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A Survey of Techniques for Determining
Short-Duration Precipitation Rate Statistics

I. I FrODU(TION

In the past 10 to 15 years, there has been increasing demand for information

on short-duration precipitation rates (intensities averaged over intervals of 5 min
or less). Primary interest is in 1-min intensities, commonly referred to as

!instantaneous" rates. Knowledge of the frequency-distribution of short-duration

rates is important to the design and operation of many types of equipment. Pre-

cipitation, especiaily at heavier intensities, attenuates microwave signals of

ir ..r. systems- used in satellite detection and tracking, communications, air

traift, ,onrroi, re'nnaissance, and weaponry. Erosion due to rain is important

to 'he aesign and operation of heiicoptnr rotor blades, leading edges of aircraft

and mis- ilhs, and fuses on airborne ordnance. Intense rainfall can cause jet

,r~nc5 to matun(tion and can penetrate protective coverings on exposed elec-

01 a ;tatisti(' have been ollccted at thousands of locations worldwide,

,,: ' l ar 11- 'vears in a anv instannfl's. Flowever, data collc tioi %iwas

,a 1t 'a ai ac 'tl).utura and hydrological purposes, for which monthly, daily,

S,', 'ao:iov, .- and -hourly totals e crc coilectcd. ates for '4 1, down

, , rc ':,.'a i ton c ;ann -stations in the U-ite.d >ta tes, but for very fev,

W. v. ,ia ii I- N vP a ' '
S, ' + ; 1 l l .[ t I 1 ' % ' l [ ( ] .€-P++

6 i i i i i i - -i i i • l i . i ,t- + I



stations elsewhere in the world. Clock-hour data (totals on the hour every hour)

are also available for numerous stations in the United States, some stations in

Europe, but only a few stations elsewhere.

Most rain gauges in every day use do not have adequate resolution to measure

short-duration rates. Much of the meager amount of data that are available were

collected during special field programs conducted for brief periods of time (for

example, 1 to 3 years). Therefore, researchers have devised models for esti-

mating the frequency distribution of instantaneous precipitation rates by relating

the available data to climatological data (for example, mean precipitation, mean

temperature, etc. ) that are available for most observation sites in the world.

This report presents a review of techniques for estimating the frequency

distribution of instantaneous rates at a point, and an evaluation of the limits of

their applicability. Some authors of these techniques use the term rainfall (or

rainfall rate) instead of precipitation. The use of either term in this report

implies the inclusion of the melted equivalent of frozen precipitation.

2. BACKGRO'ND

There are three major, readily available sources of short-duration precipi-

tation data. The largest is published by The National Oceanic and Atmospheric

Administration (NOAA1 ). It contains the highest annual intensities for intervals
9

of 5 to 180 wiin, for 30 years, at approximately 25) stations in the U.S. .in- and

fec 3 developed methods to use these data for estimating the distribution of short-

duration precipitation rates at th(e cities for which they are available. The other

two sources 4 ' 5 published (under contract with USA F) an extensive amount of data

and analyses for rates of 4 win or less at four networks and at numerous point

locations. One-minute distributions were provided for 1:3 of these locations,

1. National O(canic and Atmosplicric .dministration (10)) !imatolog i,,A I)ata
National Summarv, in annual issues since 190, U.S. lDhpt. ,, (ot11ierc(.

2. f.in, S. 11. (1977) Nation\ idt long-term rain i'ate statistics and emapiria i
calculation of ll-GI[z micro~tavc rain attenuation, BeL[ System F(Nbh. J.
5, (No. !,): 1581- 1(;,04.

:3. Lee., W. (U. Y. (197' ) An ippi'oximatc moethod for obtainin., rain a "tc statistics
for use in signal attenuation estimating, I11 Y Trans..ntenn_ Projg.
AP-27 (No. 3):,1)7 -4 13.

-4. Sims, A. L. , and Jons, 1). iI. A. (197 3) Climatology of Instamidit ot.o
Precipitation lntes, \ ( R 1- IH -73-(1171, iInal 1I cpo rt, ( ,ntr' t t
F19628-72-C'-90052, Illinois Statc W\attr Survey, Urbana, It., .\1) 7Gt7 7 .

Jo,.s, ).M.\. A. , a1d o A. 1.. (1971) (Climatolngy2 of 11t1niancous
Pr.ci itation IRatcs, \ [(. f i.-Fl -72-013(), Final IPvpo I, ( 'Iitlai)
"1 ;28-;!-('- 7,, Illinois State Water Sinvey, Urbana, I11. , .\]' 1,' .

4 8
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seven in the United States, three in Europe, and three in the Tropics. A poten-

tially extensive source of data for the U.S. is discussed by Bodtmann and
6Ruthroff. They present a method for analyzing 1-min rainfall rate distributions

from weighing rain gauge recordings, a large number of which are available from

the National Weather Service. Results are presented for a 5-year period at 20

U.S. cities.

Watson et al 7 conducted a survey of 25 European countries to determine the

availability of short-duration rainfall data. Their summary of the results reveals
eight countries that have instantaneous data for at least one site, and 19 countries

that have collected either 5-min or hourly rates. These sources hold promise for

LI future studies 6f short-duration rates in Europe. Segal 8 analyzed original rain-
fall recorder charts for 47 Canadian stations. The results are in the form of
curves of long-term probability of exceeding instantaneous rainfall rates of

10 to 300 mm/hr for each location.

