data for the precipitation-frequency maps of figures 12
to 35 show seasonal trends. Seme meonths may contribute most of
the snnual series or partial series data used in the frequency wnal-
yses, while other months may contribute little or nothing. Also, the
months contributing most of the series data for the shorter dura-
tions, say, one or two dwys, may not be the same as those contribut-
ing most of the data for the longer durations, say, nine or ten days.
Technical Paper No. 40 [1] presented a series of seasonal ility
charts for 1-, 6-, and 24¢-hour rainfall for the region east of the
Rockies. Nuuem, i for the i region to the
west because of the effects of local climatic and topographic
influences.

Seasonal probability curves were not derived for this report be-
cause the relatively small number of stations providing the basic
data precluded the delineation of the bound of arens of repre-
munvmfwmmlpmbahhlym Data from many more
stations would have been required to depict properly tha 1
varistions of the seasonal probalility curves. l't.lppelrdﬂnzthmr

ful ‘wag not mt.hmmofwlled:ngand
g the additional deta d for their
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