Some researchers (for example, Freeny and Gabbe 9 ) present data and analysis

of short-duration rates for individual rain-gauge networks. These provide inter-
esting statistics on the temporal and spatial variability of short-duration rainfall.

Other researchers utilized radar to measure precipitation rates, but these are not

accurate enough for most applications. The magnitude and diversity of the studies

on short-duration precipitation preclude discussing the vast majority of them here.
Hf1 0  11However, Huff and Court present an excellent overview of literature on pre-

cipitation research. The emphasis of our report is on empirical models or tech-

niques for estimating the frequency distribution short-duration precipitation at a

point based on rain-gauge observtions over longer time intervals.

6. Bodtmann, W. 1F. , and Ruthroff, C. L. (1976) The measurement of 1 rain rain
rates from weighing raingage recordings, J. Appl. Metcorol. 15:I1f.U-liC(i.

7. Watson, P.A., Sathiaseelan, V., and Potter, B. (1981) Development of a
climatic iap of rainfall attenuation for Europe, Interim epoct for
European Space Agenc , ESTEC Contract No. 41G2/79/NL/I)G(SCT),
Report 300, 134 pp.

8. Segal, B. (197 ,) Hligh IntensityRainfall Statistics for (anada, (CMl uniations
Resarch (enter Report No. 1329-E, Dept. of C'ommunications, Ottan a,
Canada, 124 pp.

9. Freeny. A. F. , and Gabbe, 1. 1). (1,9699) A statistical description of intense
rainfall, Bell System Tech. J. 48:1789-1851.

P). Huff, F. A. (1971) Statistics of precipitation, J. Rech. Atinos. , pp. 7:, -,o
11. Court, A. (1971) Precipitation research, 1975-197S, Rev. Geuop _§Iipi

Phys., Hydrology 17(No.,):1165-1175.



3. ESTIMATING SHORT-DURATION RATES FROM
LONGER-DURATION MEASUREMENTS

The paucity of measurements of short-duration rainfall has prompted studies

of the distribution of short-duration intensities within a larger interval of time,

usually 1 hr. A very early study by Bussey 1 2 showed how the instantaneous rate

distributed itself around the mean hourly rate. He found that for Washington,

D. C. about 20 percent of an hour the rate was a "trace" or less, 35 percent of

the time the mean hourly rate was exceeded, and "to exceed it by five or six times

for a few minutes was a fairly common occurrence." Briggs and Harker 1 3 exam-

ined data from special gauges at Vk i.chcombe, England to obtain the distribution

of 2-rin intensities associated with various ranges of clock-hour totals. Their

results are in general agreement with Bussey, and suggest that they may be

generally applicable to showery precipitation. On a broader scale, Davis and

McMorrow 14 used actual 1- and 4-min rainfall measurements at 13 locations to

develop relationships between clock-hour and sho,-t-duration rates.

Due to the importance of instantaneous rates for some applications, research-

ers have studied the relationship of these rates to 5-min rates. For example,

Iershfield 15 used statistical techniques to estimate extreme 1-min rates from the

5--min rates published by NOAA. 1 Pinkayan and Ketratanaborvorn 1 6 derived an

exponential equation relating 1-, 2-, 3-, and 4-min rates to 5-in rates.

These techniques are most useful for the locations (mostly in Europe and

North America) for which clock-hour or other similarly comprehensive precipi-

tation measurements arc available. For deriving frequency distributions, C),i.lls

that utilize data in the form of monthly or annual means of temperature and pr-

cipitation, number of days with precipitation, etc. , have been devised.

12. lussey, If. E. (1!15() Microwave attenuation statistics estimated from rainfall
ain water vapor statistics, Proc. IRE 33:781-785.

13. [-riggs, J. , nd Harker, .. A. (1.q a) Estimates of the duration of short-period
rainfall rates based on clock-hour values, Meteorol. Mag. 98:24f6-252.

14. )avis, N.1R. , and Mculorrow, D.J. (1)7(0 Stochastic Models for Deriving
Instantaneous Pcri[pitation Hate DistributionsU__S ir Force, Air
Veathe r Service 'e(h R port AWVS-T -7(;-2(; 3, AI) Ai)3 ;4 n3, USAYFETAC',

Sott A 13, Ill.

I lI I sl- t IId, I). I. (I '72) Fsti ating the ext re-me -va-lue n i- nute rainfall,
.1. Appl. .\Tetecurol 11 :2' f

0 1 Pinkn,' tl, S. , :111d !, :trata nalorvorn, T. (1 '17 _) 'M easurement and analysis of
v,( r. :horat durcti n n 'inf:ll, ! \Jrological Sciences - Bulletin - des Sciences
Il':drologiqucs, ,.:mgkcck, lhailand, XN:87 -,.

1(1
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( 4. MODELS FOR ESTIMATING INSTANTANEOUS
PRECIPITATION RATE DISTRIBUTIONS

Five models are presented in this section, of which four are used to estimate

annual instantaneous precipitation-rate distributions. The fifth model estimates

monthly instantaneous rate distributions. Three models require input of climatic

data, and two require only identification of the applicable region.

1.1 Rice-Ilolhnberg Model (R-Il)
17

The model proposed by Rice and Holmberg estimates the percentage of an

average year that t-min surface rainfall rates exceed a given value (for t = inter-

vais of 1 min to 1 day). For 1-min rates, the model uses two parameters for a

specific location, the mean annual precipitation (M), and the ratio of annual

thunderstorm rainfall to the total annual rainfall (3). For t > 1 min, an additional

parameter, the mean annual number of days with precipitation (D) _ . 25 mm

((u. I in. ) is also used. M is available for almost all meteorological observation

sites, and the authors provide it as contours on a world map. The ratio 3 is not

tldilyavailabie and must be calculated from meteorological data. The authors

hayv Aone this without describing the procedure, and present the results as con-

toursl a awo-ld map. The number of days with precipitation is generally avail-

ii but toinimuto threshold values (0. 01 in, 1 mm, etc. ) vary from country to

I i of e rtil was developed using data collected in the U. S. , includinQ extreme

" -aon, pre ipitation published by NOAA for the years 1 '51- 1rio , which

A ' , (,tcu:poinated to estinate 1-to in rates. \\orid contour maps of M and ,3 re-

i- i t no, ,atio, iat is very Iiffi,,ult in areas where isolines are closely' spaced.

lhec a , ina jor shortcomings of the model.

1.2 I li tni Ih ni ert Mode! (D-D

Thmi rodt- (Dutton ct ai ) is an adaptation of the H-H model to Europe and

it utiliz S the s:Iun a input parameters: NI, ji, and 1). The D-D modification to the

]:-11 nloatl I afiitatms error analysis of the prtdicted distribution, and simplifies

prom edCIu'e's for estimating rain rates for a specific percentage of a year. The

17. Vi c, P. L. , and Holmberg, N.HR. (1973) Cumulative time statistics of
surface - point rainfall rates, IEEE Trans. Commun. COM-2 l(No. i):

I I 1-lI:;(;.

180. Dutton, I.J., Dougherty, H. V., and Martin, R. F. , Jr. (1974) Prediction of
I unieant Rainfall and Link Performance Coefficients at 8 to 50 GHz,
lna4titut for Telecommunication Sciences, U.S. Dept. of Commerce,
lioutlder, Colo., AI)/A-009804.

1]



authors also present a method for calculating for a specific location and for

estimating year-to-year variations. Differences in the distributions between the

R-H and D-D models are slight.

Rainfall data for 249 stations were grouped into ten climatic rainfall zones

covering Europe. Values of M, 9, and D were determined for each station and

averaged for the stations in each zone. These were used to construct nomograms

of rainfall rate versus the percent of time the rate is exceeded in an average year,

for rate-averaging times of 1, 5, 30, 60, 360, and 1440 min (1 day), for each of

the ten zones. The distribution for zone 2, which includes the British Isles and

western France, is shown in Figure 1. Contour maps of M, 03, and D for Europe,

provided by the authors, can be used to estimate distributions at specific sites.

Contour maps for Europe of 1-min rainfall rates for 1, 0. 1, and 0.01 percent of

a year from the report are shown in Figure 2.

Subsequently, Dutton and Dougherty 1 9 calculated input parameters to the D-D

model for 305 U.S. weather stations based on 30 years of data. The results are

* presented as contour maps of -min rainfall rates predicted for 1, 0. 1, and

0.01 percent of a year in the U.S. (Figure 3)

4.3 Crane Model (Cr)
20Crane processed seven years of excessive precipitation data for 15 stations

in New England anl eastern New York from the annual reports published by

NOAA. 1 He found that the mean and variance of the annual extremes were similar

to the mean and variance for 24 years at one of the stations (Boston). The mean

of the annual extreme rates was 100 mm/hr with a standard deviation (SD)

35 mm/hr in the 15-station sample. The mean and SD for Boston were 91 mm/hr

and 44 mm/hr. lie felt that his results warranted the use of climatically uniform

regions, and further developed a global rain-rate climate model (Crane2 1). In it

the world is divided into eight regions (Figure 4) based on total rain accumulation,

and the number of thunderstorm days from maps published by Landsburg. 22 The

U.S. is covered by five regions; but one of them is further divided into three sub-

* regions (Figure 5). Crane obtained additional guidance from the K6ppen world

1'. Dutton, E.J. , and Dougherty, H1. T. (197)) Year-to-year variability of rain-
fall for microwave applications in the U. S. A. , IEEE Trans. ('ommun.
('O(M-27(No. 5):92 -837.

20. (rane, B. K. (1977) Prediction of the effects of rain on satellite communica-
* tion systems, Proc. I:I:Ei ri5:45(;-474.

21. Crane, 12. K. (180) Prediction of attenuation by rain, IEIE Trans. Commun.
(OMl-28(No. 9):1717-1733.

22. 1.ar, sburg, It. E. I'd. (1174) World Survey of ('limatology, Vols. 1-15,
l lsivier Pub. Co. Amsterdam, The Netherlands.
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climate class ification. Boundaries were adjusted to accommodate variations in

te cra in, predominant stormn type and motion, general atmospheric circulation,

and latitude. Satellite and precipitation ffequency data were used to extend the

rain climate regions over the oceans. Feldman apesents an elaborate expansion

of the model for ocean areas.

The measured instantaneou rain-rate distributions that were available for

each of the sev.n regions and three sob-regions were pooled to construct the rain-

riate distributions (Table 1). No data were availablc for Region A, and the author

rdoes not explain how its distribution was derived.
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Table 1. Point Rain Hates (mm/hr) Versus Percent of Year Rain Rate is

C Exceeded for the Regions Shown in Figures 4 and 5 (From Crane 2 1)

" Rain Climate Region
IPercentH Year Time A B C D1  D2  D3  E F G H

0.001 5 m 28 54 80 90 102 127 164 66 12 9 251

0.002 10 m 24 40 62 72 86 107 144 51 10; 220

o.005 26 m 19 26 41 50 C4 81 117 34 85 178

0.1 53 m 15 19 28 37 49 63 98 23 67 147

10.02 1.7 hr 12 14 18 27 35 48 77 14 51 115
0. 05 4 hr 8.0 9.5 11 16 22 31 52 8.0 33 77

I . Q hr 5.5 6.8 7.2 11 15 22 35 5.5 22 51

0.2 18 hr 4.1) 4.8 4.3 7.5 '.5 14 21 3.2 14 2 1

1.8 d 2. 2.7 2.8 4.0 5.2 7.0 8.5 1.2 7.0 1

1.') 3. 1: d 1.7 1. 8 1. 2.2 3. 0 4.0 4. 0 o.8 3.7 G. 4

2. 1 7.:J 1.1 1. d. 1 1.3 1.8 2.5 2.,o 0.4 1. f; 2.8

N willt-r ; 4 l: : 18 1-1 2o 2 11

c a 1t;A

1. I JOiPTi4. \h hI (M[-

"4
,[ ne z- and 24rrrs titiliz( It I- and 4-rnin rainfall data frorn 1 !ocations in th

\ rth :-11 I inispwre to ,1I ,ibe the rainfall rite-frequcncyv relationships for
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( The obvious shortcomings of the J-S model are the mixing of I- and 4-mir

data, and thle use of extensive regions. R~esolution is poor when information bor

individual locations is required.

4.5 Lenliard Model (Le)

The only method we found that can be used to estimate monthly rainfall rate

statistics was developed by Lenhard. 2He used data on 1-min rainfall rates for
1 4

13 stations, published by Jones and Sims; and Sims arid Jones, and developed a

model for estimating instantaneous rainfall rates equalled or exceeded 2. 0, 1. 0,

0. 5, 0. 1, (). 05, and 0. 01 percent of the time during a month from rei- lily avail-

able climatologi-ni data. The model is of the form

R = A + BI+-C T 0p) p p p

wh e re F! is the precipitation rate (mmtn I tin) equalled or exceeded p percent of

*the time during the month, I is a precipitation index (the ratio of mean monthly

precipitation and the number of rainy diays), arid l'el-) is the monthly mean Lem-

perature. A ,band C are oeficients that depend upon the exceedanee prob-

ability (p). La ch confflin~int is given oby

C NK + ;' fri p -I- n- p (2)

%Vli(r 1-. ' is the o efij 'tent (Ap, Bp or C and o, n, nd -Y are ieast-squares

)c~para tio sets 01 equations wvere dernp (i tor ni e cipita tion indices ha se': or,

'lax's o, Ito (1. i] in. , . 1 in. ,oi- 1 rin 0) to1r to def~n( Z rainy'iav. Ano-lier

threshold v')IfI( to definle a rainNy dayv is a 'tra 'e, but rliffeie-nc es betu ,,en thc

ol' J:11s % tll this !iii0uft ant! .,l if, ofwn 1 ,) r eve found to be .- Iicht.

lab]t. S~ ti.5 'it 'i'ft to h(, LI-(.' if. iq. (2) 1,(.11 i c4 of the(01 het :1iz 1jr.<

It ~ ~ ~ ~ ~ o k!- !), l:t 0,( Lii tii( u~ . .:op~nrateilx as derivt(' 15I

la I 1' ll ,)I -* 1 ilt - url- M ( 1( 1 f%:TzLI- rol Ica *A l !, ,, ll,

n0, sin ci(

...........................



For an index of 5. 8 min per rain day based on days with 1 mm or more, and a

ine,,n temnperature of (;7. 5 0F, the equation yields an estimate of 0. 86 mm/mmn.

Table ". Coefficients to Produce Estimating Equations for the Lenhard Model

All Regions Tropical Extra-tropical

K I13B C P A 1B3 C

Index based on days wit',0 01 in. or more of rain

'z -0. 09 63305 0. 10 011 . 0143 . 10378 0. 01571 0. 01256 0.00578 -0. 00032

0. 19444 -0. 00904 -1). ('1112 -0. 0743r, -0. 01275 0. 10626 -0. 00666 -0. 00157

it 024 , 008 . 0.()- 02 12 6 0. 00090) -0. 03)71 0. 00028 0. 00092

Index based on (lays with (). 10 in. or more of rain

-0. 1130) A. 1 if, 0. 00184 -0. 019,43 0. 01287 0. 01642 0. 00334 -0. 00033

1 . 102) 57 -0. 0)555 -0. 00)331 -o. 0697f; -0. 0097F, 0. 1002(0 -0. 00447 -0. 00138

02278 0.0022 0. 0007 5 -.08 .018 0.03045 000013 0.00098

Index based on days with 1 mmi or more of rain

-0) f19 0195 1). 0l0164 -f). )05;3 0. )1491 0. 017018 0. 00468 -0. 00038

1"3, -0 052 -. oo21 -0. 070)37 -0. 01188 0.0182 -0,059 -0.004

1)- )7 0. 002 f) . 00074 0. 01632 0.00112 -0. 03047 0.00021 0.00092

I .crihaird (autions that the model cannot be extended below the input data,

th'It is, MeaM tempe'rature <2201Y and index values <2 mm/day). In fact, some

illt~iiiil inc-onsistenucs were found at index values below 10 mim/day and tem -

ptiature t 1. blok 40 0 F. Rates should decrease with an increase in the probability

of * xt ((lance. To determine if the equations arc applicable to a location that is

ither v, cv c-old or very arid or both is to c'alculate rates for all exceedance

4 )oba 1)il ities. If they are c-ons istent w ith each other, they are aceceptable. If

the; : act k (Insistent but a negative rate shows up at the higher exceedance prob-

Oiil ito( ! (for example, I or 2 percent), it could indicate that it doesn't rain that

often in that month.

* 1~.0 (:EiparisonsI

I'i1-I) bnodel is a m)odification of the R -II model, and actual differences in

thf' lis-t ci utions calrubak- d uising tht it a,, c slig4ht (Dutton et al 18 ). One of the

ip~i 1)!aan te is for !,oth models i;z the ratio of thunderstorm rain to total rain
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at a location. Dutton et al18 presents an expression to calculate this ratio, but

it requires the highest monthly precipitation observed in 30 consecutive years of

data. Few stations outside of North America and Europe have recorded such data.

However, a world map of the ratio is provided by Rice and Holmberg. 17

The Cr and J-S models provide instantaneous rate distributions for a given

percent of a year for rcgions delineated for this purpose. Distinct advantages

of the Cr model are the greater number of regions used and the greater clarity

of regional boundaries (see Figures 4 to 6). A descriptive comparison of the

models is provided in Table 3.

A comparison of estimates using the R-H, D-D, Cr, and J-S models with

observed values for U.S. cities is given in Table 4. The observed values were

taken from the distributions derived from five years of original records at each

city by Bodtmann and Buthroff. 6 These data were not used in the development of

any of the models. R-H model estimates were made using M from long-term

climatic data instead of the world contour map for M provided with the model.

0 D-D model estimates were made using their contour map for the U.S. [Figure 3(c)] .
The best estimates, as indicated in Table 4 by the root-mean-square departures,

were made using the Cr model, followed by the D-D, R-H, and J-S models.

The Le model was not compared to the others in Table 4 because it produces

estimates of instantaneous rates on a monthly basis. Although these statistics are

probably more useful than annual distributions for many applications, no other

monthl. or seasonal global models were found. At AFGL, development of an

improv(d model for estimating monthly disti ibutions is being completed. A report

on tlie niodl will be released in the near future.

5. IIKRIl IN(; INsI'\Nr.NEOI S PRECI'iIA'TUrON RATE
S',\'I'I'VTICS FROM CIOCK-IIo iAI,) i)ISTIIliTIONS

.oUt.m tde ls are presented in this se, tion. Two use ,'lock-houi data to derive

Ili( dih ribtion of instantaneous rat(,. , and two oro he used to derive clock -hour
f :!~~si jim I'}tooils.

5.I Model,- for 1)vri i tiI, I lat&11ttIeous l)i-lri liition
14

!1)a Is aIi ,M,.Morro , 1 .riv.d thes o of :o, k-1ou t inteisvalI ceus

is t rot i ous rate' illt('\ i as 1o1' Si 1o atio -, lld \'l.lius -ill in rates for seven

ttir" L ';ions0, ,.%o1 dWid . rhe tabl.es give, i' , . 1, ,nt u(ntliholtion of the sihort-

ituer tioii late ... ithin h "Ic'[1 of llill{' ri( if'i'd illtte ivats fole r h lock-houl' irlte

intt -'v:t I llt to, ;tiolm for .hi, h tlt sh )t-dtui"atiol lpr,,i i tzitioll 1 t(, d ti.itrib,' tion

1 L I- 1'( ( 1 11it I iu'st IP uIII)al I v. L I t Il LIL statiotll. ill 1ilt It )) I t . Tilt tailICs fol the

'2 2
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Table 3. Comparison of Models for Estimatirg Instantaneous Precipitation Rates

Input Where

Model Parameters Output Applicable Advantages Disadvantages

R-H 1. Mean annual Percentage of Worldwide ? The Distributions of the 1. Based only on U.S.
precipitation year that -min authors used U.S. frequency of -min data

sac rainfall data and conclude rates can be calcu-
2. Ratio of rates exceed a that results are lated for individual 2. World contour maps
thunderstorm given value applicable for locations that are furnished to
rain to total the U.S. However, determine inputs have

rain they provide global poor resolution
rmaps of the input

parameters and
compare model
output with four
stations outside
the U.S. implying
global applicability.

1) -) Same as H-Il This is a mod- Worldwide, but 1. Rainfall rate for C alculation for an in-
model ification of the applied only to a given percent of dividual location re-

R-H model that data from Europe one year can be quires the highest
facilitates vs- and the U.S. (pre- calculated for indiv- monthly precipitation
timating -min sented in separate idual locations with in 30 consecutive
rainfall rates reports). ("an be climatic data years. which is not
exceeded vs extended to any readily available
percent of an location in the 2. Contour maps of outside of Europe
avg year world for which input parameters and N. A rica

input parameters have better resolu-
an be calculated, tion for applicable

regions than H-Il
model

3. Includes a meth-
od for calculating
the ratio of thunder-
storm rain to total
rain for a specific
location that is not

included in R-H~Model
tnorI- is divided Distlbution oI 'A orldltie 1. Applilable world- larg variations il
into sight regions I-tin sf rain- wide rainfall rates for
of "hocnogeneour" fall Iat, .s i n cdividuai stations
rainfall rate ps-r (x i it c - ". itAddresses yat'- a kthin tegions
(part of the U,.S. thi salt is to-year variasilitN
i fu ct-ths'r .vild 'l c, did fIiu- a h and varibi lit of
into trie sub - r-gfioin rainfall rates aithin
r-. gi('sc) ],each region

-, - 'A,-cI, -ls ,ivicts-cI Ic rt 'i il ii id [1e s'xc c't hn hi "ls , xaltfls cci I. t, -gisl i tis alt-
lii.' f+t c'.s c~ic )ii lict.ti. l, holccct,-- r, |]1cilai s'ri'l0 ls alni the iispl i:scOll cif t xt-si ivi- and pi'-

isti'lil'iti is qsil( ii it s' til v- Oil station 'listrih - iicnlc 'A -'stlcc;ctt:
ar t'l es, [itsI hiatt' regic ,s ticcis groul i-l tic iii t1ictictlual Icc-
fis -'sp tcill s, tpi'is t :l -I - t[.t[" 1s iic
if th, |lV I atl Is gon

c's-~: gicic 4 -u -- cit ,t
t ! si- i dil to l,1t'"

tics ,ii c-ttclcsitccc't

I . . t

- 1' t
I

tll 1"ii i 1ticf1c 1 avl~ tlc i ii si li s 'c - 'i~r ltl .'ilib c i'

'its i'iitilli j a it i- s ll, ,li'- h " "

'i'' . , SI li'- h ]' (1t
L> 

iv s t I.d tr -htiicu s- ;iii

N1, . ' ) l l .,I,' yo , - jud( 1 ,I tw. ' t I : ; i

t,  

,b . , ' l . I i

1h:) - tl 0' ! h ir-inth an. h l rlltv ,l )

I is , it h st -I , i ua r ti'1 icc i

ccci-i alc ''i-c .51cc- • i 'rF ,

2:1
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Table 4. Comparison of Model Estimates of Instantaneous Rates With Those Ob-
served at Nine U. S. Cities. Departures from observed values are given in
parenthesis

Rate for 0. 01 Percent of an Avg Year (mm/hr)[ Location Observed B-H D-D Cr J-S

Atlanta, Ga. 639 93(+24) 92(+23) 63(-6) 100(+31)

IBismarck, N. 1). 41 3 0(-ii1) 35(-6) 37(-4) 6524

Buffa i>), N. Y. 48 5?(+5) 48(0) 4 3*- 5) 1;5(t 17)

UColumbus, Ohio 56 62 (+63) 55(-1) 49(-7) (5+

Dallas, Tex. 73 85(-12) 7.5+2) 1(~-7) 100(+27)

Nephs Tetin. (i4 93 (+2(l) 8o(+ 103 (3(-1) 1l1(+3(;)

Miami, 11ia. 1.1 (1+4) 1 , (-4) M (- 13) po')(- 11)

*%1i1Nkaukc~t, Wis. -)2 (+ ) 57(+3) 4:1 (-(3 (+e 13)

N arN.J. 1. 4i(-'?) c )(+ 1,) 4:4-1) (3S5i~)

Hoo-mat-sqaiv jr1parurt,'e-s 14. 1 1 '). 3 .2>2

an' ~ ~ ~ ~ ~ ~ ~ ~ o t;,5- rtivs I Ilt-(( i ) ( ) 11~t 't J't jelld et h!( i ~to

l'llw ltlv l . 0 for lii

i " t!1 r 'it',(i'flt



Estimates of instantaneous rates from observed clock-hour rates using the
Davis and McMorrow tables, and from Huschke's table that combines all the

Davis and McMorrow data, were determined for 0. 01 percent of a year at the
nine U.S. cities in Table 4. These estimates, provided by the USAF Environ-

mental Technical Application Center (ETAC), are given in Table 5 along ,vith

observed values for each city from Table 4. ETAC made the Davis and McMorrow
estimates using the Urbana, Ill., table for all locations in Table 5, except

Memphis and Miami, for which the Franklin, N. C., and Miami tables, respec-

tively, were used. Tables to estimate 1-min rates are also available for Majuro

Atoll, Marshall Islands; Woody Island, Alaska; and Island Beach, N.J. The Island

Beach table would seem the logical choice to make the estimate for Newark in

Table 5. However, Davis and McMorrow incorporate an internal check to

determine the applicability of the analog model to the rain-rate statistics for the

station being modeled. They indicate that the mean precipitation at a location

correlated best with the lower 35th percentile integrated rainfall amount calculated

from the estimated instantaneous rate distribution. The 35th percentile value for
Newark is 110.5 cm (43.5 in.), and 118.4 cm (46.6 in.) using the Urbana and

Island Beach models, respectively. Since the actual annual average precipitation

Tahle -. Comparison of Instantaneous Rates Estimated From Clock-hour
Rates With Those Observed at Nine U.S. Cities. Departures from ob-
served values are given in parentheses

Rate for 0. 01 Percent of an Avg Year (mm/hr)

Iocation Observed Davis & McMorrow Huschke

Atlanta, Ga. 69 71(+2) 72(+3)

Bismarck, N. D. 41 38(-3) 35(-6)

Buffalo, N.Y. 48 47(-l) 44(-4)

Columbus, Ohio 56 54(-2) 52(-4)

Dallas, Tex. 73 69(-4) 72(-1)

Me-mphis, Tenn. 64 65(+1) 79(+15)

Miami, Fla. 111 109(-2) 102 (-9)

Milwaukee, Wis. 52 54(+2) 51 (-1)

Newark, N.J. 5o 58(+8) 54(+4)

Root-mean-square departures 3.4 6. 7

25
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( for Newark is 105.4 cm (41.5 in.) the Urbana model was used. The rate estimated

fr k 0. 01 percent of the year using the Island Beach model is 60 mm/hr.

The root-mean-square departures from the observed values using the Davis

and McMorrow, and Huschke models, given in Table 5, are smaller than for the

models in Table 4. These results justify the use of clock-hour data, when avail-

able, to estimate instantaneous rate distributions. When not available, the models

in the next section can be used to estimate clock-hour distributions.

5.2 Models for I)erihing (lock-Ilour Distributions

Using clock-hour data for four U.S. sites, Russak and Easley 2 8 found good

linear correlations between a climatological index (CI) and the number of hours

per year that specified hourly rates are exceeded. CI is simply the ratio of the

mean annual precipitation, in inches, to the mean annual number of rainy days.

They determined that the regression lines of CI versus the hours per year (HI

the rate (r) is exceeded comprised a family of lines that could be expressed by

the relationship

H m(I - a) (2)
I.

where II is the siope of tne regression line for rate r, and a is the x-axis inter-

( cept of the regression line for rate r. It should be noted that five threshold values

to define a rainy day are in general international use; trace, 0. 1 Trm, 1 ?am,
t tlin. , al d 0. 1 il.

Hussa k and l-asley provide cu-veS of in and a versus precipitation rate, so the

user needs only the mean annual precipitation and number of rainy days at a locU(- -

tion to usc the modei. v cieterm ining the nunmber of hours per year of rainfall in

the interva! between two rates for a sufficient number of intervals, it is possible

to construct za cumulative frequency distribution for a location. This was done by

the authors for Nples. Ita ly, and the Cesults compare favorably with the frequency

distribution irom actual clock-hourly data. [hey note, however, that the method

0 is not valid in certain climatic regions. [or example, erroneous results are likely

in arid locations, areas with strong monsoonal or orographic control, or regions

wfiere convective precipitation is very predominant. The model accuracy probably

siffers because Lt does not address differences in the threshold rainfall amount

used to define a rainy day.

2 8. Hussak, S. L. , and Easley, 1. W. (1f58) A practical method for estimating
rainfall rate frequencies directly from climatic data, Bull. Am. Meteorol.
Sioc. 35(No. .):469-472.

2 6
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Another model for estimating the annual distribution of clock-hour rates at a

location was developed by Winner. 29 He used clock-hour data from 123 U.S.

stations to develop nomograms that can be used to determine the number of hours

per year that equal or exceed hourly rates of trace, 0.01, 0.02, 0.10, 0.25, 0.50,

1 and 2 in. /hr. One of the input parameters is the ratio of the mean annual pre-

cipitation to the average annual number of days with precipitation ---0.01 in.

Another parameter in the model is called a "moisture index" for which information

on potential evapotranspiration is needed. The author suggests two sources for

this data.

This model was intended to overcome the geographical limitations of the

Russak and Easley model. However, results compared poorly with independent

data from the tropics. Therefore, the author decided to develop a different

method for the tropics. Using data from 32 stations in the Panama Canal zone,

he obtained best results from a linear correlation of the annual rainfall with the

number of clock-hours at the various rates. The resulting relationships for

estimating the mean annual number of clock-hours with precipitation equal to or

greater than 0.25, 0. 50, 0.75, and 1.00 in. for the tropics are provided in

Figure 8.

A deficiency in Winner's approach is the threshold value of 0. 01 in. for a

rainy day. Although this value is used in the U.S., it is not common in most

other countries. Another shortcoming is the use of only U.S. and Panama data.

6. OTIIIII (:ONSIDERVUIONS

A, eu'any of instruments used to record rainfall is affected by the height and

size of the collector, the wind speed, and freezing conditions. Gauges also have

mechanical limitations, especially at high rates. Grayran and Eagleson 3 0 report

that these result in 5 to 10 percent error in total rainfali catch. Larger errors

arc likeiy in measuremcnts of instantaneous rates derived from standard record-

ion) tipping or ,.t cighing hui k t gages This is due to poor resolution of the record-

, t to I rliot. Sp i ,. iaihscrvation programs have generally utilized high-

sp(.( r ordels to winiwize t'lirors in determining short-duration rates; howkever,

h, 5, r -t n i , iit d in qititot it at ueoerallv availabe for only short periods

(thi-t is to : i ).

.A0 m , Ii:1 (a togi:! I's tiil.ates of ilock-licur iainfa iZ i lots,
.. it [o ., Ut .c ilhci 'c'vit. technical Report 202.

.,0 .?i. t : I 1,4 on, P. (IP) A Review of the ;\ u'acY of
ori ot P's( I ipicl H\0 N1tusuremeni, li'vniotivnaNit's

i. t, , ' I ot \,. I, )Cp ol (vil L'ngineering, VIT, ambriligc,
Mass.
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Year-to-year variations in the distribution of instantaneous rates observed

at a location can be quite large. The models presented in this report represent

*. the distribution to be expected on average at a point. These may not be adequate
for many design problems for which a low risk is important. Annual variations

L 198
are discussed for the U.S. by Dutton and Dougherty, for Canada by Segal, 8 and

for Europe by Dutton et al, 18 and Dougherty and Dutton. 31

7. CONCLUSIONS

When instaritaneous precipitation-rate statistics are needed for a specific

point location, it is best to derive such distributions from actual measurements

made continuously over a period of "many" years. Section 2 of this report refers

to sources of such distributions for many locations in North America, (for exam-

pie, Segal, 8 and Bodtmann and Ruthroff 6 ) and potential sources of data for the

U.S. (NOAA, I and Bodtmann and Huthroff 6 ) and Europe (Watson'). Distributions

4 f-ome observations taken during special studies for short periods, 1 to 3 years,

for 13 stations worldwide were derived by Jones and Sims 5 and Sims and Jones. 4

For locations where clock-hour data are available, good estimates of instantaneous
14 2

rates can be made using models by Davis and McMorrow or Huscike. 2 ' Data

for short periods, that is, less than five years, should be used with caution since

they might not givc a true indication of the distribution of rates during an average

year.

Where distributions from actual observations are not availabIt, they (an lit

de t( rmined from the five models discussed in Section 4. They requirC tht irml ot

of climatic data that are available for many observation sites worlda id.. The

appropriatc model to use depeirils, in part, on the application and, in part, oil lh.

tlimalio data available for model input. File model developed b% I.( nhar'- i's the

only on( that can be used to istimi. instantaneous rates versus tf'(q(Itx x on, at

i:ionthlv basis for a spcifi location. Tie ritrtr fou O lcd(tis ,ai 1 Im ut d ' lf -

minme instantaneous rates V ersus pec-ent of a year. T,,,o of thell; p ( z ill stii iil -

tions that represent all the individual loiations .w ithin l rep ins. (t thn s' tilf

model developed by (crate is reuicmO ntiel Inaksi, it z' , t' I /:114 II I 1

regionis %.ith iOre. (ca rly-dflint d inull'iaIi's th' lit, tlt( ':, 1 i,

[ones alld ills. 24 "1'w) l, i'.mod s le ll h ' me St e to (stin'itt til( ii >1 idi tc' I ilisl tn-

tainous rates for a yea r based C1 1 it liti I a': t d 11 inli\rI i lc) id ciii,0 1 ) :, il. Vt:

out' i,~- i 1'tucliV a re:fineineirlt oVer' tit U( ift 1'. Ilit ol'iiii bKl , Vt I ctiv

:, 1. Dougherty, HI. T. , and J)utton, I.. J. (1:,7:1) [stimnc tic t :it- t i v:cii:i ji-
ity of rainfall for licroAms f :lvt pplit itioiis, 1I1ll lir:i>. F t: :: I.

iOM-2C,(No. 8):132 I-1: 24.
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Rice and Hoinberg, was modified by Dutton et at I and applied to a large

number of locations in Europe and the U.S. to produce maps ot rate versus per-

cent of a year. fwo models for estimating clock-hour distributions are also

presented, but the use of these estimates with either the Davis and McMorrow,

or Huschke models are not likely to produce better results than the Crane, Dutton-

L)ougherty, or l ice-Holmberg models.

l'he precision of distributions of instantaneous rates, whether derived from

actual data or from an empirical model, is limited by instrument error and poor

resolution of recordings down to I min. The combination of errors is likely in

excess of 10 percent., urthermore, the models we have presented estimate

distributions to be expected on average at a point, but year-to-year variations in

instantaneous distributions at a location can be quite large. This is discussed in

Seution ( and should be considereu in design problems for which a low risk is

II

4

I
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